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Quantitative light-induced fluorescence
(QLF) technology can detect some dental
plaque as red fluorescence. This in vivo
study aimed to identify the microbial characteristics of red fluorescent (RF) dental plaque
using 16S rRNA gene sequencing and evaluate the correlations between RF plaque and
the clinical symptoms of dental diseases.
Paired supragingival plaque samples collected from each 10 subjects and consisted
of RF and non-RF dental plaques as
observed by QLF technology using a
405 nm blue light source for excitation. The
characteristics of the bacterial communities in the RF and non-RF plaque samples
were compared by sequencing analysis. An increase in microbial diversity was
observed in RF plaque compared with the non-RF plaque. There were significant
differences in the community compositions between the 2 types of dental plaque.
Periodontopathic bacteria were significantly more abundant in the RF plaque than
non-RF plaque. The fluorescence intensity of RF plaque was significantly related
to the proportion of the periodontopathic bacterial community and the presence of
gingival inflammation. In conclusion, the plaque red fluorescence is associated
with changes in the microbial composition and enrichment of periodontopathic
pathogens, which suggests that RF plaque detected by QLF technology could be
used as a risk indicator for gingival inflammation.
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1 | INTRODUCTION
Dental plaque is a complex oral microbial ecosystem, which
maintains a microbial homeostasis via dynamic ecological
changes resulting from the local environmental conditions [1].
Substantial changes in the local environment could induce a
dysbiotic shift in the composition and metabolic activity of
the plaque microbiome [2]. The imbalanced status of the
J. Biophotonics. 2019;12:e201800414.
https://doi.org/10.1002/jbio.201800414

microbial community results in the formation of pathogenic
dental plaque that shows cariogenic or periodontopathic properties depending on the predominant bacteria, their metabolites and host responses [1, 2]. It is therefore necessary to
focus on detecting pathogenic plaque and predicting its pathogenic levels in order to prevent and manage oral diseases.
It was found that some dental plaques exhibit red fluorescence when irradiated with blue light at 405 nm [3, 4].
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This optical phenomenon can be explained by endogenous
metal-free fluorescent porphyrin, such as protoporphyrin IX
as a main component, produced by certain oral microorganisms exhibiting a strong fluorescence in the red spectral
region when excited with violet light ranging from 400 to
420 nm [3, 4]. Quantitative light-induced fluorescence
(QLF) technology based on this optical phenomenon has
been used for detecting and quantifying bacterial deposits
and bacteria-related lesions by using blue and white light
emitting diode (LED) lights with a peak wavelength of
405 ± 7 nm and modified filter set [5–7]. According to previous studies utilizing QLF technology, the red fluorescence
can be attributed to mature dental plaque, which makes it
possible to detect dental plaque more easily without performing an additional staining procedure [8, 9]. Furthermore,
the red fluorescence of the dental plaque shows a significant
correlation with caries and gingivitis and might indicates its
pathogenicity [9, 10]. Recent in vivo studies have confirmed
that the red fluorescence of the 2-day-old dental plaque was
significantly associated with gingival inflammation [9].
These findings emphasize the need to detect and control the
red fluorescent (RF) plaque as a risk indicator for oral
diseases.
Previous studies have shown that the intensity of the
plaque red fluorescence potentially correlates with its pathogenicity by confirming the presence of oral diseases or measuring the disease severity. However, they have focused on
the outcome variables of RF plaque-related to its effects on
the oral tissue and have not considered the etiology underlying the biological characteristics of this plaque or the overall
ecological changes. Indeed, there are few reports on the
diversity and structure of fluorescent plaque microbiota in
the real oral environment [11, 12]. In order to assess the clinical significance of RF plaque detected by QLF technology,
it will be necessary to comprehensively understand the
microbial characteristics of RF plaque and its potential relationship with the pathogenicity of oral disease.
Therefore, the aim of this study was to identify the differences in the microbial characteristics of RF vs non-RF
dental plaque using a molecular approach based on the 16S
rRNA gene in healthy adults. In addition, we investigated
the relationships between RF plaque and clinical symptoms
of oral diseases. The null hypotheses of this study were
(1) the microbial characteristics do not differ between RF
plaque and non-RF plaque and (2) the RF plaque is not associated with any oral diseases.

