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Abstract

Red and green autofluorescence have been observed from dental plaque after excitation by

blue light. It has been suggested that this red fluorescence is related to caries and the cario-

genic potential of dental plaque. Recently, it was suggested that red fluorescence may be

related to gingivitis. Little is known about green fluorescence from biofilms. Therefore, we

assessed the dynamics of red and green fluorescence in real-time during biofilm formation.

In addition, the fluorescence patterns of biofilm formed from saliva of eight different donors

are described under simulated gingivitis and caries conditions. Biofilm formation was ana-

lysed for 12 hours under flow conditions in a microfluidic BioFlux flow system with high per-

formance microscopy using a camera to allow live cell imaging. For fluorescence images

dedicated excitation and emission filters were used. Both green and red fluorescence were

linearly related with the total biomass of the biofilms. All biofilms displayed to some extent

green and red fluorescence, with higher red and green fluorescence intensities from biofilms

grown in the presence of serum (gingivitis simulation) as compared to the sucrose grown

biofilms (cariogenic simulation). Remarkably, cocci with long chain lengths, presumably

streptococci, were observed in the biofilms. Green and red fluorescence were not found

homogeneously distributed within the biofilms: highly fluorescent spots (both green and red)

were visible throughout the biomass. An increase in red fluorescence from the in vitro bio-

films appeared to be related to the clinical inflammatory response of the respective saliva

donors, which was previously assessed during an in vivo period of performing no-oral

hygiene. The BioFlux model proved to be a reliable model to assess biofilm fluorescence.

With this model, a prediction can be made whether a patient will be prone to the develop-

ment of gingivitis or caries.

Introduction

Quantitative light induced fluorescence (QLF) is gaining recognition as an established method

for examining the oral cavity in clinical dental research. This technique uses the auto-
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fluorescence characteristics of teeth at excitation wavelength 405 nm to detect possible mineral

loss from enamel surfaces which is related to fluorescence loss of a tooth [1, 2]. This mineral

loss is the clinical starting point of dental caries in teeth. Besides this useful application of the

QLF technique, red fluorescence is observed with QLF on surfaces where dental plaque or cal-

culus is present [3–5], although not all dental plaque on teeth is fluorescing red [6].

The long-term presence of a pathogenic biofilm (dental plaque) on the teeth is the main

cause of oral infectious diseases such as dental caries and gingivitis [7]. The composition of

plaque associated with health is different compared to pathogenic plaque [8, 9]. A local dysbio-

sis of the plaque is characteristic for periodontitis (severe inflammation of the supportive tissue

of teeth [10]), as well as for caries [11]. Consequently, the visualisation and elimination of dys-

biotic plaque may be a key preventive method to know in who and where to restore the balance

in the biofilm to prevent further development of disease.

Previous research has suggested that red plaque fluorescence is associated with dental pla-

que cariogenicity [12–15]. In addition, a recent clinical study reported that, within a period of

14 days without oral hygiene, the presence of red fluorescence in 2 days old plaque is a predic-

tive marker for the inflammatory response of the gingiva at day 14 [16]. The inflammation of

the gingiva in this study was determined by the bleeding on marginal probing index, as

described by Van der Weijden et al. [17]. Remarkably, this clinical research revealed big differ-

ences among the participants: some developed a considerable amount of red fluorescent dental

plaque, where others did have dental plaque, but no red fluorescence. This low-fluorescence

group had also less gingival inflammation after 14 days without oral hygiene. Moreover, this

difference in red fluorescence was already visible after 24 hours, although not statistically

significant.

A landmark study in dentistry has reported that bleeding on probing increases when plaque

remains present during a longer period of refraining from oral hygiene [18]. Therefore bleed-

ing on (marginal) probing is often considered as an indication of the average level of oral

hygiene and gingival inflammation. This is a proper method to check the current situation in

the mouth, but it does not give the dentist information about the resilience of the mouth of a

patient: its ability to recover quickly from a sudden change in the local environment. An exam-

ple of a change in the oral environment is an increase in the frequency of the carbohydrates

intake in the diet of a patient. To prevent future oral diseases, professional dental care should

focus on the early signs of dental plaque dysbiosis.

