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Abstract
Antimicrobial effects of fluoride in vivo remain conten-
tious. Previous studies suggested that 1 mM NaF re-
duced acid production from glucose, and prevented the
enrichment of bacteria associated with caries in a che-
mostat model. The present study examines the effects of
a lower fluoride concentration (0.53 mM, 10 ppm NaF) in
both biofilm and planktonic microbial communities. Nine
oral species were grown at pH 7.0 and pulsed on 10 suc-
cessive days with glucose; bacterial metabolism was
allowed to reduce the pH for 6 h before being returned to
neutrality, either in the presence or absence of NaF. In
addition, 10-day-old mixed culture biofilms were over-
laid with glucose, with or without NaF, and the pH
change followed by microelectrode. After 10 days, che-
mostat pH dropped to ca. pH 4.5 following glucose
pulses, and the community was dominated by Strepto-
coccus mutans (rising from 4 to 23% of total CFU) and
Veillonella dispar (16 to 73%). In comparison, after 10
days pulsing with glucose + fluoride, the final pH was

significantly higher (ca. pH 4.9) (paired t test, p ! 0.0001).
The culture was predominated by V. dispar (70%) and
Actinomyces naeslundii (13%), whereas S. mutans pro-
portions were significantly lower (t test, p = 0.04), re-
maining !3% of the total flora, compared to the culture
without fluoride. Biofilm pH fell to only pH 5.55 1 h after
glucose/fluoride overlay, compared to 4.55 with glucose
alone (paired t test, p ! 0.000001). Analysis of the data
suggests that fluoride exerts dual antimicrobial modes of
action. Fluoride prevents enrichment of S. mutans by
inhibiting critical metabolic processes (direct effect) and,
in an inter-related way, by reducing environmental acid-
ification (indirect effect) in biofilms.

Copyright © 2002 S. Karger AG, Basel

Caries is associated with an increase in the proportions
of acidogenic and aciduric species, including mutans
streptococci, in plaque. This rise has been shown to be
driven by a fall in local pH which selects for acid-tolerat-
ing organisms, such as the cariogenic species described
above, while simultaneously inhibiting the growth of
those species that prefer a neutral pH and which are asso-
ciated with sound enamel [Bradshaw and Marsh, 1998;
Bradshaw et al., 1989a].
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Fluoride reduces the incidence of dental caries, via
effects on enamel such as by promoting remineralization
and reducing demineralization. Fluoride concentrations
in plaque can reach the millimolar range [Gaugler and
Bruton, 1982] and, consequently, could also exert inhibi-
tory effects on the oral microflora. Antibacterial effects of
fluoride are markedly enhanced at low pH, due to a com-
bination of increased ¢pH across bacterial membranes at
low pH [Whitford et al., 1977] as well as the greater per-
meability of such membranes to HF [Gutknecht and
Walter, 1981]. Thus, the sensitivity of a range of oral bac-
teria to fluoride was shown to be 3- to 50-fold greater
when the MIC was determined at pH 5.0 rather than pH
7.0 [Bradshaw et al., 1990]. In addition, the uptake of
H+F– results in the potential for sugar metabolism and pH
homeostasis to be disrupted by direct fluoride inhibition
of a variety of biochemical processes [reviewed by Hamil-
ton, 1990] and indirectly by cytoplasmic acidification
[Belli et al., 1995; Marquis, 1990; Whitford et al., 1977].
A variety of other inhibitory effects of fluoride on bacteria
have also been described [Bowden, 1990; Hamilton,
1990; Marquis, 1995]. Inhibition of bacterial metabolism
in this way, which need not necessarily kill cells nor stop
bacterial growth, would significantly impair the ability of
an organism to compete effectively, especially in a dy-
namic microbial community such as dental plaque. How-
ever, whether the antimicrobial actions of fluoride con-
tribute to its anticaries properties remains contentious,
and more research in this area has been suggested [ten
Cate, 2001; Van Loveren, 2001], especially on biofilm-
grown cells since these are generally more resistant to
inhibitors and antimicrobial agents [Gilbert et al., 1997].

