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Abstract

Malmgqyist, S., Johannsen, G., Bostrém, E.,
Fyrestam, ., Ostman, C. and Johannsen, A. Phototherapy with blue light emitting diodes (LEDs) is gaining interest be-
(2018) Effects of Adjunctive Daily Blue
Light Toothbrushing on Dental Plaque
and Gingival Inflammation—A Rando-

mized Controlled Study. Open Journal of

cause of the efficient antimicrobial benefits reported in several studies in the
last decade. The aim in this study was to investigate if a toothbrush with incor-
porated blue light used in daily oral care can reduce dental plaque and gingival
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inflammation. An 8-week single-blinded randomized controlled clinical study
including 48 subjects compared effects of toothbrushes with/without 450 nm
blue LED light emission, on clinical parameters (plaque index, gingival index,
bleeding on probing), and on inflammatory markers in saliva and gingival
crevicular fluid. Significant reductions in dental plaque and gingival inflam-
mation (p < 0.001), and in some inflammatory markers (p < 0.05), matrix
metalloproteinase (MMP)-8, tissue inhibitor metalloproteinase inhibitor
(TIMP)-1, interleukin (IL)-14 and interleukin (IL)-8, were detected within
both groups from baseline to follow-up. For all subjects dental plaque was
reduced with 57%, and a reduction in gingival inflammation was demon-
strated by a decrease in gingival index (GI) with 46% and in bleeding on
probing (BOP) with a decrease of 15%. No significant differences were found
between the groups at a level of p = 0.05. However, the amount of plaque was
reduced by 62% in the blue light group and 51% in the control group, a dif-
ference established at a level of p = 0.058. A toothbrush with a 450 nm LED
did not show any statistical significant adjunctive effect of toothbrushing re-
garding reduction in measurements of dental plaque and gingival inflamma-
tion.
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1. Introduction

One of the most common infectious diseases is periodontal disease, i.e. gingivitis
and periodontitis, where the most prevalent are plaque-induced gingivitis and
chronic periodontitis [1]. Epidemiological studies show that gingivitis is globally
common in children and adolescents and periodontal destructive disease is
found in 15% - 20% of middle-aged adults [2] [3]. Poor oral hygiene can trigger
an inflammatory response [4], therefore daily oral care is crucial for reducing
dental plaque and maintaining a healthy gingivae [5]. Studies have shown that
persistent gingival inflammation is a risk factor for developing periodontitis [6]
[7] [8]. Thus, it is of a great interest to prevent and treat gingival inflammation
and develop effective therapies to control microbial biofilms, 7.e. dental plaque.
The increasing number of antibiotic resistant strains of microorganisms makes it
even more important to develop antibiotic-free alternative treatments [9] [10]
[11]. In a review, it is stated that antimicrobial phototherapy with short, daily
exposures to blue light is a new research path for prophylaxis in oral hygiene
that may have an impact on gingivitis and periodontitis [12]. A broad spectrum
of light with wavelengths ranging from 380 - 520 nm could potentially give a
threefold reduction of especially black pigmented bacteria such as Porphyromo-
nas gingivalis and Prevotella spp. Antimicrobial phototherapy with blue light has
two advantages: no chemicals are needed and blue light is regarded safe to use
for short-term treatment [13] [14] [15], since exposing mammalian cells with a
bactericidal dose (36 J/cm®) do not cause any damage [16]. Several bacteria that
are associated with periodontal disease have been shown to produce endogenous
porphyrins [17] [18] [19] [20]. In the presence of light and oxygen, these natu-
rally occurring endogenous porphyrins can act as photosensitizers inside bacte-
ria. Porphyrins have a specific band of absorbance where they can absorb pho-
tons and go into a higher energetic state. The excited porphyrin can either return
to its ground state by emitting a photon as fluorescence or by intersystem cross-
ing go to an excited triplet state. In this state the energy can be transferred to an
oxygen molecule creating singlet oxygen which is highly reactive and can oxidize
biomolecules, leading to cytotoxicity. It has been suggested that singlet oxygen is
the main active molecular species in phototherapy. In vitro experiments have
shown that phototherapy has the ability to inactivate many species of microor-
ganisms, without the addition of an exogenous photosensitizer, by using wave-
lengths targeting the absorbance of endogenous porphyrin molecules [19] [21]
[22] [23] [24] [25]. An in vivo study has shown that when illuminating with blue
light at 455 nm for two minutes, using a light device at a clinic twice daily over a
period of four days, the proportion of oral bacteria associated with periodontal
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disease was reduced [26]. Recently, toothbrushes with incorporated blue light
have been introduced to the market. However, which wavelength is the most ef-
fective has not been established. A pilot clinical study has reported that a blue
light-emitting toothbrush with a central wavelength of 412 nm was significantly
more effective compared to a standard toothbrush for the reduction of dental
plaque and gingival inflammation [27]. The aim of the present study was to in-
vestigate if toothbrushes with incorporated 450 nm LEDs can reduce dental
plaque and gingival inflammation when used in daily oral care.

