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The effect of blue light on periodontal biofilm growth in vitro
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Abstract We have previously shown that blue light eliminates
the black-pigmented oral bacteria Porphyromonas gingivalis,
Prevotella intermedia, Prevotella nigrescens, and Prevotella
melaninogenica. In the present study, the in vitro photosensi-
tivity of the above black-pigmented microorganisms and four
Fusobacteria species (Fusobacterium nucleatum ss.
nucleatum, F. nucleatum ss. vincentii, F. nucleatum ss.
polymorphum, Fusobacterium periodonticum) was investigat-
ed in pure cultures and human dental plaque suspensions. We
also tested the hypothesis that phototargeting the above eight
key periodontopathogens in plaque-derived biofilms in vitro
would control growth within the dental biofilm environment.

Cultures of the eight bacteria were exposed to blue light at
455 nm with power density of 80 mW/cm2 and energy fluence
of 4.8 J/cm2. High-performance liquid chromatography
(HPLC) analysis of bacteria was performed to demonstrate
the presence and amounts of porphyrin molecules within mi-
croorganisms. Suspensions of human dental plaque bacteria
were also exposed once to blue light at 455 nm with power
density of 50 mW/cm2 and energy fluence of 12 J/cm2. Micro-
bial biofilms developed from the same plaque were exposed to
455 nm blue light at 50 mW/cm2 once daily for 4 min (12 J/
cm2) over a period of 3 days (4 exposures) in order to investi-
gate the cumulative action of phototherapy on the eight photo-
sensitive pathogens as well as on biofilm growth. Bacterial
growth was evaluated using the colony-forming unit (CFU)
assay. The selective phototargeting of pathogens was studied
using whole genomic probes in the checkerboard DNA-DNA
format. In cultures, all eight species showed significant growth
reduction (p<0.05). HPLC demonstrated various porphyrin
patterns and amounts of porphyrins in bacteria. Following pho-
totherapy, the mean survival fractions were reduced by 28.5
and 48.2 % in plaque suspensions and biofilms, respectively,
(p<0.05). DNA probe analysis showed significant reduction in
relative abundances of the eight bacteria as a group in plaque
suspensions and biofilms. The cumulative blue light treatment
suppressed biofilm growth in vitro. This may introduce a new
avenue of prophylactic treatment for periodontal diseases.
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Introduction

Periodontal disease (gingivitis and periodontitis) is a destruc-
tive disease of gingival tissues and supporting structures of the
teeth that develops through inflammatory processes induced
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by dental plaque [36]. Dental plaque—a naturally occurring
biofilm on teeth—is beneficial to the host by preventing col-
onization by exogenous species and remains stable for
prolonged periods of time due to a dynamic balance among
the resident members of its microbial community (microbial
homeostasis) [20]. The disruption of biofilm homeostasis
leads to a shift in the balance of subgingival microbiota with
an increase in species numbers and proportions at sites suffer-
ing from periodontal disease [3, 27]. On the other hand, the
host inflammatory response is the primary immunological fac-
tor contributing to tissue destruction [35]. In susceptible indi-
viduals, the acute inflammatory response fails to resolve
followed by neutrophil-mediated destruction and chronic in-
flammation [35], which leads to degradation of extracellular
matrix and bone resorption as well as scarring and fibrosis
[34]. Mechanical removal of periodontal biofilms (brushing,
root planing, and scaling) is the method of treatment that can
be augmented by antibiotic [4] and anti-inflammatory adjunc-
tive therapies [17]. However, there are significant limitations
including antibiotic resistance concerns and poor efficacy
against biofilm infections. Alternative strategies that have
been the subject of extensive research include control of in-
flammation [33], probiotics [14, 38], and modulation of the
microbial signaling molecules [24]. Recently, photodynamic
therapy (the synergism of a photosensitizing agent and light)
has been suggested as an alternative to chemical antimicrobial
agents to eliminate subgingival microorganisms and treat peri-
odontitis [37]. However, single sessions of photodynamic
therapy as an independent treatment or as an adjunct to scaling
and root planing did not show any beneficial effects over
scaling and root planing alone [1, 13].

