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ORIGINAL ARTICLE

Red fluorescent biofilm: the thick, the old, and the
cariogenic

Catherine M.C. Volgenant*, Michel A. Hoogenkamp, Mark J. Buijs,
Egija Zaura, Jacob (Bob) M. ten Cate and Monique H. van der Veen

Department of Preventive Dentistry, Academic Centre for Dentistry Amsterdam (ACTA), University of
Amsterdam and VU University, Amsterdam, The Netherlands

Background: Some dental plaque fluoresces red. The factors involved in this fluorescence are yet unknown.

Objective: The aim of this study was to assess systematically the effect of age, thickness, and cariogenicity on

the extent of red fluorescence produced by in vitro microcosm biofilms.

Design: The effects of biofilm age and thickness on red fluorescence were tested in a constant depth film

fermentor (CDFF) by growing biofilms of variable thicknesses that received a constant supply of defined mucin

medium (DMM) and eight pulses of sucrose/day. The influence of cariogenicity on red fluorescence was tested

by growing biofilm on dentin disks receiving DMM, supplemented with three or eight pulses of sucrose/day.

The biofilms were analyzed at different time points after inoculation, up to 24 days. Emission spectra were

measured using a fluorescence spectrophotometer (lexc405 nm) and the biofilms were photographed with a

fluorescence camera. The composition of the biofilms was assessed using 454-pyrosequecing of the 16S rDNA

gene.

Results: From day 7 onward, the biofilms emitted increasing intensities of red fluorescence as evidenced by

the combined red fluorescence peaks. The red fluorescence intensity correlated with biofilm thickness but not

in a linear way. Biofilm fluorescence also correlated with the imposed cariogenicity, evidenced by the induced

dentin mineral loss. Increasing the biofilm age or increasing the sucrose pulsing frequency led to a shift in the

microbial composition. These shifts in composition were accompanied by an increase in red fluorescence.

Conclusions: The current study shows that a thicker, older, or more cariogenic biofilm results in a higher

intensity of red fluorescence.
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D
ental caries is one of the most prevalent oral

infectious diseases (1). When fermentable diet-

ary carbohydrates are frequently present in the

mouth, the pH of the biofilm on the teeth (dental plaque)

decreases which, when combined with an inadequate oral

hygiene, subsequently leads to mineral loss of enamel or

dentin (2, 3). In the long run, this results in tooth decay.

With adequate daily oral hygiene to remove the plaque,

developing caries lesions can be brought to a halt and the

acid-induced damage can be reversed (remineralized) in

time (3). When plaque has not been removed for a longer

period of time, the plaque ages, that is, it matures. In the

presence of fermentable carbohydrates, the lowered pH of

the supragingival plaque leads to a shift in the composi-

tion, toward a more cariogenic biofilm (2, 4, 5).

Dental plaque can fluoresce red when excited with violet

light (6�10). Currently, the origin of this red fluorescence is

not known, resulting in assumptions about its significance

in dental practice. The fluorescence may be the result of the

production of metabolic by-products from microorgan-

isms in the plaque (11). Since not all dental plaque fluo-

resces red, it has been suggested that it is the mature dental

plaque that fluoresces red (7, 12, 13) and that it is related to

its cariogenicity as well (14). Active caries lesions as well as

dental plaque have been shown to fluoresce red, when

excitedwith violet light (11, 15�17), which is in line with the
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hypothesis that red fluorescence is related to the cario-

genicity of plaque. It has therefore been suggested that

plaque fluorescence could help in the risk assessment of

patients (18) or to identify high-risk areas in the mouth for

caries development.

Prior studies which aimed to identify the origin of red

plaque fluorescence focused on growing microcosm bio-

films at different sucrose concentrations (14) or looked at

biofilms at different time points (19). An in situ study looked

at plaque fluorescence with and without sucrose challenges

(20). However, the thickness of the biofilms was not looked

at or controlled in the studies; biofilm thickness can vary

greatly in abiofilm model with horizontally placed substrata

as well as in a clinical situation where a participant can be a

heavy or a light plaque former (21).

