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Using a constant-depth film fermentor, we have grown a six-membered biofilm community with a bacterial
composition similar to that found in supragingival dental plaque. Cryosectioning revealed the distribution of
bacteria throughout the biofilm. Exposure to 0.2% chlorhexidine for up to 5 min had little effect on biofilm
viability.

Most of the bacteria comprising the normal microflora of
the oral cavity of humans are present as biofilms (dental
plaques) on tooth surfaces. Unless these biofilms are repeat-
edly removed they may initiate some of the most prevalent
infectious diseases of humans—caries and the periodontal dis-
eases. Because of the difficulty of ensuring adequate removal
of plaque by mechanical means, there is increasing interest in
the use of antimicrobial agents to supplement these mechani-
cal approaches to the control of dental plaque (12, 17). Un-
fortunately, most laboratory studies of the potential effective-
ness of such agents have employed methods which are
appropriate for systemic infections (e.g., determination of
MICs) but not for diseases in which the causative organisms
are present as biofilms (18, 19). It has been well established
that the susceptibility of extraoral bacteria to antimicrobial
agents is much lower when they comprise a biofilm than when
they are in an aqueous suspension (3). However, few studies
have investigated the susceptibility of multispecies biofilms of
oral (or, indeed, nonoral) bacteria to antimicrobial agents. The
purposes of the present study were to grow multispecies bio-
films comprised of bacteria normally found in supragingival
dental plaque and to determine their bacterial compositions
and their susceptibilities to chlorhexidine gluconate (CHG).

The organisms used in the study were Streptococcus sanguis
NCTC 10904, Streptococcus mutans NCTC 10449, Streptococ-
cus oralis NCTC 11427, Actinomyces naeslundii NCTC 10951,
Neisseria subflava ATCC A1078, and Veillonella dispar NCTC
11831. The inoculum was prepared by growing confluent cul-
tures of each organism on blood agar plates and transferring
them aseptically into 10 ml of nutrient broth (Oxoid Ltd.,
Basingstoke, United Kingdom [UK]) containing 10% glycerol
(BDH Chemicals, Poole, UK). Aliquots (1.0 ml) of the result-
ing mixed suspension were stored at 270°C.

A constant-depth film fermentor (CDFF) fed with a complex
medium containing hog gastric mucin (CM) (13) was used to
produce biofilms in a manner similar to that described previ-
ously (20). The biofilms were grown on bovine enamel discs
(5-mm diameter) recessed to a depth of 300 mm. The CDFF
was inoculated with the mixed bacterial suspension in 5 ml of
CM which was aseptically added to the rotating pans via the
sample port. After 1 h, the CDFF was connected to a reservoir

of CM (flow rate of 0.72 liter per day—the mean resting flow
rate of saliva in humans [7, 10]).

Sampling pans were removed from the CDFF daily, and the
number of viable bacteria per biofilm was determined as fol-
lows. The enamel discs were gently removed and vortex mixed
for 60 s in 10 ml of CM. Serial dilutions were prepared in CM,
and 20-ml aliquots of each dilution were plated in quadrupli-
cate onto a range of selective media and Wilkins-Chalgren
agar (Oxoid) containing 5% unlysed horse blood. The selective
media consisted of mitis salivarius agar (Difco Laboratories,
Detroit, Mich.) for streptococci, Veillonella agar (Difco) for V.
dispar, cadmium fluoride-acriflavine-tellurite agar (22) for A.
naeslundii, and Thayer-Martin agar (Oxoid) for N. subflava.
Plates were incubated anaerobically for 4 days at 37°C, except
for those containing Thayer-Martin agar (aerobic, 4 days,
37°C). Colonies growing on each of the plates were Gram
stained to confirm their identities and counted; the different
streptococcal species were distinguished on the basis of colo-
nial morphology.