2. Materials and Methods
2.1. Study Design

This clinical study was designed as an 8-week single-blinded randomized con-
trolled clinical study comparing toothbrushes with an incorporated 450 nm blue
light LED and toothbrushes without light. The study population was divided in-
to two intervention groups (Group A/C) and two control groups (Group B/D).
The analysis followed a per-protocol-analysis concept that better reflected the
effects of the treatment with a blue light toothbrush. This analysis was only re-
stricted to the subjects who fulfilled the protocol in the terms of the eligibility,

interventions, and outcome assessment.

2.2. Outcomes

Expected primary outcomes include: 1) reductions in dental plaque and 2) gingival
inflammation from baseline to follow-up visit at week 8. In addition 3) reduction
of gingival inflammation when using the two kinds of toothbrushes together with
a peroxide compared to a non-peroxide toothpaste. The amount of dental plaque
was measured using Plaque Index (PI) [28], while gingival inflammation was as-
sessed using Gingival Index (GI) [29]. Bleeding on Probing Index (BOP), and
analyzing inflammatory markers determined by bioanalytical methods were also
used for the evaluation.

2.3. Study Population

All first year students (n = 90) attending the Dental Hygiene Program at the
Department of Dental Medicine, Karolinska Institutet, Stockholm, Sweden, in
the autumn semesters of 2014 and 2015 were asked to participate in the clinical
study and 68 of the students accepted to participate, of which 61 subjects met the
inclusion criteria. Inclusion criteria were the presence of gingival inflammation
defined by a relative BOP level above 20%. Exclusion criteria for all subjects
were: having periodontitis or any systemic diseases, having used antibiotics
and/or anti-inflammatory drugs less than three months prior to the investigation
or/and being a current smoker. The students received verbal and written infor-
mation regarding the study purpose and structure, and a written informed con-
sent from each subject were obtained before commencing the investigations.
Throughout the recruitment process it was emphasized that participation in the
study was voluntary and that the students were free to withdraw at any time.
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Ethical approval was obtained from the Stockholm Regional Ethical Review
Board (Dnr: 2013/200-31/3, 2014/1197-32, 2016/2348-31).

2.4. Randomization and Blinding

The non-blinded research leader (GJ) was responsible for the randomization
process, as well as for distributing toothbrushes (with or without blue light) and
toothpastes (with or without peroxide) to the subjects. Alphabetical lists of the
eligible subjects were used by the research leader to assign the subjects with an
odd ranking number on the alphabetical list to a control group, and subjects
with an even number to an intervention group. The lists of the assignment of the
participants were kept by the research leader until the end of the study. In 2014
both groups were given the same gel toothpaste and the intervention group used
a 450 nm blue LED light toothbrush (Group A), while the control group used a
toothbrush with the blue light disabled (Group B). In 2015 every second subject
in each group used a toothpaste containing peroxide and the intervention group
used a 450 nm blue LED light toothbrush (Group C), while the control group
used a toothbrush with the blue light disabled (Group D). The subjects could for
an obvious reason not be blinded as to which toothbrush they were using since
one toothbrush was emitting blue light while the other was not. The clinical ex-
amination was performed by three experienced clinicians of which one (A]) was
responsible for the sample collection of saliva and gingival crevicular fluid
(GCF), while the other two (NB, SM) performed the clinical assessments and
were both blinded regarding group assignment. Examiner NB registered both PI
and GI at all visits on every subject. Examiner SM performed all measurements
of BOP and probing pocket depth (PPD) at baseline as well as at the follow up

visit after eight weeks.