While previous studies looked at the influence of sucrose

concentrations and of the maturation of the plaque,

only total and aciduric bacterial CFUs were determined

(14, 19). The total biofilm composition was not taken into

account, while this could give an indication about the

relation between biofilm fluorescence and specific taxa

present in the biofilm.

In this study, we assessed the effects of biofilm age,

thickness, and cariogenicity separately on the intensity of

red fluorescence of in vitro biofilms to improve our

understanding of the red fluorescence of dental plaque.

Our hypothesis was that older, thicker, and cariogenic

dental biofilm would produce a higher intensity of

fluorescence than younger, thinner, and less-cariogenic

dental biofilm.

Materials and methods

Microcosm biofilm growth

A constant depth film fermentor (CDFF) was used in a

‘conventional’ mode as described by Pratten (22) and in an

‘oscillating’ mode as described by Deng et al. (23). The

latter allows the application of two growth condit-

ions simultaneously within one model. The CDFF

model allows the simultaneous growth of 75 biofilms,

divided over 15 pans with 5 substrata plugs in each.

In oscillating mode, five pans were removed to avoid carry-

over (23). The CDFF was maintained at 378C in an

incubator (Incucell 220R, MMM Medcenter Einrichtun-

gen GmbH, Gräfelfing, Germany). The CDFF was kept

under anaerobic conditions by supplying 10% CO2 and

10% H2 in N2 through a 0.2 mm filter device (Acro† 37 TF,

Pall Life Sciences, Ann Arbor, MI) at a rate of approxi-

mately 5090.5 mL/min. The CDFF was inoculated with

stimulated saliva from one systemically healthy donor

without active caries or gingivitis. Nine mL of saliva was

mixed with 200 mL of defined mucin medium (DMM)

(24). The inoculum was pumped into the CDFF for 1.5 h at

a flow rate of 138 mL/h. After inoculation, fresh DMM

was constantly supplied at a rate of 36 mL/h. Medium flow

and sucrose pulses were regulated by calibrated and

computer-controlled peristaltic pumps (Ismatec, Zürich,

Switzerland) and controlled by LabView software

(National Instruments, Austin, TX).

Age and thickness � experiment 1

The effects of age and thickness on fluorescence were

tested on biofilms grown on Teflon (Polytetrafluoroethy-

lene). The depth of the plugs in the CDFF was set at 100,

200, 500, and 600 (two plugs) mm. The 100 and 200 mm

depths are clinically relevant biofilm thicknesses for

smooth surfaces (25) and 500 and 600 mm are more likely

to be found in fissures or on approximal surfaces (25). The

CDFF was set in the ‘conventional’ 3608 mode (22) at a

rotational speed of 6 rpm. Every 24 h, eight 2-hourly 5-min

sucrose pulses were given (10% w/v sucrose, alternating

with DMM), then followed by an 8-h resting period

(in which only DMM was supplied) to simulate cariogenic

stress and recovery (Fig. 1). Three pans (with five plugs of

biofilms each) were sampled 4, 7, 10, 14, and 17 days after

inoculation. The samples were taken at the end of the

resting period (6�7 h after the last sucrose pulse).

Age and cariogenicity � experiment 2

The effects of age and cariogenic stress on the red

fluorescence of the biofilm were tested in a second

experiment by growing biofilms under various sucrose

conditions. In this experiment, the biofilms were grown on

freshly extracted coronal dentin from bovine incisors

(Ø 5 mm) to be able to determine the mineral loss after

growing the biofilms and therewith the cariogenic poten-

tial of the biofilms. The depth of the plugs in the CDFF

was set at 600 mm as this depth gave the most prominent red

fluorescence in the first experiment. The inoculation

procedure was identical to the first experiment, described

above, but for the first 7 days, the biofilms received three

daily administrations of sucrose (10% w/v sucrose) for 5

min per 24 h in addition to DMM. After inoculation, the

CDFF was first set in the conventional 3608 mode, and the

biofilms were allowed to develop undisturbed for 7 days

(Fig. 1). After this week, the CDFF was switched to the

oscillating mode with the turntable rotating 1808 back and

forth. This implied that biofilms with two different growth

conditions could be grown simultaneously (23). Five pans

(25 biofilms) were removed from the CDFF to create this

split design. Biofilms from two pans were used for analysis;

the other three pans were empty and discarded. All

biofilms received a constant supply of DMM (18 mL/h)

per inlet and depending on the group, either three or eight

sucrose pulses per day to apply a difference in cariogenicity.