All of the abovementioned therapies have the same goal: to
fully eliminate periodontal microorganisms. However, total
elimination of dental plaque is neither desirable nor possible
[26]. We have previously shown that visible light in the blue
region of the electromagnetic spectrum kills the black-
pigmented bacteria Porphyromonas gingivalis and Prevotella
species, such as Prevotella intermedia, Prevotella nigrescens,
and Prevotella melaninogenica, by activating their endoge-
nous porphyrins to generate reactive oxidant species [31].
P. gingivalis and P. intermedia are associated with the devel-
opment of periodontitis [21, 28]. They were detected in ath-
erosclerotic plaques [10, 22, 25], and their presence in
subgingival plaque samples was positively associated with
elevated blood levels of C-reactive protein [23]. We have also
investigated the effects of blue light at 455 nm on the bacterial
composition of human dental plaque in vivo [32]. Light was
applied to the buccal surfaces of premolar and molar teeth on
one side of the mouth twice daily for 2 min over a period of
4 days. The proportions of black-pigmented species
P. gingivalis and P. intermedia were significantly reduced on
the exposed side by 25 and 56 %, respectively, while no
change was observed to the unexposed side [32]. Other

species showed the greatest proportional reduction of the
light-exposed side relative to the unexposed side. These mi-
croorganisms included Fusobacterium nucleatum ss.
vincentii, Fusobacterium nucleatum ss. polymorphum, and
Fusobacterium periodonticum [32]. These bacteria are all
key species in the periodontal disease process [21] and are
members of the so-called “orange complex,” which is thought
to include the precursor pathogens to the establishment of a
“red complex” ecology, considered as the climax ecological
state leading to periodontal destruction [27]. The results of the
above studies indicate the potential use of phototherapy as a
targeted method to control growth within the periodontal bio-
film environment.

In the present study, the in vitro photosensitivity of eight
key periodontal pathogens (P. gingivalis, P. intermedia,
P. nigrescens, P. melaninogenica, F. nucleatum ss. nucleatum,
F. nucleatum ss. vincentii, F. nucleatum ss. polymorphum,
F. periodonticum) was demonstrated in pure cultures and hu-
man dental plaque suspensions using small doses of blue light
at 455 nm. We also hypothesized that phototargeting the
above periodontopathogens in biofilms grown from natural
human dental plaque in vitro would control growth within
the dental biofilm environment by altering the plaque load
or microbial community dynamics. Specifically, we investi-
gated whether the cumulative effect of small doses of blue
light at 455 nm would result in the reduction of the relative
abundances of the eight species with a shift to a biofilm mi-
crobiota compatible with health. Biofilms were exposed to
blue light on day 0 of their development thus mimicking the
clinical situation where intraoral application of blue light
could control dental plaque formation on a clean tooth surface.

Materials and methods

Bacterial cultures

Microorganisms The pure bacterial strains used in this study
were as follows: P. gingivalis ATCC 33277, P. intermedia
ATCC 25611, P. nigrescens ATCC 33563, P. melaninogenica
ATCC 25845, F. nucleatum ss. nucleatum ATCC 25586,
F. nucleatum ss. polymorphum ATCC 10953, F. nucleatum
ss. vincentii ATCC 49256, and F. periodonticum ATCC
33692. Cultures were maintained by weekly subculture in
Trypticase Soy Agar and Brain Heart Infusion Agar (Becton
Dickson and Company, Sparks, MD) with 5 μg of hemin per
milliliter, 0.3 μg of vitamin K per milliliter, and 5 % sheep
blood for P. gingivalis. For experimental purposes, organisms
were grown in the presence of 80 % N2, 10 % H2, and 10 %
CO2 at 35 °C in an anaerobic chamber until growth was de-
tected (3–5 days). On the day of the experiment, cells were
harvested by centrifugation and resuspended in brain heart
infusion broth (Becton Dickson and Company). Cells were
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dispersed by sonication and repeated passage through Pasteur
pipettes. For adjustment of inoculum density, cell numbers
were estimated in a spectrophotometer (wavelength 600 nm,
0.1 optical density unit equals approximately 108 cells/ml) in
1 ml cuvettes. Suspensions of bacteria (108/ml) were placed in
the wells of 24-well plates. All suspensions of bacterial strains
were in pre-reduced media, and microtiter plates were pre-
reduced before use. This provided protection against oxygen
for the duration of the experiments.

Phototherapy Suspensions of bacteria (108/ml) were placed in
the wells of 24-well plates. All wells were exposed to light at
455 nm from a source (Colgate-Palmolive Company, NY) with
four light-emitting diodes (LEDs) (Fig. 1a). The LEDs were
grouped, so that simultaneous exposure of the four wells to
light was possible (Fig. 1b). The diameter of the light beam
transmitted by each LED was equal to that of each well’s
growth surface. The power density of incident radiation was
measured with a power meter (Ophir Optronics Ltd, Danvers,
MA), and it was found that light from an LED uniformly irra-
diated eachwell at 80mW/cm2.Microorganismswere exposed
to light for 60 s (energy fluence 4.8 J/cm2) from below in the
dark at room temperature. All plates remained covered during
illumination in order to maintain the sterility of the culture.
After illumination, serial dilutions of the contents of each well
were prepared in brain heart infusion (BHI) broth, and 100 μl
aliquots were spread over the surfaces of blood agar plates
enriched with vitamin K, N-acetylmuramic acid, and hemin.
The plates were incubated anaerobically at 35 °C for 7 days.