2.5. Toothbrushes

The intervention groups were given a manual toothbrush incorporated with a
light emitting diode (LED) emitting blue light with an emission maximum at 450
nm and with a power density of 13.5 mW/cm? at 5.9 mm from the end of the
bristles'. This toothbrush had a built-in 2 minutes timer and the subjects in the
intervention groups were informed to brush their teeth until the blue light
turned off. The toothbrush contains no harmful ultraviolet (UV) radiation and
meets the standards of the Restriction of Hazardous Substances Directive
2002/95/EC [30]. Tests performed by Technical Research Institute of Sweden
(SP) have shown that a 450 nm LED as the one used in this toothbrush is free
from harmful UV radiation [31]. The control groups received the same kind of
toothbrush with the light option disabled. The control groups were informed to

brush 2 minutes twice a day, 7.e. the same time as the intervention groups.

2.6. Toothpastes

As described above both the intervention groups (A/C) and the control groups
'UltraBlu®, TJL Enterprises, Long beach, CA, USA.
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(B/D) used two kinds of commercially available toothpastes, a regular fluo-
ride-containing gel toothpaste’ and a peroxide toothpaste containing fluoride’.
The latter has been accepted by the Council on Scientific Affairs, American
Dental Association and is considered safe for home-use. According to the man-
ufacturer of the toothbrushes, blue light in combination with peroxide can have
an adjunctive antimicrobial effect. The ability of the blue light to pass through
the toothpaste was tested. Each toothpaste was dissolved in deionized water and
analyzed with an UV-Visible spectrophotometer* scanning from 200 - 700 nm.
None of the toothpastes showed any absorbance peak in the blue light region
(400 - 500 nm) and was therefore considered not to affect the intensity of the

emitted light by absorption.

2.7.Sampling of Saliva and Gingival Crevicular Fluid

Collection of unstimulated saliva and gingival crevicular fluid (GCF) was per-
formed at baseline and after 8 weeks. The subjects were requested not to eat or
drink anything, except water, 1 hour before saliva collection minimizing possible
food debris. All saliva produced during a 15 minutes period was transferred into
a test tube. The samples were immediately centrifuged at 1500 rpm for 10 mi-
nutes at 4°C. After centrifugation, the supernatant was transferred to five Ep-
pendorf tubes each containing 200 uL saliva. The tubes were sealed and stored at
-80°C pending analysis. GCF was collected from the same mesiobuccal gingival
pockets of one maxillary first molar (14) and one mandibular first molar (19) in
each subject. Sampling was performed using a paper strip’ which was inserted
into the gingival crevice and kept in place for 30 seconds. The paper strip was
then retracted and put in a 1 mL Eppendorf tube containing 300 uL phosphate
buffer solution. The tube was vortexed for 30 seconds, where after the strip was
removed and the tube centrifuged for 5 minutes at 8000 rpm. The supernatant
was transferred to a new Eppendorf tube which was stored at —80°C until analy-

sis of the content of selected immunological inflammatory markers was made.

2.8. Clinical Examination and Prophylaxis

A flow chart of the clinical study’s proceedings is shown in Table 1. Two weeks
before baseline all subjects received a professional supra-gingival scaling and po-
lishing performed by two examiners (NB, SM). At baseline, all subjects were
subjected to a clinical periodontal examination including PI, GI PPD and BOP.
These indices were measured at four sites on each tooth, while PPD and BOP
were measured at six sites per tooth excluding third molars, using a manual pe-
riodontal probe®. All subjects were then given oral prophylactic information and

instruction in oral hygiene procedures, ie. to brush twice a day during two
?Apoteket AB, Solna, Sweden.