Because of the presumed relation with caries and gingivitis, the presence or absence of red

fluorescence may give an indication of oral health. However, little is known about the charac-

teristics of red fluorescence from oral biofilms, the influence of external factors on its fluores-

cence (like nutrition and oral rinses) on this biofilm fluorescence and the interpretation of

green biofilm fluorescence. An explanation for the red fluorescence from dental plaque may

be found in the molecules involved in gingivitis and periodontitis: gingival inflammation

leads to the production of gingival crevicular fluid, which contains relative high concentra-

tions of heme [19]. Heme is required as a source of iron by oral bacteria like Porphyromonas
gingivalis for their growth [20]. The heme molecule consists of a protoporphyrin IX ring with

a central ferrous atom. Protoporphyrin IX is suggested to be the source of the red fluores-

cence in the dental plaque [12], which could explain plaque red fluorescence when the gingi-

val tissues are inflamed. In this study we examined the real-time dynamics of red and green

fluorescence during biofilm formation. Furthermore, we described the patterns of fluores-

cence of biofilm formed from saliva of different donors. An increased red fluorescence of the

biofilms appeared to be related to the clinical inflammatory response of the respective saliva

donors.

Oral Biofilm Fluorescence
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Materials and Methods

Saliva collection

The saliva samples used to inoculate the biofilm system in this study were derived from par-

ticipants of a previous cohort study [16]. This clinical study was conducted in accordance

with the ethical principles of the 64th WMA Declaration of Helsinki (October 2013, Brazil)

and the Medical Research Involving Human Subjects Act (WMO), approximating Good

Clinical Practice (CPMP/ICH/135/95) guidelines. Approval for this study was obtained by

the Medical Ethical Committee of the VU Medical Center (2014.505). At the screening ses-

sion, volunteers received oral and written information about the study and all participants of

the clinical study signed the informed consent. Inclusion and exclusion criteria are described

elsewhere [16].

Baseline saliva samples from eight systemically and orally healthy donors from this study

were selected and used for the present study. Out of the eight samples, four saliva samples

were from low responders and four from high responders regarding red fluorescent plaque

build-up during the experimental period [16]. The participants did not perform any oral

hygiene measures for 24 hours nor did they drink or eat in the two hours prior to saliva dona-

tion. Stimulated saliva was collected and stored as described by Janus et al. 2015 [21].

Salivary microcosm biofilm growth

Biofilm formation was analysed under flow conditions in the microfluidic BioFlux 1000z

(Fluxion Biosciences Inc., South San Francisco, CA, USA). This system was developed for

automated, high throughput shear flow assays and is used in combination with high perfor-

mance microscopy (Fig 1, Axio Observer Z1, Zeiss, Jena, Germany), equipped with a black

Fig 1. Overview of the BioFlux biofilm model. Images courtesy of Fluxion Biosciences Inc., South San Francisco, CA, USA

doi:10.1371/journal.pone.0168428.g001
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and white CCD-camera (Exi Aqua Bio, QImaging, Surrey, Canada) to allow for live cell imag-

ing. All liquids used in this experiment were pre-warmed to 37˚C, to prevent gas bubble for-

mation within the viewing plane. Prior to inoculation, the channels of a Fluxion, 48-well plate

[22] were primed with 200μL phosphate buffered saline to fill the channels and to remove air

from the system.

To obtain salivary microcosm biofilms, previously collected saliva samples were thawed

and sonicated on ice, 30 times, 1 s, at 40 Hz (VC130 Ultrasonic processor, Sonics & Materials

Inc., Newtown, CT, USA). Subsequently, 75 μL of saliva was added to the outlet well of a sepa-

rate channel and back-flowed at 0.1 dyne until the channel was filled. The plate was incubated

for 1 h at 37˚C to allow for microbial attachment. To stimulate biofilm development 1.5 mL

modified artificial saliva medium [23] supplemented with either 10% (v/v) fetal bovine serum

(Sigma-Aldrich, St. Louis, MO, USA) or 0.2% (v/v) sucrose (Merck, Darmstadt, Germany) was

added to the inlet wells of each channel and flowed through the channels at 0.5 dyn/cm2 for

12 h at 37˚C under anaerobic conditions (80% N2, 10% H2, 10% CO2). Additionally the

sucrose fed microcosms were also grown under aerobic conditions to determine the effect of

aerobiosis on microcosm growth and fluorescence.