The cryosectioning methodology was based on the work of
Kinniment (8). The fermentor pan was placed in 5 ml of a 25%
dextran solution, a cryoprotectant (1), in CM for 2 h at 37°C
before being removed and placed in 5 ml of 8% formaldehyde
for 20 min. Discs were removed and placed onto a thin layer of
OCT embedding compound (Raymond A. Lamb, London,
UK) on a cryostat chuck. This was then placed in a 270°C
freezer for 20 min until the OCT compound and the biofilm
were frozen. Additional OCT compound was then placed over
the top of the biofilm so that the entire sample was embedded.
Horizontal sections (30 mm thick) were then cut from the
biofilm, and each sample was placed in phosphate-buffered
saline with cooled forceps. In preliminary studies, the ability of
the BacLight live/dead viability kit (Molecular Probes Inc.,
Eugene, Oreg.) to distinguish between viable and nonviable
cells of each of the six organisms was ascertained before and
after heat killing (10 min, 100°C). The viability stain protocol
was carried out as described previously (14). Sample pans were
removed, and the susceptibility of the biofilms to exposure to
0.2% (wt/vol) CHG for 1, 5, and 60 min was determined as
described previously (13). The numbers of surviving organisms
were determined by viable-cell counting as described above.
Biofilms for electron microscopy were prepared as follows.
Samples were fixed in 3% glutaraldehyde in 0.1 M sodium
cacodylate buffer at 4°C overnight. The specimens were post-
fixed in 1% osmium tetroxide at 4°C for 2 h before being
dehydrated in a graded series of alcohol (20 to 100%; 15-min
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application time). The biofilms were embedded in fresh
Araldite CY212 (Agar Scientific, Stanstead, United Kingdom),
and 90- to 100-nm sections were cut. The sections were stained
with lead citrate and uranyl acetate and viewed with a JEOL
100 CX transmission electron microscope.

Growth of the multispecies biofilms in the CDFF is shown in
Fig. 1, which is based on data from a typical run. The total
viable count of the biofilms reached a maximum after approx-
imately 24 h, and the viable-cell density at this point was 7 3
108 CFU/mm2. Table 1 shows the total viable count and the
proportions of each species in the biofilms after 216 h in three
separate runs. From this it can be seen that streptococci con-
stituted the predominant organisms in the biofilms. N. subflava
was the next most prevalent organism, while A. naeslundii and
V. dispar generally comprised smaller proportions of the total
viable count. The distribution of the various bacterial species
throughout the biofilm as revealed by viable-cell counting of
30-mm sections through the biofilm is shown in Fig. 2, which
shows the results from a representative biofilm. From this it
can be seen that the proportion of the obligate aerobe N.

subflava in each of the sections decreased, in a fairly regular
manner, with biofilm depth. In the section from the biofilm-air
interface (i.e., a biofilm height of 270 to 300 mm) this organism
comprised 97.5% of the total viable count, whereas at the base
of the film it accounted for only 0.002% of the viable count.
Only in the three uppermost sections (i.e., a biofilm height of
210 to 300 mm) of the biofilm did it account for more than 50%
of the total viable count. In contrast, no general trend could be
discerned for the obligate anaerobe V. dispar, which comprised
only a small proportion of the viable organisms in each section
of the biofilm and was distributed fairly uniformly throughout
the biofilm. There was no trend towards increasing proportions
of the organism in the deeper layers of the biofilm. The pro-
portion of V. dispar in this particular biofilm was lower than
those generally found in other biofilms, but the distribution of
the organism within the other biofilms examined followed a
pattern similar to that described above. The distribution of A.
naeslundii throughout the biofilm was similar to that found for
V. dispar. Two of the three streptococcal species (S. sanguis and
S. mutans) collectively comprised the dominant organisms in

FIG. 1. Growth of individual species comprising a multispecies biofilm formed on bovine enamel discs with CM as the sole nutrient source. Error bars represent
standard deviations (n 5 4).