*Rembrandt, Deeply White, +Peroxide, Johnson & Johnson Healthcare Products Division of
McNeil-PPC, Inc, Skillman, NJ.

“Evolution™ 60S, ThermoFisher, Waltham, MA, USA.

*Periopaper; Oraflow Inc., Planiview, NY, USA.

*Hu-Friedy PQ2N?7, Chicago, IL, USA.
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Table 1. Flow chart of the study design.

Week-2 - Scaling, polishing and flossing
- Clinical measurement of PI, GI and PPD/BOP.
Week 0 - Saliva and GCF sampling.
(Baseline) - Instructions in tooth brushing and flossing.

- Handing out toothbrushes and toothpastes

- Clinical measurement of PI and GI.

Week 1
e - Re-instruction in tooth brushing.
- Clinical measurement of PI and GI.
Week 3 . L .
- Re-instruction in tooth brushing.
Week 8 - Clinical measurement of PI, GI and PPD/BOP.
(Follow up) - Saliva and GCF sampling.

minutes and instruction in flossing technique, as well as to refrain from using
antiseptics. After both one and three weeks PI and GI scores were recorded and
repeated oral hygiene instructions and a follow-up instruction in oral hygiene
were given. After 8 weeks, the same clinical parameters and samples were col-

lected in the same manner as at baseline.

2.9. Immunological Analysis

The levels of interleukin-14 (IL-1/), interleukin-6 (IL-6), interleukin-8 (IL-8),
and tumor necrosis factor (TNF-a) were determined in GCF and saliva by a Lu-
minex bead-based multiplex assay using a High Performance Assay kit” accord-
ing to the manufacturer instructions on a Bioplex Suspension Array System®.
The levels of matrix metalloproteinase (MMP-8) and metallopeptidase inhibitor
(TIMP-1) in saliva were determined by the Enzyme Linked Immunosorbent As-
say (ELISA)’. In brief, samples were thawed on ice, diluted, and added with
standard concentrations of MMP-8 and TIMP-1 to plates pre-coated with mo-
noclonal antibodies specific for MMP-8 and TIMP-1. After 2 hours of incuba-
tion, the plates were washed and antibodies conjugated with horseradish perox-
idase were added and incubated for 2 hours. Following washing of the plates,
substrate solution was added to generate a color reaction, which was stopped by
adding stop solution. The color reactions on the plates were read at 450 nm us-

ing a microplate spectrophotometer'.

2.10. Statistical Analysis

A power analysis was carried out prior to the study and showed that 48 subjects
(24 intervention subjects and 24 control subjects) should be sufficient to detect a
difference of 12.5% between the two groups with a power of 80% and a two
tailed a of 5.0%, with BOP as primary outcome variable. For each patient the av-
erage PI and GI indices were calculated as the sum of the individual index for
each tooth surface divided with the total number of measured surfaces. The av-

'R&D Systems Inc; Minneapolis, MN, USA.

$Bio-Rad Laboratories, Hercules, CA, USA.

R & D Systems Inc; Minneapolis, MN, USA

1%SpectraMAX 340, Molecular Devices, Sunnyvale, CA, USA.
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erage PPD was calculated as the sum of the measured PPD for each tooth with
PPD > 4 mm divided with the number of teeth having a PPD > 4 mm. For BOP
the sum of the number of surfaces showing bleeding upon probing was calcu-
lated. The change in each index was calculated as:

Absolute index change = Index s — IndeX 5, jine (1)

For some statistical analyses a normalized index change was used:

IndeXWeekS — IndexBaseline

Normalized index change = x100 (2)

Index p,eine
Statistical data analysis was made by using Shapiro-Wilk test for normal dis-
tribution, F-test for variance, and t-test for two sample means and paired t-test'!
to determine the statistical significance in the changes of clinical indices (GI, PI
and BOP) and in the concentrations of inflammatory markers (MMP-8, TIMP,
IL-15 IL-6, IL-8 and TNF-aq).