were reported in compliance with the STROBE
(Strengthening the Reporting of Observational Studies in
Epidemiology) statement [13]. The oral health status of all
participants was determined by a dentist who performed a
full-mouth clinical examination that included visual inspection of the teeth and periodontal tissues. Exclusion criteria
were (1) a history of antibiotic use during the past 3 months,
(2) long-term use of anti-inflammatory medication, (3) current smoking, (4) pregnancy, (5) presence of systemic diseases that could affect oral health and (6) systemic
medications and treatments that could affect salivary function. We also excluded subjects with periodontal disease
(pocket depth or clinical attachment level ≥4 mm), and with
one or more clearly visible cavitated caries lesions (ICDAS
code 5 and 6), or any other oral conditions that could affect
the composition of the oral fluid or biofilm, receiving orthodontic treatment (fixed brackets), or having fewer than
14 teeth (Figure 1). We finally selected subjects who had
both RF plaque and non-RF plaque simultaneously in the
anterior tooth region (from the right canine to the left canine
of the maxilla and mandible) as detected by QLF technology
(QLF-D Biluminator, Inspektor Research Systems BV,
Amsterdam, The Netherlands). The device used in this study
was equipped with a high-specification digital single-lens
reflex camera (model 550D, Canon, Tokyo, Japan) with blue
and white LED lights with a peak wavelength of
405 ± 7 nm and modified filter set (high-pass filter
>480 nm and a pink filter) [10]. The device can capture both
a normal white-light image and fluorescence image
simultaneously.

2 | M AT E R IA L S A ND M E T H O DS
2.1 | Subject selection
This cross-sectional study was carried out with 10 adults.
The study protocol was approved by Yonsei University
Institutional Review Board (2-2015-0030) and the results

FIGURE 1

Flowchart of the inclusion and exclusion process of this study
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2.2 | Sample collection and dental examination
Both RF and non-RF plaque samples were collected in each
subject. Before performing the sampling procedure, all subjects
refrained from consuming food for 4 h and performing any oral
hygiene practices such as brushing, use of oral rinses, or
chewing gum. After using the QLF-D to obtain fluorescence
images, we selected 2 sites among the 12 anterior teeth per subject and collected 2 plaque samples for each site: one of RF
plaque and one of non-RF plaque as shown in the fluorescence
image (Figure 2). Before collecting the plaque samples, a
trained dentist examined the presence of gingivitis symptoms
such as bleeding, redness and swelling. Then we collected the
supragingival plaque adjacent to the gingival margin at the
mid-buccal site of each tooth with a universal curette. We tried
to collect the plaque samples at each site as much as possible
and then each sample was tested to confirm the amount of
DNA and degradation status through a quality check procedure.
Each sample was placed in a 1.5 mL microtube containing
1 mL of Tris-EDTA buffer solution and then stored in a deep
freezer at −80 C. Scaling and prophylaxis were then performed
by a dental hygienist, and a dental examination was conducted
by the dentist to assess the presence of dental caries (including
white spot lesions and decayed teeth) and gingivitis symptoms
again. We reported the patient had gingivitis symptoms only if
the symptoms (before and after prophylaxis) matched.
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2.3 | Quantification of red fluorescence intensity of
plaque
For analyzing the fluorescence properties of RF plaque, we
calculated the intensity of red fluorescence from the fluorescence images of each subject. An area of interest (AOI) was
drawn around the boundary of the selected teeth where RF
plaque was present in the fluorescence images. For the nonRF plaque sites, an AOI was drawn on the mid-buccal area
of the teeth. Then the red and green values of each pixel of
the plaque area within AOI were obtained using image analysis software (Image-Pro PLUS 6.0, Media Cybernetics,
Rockville, MD, USA). The mean red-to-green ratio (R/G
value) over the AOI was calculated, indicating the relative
red intensity of each site.