We proposed previously that fluoride could exert sub-
tle, but significant, antimicrobial effects by influencing
the ecology of oral microbial communities by reducing
overall acid production, thereby preventing the enrich-
ment of acid-tolerant species [Bradshaw et al., 1990]. The
interpretation of this study, however, was confounded by
the presence within the microbial community of lactoba-
cilli, which more recent studies suggest have a limited role
in caries initiation, and are both acidogenic and aciduric,
but which are also highly tolerant of fluoride. Therefore,
in the present study, we have modified the composition of
the microbial community by omitting the lactobacilli, and
investigated the effect of lower (0.53 mM, 10 ppm) NaF
concentrations on the response of microbial communities
to sugar and low pH challenges. The importance of
studying oral (and other) microbial communities in a sur-
face-associated (biofilm) mode of growth is being increas-
ingly recognised [Van Loveren, 2001]. In parallel, there-

fore, we assessed the effects of fluoride on the pH response
to glucose of mixed culture biofilms using a pH microelec-
trode.

Materials and Methods

Bacterial Strains
A chemostat system was constructed using an Anglicon (Brighton

Systems, Hove, E. Sussex, UK) controller, with a 1-litre culture ves-
sel, with a 500-ml working volume. Nine bacterial species were inoc-
ulated into the chemostat from a pooled inoculum, stored in the gas
phase above liquid nitrogen (ca. –130°C), as described previously
[Bradshaw et al., 1989b]. The bacteria were Streptococcus sanguis
SK150, Streptococcus oralis SK92 (both kindly supplied by Prof.
Mogens Kilian, Department of Medical Microbiology and Immunol-
ogy, University of Aarhus, Denmark), Streptococcus mutans R9,
Actinomyces naeslundii WVU627, Neisseria subflava A1078, Por-
phyromonas gingivalis W50, Veillonella dispar ATCC 17745, Prevo-
tella nigrescens T588 and Fusobacterium nucleatum ATCC 10953.
The strains were chosen to represent bacterial species commonly iso-
lated from plaque, and included species associated with dental caries,
as well as other strains with no clear-cut association with this disease
[McKee et al., 1985].

Chemostat Growth Conditions
The chemostat growth medium was diluted BM medium [McKee

et al., 1985] supplemented with hog gastric mucin (BMHGM) [Brad-
shaw et al., 1989a], supplied to the culture at a rate of 50 ml Wh–1

(corresponding to a dilution rate of 0.1 h–1, and a mean generation
time of 6.9 h). The chemostat was maintained automatically at 37.0
B 0.1°C and pH was controlled at 7.0 B 0.1 by the addition of 2 M
NaOH, with a gas phase of 5% CO2 in nitrogen. No experiments were
commenced until the culture had reached ‘steady state’ (4–5 days
growing constantly at D = 0.1 h–1).

pH Fall Experiments – With and Without Fluoride
Glucose was chosen as a model, readily-fermentable carbohy-

drate source for these experiments. Five millilitres of a 2.8 M glucose
solution was pulsed into a chemostat (giving a final concentration of
28 mM glucose in the chemostat), and the pH control discontinued
for 6 h following each glucose pulse. After 6 h, a sample was taken for
viable counting, and the pH was restored to pH 7.0, by the automatic
addition of 2 M NaOH until the next pulse 18 h later. Such pulses
were repeated for a total of 10 consecutive days. An identical che-
mostat culture was subsequently set up, and the experiment repeated,
but with the BMGHM growth medium supplemented with 0.53 mM
NaF (10 ppm F–). The glucose/fluoride experiment was carried out
on three independent cultures, and the glucose alone experiment on
two cultures to evaluate inter-experimental reproducibility. The
post-pulse 10 (final) counts were carried out in duplicate in each case,
so that n = 4 for glucose alone, and n = 6 for glucose plus 10 ppm
fluoride. For pre-pulse counts, a pooled mean of multiple pre-treat-
ment counts on all five independently established cultures was calcu-
lated.