3. Results
3.1. Subject Sample

Forty-eight subjects completed the entire clinical trial according to the protocol
(twenty-five in the intervention groups, twenty-three in the control groups).
There were thirteen drop-outs during the study and the reasons for that was that
five subjects dropped out from the Dental Hygiene Program, one were pressed
for time, one did not like the taste of the peroxide toothpaste, two experienced
tooth hypersensitivity from the Pharmacy toothpaste, two felt the bristles of the
toothbrush to hard and two of the drop-outs were of unknown causes.

At baseline, there were no significant differences observed regarding mean age
and gender or in clinical indices PI, GI, BOP and PPD between subjects allocated
to the control and intervention groups, Table 2. No adverse effects to hard or

soft tissues was reported from the subjects or observed by the clinicians.

3.2. Clinical Assessments

According to the inclusion criteria, all subjects had a BOP-level above 20 %, thus
all the subjects entered the study with gingival inflammation.

From baseline to the follow-up visit at week 8 a significant reduction in the
average PI, GI and BOP indices was observed for all participants in both groups,
Table 3.

Figure 1 shows the average decrease the PI and GI indices for all subjects
during the four visits. Both indices showed a statistical significant steady de-
crease between each occasion during the study. A weak correlation was also
found between the normalized decreases in these clinical parameters for all sub-
jects from baseline to week 8, where GI and BOP showed a weak correlation (R’
= 0.31) which both measures gingival inflammation. For PPD as well as for sali-

va flow no significant change in any of the groups was found during the study.

UExcel 2010, Microsoft, Redmond, WA, USA.
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Table 2. Demographic and clinical data at baseline of subjects that completed the entire
study and followed the per-protocol analysis concept.

Brushing groups
Parameter Control Intervention
(Group Band D) (Group A and C) p-value
N 23 25
Age, mean (SD) 24.91 (£7.15) 23.68 (£5.09) 0.50
Gender (male/female) 4/19 2/23
Baseline data full mouth (excluding 3 molars)
- PIO -3, mean (SD) 0.49 (+0.17) 0.58 (+0.27) 0.19
- GIO -3, mean (SD) 0.65 (+0.22) 0.67 (£0.23) 0.67
- BOP (%), mean (SD) 46.6 (£12.8) 52.1 (£14.7) 0.19
- number of sites with PD > 4 mm 3.74 3.08
- number of sites with PD > 6mm 0.22 0.04

Table 3. Mean values with standard deviation in parentheses for the clinical parameters
Plaque Index (PI), Gingival Index (GI), and Bleeding on Probing (BOP). All objects (n =
48), control groups (n = 23) and blue light intervention groups (n = 25). p-values are
given for t-tests, see comments below.

Examination All P Control P Intervention p P
Plaque Index (PI)
Baseline 0.54 (0.23) - 0.49 (0.17) - 0.58 (0.27) - 0.19¢

Week 1 0.41 (0.27)  <0.001*  0.41 (0.26)  0.052* 0.51 (0.26) 0.002*
Week 3 0.30 (0.16)  <0.001*  0.29 (0.17)  0.006* 0.30 (0.15) 0.055*

Week 8 0.23 (0.16) <0.001*  0.24 (0.19)  0.023* 0.22 (0.29) 0.002*

Phaseline. Week 8 <0.001° <0.001° <0.001° 0.058¢
Gingival Index (GI)
Baseline 0.66 (0.21) - 0.65 (0.21) - 0.67 (0.23) - 0.67°

Week 1 0.56 (0.17)  <0.001*  0.55(0.17)  0.028 0.57 (0.18)  0.009*
Week 3 0.46 (0.19)  <0.001*  0.45(0.19)  0.036* 0.48 (0.20) 0.012*
Week 8 0.36 (0.18)  <0.001* 0.37 (0.18)  0.055* 0.35 (0.18) <0.001°
Paseline Week <0.001° <0.001° <0.001° 0.39¢

Bleeding on Probing Index (BOP)

Baseline 49.5 (14.1) 46.6 (12.8) 52.1 (14.7) 0.19¢
Week 8 42.1 (14.9) 41.1 (14.7) 43.1 (15.1)
Phaseline Week <0.001° <0.001° <0.001° 0.29¢

a) p-value for paired t-test of the decrease in parameters between consecutive examinations; b) p-value for
paired t-test of the decrease in parameters between baseline and week 8; c) p-value for t-test for difference
between control and intervention groups at baseline; d) p-value for t-test for difference in decrease between
control and intervention group from baseline to week 8.