2.4 | DNA extraction, PCR amplification and illumina
sequencing
DNA was extracted from plaque samples using the
PowerBiofilm DNA isolation kit (MO BIO Laboratories,
Carlsbad, CA, USA) in accordance with the manufacturer's
protocol. PCR amplification was performed using primers
targeting from the V3 to the V4 region of the 16S rRNA
gene with extracted DNA. The detailed information of the

Representative images obtained from the subjects in the present study; white-light images (A, B) and fluorescence images (a, b) obtained from
the subjects in the present study. The arrows indicate sampled sites

FIGURE 2
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PCR amplification and sequencing was described in Appendix S1.

uneven in RF plaque than non-RF plaque (P = .011,
Table 1).

2.5 | Data analysis

3.3 | Bacterial abundance and distribution

Processing raw sequencing data were performed as
described in Appendix S1. The independent samples t test
was used to identify significant differences in the alpha
diversity indices between the 2 plaque groups. Beta diversity
was analyzed to identify the similarity of the microbial community structures within the groups using UniFrac distances
and visualized via principal coordinate analysis [14]. The
taxonomy composition and abundances at the phylum,
genus, and species levels were analyzed, and differences in
the relative abundances of taxa in the 2 types of plaque were
compared using the Wilcoxon signed-rank test. The linear
discriminant analysis effect size [15]. Spearman's rank correlation test was used to determine the correlations of the red
fluorescence properties of RF plaque with microbiological
factors and clinical symptoms. P-values <0.05 were considered to indicate statistical significance.

The taxonomic composition analysis revealed that the dominant phyla were distinct in the 2 types of plaque
(Figure 3A). Although totals of 22 and 20 phyla were identified in the RF and non-RF plaque samples, respectively,
16 phyla were detected in all of the samples. The relative
abundances
of
Fusobacteria,
Bacteroidetes,
Saccharibacteria_TM7 and Spirochaetes were significantly
higher in RF plaque than in non-RF plaque (P < .001). The
5 dominant genera in RF plaque were Prevotella,
Leptotrichia, Fusobacterium, Selenomonas and Streptococcus, while those in non-RF plaque were Streptococcus,
Neisseria, Veillonella, Haemophilus and Actinomyces
(Figure 3B). As indicated in Figure 4, Prevotella,
Leptotrichia, Selenomonas, Fusobacterium, Tannerella, and
Treponema showed differences in abundance in RF plaque,
while Streptococcus, Actinomyces, Lautropia and Rothia
were found to be overrepresented in non-RF plaque.

3 | RE SUL TS

3.4 | Microbial community variation within groups
(intragroup inter-individual variability)

3.1 | Clinical and demographic information
Twenty supragingival samples (paired samples per subject)
were collected from different anterior teeth of 10 individuals
(7 males and 3 females; age 28.1 ± 5.7 years, mean ± SD).
Their decayed, missing, and filled teeth (DMFT) index was
6.9 ± 2.7, and the subjects did not have any periodontal
pockets with attachment loss or decayed caries lesions.
3.2 | Microbial diversity
The microbial diversity was significantly higher in RF
plaque than non-RF plaque (mean operational taxonomical
units at 97% identity: 248 vs 150). The Shannon diversity
which stresses the Operational Taxonomical Unit richness
component showed that RF plaque harbored significantly
more diverse bacterial communities than did non-RF plaque
(P = .001, Table 1). The Simpson index, which lays greater
emphasis on the evenness component of the diversity, demonstrated that the bacterial community distribution was more
TABLE 1 The number of sequences and alpha diversity indices for plaque
bacteria in each group at 97% identity

Observed richness
(# OTUs)

Shannon index

Simpson index

non-RF plaque

149.50 ± 34.26

2.93 ± 0.39

0.11 ± 0.05

RF plaque

247.80 ± 61.41

3.60 ± 0.36

0.06 ± 0.02

P-value

.001

.001

.011

Operational taxonomical unit (OTU) at 3% dissimilarity. Values are expressed as
mean ± SD. P-value was determined by an independent t test (α = .05).