The samples remaining in the CDFF were collected at

different time points (10, 14, 17, 21, and 24 days; one pan

per group per time point) after switching to the oscillating

mode (Fig. 1). All samples were taken at the end of the

resting period (6�7 h after the last sucrose pulse) (Fig. 1).
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In case dentin was lost from the pin during the

autoclaving process or the scraper blades had removed

a substantial part of a biofilm, samples were excluded

from analysis.

Fluorescence assessment � experiment 1 and 2

After sampling, the fluorescence of the biofilms was

assessed by measuring the emission spectra (lexc 405920

nm) with a fiber-optic spectrophotometer (USB4000 � FL,

reflection probe, Ø 600 mm, Ocean Optics Inc., Dunedin,

FL, six illumination fibers around one read fiber) 6 mm

from the surface of the biofilm (measuring per plug).

The biofilms were subsequently photographed for visual

assessment using a QLF-D Biluminator camera system

(QLF; Inspektor Research Systems BV, Amsterdam, the

Netherlands) as described earlier (26). The photographs

were taken with fixed camera settings (white light photo-

graphs: shutter speed 1/160th; aperture value 13; ISO 1600;

QLF photographs: shutter speed 1/30th; aperture value

8.0; ISO 1600). The biluminator tube was placed directly

around the CDFF pans. To prevent photo bleaching (6)

of the samples, all measurements were performed in a

Fig. 1. A diagram of the sampling days and the daily CDFF regime for 17 days (experiment 1) and 24 days (experiment 2). Each

day, the DMM supply was interrupted by 5-min-long sucrose pulses (vertical arrows). The asterisk (*) depicts the moment of

sampling.

Biofilm fluorescence
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dark room. The samples were illuminated by LEDs only

while taking spectra and capturing QLF photographs.

Assessment of Integrated Mineral Loss (IML) and

lesion depth � experiment 2

The dentin discs from experiment 2 were stored at 48C,

and after completing the experiment, transversal micro-

radiography (TMR) was performed as described by

Van Strijp et al. (27). Mineral loss of enamel or dentin

indicates the cariogenic potential of a biofilm (28). TMR

assesses the mineral changes (de- and re-mineralization)

by taking an X-ray of cross sections (200 mm) of the

dentin discs on a high-resolution film, together with

a calibration stepwedge. Thereafter, this microradio-

gram is digitized and analyzed with a microscope-video

camera-microcomputer setup with dedicated software

(TMR 2000 2.0.27.16; Inspektor Research Systems BV,

Amsterdam, the Netherlands).

DNA extraction, amplicon preparation and

pyrosequencing � experiment 2

From the 75 plugs with biofilm in the second experiment,

15 plugs (three pans) had to be discarded due to the

oscillating mode of the CDFF. From the remaining

60 plugs with biofilm (five plugs per pan, six time points,

and two sucrose groups), one biofilm sample per group

was included for microbiome analyses. An extra sample

was included from a different pan at day 7 (before the

oscillating mode, three times sucrose a day) to assess the

reproducibility of the samples between pans. Two extra

samples from one pan (different plugs) were included for

day 10 and day 21 to assess the reproducibility within one

pan. The biofilm was directly scraped off from the dentin

surface and put in an Eppendorf tube (1.5 mL, Eppendorf

AG, Hamburg, Germany) and immediately stored at

�808C.