In Figure 2, as well as in Table 3, the changes in PI, GI and BOP for the con-
trol and the intervention groups are shown. When comparing the intervention
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Week of examination

Figure 1. Change in the clinical parameters PI (dashed line) and GI (solid line) for all
subjects from Baseline (W0) to Week 8 (W8) plotted with the Standard Error of the Mean
as the error bars. The decrease between each week of examinations were all significant
with p < 0.001, n = 48.

0.0

-0.2 A

Index decrease

-1.0 A

-1.2

PI Gl BOP
Clinical parameter

Figure 2. Decrease in the clinical parameters PI, GI and BOP for the control groups
(toothbrush without LED light, [light grey]) and the intervention groups (toothbrush
with 450 nm blue LED light [dark grey]) with the standard error of the mean as the error
bars. The bars for BOP have been multiplied with 0.1 in order to obtain a comparable
scale in the diagram. * = difference between groups at p = 0.058.

groups (A/C) and the control groups (B/D) the decrease in all three indices were
larger for the intervention groups using the blue light toothbrush compared to

the control groups.
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The difference in the decrease in PI from baseline to the last follow-up visit at
week 8 is significant at a level of p = 0.058, close to accepted level p = 0.05. For
GI and BOP there was no statistical significant difference with p = 0.39 and p =
0.29 respectively.

We also investigated if the effect of blue light on reducing plaque or gingival
inflammation could be enhanced by the use of a peroxide containing toothpaste.
The statistical analyses of the clinical parameters PI, GI and BOP indices as well
as the inflammatory markers showed no differences between the toothpaste with

or without peroxide (data not shown).

3.3. Immunological Assessments

The levels of MMP-8, TIMP-1, IL-1p, IL-6, IL-8 and TNF-a were determined in
both saliva and GCF at baseline and at last follow-up visit at week 8, Table 4. For
IL-6 and TNF-a in saliva and GCF as well as MMP-8 and TIMP-1 in GCF, the
levels were close to, or below, limit of detection (LOD).

These data were not subject to further statistical analysis. The concentrations

of IL-1f and IL-8 in saliva were well above LOD, but showed dispersive results

Table 4. Mean values with standard deviation in parentheses for the inflammatory mark-
ers MMP1 and TIMP1 in saliva, and IL-1/ and IL8 in gingival crevicular fluid (GCF) at
Baseline and Week 8. p-values given for t-tests, see comments below. n = number of sub-
jects. Concentrations given in picomolar.

Examination All n Control n Intervention n p

Matrix Metalloproteinase-8 (MMP8) in saliva

Baseline 46.5 (40.2) 46.5 (37.7) 46.5 (44.0) 0.99°
42 18 24
Week 8 27.5 (28.9) 26.3 (35.2) 30.8 (25.7)
Pacctine week s 0.003* 0.042° 0.029° 0.54¢

Metallopeptidase Inhibitor 1 (TIMP1) in saliva

Baseline 263 (118) 270 (128) 237 (119) 0.72°
47 22 25
Week 8 225 (111) 257 (110) 214 (104)
P ccline. Week s 0.002° 0.064° 0.008* 0.58¢

Interleukin 15 (IL1p) in GCF

Baseline 106 (143) 85.7 (83.4) 125 (182) 0.34°
48 23 25
Week 8 46.9 (53.2) 56.2 (62.5) 38.3 (42.4)
Pacctine week s 0.009* 0.13 0.029° 0.44°
Interleukin 1 (IL1p) in GCF
Baseline 325 (240) 310 (266) 338 (217) 0.72°
46 22 24
Week 8 181 (142) 201 (152) 163 (133)
Pcctine Weekes 0.002° 0.12° 0.002° 0.45¢

a) p-value for paired t-test of the decrease in parameters between baseline and week 8; b) p-value for t-test
for difference between control and intervention groups at baseline; ¢) p-value for pt-test for difference in
decrease between control and intervention groups from baseline to week 8.
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making also these data not useful for further statistical analysis. Thus, the in-
flammatory markers that were further analyzed were MMP-8 and TIMP-1 in sa-
liva, and IL-18and IL-8 in GCF.