Beta diversity analysis revealed that the bacterial community
structures among samples in RF plaque group were more
similar than those in the non-RF plaque samples, based on
the weighted UniFrac distances (Figure 5A). The Principal
Coordinate Analysis (PCoA) showed that the RF plaque
samples were more clustered than the non-RF plaque samples, demonstrating greater similarity in structure among the
samples in the RF plaque samples (Figure 5B).
3.5 | Relationships between properties of RF plaque
and clinical symptoms at the sampling site (variability
within individuals)
Table 2 presents the correlations between the red fluorescence properties and the clinical symptoms at the sampling
site of RF plaque within individuals. The red fluorescence
intensity of the dental plaque (R/G value) increased significantly with the coverage area (r = 0.68, P = .032, Table 2).
Regarding to the microbiological factors, the intensity of the
red fluorescence showed strong positive correlations with
the relative abundances of 6 genera (Prevotella,
Fusobacterium, Selenomonas, Porphyromonas, Tannerella
and Treponema) related to the periopathogenicity (r = 0.79,
P = .006). Five of the 10 subjects had clinical symptoms of
gingivitis at the gingival margin adjacent to the tooth where
RF plaque was present. On the other hand, no caries lesions
(including white spots) were observed on the surface directly
below RF plaque sites. At the sites where non-RF plaque
was present, neither caries lesions nor gingivitis symptoms
were found with all subjects included in this study.

LEE ET AL.

5 of 8

Relative abundance of the phylum-level community (A) and the genus-level community (B) identified in non-RF and RF plaque samples; genera
marked with an asterisk (*) exhibited significant differences in relative abundance (Wilcoxon rank-sum test, P < .05)

FIGURE 3

Linear discriminant analysis (LDA) effect size (LEfSe) analysis of bacterial taxa present in RF plaque (red bar) and non-RF plaque (gray bar) at
the genus level

FIGURE 4

4 | DISCUSSION
This study confirmed that the RF plaque contained more periodontopathic bacteria than non-RF plaque and was related
to gingival inflammation. This suggests that QLF technology
could be a clinically significant method to detect high-risk
dental plaque potentially causing gingivitis. The obtained
results indicate that RF plaque can be used as an indicator of
a high-risk of gingival inflammation, reflecting a dysbiotic
status toward increasing periodontopathic microbiota
exhibiting Gram-negative anaerobic properties.
The difference in microbial characteristics between the
RF plaque and non-RF plaque samples corresponded to the
changes in status from health to disease during the plaque
maturation process [16, 17]. The present study found that
the bacterial diversity and microbial composition of RF

plaque clearly differed from those of non-RF plaque. This is
in agreement with earlier studies which reported that early
dental plaque contained of a less complex bacterial community that was mainly composed to the Gram-positive cocci
and rods [17–19]. As the plaque matures, its microbial diversity increases with increasing proportions of Gram-negative
anaerobic species, which can potentially make the plaque
pathogenic. Regarding the microbial composition, the genera
proportions of non-RF plaque were similar to those of the
healthy plaque from 98 healthy adults in the study of Keijser
et al. [20]. Another previous study found that anaerobic bacteria such as Fusobacterium, treponema, Tannerella and
Prevotella rapidly increased in mature plaque over 4 days,
and they were associated with gingivitis and periodontitis
[21]. Moreover, periodontopathic plaque shows higher richness compared to healthy plaque, and this increases with the
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Average values of inter-individual UniFrac distance (A) and a three-dimensional graph of the principal coordinate analysis (B) of RF and non-RF

FIGURE 5

plaque

TABLE 2

The relationship of red fluorescent (RF) plaque sites and non-RF ones with respect to their microbiological characteristics and clinical symptoms
Fluorescence intensity (R/G value)

Microbiological factor

Patient no.