Biofilm Growth in Constant Depth Film Fermenter (CDFF)
The CDFF (available via Prof. Julian Wimpenny at Cardiff Uni-

versity) [Coombe et al., 1981] was housed in an incubator (Heraeus,
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Table 1. Community composition before
(pre-pulse, pH 7.0) and after ten daily
pulses of glucose, without pH control, in
the presence or absence of 10 ppm sodium
fluoride

Species log10 CFU Wml–1 B SD (% of total)

pre-pulse
(n = 20)

counts after ten pulses with

glucose alone
(n = 4)

glucose +10 ppm
fluoride (n = 6)

6.40B0.57 (4.1) 6.51B0.09 (22.8) 6.41B1.09 (2.6)
S. oralis 6.97B0.30 (15.4) 5.45B0.35 (2.0) 6.87B0.57 (7.5)
S. sanguis 6.94B0.41 (14.4) 5.37B0.30 (1.6) 6.60B1.15 (4.0)
A. naeslundii 5.79B0.70 (1.0) 4.31B0.68 (0.1) 7.12B0.27 (13.2)
P. gingivalis 6.12B1.52 (2.2) 1.59B1.84 (0.0003) 4.58B1.11 (0.04)
P. nigrescens 6.50B0.75 (5.2) 0B0 (0) 4.19B1.99 (0.02)
F. nucleatum 7.39B0.42 (40.6) 2.76B1.06 (0.004) 6.35B0.47 (2.2)
N. subflava 4.90B0.78 (0.1) 1.25B1.45 (0.0001) 1.96B1.77 (0.0001)
V. dispar 7.01B0.23 (16.9) 7.02B0.37 (73.4) 7.85B0.16 (70.4)

Total 7.96B0.14 (100) 7.19B0.27 (100) 8.10B0.17 (100)

Bishops Stortford, Herts., UK) maintained at 37 °C. The CDFF was
inoculated directly from the chemostat described above, at a rate of
50 ml culture fluid Wh–1, for a period of 36 h. Simultaneously, fresh
BMHGM medium was also supplied to the CDFF at a rate of
60 ml Wh–1; 5% CO2 in N2 was passed into the CDFF at approximate-
ly 200 ml Wmin–1. The CDFF was operated at a rotational speed of
approximately 10 rpm. Biofilms were developed for a total of 10 days
from inoculation time, on glass coverslips, of 12 mm diameter,
recessed to a depth of 170 Ìm within a polytetrafluoroethylene
(PTFE) sample holder. Biofilms were retrieved and overlaid with
solution containing 50 mM glucose, 200 ÌM KCl, 20 ÌM MgCl2, plus
or minus 0.53 mM NaF (10 ppm F). The change in pH was measured
every 3 min up to 1 h, using a pH touch microelectrode (Model MI-
414, Microelectrodes Inc., Bedford, N.H., USA), with a 1.7-mm
diameter tip.

Determination of Community Composition
The bacterial composition, in terms of colony-forming units

(CFU), of chemostat and CDFF biofilm communities was deter-
mined by decimal dilution of samples, followed by vigorous vortex
mixing for 1 min. Aliquots of dilutions were plated onto a range of
selective and non-selective agar media, followed by viable counts of
colonies developed after appropriate incubation, as described pre-
viously [Bradshaw et al., 1989a].

Statistical Methods
Differences in proportions of species before and after treatments

were compared by unpaired Student’s t test. pH responses following
glucose or glucose/fluoride addition were compared using the paired
Student’s t test, with pairing for time points (i.e., final pH on day 1
after glucose pulse was paired with the equivalent day of the glucose/
fluoride experiment, etc.; likewise, the pH measured at different time
points in the glucose-treated biofilms was compared with the same
time point in the glucose/fluoride experiment, etc.).

Results

Effect of Glucose and Fluoride on Community
Competition and Acid Production
Table 1 shows the community composition before and

following glucose pulses in the presence or absence of
0.53 mM NaF in the growth medium of chemostat cul-
tures. Prior to glucose pulsing, the community was domi-
nated by obligate anaerobes, including F. nucleatum
(41%) and V. dispar (17%), with streptococci collectively
comprising 34%, of which S. oralis and S. sanguis were
most numerous. In contrast, S. mutans comprised only a
modest proportion of the flora (ca. 4%).

After pulsing on 10 consecutive days with glucose,
where the pH was allowed to fall for 6 h on each day, the
community size fell (in terms of total CFU) and the cul-
ture was now dominated by V. dispar (73.4%) and S. mu-
tans (22.8%). Although the counts of these species re-
mained similar to pre-pulsing values, their proportions
within the community were significantly increased (t test,
p = 0.004 for V. dispar and p = 0.03 for S. mutans). The
obligately anaerobic bacilli were particularly susceptible
to the oscillating conditions of low pH, with the propor-
tions and CFU of P. nigrescens, P. gingivalis and F. nu-
cleatum markedly reduced after the later pulses (table 1).