High-performance liquid chromatography (HPLC) HPLC
analysis was performed for F. nucleatum ss. nucleatum,
F. nucleatum ss. polymorphum, F. nucleatum ss. vincentii,
and F. periodonticum as previously described [31]. For
P. gingival is , P. in termedia , P. nigrescens , and
P. melaninogenica, HPLC was performed previously [31].
Briefly, a two-phase method that included the use of acidified
ethyl acetate followed by 1 M HCl was used for extraction of
total porphyrins. Porphyrins were quantified by scanning from
640 to 670 nmwith an excitation wavelength of 400 nmwith a
FluoroMax-3 spectrofluorometer (Jobin Yvon, Edison, NJ).
The level of total porphyrins was calculated on the basis of a
reference porphyrin mixture standard. Porphyrins were frac-
tionated by a reversed-phase HPLC method [19].

Data analysis Survival fractions in treated groups were calcu-
lated by dividing the mean number of colony-forming units
(CFU) with the number of CFU from control groups that were
not exposed to light and kept at room temperature for periods
equal to the irradiation times. Corresponding standard error for
each survival fraction was based on the property of the fraction
from lognormal variates (lognormal distributions fit the CFU
count data well) and the sample size of four for each experi-
ment. We assumed independence between the two experi-
ments, so that a general formula for combining covariance
was applied. One-sample-based test was performed for each
bacterial species with the null hypothesis of light having no
effect on bacterial survival. A Benjamini-Hochberg procedure
was applied to control an overall false discovery rate at 0.05 [2].

Fig. 1 Source with four light-
emitting diodes grouped together
(a), so that simultaneous exposure
of bacterial cultures to blue light
in four wells of a 24-well plate
was possible (b). Light-emitting
diode source coupled to a hand-
held tube (c) delivering blue light
to four wells in a 96-well plate
simultaneously (d)
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Dental plaque

Plaque samples The study protocol was approved by the In-
stitutional Review Board (IRB) Committee at The Forsyth
Institute. Permission to collect dental plaque samples was au-
thorized by Institutional Review Board-approved informed
consent. Three samples of dental plaque were collected from
a chronic periodontitis patient at different time points. The
patient had neither used antibiotics nor undergone periodontal
treatment during the 3 months prior to sampling. Dental
plaque samples were taken from the supra- and subgingival
mesiobuccal aspects of premolars and molars with individual
sterile Gracey curettes. Plaque samples were taken from dif-
ferent teeth each time. Probing depths at these sites were in the
4–5 mm range with 1–2 mm loss of attachment. After their
collection, the samples were placed immediately into an
Eppendorf tube with 5 ml of pre-reduced anaerobically steril-
ized Ringer’s solution (Anaerobe Systems, Morgan Hill, CA,
USA). Bacterial cells were dispersed by sonication and repeat-
ed passage through Pasteur pipettes. Cell numbers were mea-
sured in a spectrophotometer in 1 ml tubes. Then each sample
was divided in two parts. The first part, in suspension, was
exposed to blue light. The second part was used for the devel-
opment of biofilms, which were also exposed to blue light, as
described below. Three independent experiments were carried
out for suspensions and biofilms.

Preparation of blood agar culture plates An enriched agar
medium was prepared containing 20 g/l trypticase soy agar
(BBL, Cockeysville, MD), 26 g/l BHI agar (Difco Laborato-
ries, Detroit, MI), 10 g/l yeast extract (BBL), and 5 mg/l he-
min (Sigma Chemical Co., St. Louis, MO). The medium was
autoclaved and cooled to 50 °C. Then 5 % defibrinated sheep
blood (Northeast Labs, ME), 5 mg/ml menadione 6 (Sigma
Chemical Co.), and 10 mg/ml N-acetylmuramic acid (Sigma
Chemical Co.) were aseptically added. Aliquots of 150 μl of
the agar mixture were dispensed into wells of 96-well micro-
titer plates at volume of 150 μl per well (NUNC, Rochester,
NY) and allowed to dry.