To assess the development of microcosm biofilm and the red and green fluorescence devel-

oping in time, three regions of interest (ROI) per channel were randomly picked resulting in

six ROIs per experiment. The dimensions of a channel were 75x350 μm. The width of the

channel corresponded with the height of an image. Real-time fluorescence and brightfield

images (20x objective, see Table 1 for light and filter settings) were acquired every 10 min for

12 hour using the BioFlux Meta Imaging Series Software Version 7.8.1 (Molecular Devices,

Downingtown, PA, USA). For the fluorescence images dedicated excitation and emission fil-

ters were used (Table 1, Chroma Technology Corporation, Bellows Falls, VT, USA). Each

saliva sample was grown twice in duplicate for biofilm growth for all three conditions. This

resulted in four individual studied biofilms per saliva sample per growth condition.

Image analysis

After image acquisition stacks were built and the images were analysed for anomalies (e.g.,

trapped air), stacks with trapped air were subsequently removed before further analysis. Of

each ROI, total intensity for the brightfield, green fluorescence and red fluorescence images in

a stack was calculated and plotted using the Time Series Analyser plugin Version 3.0 (Balaji J,

Dept. of Neurobiology, UCLA, Los Angeles, CA, USA) of the ImageJ software Version 1.50g

(rsb.info.nih.gov/ij).

A moving average of 10 time points was calculated for each ROI to correct for fluctuations

in total intensity due to small clumps of biofilm floating through the channels. Subsequently,

the average corrected total intensity per growth condition (2 channels, 3 ROIs, 3 experiments

in duplo) was calculated per time point. The inverted brightfield intensity was used as measure

of total biomass. The average intensities of green biofilm fluorescence and red biofilm fluores-

cence are considered a measure green and red fluorescent biomass, respectively. These three

assessments were subsequently transformed into a percentage relative to the first (averaged)

Table 1. Filter block characteristics.

Light signal λex/bandwidth [nm] λem/bandwidth [nm] Dichroic filter Exposure time

Green 405/30 520/40 T495plxt 150 ms

Red 405/30 630/75 T495plxt 250 ms

Brightfield - - - 10 ms

doi:10.1371/journal.pone.0168428.t001
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time point. All obtained data is included in S1 Table. Raw images were used to assess intensi-

ties after which brightness and contrast were adjusted in ImageJ to create comprehensible

time-lapse ‘movies’ (See S1–S6 Movies: with green respectively red fluorescence as composite

overlaying the brightfield biofilm images).

Results

Biofilm growth

Image analysis showed air entrapment in 10 out of 96 channels, which were excluded from

analysis. This phenomenon was evenly distributed over the different saliva samples and the

three growth conditions. Typical examples of biofilm formation and biofilm fluorescence are

given in Fig 2. Typical examples of time-lapse movies of biofilm formation with green and red

fluorescence are included as supplementary material (S1–S6 Movies).

Fig 2. Brightfield images showing typical biofilms. This example was cultured from inoculum from a clinically low-fluorescent, low-bleeding on

marginal probing participant. A: anaerobic biofilm grown with artificial saliva medium and 10% serum; B: anaerobic biofilm grown with artificial saliva

medium and 0.2% sucrose; C: aerobic biofilm grown with artificial saliva medium and 0.2% sucrose. I: at time point 0 (one hour after inoculation); II:

after 6 hours of biofilm growth; III: after 12 hours of biofilm growth.

doi:10.1371/journal.pone.0168428.g002
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Small differences were seen from the biofilms of the three conditions (artificial saliva

medium with serum (anaerobically) or sucrose (anaerobically and aerobically)). Total biomass,

represented as an increase of the average intensity of the inverted brightfield signal, was lower

in the anaerobic sucrose group (S1 Fig). Clumps of thick masses of biofilm were present in all

biofilms. In all biofilms, long chains of presumably streptococci were observed (typical exam-

ple shown in Fig 3. A summary of the results is given in Table 2 (full results in S1 Fig), together

with the clinical characteristics of all eight donors.