RF plaque

non-RF plaque

Relative abundance of 6 generab

1

1.8

0.7

2

2.1

3

Clinical symptomsa
UniFrac distancec

Gingivitis

4.5

0.028

N

N

0.9

22.6

0.052

N

N

4.5

0.8

52.4

0.067

Y

N

4

2.4

0.6

15.4

0.086

N

N

5

3.8

0.8

36.9

0.092

Y

N

6

2.4

0.8

26.9

0.073

N

N

7

4.8

0.7

67.8

0.102

Y

N

8

2.2

0.8

47.4

0.083

Y

N

9

2.1

0.7

33.44

0.072

N

N

10

4.7

0.8

47.48

0.110

Y

N

0.79 (P = .006)

0.72 (P = .019)

0.66 (P = .037)

r (P-value)

Caries

r indicates correlation coefficients between R/G value of RF plaque and each parameter.
a
Presence (Y) or absence (N) of gingivitis symptoms and caries lesion of sampling site of RF plaque.
b
Sum of relative abundance of periodontopathic 6 genera (Prevotella, Fusobacterium, Selenomonas, Porphyromonas, Tannerella and Treponema).
c
UniFrac distance between RF plaque and non-RF plaque within individual.

periopathogenicity [16, 22, 23]. It is therefore reasonable
that the red fluorescence emitted by dental plaque indicates
increased maturity and pathogenicity.
According to the results for the ratio of mean relative
abundances, the bacterial genera showing clear shifts—Treponema (RF/non-RF ratio: 22), Selenomonas (12) and
Prevotella (10)—are known to be periodontopathic pathogens that are mainly detected in patients with periodontitis.
It has been reported that the incidence rates of the
“red/orange complex” putative pathogen such as
Porphyromonas gingivalis, Tannerella forsythia and Treponema denticola increase with the severity of periopathogenicity [24]. Previous studies found that Prevotella
at a relative abundance of 11% in dental plaque from periodontitis patients with deep pockets and the Selenomonas
that are known to be representative proinflammatory mediators became predominant as the periodontal health