When looking at all the subjects, salivary MMP-8 and TIMP-1 as well as IL-15
and IL-8 in GCF decreased significantly (p < 0.01) from baseline to the final fol-
low-up visit at week 8, Table 4. When comparing the intervention (A/C) and the
control (B/D) groups, no significant difference (p = 0.44) could be detected be-
tween the groups. However, an interesting observation was that there were sig-
nificant decreases in the salivary levels of both MMP-8 (p = 0.029) and TIMP-1
(p = 0.0073), as well as for IL-15 (p = 0.029) and IL-8 (p = 0.0017) in GCF in the
blue light toothbrush intervention groups. For the control groups on the other
hand, a significant decrease between baseline and week 8 could only be detected
for MMP-8 in saliva (p = 0.042). As for the clinical indices, the statistical data
analysis of the inflammatory parameters showed no difference when comparing
peroxide or non-peroxide toothpastes, with or without blue light illumination

(data not shown).

4. Discussion

The primary aim of this study was to investigate if a toothbrush with an incor-
porated LED emitting blue light at 450 nm has any adjunctive effect on tooth-
brushing regarding reduction of dental plaque and gingival inflammation.

4.1. Clinical Indices

For all subjects in the intervention as well as in the control groups, there were
significant decreases in the clinical indices PI, GI and BOP from baseline to the
final follow-up visit at week 8. The average PI for all subjects decreased with 57%
(n =48, p <0.0001), indicating that that the subjects in general had a substantial
reduction of the amount of dental plaque. A significant reduction in gingival in-
flammation was also demonstrated by reductions in both GI and BOP indices,
46% and 15% respectively (n = 48, p < 0.0001). A meta-review has assessed
6-month-clinical controlled studies regarding self-performed toothbrushing in
adults with gingivitis. Their conclusion was that a single hygiene instruction had
a significant positive effect on the reduction of gingival inflammation even
though it was small [32]. Improvements in the subjects’ oral health status shown
in the present study verify these suggestions even though the observations only
were conducted for 8 weeks. All subjects in both groups got repeated instruc-
tions in toothbrushing at all visits except the final which can explain the signifi-
cant decreases in all three clinical indices.

However, an interesting observation was made when the blue light interven-
tion groups were compared with the control groups with respect to the clinical
indices. All three clinical indices showed a larger decrease in the blue light in-
tervention groups compared to the control. A difference in the PI index decrease

could be established at a level of p = 0.058, but there was no significant differ-
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ence observed in the GI and BOP indices (p > 0.29). In a recent study with a
similar study design as in the present study, the effect of a blue light-emitting
toothbrush with a central wavelength of 412 nm LED was investigated [27]. Af-
ter four weeks significant improvements with up to 50% decrease in plaque and
gingival inflammation indices were detected in the treatment group relative to
the control group. Their results indicate that the wavelength chosen is of a great

importance.