Fluorescence microscopy

The BioFlux microfluidic system proved to be a reproducible model for detection and quantifi-

cation of green and red fluorescence from microcosm biofilms. No signs of photo bleaching of

fluorescence was observed.

Fig 3. Typical example of the long chains as observed from all three growth conditions. This example is from a biofilm which was grown with

artificial saliva medium and 10% serum (anaerobe) (A) after 4 hours of biofilm growth and (B) after 6 hours of biofilm growth. This example was

cultured from inoculum from a clinically high-fluorescent, high-bleeding on marginal probing participant. The dark line on the bottom of the image is the

border of the channel.

doi:10.1371/journal.pone.0168428.g003

Table 2. Overview of in-vitro red fluorescence as observed in medium with serum.

Saliva

number

Gender of

the donor

Age of

the

donor

Clinical percentage of red plaque

fluorescence after a 14 days no

oral hygiene challenge [16]

BOMP (%) after a 14

days no oral hygiene

challenge [16]

In-vitro red

fluorescence, anaerobe

serum group

In-vitro red

fluorescence, both

sucrose groups

1 Male 23 23 53 High Low

2 Female 30 21 37 High Low

3 Male 23 27 42 High Low

4 Female 24 3 45 High Low

5 Female 26 21 10 Low Low

6 Female 20 0 5 Low Low

7 Female 19 0 8 Low Low

8 Female 29 0 2 Low Low

The clinical percentage of red plaque fluorescence refers to the amount of red fluorescent dental plaque present after 14 days no oral hygiene [16]. The

BOMP refers to the percentage of sites in the mouth which are bleeding on marginal probing after 14 days no oral hygiene [16].

doi:10.1371/journal.pone.0168428.t002

Oral Biofilm Fluorescence

PLOS ONE | DOI:10.1371/journal.pone.0168428 December 20, 2016 6 / 15



Green and red fluorescence were observed from all three conditions and from all eight

inocula. Green and red fluorescence intensities were in line with the total biomass present,

with red fluorescence having a much lower intensity compared to the green fluorescence. The

highest intensity of green fluorescence was measured in the (anaerobic) serum group (Fig 4A

and S1A Fig). The highest relative intensity of red fluorescence was also observed in the (anaer-

obic) serum group, but only for four out of eight biofilm groups, which was highly correlated

to in vivo gingival inflammation of the donors as shown in Table 2. Green and red fluorescence

were found early in biofilm formation (Fig 5). Green and red fluorescence were not homo-

geneously distributed within the biofilms (Fig 5) as clear high fluorescent spots (red and

green) were visible throughout the biofilm.

Correlation coefficients between the different biofilm signals (total biomass, green and red

fluorescence) are presented in Table 3: all correlations were strong and significant, except for

the anaerobic groups (serum and sucrose) of saliva from donor six. These biofilms showed lit-

tle fluorescence, explaining the absence of a correlation (S1 Fig). More red fluorescence was

observed from anaerobic biofilms (S1 Fig), but this was in line with the amount of biomass

(Table 3).

Fig 4. Average biofilm growth with its fluorescence. The graphs show a typical example of biofilm growth with its green and red fluorescence. A:

anaerobic biofilm grown with artificial saliva medium and 10% serum; B: anaerobic biofilm grown with artificial saliva medium and 0.2% sucrose; C:

aerobic biofilm grown with artificial saliva medium and 0.2% sucrose. The reduction of total biofilm in (B) can be explained by clumps of buccal cells,

present at inoculation, which are at later flowed away due to the continuous medium flow in the model. This example was grown from inoculum from a

clinically high-fluorescent, high-bleeding on marginal probing participant. Results from the other seven inocula are shown in S1 Fig.