deteriorated [2, 24]. Compared with the dental plaque of
individuals with periodontitis, the microbial abundance of
periodontitis-related genera was lower in RF plaque because
we collected these samples from the supragingival site of
adults without periodontitis in this study. However, the
results suggest that the red fluorescence indicates a clear
increase in the relative abundance of periodontal diseaserelated bacteria in the dental plaque, which would be a useful indicator of periodontopathic plaque. In addition, we
clearly observed that the high-abundance genera in the nonRF plaque were clearly decreased in RF plaque, from which
it can be assumed that RF plaque from the gingival margin
had a periodontopathic rather than cariogenic status [25].
The results of this study indicate that the mechanisms
underlying the generation of red fluorescence when irradiating plaque with 405 nm of visible blue light involve a perturbation among pathogenic low-abundance constituents in
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the bacterial community. It can be demonstrated that
increases in pathogenic bacterial interactions resulting from
high levels of Gram-negative bacteria can induce the pathogenic properties of dental plaque, which are associated with
the production of the RF plaque. Some pathogenic Gramnegative bacteria require iron and protoporphyrin for their
growth and metabolism in order to survive in the altered
environment. In particular, representative periodontopathic
bacteria such as Prevotella gingivalis and Prevotella intermedia need porphyrin as an absolute requirement for metabolic pathways to induce pathogenicity, and they require
protoporphyrin IX to substitute hemin in order to promote
their own growth [26, 27]. We can therefore postulate that
the increase in the abundance of Gram-negative bacteria
with plaque maturation is essential to synthesize porphyrins
and combine them with cell membrane, which increases the
concentration of porphyrin in association with increases in
their growth and metabolic activity. In addition, the other
fluorescence molecules produced via metabolic pathways
could be related to the red fluorescence of dental plaque [28,
29]. Based on these findings, it is presumed that mature
plaque can start to emit red fluorescence and that its intensity
increases with the level of plaque pathogenicity due to
increases in the abundance of porphyrin and other fluorescence molecules.
The present study found that the intensity of the RF
plaque varied between subjects, which was associated with
microbial characteristics. The R/G value, which quantifies
the fluorescence intensity of plaque, showed significant
strong correlations with the total relative abundance of 6 periodontitis-related genera (Table 2). A previous study found
that the fluorescence intensity of dental plaque could indicate the maturation level and that its coverage could represent the maturation period by reflecting the amount of
accumulated plaque [7]. As plaque matures from marginal
sites, the relative abundance of periodontopathic bacteria
would increase with the concentration of metabolites produced by higher metabolic activity, which might influence
the increase in the fluorescence intensity.
According to the site-specific analysis, the incidence of
clinical symptoms of gingival inflammations at the gingival
margin adjacent to the RF plaque was 50% (Table 2). The
clinical symptoms of gingivitis started to appear from
10 days after plaque accumulation, it is inferred that plaque
exhibiting red fluorescence is mature and associated with a
high-risk of gingivitis [21]. Our results are also consistent
with previous studies of the RF plaque that accumulated
after 24 h being significantly associated with the gingivitis
induced by not performing oral hygiene practices [9]. The
present study found that the Leptotrichia and Selenomonas,
which were well-known to be gingivitis-associated bacteria,
were more abundant in RF plaque than non-RF plaque. Even
though the cross-sectional design of this study made it
impossible to assess the exact maturation periods of plaque
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and host responses, it has been possible to identify clear differences in the overall microbial characteristics between
2 types of plaque by collecting paired samples from individuals under the controlled oral conditions.
Assessments of the pathogenic potentials need to consider the plaque sampling sites as well as the oral conditions
of the individual. The abundance of caries-related bacteria
was lower in RF than non-RF plaque, and there were no caries lesions under RF plaque in this study. A previous study
showed that the red fluorescence emitted by an artificial
plaque was correlated with its cariogenicity, which could be
due to the plaque being cultured in the severe cariogenic
challenge, and showing a high cariogenicity with a microbial
shift toward aciduric and acidogenic bacteria [10]. On the
other hand, the RF plaque in the present study was collected
from the oral cavity of adults who were performing daily
oral hygiene practices. Furthermore, the RF plaque was
located at the gingival margin, where it can be influenced
with gingival crevicular fluids, which in turn can induce
microbial shifts to create a more periodontopathic compositions and resultant gingival inflammation. Moreover, there is
clear evidence that the plaque microbiota differ among different sites in the oral cavity due to differences in various
characteristics of the local environment [30, 31]. RF plaque
collected from the occlusal surface might exhibit different
microbial compositions and clinical symptoms related to the
dental caries. Considering that these factors might influence
the plaque microbiota, further studies are needed to identify
the exact associations between RF plaque and pathogenicity
of dental diseases.
Despite the pathogenesis of gingival health is intimately
involved by host responses, detecting RF plaque could be
clinically meaningful because managing pathogenic plaque is
a primary preventive strategy for periodontal diseases. The
RF emission properties of plaque make it possible to find
areas where mature plaque accumulates in the oral cavity and
furthermore identify patients who are at a high-risk of developing gingivitis. Consequently, the clinical use of the QLF
technology may reduce the incidence of plaque-induced oral
diseases by assessing the oral hygiene status noninvasively.
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