4.2. Inflammatory Markers

The levels of IL-18 and IL-8 in GCF, and MMP-8 and TIMP-1 in saliva demon-
strated a significant decrease when looking at all subjects. The potential of in-
flammatory markers in GCF and saliva to reflect gingival inflammation has been
widely studied, where MMP-8 levels in GCF have been reported to differ be-
tween periodontal healthy subjects and subjects with gingivitis and periodontitis
[33], putting forward that MMP-8 is a significant marker for determining the
degree of inflammation. Some studies have detected elevated concentrations of
IL-1p, IL-6, and IL-8 associated with experimental gingivitis [34] [35], while
other studies have found no differences in the levels of IL-14, as well as MMP-8,
in saliva between gingivitis and healthy sites [36]. In a recent review it was con-
cluded that there are sufficient evidence showing that IL-1/in saliva as well as in
GCF can be used as markers of the degree of gingival inflammation [37]. In the
study presented here, the decrease in the levels of IL-14 and IL-8 in GCF, and
MMP-8 and TIMP-1 in saliva were in agreement with the decrease in the GI and
BOP clinical indices in all studied objects. However, when comparing the con-
trol and blue light intervention groups no differences could be found. Some in-
teresting observations were made. In the blue light intervention groups there
were statistical significant decreases in the inflammatory markers IL-15 and IL-8
in GCF, as well as in MMP-8 and TIMP-1 in saliva from baseline to the final
week 8 in the intervention groups. In contrast, the control groups exhibited a
statistical significant decrease in the concentration of MMP-8 in saliva. These
results imply that there might be a possible adjunct effect of the blue light in
combination with tooth brushing evidenced by potential subclinical changes in
the levels of the investigated inflammatory markers. Subclinical changes in the
IL-1B levels in GCF have previously been shown in response to plaque accumu-
lation prior to clinical signs of inflammation [38]. In the present study, the IL-1
concentration in saliva were well above LOD but showed very divergent results

and because of that IL-15 could not be used as a reliable marker.

4.3. Porphyrins, Blue Light and the LED Toothbrush

The toothbrush used in this study was the commercially available UltraBlu®
which is equipped with a 450 nm emitting LED. It showed a tendency of positive
adjunctive effect to the daily toothbrushing. A toothbrush with a wavelength of
405 nm should theoretically be more suitable for this kind of adjunctive photo-
therapy. A 405 nm version of this toothbrush was under development by the
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manufacturing company, but they were not able to finish it before the end of this
project. This was a limitation in this study. A wavelength of 405 nm has been
suggested to be more effective in a number of studies [22] [39] [40], as well as in
our in vitro studies of bacteria killing efficiency and porphyrin content [17] [18]
[41] [42]. In the latter studies we have shown a connection between the porphy-
rin content in Escherichia coli and the killing efficiency of this bacterium by blue
light at 405 nm. We also showed that at this wavelength, porphyrins are stimu-
lated to produce singlet oxygen.

The proposed mechanism of phototherapy is that endogenous porphyrins,
mainly protoporphyrin IX (PPIX), absorb the light and enter into an exited state
[23]. The excess energy in the molecule can then be transferred to yield reactive
oxygen species (ROS) which are responsible for killing the bacteria. The porphy-
rins present in oral bacteria are mainly intermediates in the endogenous heme
synthesis. These porphyrins all have absorption maxima around 405 nm, while
the absorption of light at a wavelength of 450 nm is much lower [24] [43] [44]
[45]. Since the typical bandwidth at 50% emission level for the LED in the
toothbrush used in this study was around 20 - 30 nm, only a small amount of the
light energy can be adsorbed by e.g. PPIX. That 405 nm should be the optimal
wavelength to include in a LED toothbrush is supported by several other studies.
In a pilot study our research group has demonstrated efficient inhibition of the
growth of A. actinomycetemcomitans cultivated on agar plates when illuminated
with 405 nm LED light (unpublished data). In our study there are only weak in-
dications that the 450 nm toothbrush improves the oral health status of the sub-
jects. The discrepancy between our study and the results in studies by Genina
[27] and others [24] [43] [44] [45], is most likely explained by the differences in
wavelengths of the LEDs used in the toothbrushes.

5. Conclusion

To include phototherapy treatment in a toothbrush represents a novel approach
of interest to daily oral care, since it has the potential to be a promising and cost
efficient adjunctive tool for treating gingivitis and preventing periodontitis. This
study has demonstrated that a toothbrush with an incorporated blue light LED
emitting with an emission maximum at 450 nm was not able to give a sufficient
significant adjunctive effect to toothbrushing with regard to reduction in dental
plaque and gingival inflammation as well as in immunological inflammatory
markers. Still, our suggestion is that antimicrobial blue light incorporated in a
toothbrush could be beneficial if a 405 nm LED is used to obtain optimal photo-
therapeutic effect from a LED toothbrush. In future studies, the phototherapeu-
tic of 405 nm LED toothbrushes should be investigated.
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