doi:10.1371/journal.pone.0168428.g004
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Fig 5. Brightfield and fluorescence images showing typical biofilms from the serum group. These biofilms were grown from

inoculum of a clinically high-fluorescent, high-bleeding on marginal probing participant. A: brightfield image; B: fluorescence image

obtained using a green fluorescence filter; C: fluorescence image obtained using a red fluorescence filter; I: after 6 hours of biofilm

growth; II: after 12 hours of biofilm growth.

doi:10.1371/journal.pone.0168428.g005
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The linear character of the relationship between the different biofilm signals (total biomass,

green and red fluorescence) was confirmed with scatterplots after which regression analyses

were performed (Table 3). The regression analyses showed that all three methods to quantify

biofilm formation were significantly associated in a linear relationship (Table 3) except for

saliva six. In all cases, the regression coefficient of the linear regression was higher for total bio-

mass versus green fluorescence compared to total biomass versus red fluorescence. Higher

regression coefficients (Table 3) where found for biofilms inoculated with saliva from donors

who had developed a high clinical bleeding on marginal probing score after a 14 days challenge

of no oral hygiene (Table 2), when grown in the presence of serum.

Discussion

This is the first publication describing the dynamics of green and red fluorescence of oral bio-

films. Both green and red autofluorescence were found to be linearly related to the total bio-

mass of the biofilms. All biofilms showed green and red fluorescence to some extent, with

higher red and green fluorescence intensities in biofilms grown in the presence of serum as

compared to biofilms grown in the presence of sucrose. The saliva donors participating in this

experiment were selected on the basis of their high or low red fluorescent response to a chal-

lenge of 14 days of no oral hygiene [16]. Therefore, differences in the fluorescence response of

the serum group were to be expected between these two clinically different groups when simu-

lating gingivitis conditions (serum added). These differences were absent when simulating car-

iogenic conditions (sucrose added), possibly because the saliva donors were all caries free.

Donor number six gave ambiguous results concerning fluorescence, indicating that individual

differences in biofilm composition can be significant. Overall, red fluorescence was clearly

dependent on the microbiome of the donor, since other biological characteristics of the host,

like saliva, were absent in the model.

Sucrose was added in the artificial saliva medium to mimic a cariogenic environment for

the biofilms [24]. The added serum represented crevicular fluid conditions to mimic subgingi-

val plaque circumstances [25]. The higher relative red fluorescence intensities found for four

of the eight inocula in the serum group were related to the inflammatory response of the saliva

donors. This may indicate that when mimicking a specific clinical condition, the origin of the

inoculum as well as the growth conditions for a biofilm together determine its fluorescence

during early formation of biofilm. The relationship of biofilm red fluorescence with cariogeni-

city can be studied by inoculating the BioFlux model with saliva from caries-inactive as well as

from caries-active subjects and following biofilm fluorescence under cariogenic growth

conditions.

It has been previously suggested that red fluorescence, as observed from biofilms, originates

from free porphyrins in the biofilm [26], though the exact origin and its clinical implications

still lack a solid scientific reasoning. Even less is known about green fluorescence in biofilms.

The assumption that green fluorescence is related to the total biofilm quantity is confirmed in

the present study, although the extent to which it relates depends on the biofilm growth condi-

tions as well as on differences between donors.

In clinical studies green fluorescence from plaque has never been determined. Natural teeth

have the intrinsic characteristic to fluoresce green [2, 27, 28]. The red red/green fluorescence

ratio used to assess red fluorescence intensity in QLF-photographs of the oral cavity or bio-

films grown on dentine [13, 29], uses the green fluorescence of dentine as internal reference.

The green dentine fluorescence interferes with the assessment of green fluorescence of bio-

films. This may explain why green autofluorescence of oral biofilms has not been studied

before, although green fluorescence from bacteria has been reported [30]. Elastin (an elastic

Oral Biofilm Fluorescence
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protein in connective tissue) as well as collagen (main component of connective tissue, also

present in dentin) are known to fluoresce green [31, 32]. Green fluorescence has also been

reported from epidermal cells from the skin [33] as well as from healthy oral mucosal sites [34]

after excitation with violet light. This green fluorescence was also seen in the epithelial cells

present in the BioFlux channels at the start of the experiments as indicated by the high green

fluorescence observed at the start of our experiments.