TABLE 1. Total viable counts and proportions of each species at 216 h in biofilmsa

Organism

Run 1 Run 2 Run 3

Mean %
CFU/mm2 SD % of total

CFU CFU/mm2 SD % of total
CFU CFU/mm2 SD % of total

CFU

N. subflava 3.4 3 107 1.2 3 107 25.7 7.8 3 107 5.9 3 107 45.3 3.4 3 107 1.2 3 107 16.4 29.1
A. naeslundii 7.1 3 106 1.1 3 106 5.4 4.1 3 106 1.5 3 106 2.4 7.1 3 107 1.1 3 107 34.2 14
V. dispar 3.5 3 106 1.5 3 106 2.6 3.1 3 107 9.2 3 106 18 3.5 3 106 1.5 3 106 1.7 7.4
S. sanguis 4 3 107 1 3 107 30.3 2 3 107 5.2 3 106 11.6 4 3 107 1 3 107 19.3 20.4
S. mutans 4.8 3 107 1.5 3 107 36 1.8 3 107 6.1 3 106 10.4 4.8 3 107 1.5 3 107 23 23.1
S. oralis 1.1 3 105 3.7 3 104 0.1 2.2 3 107 9.3 3 106 12.6 1.1 3 107 3.7 3 106 5.5 6.1

a The biofilms were formed during three separate runs (the number of biofilms per run was 4).
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each section except in the uppermost 60 mm of the biofilm,
where N. subflava predominated S. oralis generally comprised
a lower proportion of the biofilms than the other streptococci.
Transmission electron micrographs of sections through the
biofilms revealed high proportions of gram-negative cocci (pre-
sumably Neisseria spp.) at the biofilm-air surface (Fig. 3a),
while gram-positive cocci were distributed throughout.
“Ghost” cells could be observed at the base of the biofilm (Fig.
3b) together with a predominance of gram-positive cocci. The
results of vital staining of the biofilm are shown in Fig. 4, from
which it can be seen that the uppermost 240 mm of the biofilm
consisted mainly of live bacteria while the two innermost
30-mm sections contained mainly dead cells.

The effect on the viabilities of the various species comprising
biofilms is shown in Fig. 5. Exposure to 0.2% CHG for 1 or 5
min had no statistically significant effect on the viability of any
of the six species in the biofilms. However, a 60-min exposure
resulted in significant kills of all of the organisms. S. sanguis
was the most susceptible, with approximately a 5-log10-unit
reduction, whereas V. dispar was the least susceptible, with a
2-log10-unit reduction. Both S. oralis and A. naeslundii dis-
played susceptibilities similar to that of S. sanguis, whereas S.
mutans and N. subflava had susceptibilities intermediate be-
tween those of S. sanguis and V. dispar.

Despite the tremendous interest being shown in the use of
antimicrobial agents for the control and treatment of dental-
plaque-related diseases, few studies of the antimicrobial sus-
ceptibility of biofilms of oral bacteria have been published (19).
In contrast, the susceptibility of biofilms of nonoral bacteria to
antimicrobial agents has received considerable attention (4),
and many studies have confirmed that the sessile forms of
these bacteria are considerably less susceptible to antibiotics
and antiseptics than their corresponding planktonic forms (3).
Meaningful laboratory evaluation of agents for use in the pre-
vention and treatment of plaque-related diseases requires the
use of models which mimic more closely the situation in the
oral cavity. We have employed the CDFF for this purpose and
have used it to determine the susceptibility of monospecies
biofilms of oral bacteria, and microcosm dental plaques, to