Development of plaque-derived biofilms For biofilm devel-
opment, the plaque/BHI broth inoculum contained approx-
imately 107 cells/ml. One hundred fifty microliters of this
inoculum (approximately 1.5×106 bacteria) was carefully
pipetted to fill four blood agar wells in each 96-well plate.
These wells were exposed to blue light immediately (day
0) followed by three additional light exposures over the
next 3 days (days 1, 2, and 3) as described below. During
the 3-day experiment, the plates were incubated anaerobi-
cally (80 % N2, 10 % H2, and 10 % CO2) at 35 °C. After
initial incubation of 48 h, the liquid medium was carefully
aspirated from each well , and the biofilms were
replenished with fresh BHI broth.

Light source A light-emitting diode source (Cooper Perkins,
Inc., Lexington,MA)with an output current of 425mA and an
output voltage of 3.26 V was used (Fig. 1c). This system was
coupled to a hand-held tube (Fig. 1c) that delivered light with
a central wavelength of 455 nm. The tube formed a uniform
2 cm in diameter circular spot of light, so that simultaneous
exposure of four wells in a 96-well plate was possible
(Fig. 1d). The power density of incident radiation was
50 mW/cm2 for each well in both planktonic and biofilm
bacteria.

Phototherapy of pooled dental plaque Dispersed dental
plaque (107/ml) was placed in the wells of 96-well plates
and exposed to blue light (455 nm) from above (Fig. 1d) at
50 mW/cm2 for 4 min and energy fluence of 12 J/cm2. The
plates were covered during illumination in order to maintain
the sterility of the culture. After illumination of the appropriate
wells, bacterial suspensions underwent serial dilutions in BHI
broth, and 100 μl aliquots were plated on blood agar plates for
anaerobic incubation for 7 days. Each of the three independent
experiments included eight untreated wells (control group)
and eight wells treated with light.

Phototherapy of biofilms Biofilms were exposed to blue
light from above at 50 mW/cm2 for 4 min on days 0 (im-
mediately following pipetting of bacterial inoculum into
the agar wells), 1, 2, and 3. The total energy fluence was
48 J/cm2 (12 J/cm2 per exposure). During phototherapy,
the 96-well plates remained covered and were not dis-
turbed. Following the last illumination, adherent bacteria
were gently scraped from blood agar in each well with a
sterile bacteriological loop to remove the biofilm and dis-
persed in BHI broth. Aliquots were measured in a spectro-
photometer in 1 ml cuvettes. Serial dilutions were then
prepared, and 100 μl aliquots were spread over the surfaces
of blood agar plates. The plates were incubated anaerobi-
cally at 35 °C for 7 days. Each of the three independent
experiments included eight untreated wells (control group)
and eight wells treated with light.

Composition of pooled dental plaque and biofilms For check-
erboard DNA-DNA hybridization [29], Tris-EDTA buffer
(1.5 ml) was added to the plates, and the bacterial colonies
were scraped off the surface with sterile L-shaped glass
rods. The suspensions were placed into individual
Eppendorf tubes and sonicated for 10 s to break up the
clumps. Each suspension was adjusted to a final optical
density (OD) of 1.0, which corresponded to approximately
109 cells. Ten microliters of the suspension (107 cells) were
removed and placed in another Eppendorf tube with 140 μl
of TE buffer and 150 μl of 0.5 M NaOH. The samples were
lysed, and the DNA was placed in lanes on positively
charged nylon membrane with a Minislot device
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(Immunetics, Cambridge, MA). After fixation of the DNA
to the membrane, the membrane was placed in a Miniblotter
45 (Immunetics) with the lanes of DNA perpendicular to
the lanes of the device. Digoxigenin-labeled whole geno-
mic DNA probes for 40 bacterial taxa were hybridized in
individual lanes of the Miniblotter. After hybridization, the
membranes were washed at high stringency and the DNA
probes were detected with antibody to digoxigenin conju-
gated with alkaline phosphatase for chemifluorescence de-
tection. Signals were detected with AttoPhos substrate
(Amersham Life Science, Arlington Heights, Ill) and
scanned with a Storm FluorImager (Molecular Dynamics,
Sunnyvale, CA). Computer-generated images were ana-
lyzed to determine the fluorescence intensity associated
with each sample and probe. Two lanes in each membrane
contained DNA standards with 1 ng (105 bacteria) and
10 ng (106 bacteria) of each species. The sensitivity of the
assay was adjusted to permit detection of 104 cells of a
given species by adjusting the concentration of each DNA
probe. The measured fluorescence intensities were convert-
ed to absolute counts by comparison with the standards on
the same membrane. Failure to detect a signal was recorded
as zero.