When the pulsing studies were repeated in the presence
of 0.53 mM NaF, the majority of the glucose-driven dis-
ruptions to the community balance were not observed.
The total community CFU remained at pre-pulsing levels,
while the counts of S. oralis, S. sanguis and the anaerobic
Gram-negative bacilli were markedly raised compared to
when glucose was pulsed alone (table 1). The community
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Table 2. pH falls in chemostat culture
following successive glucose pulses, in the
presence or absence of 10 ppm sodium
fluoride

Pulse
No.

Final pH B SD 6 h after glucose pulses

glucose alone
(n = 2)

glucose +10 ppm
fluoride (n = 3)

Reduction in acid production

¢pH
(pH units)

¢[H]+

(-fold)

4.94B0.42 5.14B0.09 0.20 1.6
2 4.85B0.47 4.96B0.08 0.11 1.3
3 4.58B0.37 4.97B0.04 0.39 2.5
4 4.50B0.37 4.90B0.08 0.40 2.5
5 4.33B0.28 4.93B0.02 0.60 4
6 4.30B0.27 4.96B0 0.66 4.6
7 4.42B0.41 4.78B0.02 0.36 2.3
8 4.42B0.45 4.91B0.28 0.49 3.1
9 4.35B0.37 4.83B0.20 0.48 3

10 4.41B0.35 4.83B0.12 0.42 2.6

Fig. 1. pH falls in 10-day biofilms after over-
lay of glucose, or glucose +10 ppm fluoride
(n = 2).

was again dominated by V. dispar; in addition, the counts
and proportions of A. naeslundii increased by 2–3 orders
of magnitude to become the other predominant species.
In contrast, fluoride restricted the proportions of S. mu-
tans to only around 2–3% of the total community CFU
compared to 23% when glucose was pulsed alone; this dif-
ference was statistically significant (t test, p = 0.04).

Table 2 presents the mean of the final pH of chemostat
cultures 6 h after each daily glucose addition, in the pres-
ence or absence of fluoride. The extent of the fall in pH
was reduced by fluoride at each pulse by between 0.1 and
0.7 pH units, which represented a 1.3- to 4.6-fold reduc-

tion in hydrogen ion concentration. The inhibitory effect
of fluoride on the acidification (final pH change after 6 h)
of the cultures was highly significant (paired t test, p !
0.0001).

Effect of Fluoride on Glucose Metabolism and Acid
Production in Biofilms
The effect of fluoride on biofilm metabolism was deter-

mined. The composition of biofilms developed in the
CDFF comprised approximately: 15% S. mutans, 30%
F. nucleatum, 15% other streptococci, 10% V. dispar, 5%
A. naeslundii with the two black-pigmented anaerobes
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(P. gingivalis and P. nigrescens) generally comprising
!10% of the total CFU, while N. subflava was !1% of the
total CFU. The total CFU recovered from biofilms was
approximately 1.5 W108 CFU/disk (equating to ca. 106 bac-
teria Wmm–2).

These 10-day biofilms produced rapid ‘Stephan-
curve’-type pH curves following overlay with glucose
(fig. 1). Supplementation of the glucose solution with
0.53 mM (10 ppm) NaF significantly inhibited the pH fall
over 1 h in biofilms (paired t test, p ! 0.000001) (fig. 1).
The difference in pH between glucose- and glucose/fluo-
ride-treated biofilms 30–60 min after pulsing was 0.93 pH
unit, corresponding to an 8-fold reduction in hydrogen
ion concentration.

Discussion

Fluoride is the most important anticaries strategy cur-
rently available, although there remains much debate
over the precise mechanisms by which it may achieve
beneficial clinical effects. In particular, the significance of
any possible antimicrobial effects remains controversial,
and more research on this issue has been requested [ten
Cate, 2001], especially with respect to oral bacteria grow-
ing as biofilms [Van Loveren, 2001].