DNA was extracted using a mag Mini DNA Isolation

Kit (LGC genomics, GmbH, Berlin, Germany) as de-

scribed previously (29). Barcoded amplicon libraries of the

small subunit ribosomal RNA gene hypervariable region

V5�V7 were generated for each of the individual samples

as described previously (30), pooled and sequenced by

Macrogen Inc. (Seoul, Republic of Korea) using the

454 GS-FLX� Titanium system (Roche Molecular Diag-

nostics, Branford, CT) (31). The sequencing data were

processed and filtered using QIIME (qiime.org) as de-

scribed previously (30, 31). In brief, after quality filtering,

the reads were denoised using Denoiser version 1.3.0 (32)

and chimeric reads were identified using UCHIME version

4.2.40 (33) and removed (34). The sequences were clustered

in operational taxonomic units (OTUs) at 97% similarity

as described previously (30). The taxonomy of the

representative sequence of each cluster was assigned using

the SILVA rRNA database (34). To further classify the

OTUs at species level (Supplementary Table 1), the

representative sequences of each OTU were manually

aligned against the nucleotide collection using the Human

Oral Microbiome Database (HOMD) (35). This database

includes approximately 700 curated sequences of oral taxa

and allows deeper taxonomic resolution of certain taxa

compared with the SILVA rRNA database that covers all

bacterial ecosystems on Earth and includes over 5 million

sequences, allowing detection of non-oral taxa. The

sequence data were submitted to the short read archive at

NCBI under BioProject ID PRJNA275963.

Data normalization and statistical analysis

Spectra were normalized to the amplitude and angle of

inclination of the excitation peak (420�430 nm) using

dedicated software (SP1, version 1.0.0.10; Inspektor

Research Systems BV; zero compensation 330�380 nm).

Biofilm spectra were analyzed using Gaussian curve fitting

to assess separate fluorescence peaks for peak wavelength,

amplitude, and full width at half maximum. Spectra from

plugs of Teflon and dentin without biofilm were used

as references in the curve-fitting procedure. Spectra

(Supplementary Fig. 1) of biofilms grown on Teflon or

dentin substrates were not compared directly, as the green

fluorescence of dentin rendered such a comparison

impossible.

The correlations of the peak amplitudes at different

wavelengths with biofilm age and thickness or lesion

depth and mineral loss were assessed using the Spearman

rank correlation test. The combined results from the

experiment were calculated without the second 600 mm

thick biofilm (per pan) to avoid disproportionate out-

comes. Differences between the two sucrose groups were

tested with the Mann�Whitney U test.

All microbiome data were subsampled to an equal

number of reads per sample. The OTU abundances were

log 2 transformed to normalize the data distribution for

principal component analysis (PCA) using PAST (PAleon-

tological STatistics) version 3.01 (36). Only OTUs present

in more than two samples (inoculum not considered) and

simultaneously present more than three times per sample

were included in the analyses. The Shannon diversity index

was calculated in PAST. This index takes into account the

abundance of each OTU as well as the number of OTUs in

the samples. Normal distribution of the OTUs was

assessed using the Shapiro�Wilk test. SIMPER analyses

(37) were performed to calculate the average dissimilarity

between groups. Two-way PERMANOVA (permutational

multivariate analysis of variance) analyses were performed

to calculate the significance of the composition differences

by time and sucrose frequency. Correlations between the

amount of red fluorescence and the individual OTUs were

assessed using the Spearman rank correlation test. To test

for comparability between samples with the same condi-

tion at the same point in time, the Wilcoxon signed rank

test was used. P-values B0.05 were considered statistically

significant. Correlations were considered relevant when
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Spearman’s rho was �0.70 orB�0.70. Statistical ana-

lyses were performed using IBM SPSS Statistics v. 22,

except from the two-way PERMANOVA and SIMPER

analyses, which were performed using PAST.