Data analysis Survival fractions in treated groups—either
planktonic suspensions or biofilms—were calculated as
above. Corresponding standard error for each survival fraction
was based on the property of the fraction from lognormal
variates and the sample size of eight for each experiment.
We assumed independence between experiments, and one-
sample-based test was performed with the null hypothesis of
light having no impact on bacterial survival. A Benjamini-
Hochberg procedure was followed to control an overall false
discovery rate at 0.05.

We considered that DNA probe counts from checker-
board DNA-DNA hybridization followed Poisson distribu-
tions. For any bacteria with excessive zero probe counts, a
negative binomial model was an option. Comparisons be-
tween models with consideration of zero inflation and those
without considering zero inflation helped the decisions of
choosing appropriate models. An offset of total probe
counts from each checkerboard measurement was applied
in modeling, resulting in relative abundance of prediction.
A difference in probe counts between light-treated and con-
trol groups was computed based on model fitting. Statistical
tests were followed with a null hypothesis of no difference
in relative abundance of each species between control and
treated groups. To show the overall effect of the light treat-
ment on the eight periodontopathogens, a combined count
was obtained by summarizing the probe counts from the
eight species. The probe counts of the other 32 species were
also summed. Modeling of the summed data was performed
based on an assumption of Poisson distribution.

Results

Photodestruction of bacterial cultures The effect of blue light
at 455 nm for 1 min (power density 80 mW/cm2, energy
fluence 4.8 J/cm2) on cultures of eight periodontal bacteria is
shown in Fig. 2. Mean survival fractions ranged from 78 %
(P. gingivalis) to 5.1 % (F. nucleatum ss. polymorphum). All
bacterial reductions were statistically significant (Fig. 2).

HPLC analysis The amounts of porphyrin and the percent
porphyrin content in microorganisms are shown in Table 1.
The results forP. intermedia,P. nigrescens,P.melaninogenica,
and P. gingivalis were obtained from a previous study pub-
lished by our group [31]. Periodontal pathogens expressed
different porphyrin patterns. Protoporphyrin, coproporphyrin
uroporphyrin, and heptacarboxyl porphyrin were the four por-
phyrins detected in periodontal species. The concentration of
total porphyrin inF. nucleatum ss. nucleatum, F. nucleatum ss.
vincentii, and F. periodonticum was <1 ng/mg protein thus
making the estimation of the percent porphyrin contents not
possible. The amount of endogenous porphyrin produced in
P. intermedia was 534, 334, 334, 205, 120, 6.5, and 5.5 times
higher than those in F. periodonticum, F. nucleatum ss.
nucleatum, F. nucleatum ss. vincentii, F. nucleatum ss.
polymorphum, P. gingivalis, P. melaninogenica, and
P. nigrescens, respectively.

Phototherapy of plaque suspensions and biofilms

(A) CFU Figure 3 shows the reduction in the
total number of CFU after
exposure of plaque suspensions
and plaque-derived biofilms to
blue light at 455 nm with energy
fluencies of 12 and 48 J/cm2, re-
spectively. The mean survival
fractions for plaque suspension
and biofilm were reduced by 28.5
(p=0.0014) and 48.2 % (p=
0.0160), respectively.

(B) Checkerboard DNA-
DNA hybridization

Table 2 shows changes in relative
abundances of 40 microorganisms
in plaque suspensions and plaque-
derived biofilms following photo-
therapy. The relative abundance of a
certain species in treated or control
groups was calculated by dividing
the mean number of DNA probe
counts for that species with the total
number of DNA probe counts.

In plaque suspensions,with the exceptionofP.melaninogenica,
the relative abundances of F. nucleatum ss. nucleatum,
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F. nucleatum ss. polymorphum, F. nucleatum ss. vincentii,
F. periodonticum,P. gingivalis,P. intermedia, andP. nigrescens
were reduced after exposure to light. None of these changes
were statistically significant. However, when all eight photo-
sensitive bacteria were grouped together, their 5.2 % reduction
of relative abundance within the population of 40 species was
statistically significant (p=0.0164) (Fig. 4).

In biofilms, with the exception of P. gingivalis, the relative
abundances of F. nucleatum ss. nucleatum, F. nucleatum ss.
polymorphum, F. nucleatum ss. vincentii, F. periodonticum,
P. intermedia, P. melaninogenica, P. intermedia, and
P. nigrescenswere reduced following phototherapy. However,
only the relative abundances ofF. nucleatum ss. vincentiiwere
reduced significantly (p=0.0442). Similarly, when all eight
photosensitive species were grouped together, their 3 % re-
duction of relative abundance was statistically significant

(p=0.0370) (Fig. 4). The effect of blue light on biofilms also
included a statistically significant increase in the relative abun-
dances of Streptococcus gordonii and Streptococcus mitis and
a statistically significant reduction of Parvimonas micra
(Table 2).