antimicrobial agents (14). In this study we have used the CDFF
to investigate the composition and antimicrobial susceptibility
of defined, multispecies biofilms of oral bacteria. The predom-
inant organisms comprising the biofilms were found to be
streptococci, with lower proportions (although still substantial)
of N. subflava, A. naeslundii, and V. dispar. The biofilms, there-
fore, were similar in composition to supragingival dental
plaques found in vivo, bearing in mind the enormous variation
in composition encountered from site to site within an individ-
ual and among the same sites in different individuals (10, 11).
Despite the fact that the inoculum in each case was derived
from the same source, repeat runs, not surprisingly, resulted in
biofilms with different compositions. Such variations are most
likely to be the result of unavoidable slight differences between
runs in terms of the relative proportions of bacteria in the
inoculum, composition of the CM, and flow rates, etc. Such
between-run variations are not surprising and have been re-
ported for other attempts to model mixed communities of oral
bacteria (6, 9). Vital staining of biofilm sections revealed a high
proportion of dead cells at the base of the biofilm, and the total
viable count was also much lower at the biofilm base than at
the biofilm-air interface. Electron microscopy of these biofilms
revealed that the basal layers contained high proportions of
ghosts, implying a preponderance of dead, or compromised,
cells. Such observations have been described for in vivo dental
plaques, a layer of ghost cells being present at the plaque-
enamel interface (16). The distribution of the various species
within the biofilms, however, revealed some surprises. It might
have been predicted that the only anaerobic species in the
community, V. dispar, would have been found mainly in the
basal layers, where anaerobic conditions would be likely to
prevail. However, while this organism was found at the bases of
the biofilms, it was also abundant in the upper layers, i.e., at the
biofilm-air interface. As was expected, the only obligate aer-
obe, N. subflava, also predominated in these layers and com-
prised 97.5 and 90.5% of the viable count in the two uppermost
layers. Other studies have reported similar findings (15), and
the distribution of this organism is most likely to be related to
the establishment of a decreasing oxygen gradient through

FIG. 2. Viable counts of constituent bacteria in 30-mm sections of the 300-mm-thick biofilms. Numbers on the x axis are CFU per square millimeter.
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these deep biofilms due to diffusion limitations coupled with
oxygen utilization in the upper layers (21). Active consumption
of oxygen by N. subflava may have provided suitable atmo-
spheric conditions and redox potentials to enable survival of V.
dispar in the upper layers of the biofilms. The protection af-

forded by N. subflava to oral anaerobes in biofilms has been
demonstrated previously by Bradshaw et al. (2).

The well-known refractory reaction of biofilms to antimicro-
bial agents was evident in this study, where exposure of the
biofilms to chlorhexidine concentrations as high as 0.2% (the

FIG. 3. Transmission electron micrographs of a transverse section of biofilm (216 h) at the biofilm-air interface (a) and at the biofilm-substratum interface (b). Bars
represent 2 mm.

FIG. 4. Relative proportions of live and dead bacteria in 30-mm sections of a 300-mm-thick biofilm at 216 h.
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maximum concentration used in mouthwashes) for 1 min had
no significant effect on bacterial viability. Substantial reduc-
tions in bacterial viability resulted only from a 60-min exposure
to the antimicrobial agent, illustrating that the effectiveness of
an agent for use in the control of plaque-related diseases will
depend very much on its substantivity, i.e., its ability to be
retained in the oral cavity following the application of a mouth-
wash or a toothpaste (5). Interest in the use of antimicrobial
agents for the treatment of plaque-related diseases, such as
caries and periodontitis, has generated a need for laboratory
models for the evaluation of agents effective against oral bac-
terial biofilms, and the CDFF has proved to be useful in this
respect. Most studies, however, have employed single-species
biofilms of oral bacteria rather than the complex communities
characteristic of supragingival plaques. The results of this study
have demonstrated that the CDFF can be used to grow mul-
tispecies biofilms under conditions similar to those prevailing
in the oral cavity, resulting in biofilms in which the bacterial
composition, and the spatial distribution of the various species
within these biofilms, was similar to that found in supragingival
dental plaques. Such biofilms were found to be refractory to
chlorhexidine, a commonly used oral antiseptic. As well as
being useful in studies of the susceptibility of multispecies
biofilms to antimicrobial agents, this model can also be used to
evaluate antiplaque agents and to investigate community in-
teractions in such biofilms.

This work was supported by SmithKline Beecham Consumer
Healthcare.
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