Results
Biofilms covered the entire plug 3 days after inoculation

(visual assessment). Although only green fluorescence was

detectable by visual assessment after 4 days, the spectro-

photometer did detect a small peak in the red area of the

spectrum. From day 7 onward, red fluorescence was

detectable by both spectrophotometer and visual assess-

ment on QLF photographs. The red fluorescence had

peaks at 620, 635, 655, and 685 nm, with the highest

amplitude at 635 nm, measured with the spectropho-

tometer (Supplementary Fig. 1). To confirm the spectral

results, all samples were also assessed using the QLF

camera. The visual results confirmed the agreement

between these two methods for fluorescence assessment

(Fig. 2a and b).

Biofilm thickness � experiment 1

Although red fluorescence intensity correlated with

biofilm thickness (Fig. 2c; all time points: rs�0.68,

pB0.001), this correlation was not linear. A correlation

between red fluorescence and thickness per time point

was present from day 10 onward.

Biofilm age � experiments 1 and 2

The red fluorescence of the biofilms also correlated with

the age of the biofilms, but again not linearly (Figs. 2d

and 3). This was the case with the Teflon substrate

(rs�0.50; pB0.001, taken all groups together, Fig. 2a) as

well as for the dentin substrate (rs�0.68; pB0.001 (both

sucrose groups together); rs�0.59; pB0.001 (three times-

a-day sucrose group), and rs�0.63; pB0.01 (eight times-

a-day sucrose group)).

Cariogenicity � experiment 2

Red fluorescence in the eight times-a-day sucrose group

was significantly higher when compared with the three

times-a-day sucrose group (p�0.031). The red fluores-

cence of the biofilms showed a significant correlation with

the mineral loss of the dentin (rs�0.58, p�0.019, Fig. 3).

While this mineral loss increased over time in the eight

times-a-day sucrose group, it did not increase after 10 days

in the three times-a-day sucrose group (Fig. 3). Biofilm red

fluorescence correlated with both mineral loss and lesion

depth in the eight times-a-day sucrose group (rs�0.82,

p�0.02 and rs�0.86, p�0.01) but not in the three times-

a-day sucrose group (rs��0.07, p�0.87 and rs��0.03,

p�0.93).

Biofilm composition � experiment 2

To relate the fluorescence outcomes with the composition

and diversity of the samples, 454-pyrosequencing of the

16S rDNA amplicons was performed. The samples had on

average 2,826 reads per sample (SD 272). After subsam-

pling using 2,330 reads per sample, 67 OTUs remained in

the data set with an average of 30 OTUs per sample

(Supplementary Table 1). Overall, the sequencing results

were classified into seven phyla, with Firmicutes (62%)

and Fusobacteria (23%) dominating the data, followed by

Fig. 2. The effects of biofilm thickness and age on red

fluorescence, biofilm grown on Teflon. (a) Example of one

CDFF pan per time point (screw thread for pan removal

covered), (b) different depth settings of the plugs. (c) Intensity

of red fluorescence (peak amplitudes for the different peak

wavelengths within the red area of the spectrum) in arbitrary

units per biofilm thickness. (d) Intensity of red fluorescence

(peak amplitudes for the different peak wavelengths within the

red area of the spectrum) in arbitrary units per biofilm age.

Fig. 3. The effect of sucrose frequency on mineral loss and red

fluorescence. Mineral loss from dentin plotted against in-

tensity of red fluorescence (total amount of peaks within the

red area of the spectrum) in arbitrary units. Biofilm age is

indicated with different colors for the three times-a-day

sucrose group (closed circles) and the eight times-a-day

sucrose group (open circles). Remarkable is the increase in

red fluorescence intensity at day 24 (red circles) in both groups.

The thickness of all biofilms was 600 mm.

Biofilm fluorescence
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Proteobacteria (8%), Bacteroidetes (4.2%), Actinobacteria

(2.4%), Candidate division TM7 (0.1%), and Cyanobac-

teria (0.02%).

The Shannon diversity index did not correlate with the

time of sampling (rs��0.16; p�0.55) or with the red

fluorescence intensity (rs��0.006; p�0.98). The diver-

sity index did not differ between the two sucrose groups

(p�0.35). From all OTUs, 15 were present in the original

inoculum but did not appear in the biofilm samples,

especially the species Rothia mucilaginosa (OUT nr 41)

appeared in a high percentage in the inoculum and not in

the biofilm samples.