Discussion

The present study proposes a new method to modify the eco-
system in dental plaque by phototherapy. Our central hypoth-
esis was that suppression of photosensitive and potentially
pathogenic microorganisms in dental plaque would control
growth within the biofilm environment by reducing the plaque
load or altering the microbial community dynamics. This hy-
pothesis was tested in biofilms grown from human natural

Fig. 2 Survival fraction of
periodontal bacteria in cultures
following exposure to blue light at
455 nm for 1 min with power
density of 80mW/cm2 and energy
fluence of 4.8 J/cm2. A survival
fraction of 100 % represents 108

microorganisms. Each bar
represents the mean of values
obtained from duplicate
experiments (data from each
experiment were representative of
four independent cultures). Error
bars denote the standard error of
the mean

Table 1 Porphyrin amounts and percent porphyrin contents expressed in periodontal microorganisms

Porphyrin Percentage of porphyrin content

P. gingivalis P. intermedia P. melaninogenica P. nigrescens F. nucleatum
ss. nucleatum

F. nucleatum
s vincentii

F. nucleatum
ss. polymorphum

F. periodonticum

Uroporphyrin 2 33 66

Heptacarboxyl
porphyrin

16 34

Hexacarboxyl
porphyrin

Pentacarboxyl
porphyrin

Isocoproporphyrin

Coproporphyrin 100 17 12

Protoporphyrin 83 85 51

Total porphyrin
amount
(ng/mg protein)

2.2 267 41 47 0.8 0.8 1.3 0.5
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dental plaque in vitro by selectively phototargeting the follow-
ing eight key periodontal pathogens: P. gingivalis,
P. intermedia , P. nigrescens , P. melaninogenica ,
F. nucleatum ss. nucleatum, F. nucleatum ss. vincentii,
F. nucleatum ss. polymorphum, F. periodonticum. We accom-
plished the objective by investigating the cumulative action of
small doses of blue light at 455 nm on biofilm growth. Bac-
terial growth was evaluated using the CFU assay. The selec-
tive phototargeting of certain species was studied using whole
genomic probes in the checkerboard DNA-DNA format.

The susceptibility of the above eight species was dem-
onstrated in vitro when their cultures were exposed to blue
light for 1 min at 4.8 J/cm2. F. nucleatum ss. polymorphum
showed the highest susceptibility to light followed by
P. melaninogenica, P. nigrescens, F. nucleatum ss.
vincentii, F. periodonticum, P. intermedia, F. nucleatum
ss. nucleatum, and P. gingivalis (Fig. 2). Our results
showed the presence of different porphyrin patterns
expressed in these microorganisms (Table 1). The amounts
of endogenous porphyrin produced in the Prevotella spe-
cies were approximately 80–200 times greater than those in
Fusobacteria species. However, both genera exhibited
similar susceptibility to blue light (Fig. 2). It is possible
that the porphyrin content of microorganisms may not be
the sole determinant of photosensitivity [31]. It is also pos-
sible that phototargeting other endogenous chromophores,
such as cytochromes and flavins, may contribute to the

increased phototoxicity of Fusobacteria [7]. We have pre-
viously demonstrated the photosensitivity of the four
black-pigmented species P. gingivalis, P. intermedia,
P. nigrescens, and P. melaninogenica in vitro [31] as well
as that of P. gingivalis, P. intermedia, F. nucleatum ss.
v incen t i i , F. nuc l ea tum ss . po l ymorphum , and
F. periodonticum in vivo [32]. In the present study, the
survival fraction of P. gingivalis was 78 %, which is in
accordance with the data obtained in our previous study
[31]. In another study, the survival fraction of P. gingivalis
ranged from 65.3 to 71.3 % following exposure to blue
light at 405 nm with power density of 50 mW/cm2 and
energy fluencies of 3 and 6 J/cm2 [9]. The photodestruction
of black-pigmented species and F. nucleatum has also been
demonstrated by others using different visible light wave-
lengths and parameters [8, 11, 12, 16, 18, 30].