In the current study, green fluorescence as well as red fluorescence were observed during

early biofilm formation, with green fluorescence in a higher intensity compared to red fluores-

cence. This can partially be attributed to differences in response of the imaging system. The

typical spectral response of a black and white CCD chip is a Gaussian curve with the highest

sensitivity in the green part of the visible spectrum and low sensitivities towards the ultraviolet

and infrared part of the spectrum. We partly compensated for this by selecting an emission fil-

ter for the red part of the spectrum with a large bandwidth. Despite this, the red fluorescence

signal was much lower than the green fluorescence signal and a longer exposure time was

needed to observe the signal. Hence, we assume that the green fluorescence signal from young

biofilms is indeed higher than the red fluorescence signal. This would be in agreement with

our previous study reporting green biofilm fluorescence after a few days and red fluorescence

taking over in time [15]. Both green and red fluorescence seems to be related to total biomass,

though to a different extent.

Interestingly, both the red and green fluorescence are location specific and not homo-

geneously distributed within the biofilms, while being observed on the same locations in the

biofilm. Unfortunately, the model used in the present study does not allow for sampling to

study the composition of these high fluorescent spots. It can be of future interest to determine

if highly fluorescent spots relate to a microbiome (hence metabolome) associated with health

or disease.

Red fluorescence has been reported from bacteria related to periodontal inflammation as

well as from bacteria related to caries [12, 30, 35–37], while green fluorescence from bacteria

has also been reported [30]. A drawback from these studies is that they did not assess the char-

acteristics of the interactions between oral bacteria. Recent research focused on fluorescence

from microcosm biofilms inoculated with saliva [13, 15, 29] as this mimics the clinical situa-

tion with dental plaque on the tooth surface. In these previous studies biofilms were grown

under static conditions. In the BioFlux model, biofilms are grown under flow conditions mim-

icking the clinical situation even better. The BioFlux is limited in biofilm build-up due to the

small dimensions of the channels, which are vulnerable to clogging. Therefore, it was not use-

ful to continue the current experiments beyond the presented 12 hours. Also, the three-dimen-

sional nature of biofilms would require a three-dimensional analysis, e.g., using confocal

microscopy.

The remarkable chain length of cocci in the biofilms, presumably streptococci, has not been

described before in detail. However, it is known that chain lengths are variable [38]. The pres-

ence of antibodies can influence the chain length of streptococci [39, 40]. It has been reported

that small chains of Streptococcus mutans in monocultures are more sensitive to an aciduric

stress [41]. It has also been reported that the chain length of streptococci is dependent on the

growth conditions and consequently on the growth rate [42]. Therefore, it is possible that the

long chain length is the result of the abundant and continuous availability of growth substrates

and continuous removal of growth-inhibiting waste products in our model, enabling logarith-

mic growth and inhibition of active de-chaining processes. Future research may include the

effect of medium flow and biofilm aging on the chain length of these bacteria and the effect on

the virulence of a biofilm.
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In dentistry, there is a growing interest in developing non-invasive, easy to use and inex-

pensive methods for the early detection of patients who are at high risk for developing oral dis-

eases. A reliable biofilm model to mimic the characteristics of fluorescence from oral biofilm is

the first step to understanding fluorescence from dental plaque and estimating its potential to

use these characteristics for risk assessment of patients. The BioFlux equipment proved to be a

flow model suitable to assess biofilm fluorescence in time. Green and red fluorescence from

biofilm was seen very early in biofilm formation. With this study, we contribute new insights

to the previously found association between red fluorescence and gingival inflammation. The

red fluorescence increase in the grown biofilms appeared to be related to the inflammatory

response of the respective saliva donors, as assessed clinically by bleeding on marginal probing

after a period of 14 days of no-oral hygiene. With mimicking these results in vitro, red biofilm

fluorescence proves to be related to the oral microbiome and not (only) with the biological

characteristics of the host. Consequently, red fluorescence seems to have potential to identify a

dysbiotic oral flora and thereby the presence of gingivitis related oral biofilms.
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