The relative abundance of OTUs classified as

Atopobium parvulum (rs�0.75, p�0.001, OUT nr 10),

Cryptobacterium curtum (rs�0.70, p�0.002, OUT nr 36),

a Capnocytophaga species (rs�0.70, p�0.003, OUT nr 40),

and an unnamed cultivated taxon of Selenomonas corre-

lated positively (rs�0.72, p�0.002, OUT nr 7) with the

amount of red fluorescence. The OTUs classified into the

species Klebsiella pneumonia (rs��0.82, pB0.001, OUT

nr 63), Haemophilus parainfluenzae (rs��0.83, pB0.001,

OUT nr 2), Candidate division TM7 (rs��0.74,

p�0.001, OUT nr 58), and Gemella sanguinis (rs�
�0.73, p�0.001, OTUnr 50) correlated negatively with

the amount of red fluorescence.

The relative abundance of OTUs classified as species

Streptococcus mutans (rs�0.85, pB0.001, OUT nr 27),

Actinomyces odontolyticus (rs�0.83, pB0.001, OUT nr

48), and Streptococcus salivarius (rs�0.73, p�0.001,

OUT nr 42) correlated positively with the mineral loss

while the OTUs classified into the species Neisseria

subflava (rs��0.75, pB0.001, OUT nr 49) and Fusobac-

terium nucleatum ss polymorphum (rs��0.73, p�0.001,

OUT nr 53) correlated negatively with the mineral loss.

The composition of the biofilms changed significantly

over time (p�0.0001) and with the sucrose frequency

(p�0.0001), although no significant interaction was

found between the two variables (p�0.52). The overall

average dissimilarity between the different biofilm age

groups was 16�24% and between the two sucrose groups

was 17%.

The microbiome profile datawere ordinated by applying

PCA (Fig. 4). The first component (PC1, x-axis) explained

36.1% of the variance among the samples and showed a

separation of the samples in time. Shifts on the x-axis to the

right were related to the OTUs classified into species

Leptotrichia sp. oral taxon 215 (OUT nr 24), Prevotella

melaninogenica (OUT nr 33), Capnocytophaga sp. oral

taxon 336 (OUT nr 40), Mogibacterium diversum (OUT

nr 51), and Atopobium parvulum (OUT nr 10). Shifts on the

x-axis to the left were related to the species Haemophilus

parainfluenzae (OUT nr 2) and Streptococcus orali (OUT

nr 13). The second component (PC2, y-axis) explained a

further 27.9% of the variance and displayed a separation of

the samples by sucrose frequency (starting after day 10).

Shifts on the y-axis in the upper direction were related to

the OTUs classified into the species Streptococcus mutans

(OTU nr 27) and Streptococcus salivarius (OUT nr 42),

Atopobium parvulum (OUT nr 10), and Actinomyces

odontolyticus (OUT nr 48). Shifts on the y-axis to the

lower direction were related to the species Neisseria

subflava (OUT nr 49), Leptotrichia sp. oral taxon 215

(OUT nr 24), Haemophilus parainfluenzae (OUT nr 2), and

F. nucleatum ss polymorphum (OUT nr 53). The extra

samples from the same conditions from different plugs/

pans did not significantly differ from each other (p�0.05;

Supplementary Table 2), except for the samples at day

21 in the three times-a-day sucrose group (p�0.02;

Supplementary Table 2).

Discussion
The results from this study show that an increase in either

the thickness or the cariogenicity or the age of a biofilm

leads to a higher intensity of red fluorescence. These

findings support our hypothesis that a thicker, more

cariogenic or older plaque produces a higher intensity of

fluorescence than a young, and presumably ‘healthy’,

dental plaque. A clear shift in the microbial composition

was observed in time and between different sucrose

frequencies.