In our experiments with human plaque suspensions and
biofilms, the power density of light was reduced from 80 (used
for irradiation of cultures) to 50 mW/cm2. The latter power
density would be more realistic for use in a clinical setting for
safety reasons. Additionally, the exposure time was increased
from 1 (used for irradiation of cultures) to 4 min per exposure,
in order to fully explore the susceptibility of the eight peri-
odontal pathogens to light in dental plaque (either suspensions
or biofilms), an environment that significantly differs from
that of a single species culture. In this study, treatment of
human plaque in suspension with blue light at 455 nm led to

Fig. 3 Reduction in total CFU
counts after exposure of plaque
suspensions and plaque-derived
biofilms to blue light at 455 nm.
Plaque suspensions were exposed
to light once for 4 min. Biofilms
were exposed to light four
times—once daily for 4 min—
over a period of 3 days. Each bar
represents the mean values ±
standard errors of the means from
three samples (data from each
sample were representative of
eight independent suspensions/
biofilms). Error bars denote the
standard error of the mean
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a significant reduction in the number of CFU by 28.5 %
(Fig. 3). DNA probe analysis showed a significant reduction
in relative abundance of the eight periodontal pathogens as a
group within the population of 40 species (Fig. 4). This was
accomplished using a single exposure to blue light. On the

other hand, the repetitive exposure of biofilms—derived from
the same plaque samples—to small doses of blue light at
455 nm produced a significant reduction of CFU by 48.2 %
(Fig. 3). Similarly, the relative abundance of the group of eight
periodontopathogens within the population of 40 taxa was

Table 2 Changes in relative abundances of 40 periodontal bacteria in plaque suspensions and biofilms following exposure to blue light. The eight
photosensitive periodontopathogens are highlighted in bold

Plaque suspension BIOFILM

p value Std Err Estimate Species Estimate Std Err p value

0.6989 0.3239 0.1263 Actinomyces gerencseriae 0.03337 0.2683 0.9017

0.9444 0.3229 −0.02268 Actinomyces israelii −0.1413 0.3077 0.6488

0.5228 0.2185 0.141 Actinomyces naeslundii 1 −0.04248 0.2811 0.8807

0.6093 0.228 0.1175 Actinomyces naeslundii 2 −0.04632 0.295 0.8761

0.6813 0.3953 0.1637 Actinomyces odontolyticus 0.1204 0.2553 0.6401

0.6813 0.3953 0.1637 Aggregatibacter actinomycetemcomitans −0.2937 0.7256 0.688

0.6813 0.3953 0.1637 Campylobacter gracilis −0.6734 1.0658 0.5315

0.7663 0.5198 −0.1556 Campylobacter rectus 0.0942 0.5386 0.8621

0.7584 0.2677 −0.08296 Campylobacter showae 0.06974 0.2747 0.8011

0.4438 0.3609 0.2793 Capnocytophaga gingivalis 0.2158 0.3735 0.567

0.4786 0.4325 −0.3096 Capnocytophaga ochracea 0.03705 0.3454 0.9152

0.5779 0.7051 0.3958 Capnocytophaga sputigena 0.171 0.3864 0.6607

0.3772 0.2887 −0.258 Eikenella corrodens 0.1292 0.1825 0.4834

0.1976 0.7165 −0.9401 Eubacterium nodatum −0.4556 0.4458 0.3136

0.7660 0.3358 0.1007 Eubacterium saburreum 0.01028 0.2619 0.9689

0.2518 0.3053 −0.3555 Fusobacterium nucleatum ss. nucleatum −0.1647 0.2219 0.4628

0.3709 0.3387 −0.3068 Fusobacterium nucleatum ss. polymorphum −0.02843 0.2557 0.9121

0.1181 0.2269 −0.3632 Fusobacterium nucleatum ss. vincentii −0.4161 0.1996 0.0442