Our studies confirmed that fluoride can exert a subtle
antimicrobial effect in microbial communities by reduc-
ing the extent and rate of acid production (in terms of
[H+]) by up to 8-fold and, in so doing, reducing the key
driving force for the selection of cariogenic and acid-toler-
ating species such as S. mutans. However, an earlier study
using this model system (but which still included Lactoba-
cillus rhamnosus in the community) demonstrated that a
reduction in pH of this magnitude should only prevent
the selection of S. mutans to a limited extent [Bradshaw
and Marsh, 1998]. Thus, when the pH was allowed to fall
during glucose metabolism to pre-determined values, the
proportion of S. mutans increased from 4.2% at pH 65.5,
to 7.9% at pH 65.0, and 9.9% at pH 64.5. In the present
study, a change in terminal pH from ca. pH 4.4 to 4.9,
mediated by fluoride, resulted in a much larger reduction
in the proportions of S. mutans (from 22.8 to !3%), while
the proportions of other streptococci and acid-sensitive
anaerobic species rose. Thus, the change in proportion of
S. mutans observed in the glucose/fluoride experiments
versus the glucose-alone experiments in this paper cannot
be explained only by an environmental pH response; the
effect must also involve a subtle antimicrobial action of
fluoride in these conditions against S. mutans.

Micro-organisms growing on surfaces as biofilms are
generally more resistant to antimicrobial agents than the
same cells growing in conventional liquid media. This can
be for a number of reasons, including the reduced pene-
tration of the inhibitor into the biofilm (diffusion-reac-
tion mechanism) and the slow growth rate and novel phe-
notype expressed by the attached cells [Costerton et al.,
1995; Gilbert et al., 1997]. Therefore, it is important to
determine whether fluoride could exert similar inhibitory
effects on acid production in biofilms. In the present
study, 10 ppm fluoride was able to reduce the terminal pH
of mixed culture oral biofilms (170 Ìm deep) to an even
greater extent than was observed in the chemostat (plank-
tonic) culture. This was despite the (relatively minor) dif-
ferences between the biofilms and the planktonic cultures
in terms of the proportions of the individual species.

The composition of a microbial community such as
dental plaque remains relatively consistent over time.
This stability (microbial homeostasis) results from a bal-
ance of dynamic microbial interactions among the com-
ponent species. Any significant change to the environ-
ment will induce a reaction by the resident species, possi-
bly resulting in a re-arrangement of community structure
(depending on the magnitude of the environmental per-
turbation) [Marsh, 1994]. Thus, the repeated lowering of
the local pH in plaque following metabolism of dietary
carbohydrates can eventually lead to the breakdown of
this homeostasis resulting in the outgrowth of previously
uncompetitive and minor species. The present study sug-
gests a prophylactic mode of action for fluoride in dental
plaque biofilms. In this scenario, S. mutans is denied the
opportunity to respond to potentially favourable condi-
tions by a combination of inter-related direct and indirect
effects. The direct action would involve the uptake of HF
leading to intracellular acidification by H+ and the direct
inhibition of enzymes by F– [Marquis, 1995], including
possibly the proton-translocating membrane ATPase
[Hayes and Roden, 1990; Marquis, 1995]. These effects
contribute to the indirect action of fluoride whereby the
resultant reduced environmental acidification denies S.
mutans a potential growth advantage when competing
with other members of the plaque community. This dual
mode of action would also be consistent with the observa-
tion that the gross composition of plaque in low sugar con-
suming areas does not appear to vary between high or low
fluoride environments [Kilian et al., 1979], and contrasts
with bacteria being eliminated from the resident plaque
microflora by the use of a conventional direct-acting
antimicrobial agent. Further evidence that supports this
concept has come from studies showing that concentra-
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tions of fluoride capable of inhibiting the growth and
metabolism of oral bacteria can be released from fluorhy-
droxyapatite at low pH following bacterial metabolism
[Guha-Chowdhury et al., 1995; Li and Bowden, 1994].
This mode of action would help to prevent the deleterious
changes known to occur in plaque prior to caries develop-
ment in subjects on a high sugar diet, rather than necessar-
ily modifying the composition of plaque at healthy sites.

The present study, therefore, provides important evi-
dence that fluoride (at sub-millimolar concentrations) can
exert inter-related direct (antimicrobial) actions on S. mu-
tans, and indirect effects by preventing the development
of favourable low pH environments for cariogenic bacte-
ria in plaque biofilms.
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