Our results imply that after a certain time of biofilm

formation, its red fluorescence is determined less by

biofilm age and that other variables such as biofilm

thickness and cariogenicity play a more important role in

the production of fluorophores since the effect of biofilm

age on fluorescence was not linear. Red fluorescence was

observed from day 7 onward, after which the fluorescence

Fig. 4. Principal component analysis (PCA) plot of micro-

biome samples from all time points. The drawn lines link two

samples from the same condition group: at day 7 between

different pans, at day 10 and 21 within one pan. Biofilm age

is indicated with different colors for the three times-a-day

sucrose group (closed circles) and the eight times-a-day

sucrose group (open circles). The thickness of all biofilms

was 600 mm.
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stabilized over time, with an increase on the last day of

sampling (day 24). This increase correlated with an

increase in mineral loss in the eight times-a-day sucrose

group. In the three times-a-day sucrose group, the amount

of red fluorescence remained stable after 7 days until the

increase at day 24. The striking increase in fluorescence at

day 24 (in both groups) cannot be fully explained since the

composition of the biofilms at day 24 did not show

remarkable changes compared with day 21. The amount

of fluorescence for the eight times-a-day sucrose group is in

line with the measured mineral loss, confirming an

association between fluorescence and cariogenicity.

To test if the sudden change in red fluorescence at 24

days is related to a change in, for example, porphyrin

gene expression, rather than the presence or absence of

microbial species, an object of future study could be to

study the composition and transcriptomics of dental

plaque samples with varying intensities of red fluores-

cence. Alternatively, the transcriptomics of in vitro

microcosm biofilms could be studied where the biofilms

are grown under different and controlled conditions.

These types of studies could give interesting new insights

in red fluorescent plaque, since currently there is no proof

as to which genes are involved in this phenomenon.

The relationship between the cariogenicity of a micro-

cosm biofilm and red fluorescence was previously reported

by Lee et al. (14). However, biofilm thickness was not

reported in this study (14), although by controlling the

biofilm thickness we did find a separate effect from biofilm

thickness on its fluorescence. The found relationship

between the age of the biofilm and its fluorescence

confirms the recent findings of a microcosm biofilm study

from Kim et al. (19) and from an in situ study of Bittar et al.

(20). Neither study analyzed the microbial composition in

its full width, while our results show that the composition

of biofilms shifted due to aging and different sucrose

conditions.

Due to the used sequencing methodology, more in-

depth insight of the composition of the grown biofilms

could be given. However, caution should be taken when

extrapolating the outcomes from this study for explaining

biofilm fluorescence since OTUs do not necessarily

represent a single bacterial species.

From our results, we can conclude that all OTUs that

correlated positively with the amount of red fluorescence

belonged to either anaerobic or CO2-dependent genera,

while the negatively correlating OTUs are known as

facultative anaerobes or aerobes except for Gemella

sanguinis which is CO2 dependent and Candidate division

TM7 which grows under anaerobic conditions. Interest-

ingly, the assumed unculturable taxon Candidate division

TM7 was recently cultured by two separate research

groups (38, 39). This bacterial phylotype is frequently

identified when oral samples are sequenced (40, 41).

As matured plaque contains more anaerobic bacteria

(42), the finding that anaerobes correlated positively with

the amount of red fluorescence is in agreement with the

assumption that red fluorescence comes from matured

plaque. In this study, different species correlated with

fluorescence of plaque and mineral loss, indicating that

this may relate to two independent processes that occur

simultaneously in these biofilms. As shown, red fluores-

cence of biofilm is related to age and thickness of the

biofilm, while it also correlates to mineral loss resulting

from prolonged exposure to cariogenic circumstances.

These circumstances may affect biomass (43), which may

explain the increase in red fluorescence.

We did not find a correlation between the diversity of

the biofilms and the amount of red fluorescence. The

disappearance of the species Rothia mucilaginosa (a

gram-positive coccus and a commensal bacterium from

the oral cavity) after inoculation with the saliva from one

donor could be explained by the different conditions in a

biofilm model compared with the oral cavity.