0.2241 0.3115 −0.3852 Fusobacterium periodonticum −0.1915 0.2329 0.4162

0.7892 0.581 0.1564 Gemella morbillorum 0.04337 0.3572 0.904

0.8413 0.5742 0.1158 Leptotrichia buccalis 0.07123 0.431 0.8697

0.7006 0.4148 0.1608 Neisseria mucosae 0.0645 0.2545 0.8013

0.3961 0.1984 −0.1703 Parvimonas micra −1.2976 0.1795 <.0001

0.5756 0.4362 −0.2464 Porphyromonas gingivalis 0.08096 0.2464 0.7444

0.7158 1.1978 −0.4394 Prevotella intermedia −0.8018 0.7269 0.2774

0.8224 1.7916 0.405 Prevotella melaninogenica −0.1327 0.5398 0.8072

0.8843 0.4689 −0.06871 Prevotella nigrescens −0.5406 0.4259 0.2125

0.5073 0.6798 0.4551 Propionibacterium acnes −0.3094 1.5936 0.8472

0.6593 0.2176 0.09673 Selenomonas noxia 0.0752 0.2496 0.7649

0.8285 0.3164 0.06905 Streptococcus anginosus −0.1244 0.233 0.5968

0.4290 0.3004 0.2402 Streptococcus constellatus −0.05352 0.1982 0.7887

0.0589 0.1963 0.3825 Streptococcus gordonii 0.3935 0.191 0.0467

0.5229 0.3307 0.2133 Streptococcus intermedius 0.1234 0.2632 0.642

0.1410 0.2845 0.4281 Streptococcus mitis 0.4335 0.1681 0.0142

0.9166 0.1564 0.01648 Streptococcus oralis 0.1612 0.1243 0.2031

0.7051 0.1135 0.04329 Streptococcus sanguinis −0.01656 0.1827 0.9283

0.9353 3.3866 0.2766 Tannerella forsythia −0.01656 0.1827 0.9283

0.2184 0.4158 −0.5207 Treponema denticola −0.1595 0.3549 0.6558

0.6979 0.501 −0.196 Treponema socranskii −0.4038 0.5784 0.4895

0.5999 0.1137 −0.06014 Veillonella parvula 0.2581 0.0873 0.0055
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significantly reduced (Fig. 4). The results of this study indicate
that phototherapy targeted a small segment of the bacterial
population, which included important periodontal pathogens.
This leads to the hypothesis that the cumulative effect of blue
light may be able to modify the pathogenic potential of the
periodontal biofilm by controlling its growth.

In biofilmphase, bacterial killingwas almost 2-fold great-
er comparedwith that in planktonic phase (Fig. 3).Apossible
explanation is that besides the eight photosensitive bacteria,
other non-photosensitive species might have also been af-
fected. Photosensitive bacteria may play a role in biofilm
formation and maturation through interactions with other
bacterial species. It has been reported that bacterial interac-
tions involve many different mechanisms such as co-aggre-
gation,metabolic communication, and quorum sensing [15].
For instance, F. nucleatum is considered a key component of
dental biofilms since it co-aggregates with many Gram-
positive andGram-negative bacteria, thus serving as a bridge
between early and late colonizers [15]. Bacterial co-
aggregation is related to the survival of obligate anaerobic
bacteria in aerobic conditions; in theabsenceofF.nucleatum,
the numbers of black-pigmented anaerobes (P.gingivalis and
P. nigrescens) were significantly reduced [5]. The effect of
blue light on biofilms also included a statistically significant
increase in the relative abundance of S. gordonii and S. mitis
and a statistically significant reduction of P. micra and
F. nucleatum ss. vincentii. S. gordonii and S. mitis are early
subgingival colonizers associatedwith health [28]. The pres-
ent results are corroboratedbya study inwhich the absenceof
F. nucleatum from the planktonic and biofilm oral microbial
communities resulted in a significant increase in streptococci
(Streptococcus mutans, Streptococcus oralis, Streptococcus
sanguinis) [5]. Affectedmicroorganisms by light in biofilms
also included Tannerella forsythia, Treponema denticola,

and Aggregatibacter actinomycetemcomitans. These micro-
organisms were also reduced in association with light expo-
sure but did not achieve statistical significance. Reduction of
these species could be very important. T. forsythia and
T. denticola, together with P. gingivalis, are members of the
“red complex” that encompasses the most important patho-
gens in chronic periodontitis [27]. Recently, the photosensi-
tivity of A. actinomycetemcomitans was reported [6]. Blue
light with an emission peak of 460 nm and energy fluence of
150 J/cm2 induced a reduct ion of >5 log10 of A.
actinomycetemcomitans in planktonic cultures [6]. Howev-
er, Song et al. were not able to demonstrate photodestruction
of A. actinomycetemcomitans cultures by visible light at
400–520 nm (power density 500mW/cm2) in both plankton-
ic and biofilm state [30]. In the same study, P. gingivalis
showed greater susceptibility to light in planktonic phase
compared to the biofilm phase [30].

In the present study, we observed suppressive effects
on eight key periodontopathogenic bacteria in cultures,
plaque samples, and plaque-derived biofilms following
exposure to small doses of blue light at 455 nm. As a
result of the reduction in the relative abundances of the
above microorganisms, there has been a change in peri-
odontal biofilm composition. Additionally, photothera-
py significantly reduced biofilm growth. The data of
the current and previous studies [31, 32] indicate that
daily and short-term exposures of periodontal pockets
to blue light in human subjects with gingivitis or peri-
odontitis may reduce the load of key pathogens in
plaque thus resulting in an increase in microbiota asso-
ciated with health. Light alone could serve as an effec-
tive adjunct to mechanical plaque control and an inex-
pensive new avenue of prophylactic treatment for peri-
odontal disease.

Fig. 4 Relative abundances (%)
of the eight photosensitive species
vs 32 microorganisms in plaque
suspensions and plaque-derived
biofilms before and after
phototherapy. Data represent
mean values obtained from three
samples
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