Future research could include culturing the species

which are related to the OTUs that correlated positively

with the amount of red fluorescence as well as studying the

metabolism of these species. For Capnocytophaga species,

selective culture media have been described (44) and

Atopobium parvulum as well as several Selenomonas species

are also culturable. It is, however, questionable whether the

observed red fluorescence is associated with single species.

It has been suggested previously that fluorescence is more

associated with a certain condition of the biofilm where a

number of species interact (10).

The pH of the biofilm presumably affected the fluores-

cence of biofilms, since the biofilms grown on dentin

fluoresced more intense red than the biofilms grown on

Teflon under similar growth conditions. Dentin has been

shown to work as a buffer for biofilm during growth

(45, 46). It has been shown that it takes possibly up to 5 h

before the biofilm pH recovers to a neutral pH when grown

on dentin in a CDFF model (46). This delay of pH recovery

could be comparable with the clinical situation of a pH

drop in approximal plaque after a cariogenic challenge. In

this experiment, we did not measure biofilm pH because of

the risk of contamination of the samples. Since the

fluorescence of porphyrins (the assumed fluorophores in

the biofilm) decreases when the pH decreases (47), it could

be interesting for future research to perform pH measure-

ments on biofilms and relate this to its fluorescence.

In this study, we used a single donor to inoculate the

biofilm model. Using a single donor has its limitations;

however, the biofilm model itself determines for the largest

part which bacteria grow in an in vitro model. Studies on

biofilms from different donors show very similar pheno-

typic characteristics after prolonged exposure to the same

environmental conditions (48), and the phenotype of the

biofilm determines whether a microcosm biofilm fluor-

esces red rather than the presence of specific species (10).

Biofilm fluorescence
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The fact that we did not find a correlation between

biofilm age and red fluorescence for the thinnest biofilm

might be explained either by the differences in structure or

composition between thin and thick biofilms. Similarly,

the thickness of biofilms was not linearly correlated with

red fluorescence, possibly due to differences in biomass

concentration (cell density) between the samples from

the different experimental groups. Pratten et al. (49)

reported that structural differences in biofilms grown in

a CDFF depended on both age of the biofilm and nutrients

available.

The introduction of challenges associated with both

high and low caries in this study by administering sucrose

at two different frequencies resulted in a shift in the

composition of the biofilms. The frequency of the use of

sugar(s) in the diet is significantly related to the devel-

opment of dental caries (50). By adding sucrose in

different frequencies, we disrupted the homeostasis and

created biofilms with different cariogenic potential. The

difference in cariogenicity between the two groups was

reflected in the measured mineral loss of the dentin. With

applying a resting period of 8 h in both sucrose groups,

we mimicked the clinical situation which has a day and

night rhythm with a recovery period during the night.

The lack of a clear increase in demineralization of dentin

over time after 7�10 days in the three times-a-day sucrose

group was consistent with the literature (51). In the eight

times-a-day sucrose group, demineralization increased

strongly over time. Both the three- and eight-times-a-day

sucrose groups fitted the correlation between mineral loss

and the amount of red fluorescence of the biofilms at

each time point (Fig. 3), indicating a relationship between

cariogenicity and biofilm red fluorescence.

The current study shows that a thicker, older, or more

cariogenic biofilm results in a higher intensity of red

fluorescence. The strongest and linear effect on fluores-

cence was related with the parameter of sucrose frequency.

This influence of sucrose frequency on red fluorescence

could clarify clinical results which are difficult to explain at

first sight: in some individuals, the dental plaque fluoresces

red after a few days, while in other patients it may take a

prolonged time before fluorescing red. The rate of plaque

formation as well as the diet of the patient differs per

person, reflecting a different composition, thickness, and

metabolism of the dental plaque. Together with differences

in oral hygiene performances, red fluorescence could vary

considerably per person in a clinical situation. Once a

clinical relationship between red fluorescence and the

caries risk of patients proves true, fluorescence assessment

could be used to assess caries risk prior to caries lesion

formation and when caries lesions exist, the risk of caries

progression. Therefore, it would be interesting to perform

clinical studies, alongside in vitro studies, to determine

factors influencing red plaque fluorescence.
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