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Antimicrobial photodynamic therapy (APDT) has gained increased attention as an alternative treatment approach in various
medical fields. However, the effect of APDT using visible light plus water-filtered infrared A (VIS + wIRA) on oral biofilms re-
mains unexplored. For this purpose, initial and mature oral biofilms were obtained in situ; six healthy subjects wore individual
upper jaw acrylic devices with bovine enamel slabs attached to their proximal sites for 2 h or 3 days. The biofilms were incubated
with 100 pg ml~" toluidine blue O (TB) or chlorin e6 (Ce6) and irradiated with VIS + wIRA with an energy density of 200 mW
cm 2 for 5 min. After cultivation, the CFU of half of the treated biofilm samples were quantified, whereas following live/dead
staining, the other half of the samples were monitored by confocal laser scanning microscopy (CLSM). TB- and Ce6-mediated
APDT vyielded a significant decrease of up to 3.8 and 5.7 log,, CFU for initial and mature oral biofilms, respectively. Quantifica-
tion of the stained photoinactivated microorganisms confirmed these results. Overall, CLSM revealed the diffusion of the tested
photosensitizers into the deepest biofilm layers after exposure to APDT. In particular, Ce6-aided APDT presented elevated per-
meability and higher effectiveness in eradicating 89.62% of biofilm bacteria compared to TB-aided APDT (82.25%) after 3 days.
In conclusion, antimicrobial photoinactivation using VIS + wIRA proved highly potent in eradicating oral biofilms. Since APDT

excludes the development of microbial resistance, it could supplement the pharmaceutical treatment of periodontitis or

peri-implantitis.

Recent years have seen intensified attempts in microbiological
research to eliminate dental plaque biofilms, the most persis-
tent microbial community in the oral cavity. This is due to the fact
that biofilm-associated infections such as caries, periodontal dis-
ease, and peri-implantitis are etiologically related to pathological
shifts in the supragingival and subgingival dental plaque biofilms
(1, 2). These microbial communities possess resilient survival ca-
pabilities due to complex intrabiofilm cell-cell communication
channels. Among them, metabolic exchange, horizontal gene
transfer via matrix-mediated endogenous or exogenous DNA,
and quorum sensing in the presence of small molecules promote
microbial adaptation to adverse environmental conditions (3). As
a result, oral biofilm bacteria can be up to 1,000 times more resis-
tant to chemotherapeutic agents, local antimicrobials, and host
defense mechanisms than their planktonic counterparts (4, 5).
Moreover, the favorable outcomes of mechanical biofilm detach-
ment are often reversed by a tendency toward biofilm conceal-
ment at oral sites beyond reach, such as root canals with challeng-
ing anatomy, impassable furcation defects, and deep periodontal
pockets (6). The treatment of polymicrobial dental infections is
also challenged by intra- or interindividual disparities. Hence, the
introduction of novel target-specific treatment approaches sup-
plementary to the conventional therapeutic reservoir is consid-
ered crucial for the efficient control and eradication of biofilm-
related oral diseases.

In view of the adverse outcomes in established oral biofilm
treatments, the implementation of antimicrobial photodynamic
therapy (APDT) paved the way for a compelling, noninvasive,
biofilm-targeted, photochemical method which can be used
against dental infections. At the outset of the 20th century, APDT
as initially developed was used solely to target malignant and in-
fected skin cells of the human body (7). Since then, its application
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spectrum has broadened to include dental therapeutic protocols,
such as light-induced inactivation of periodontal pathogens or
treatment of cancerous oral lesions, among others (8). APDT
combines the use of a nontoxic local photosensitizer with an in-
nocuous source of visible light and oxygen (9). Toluidine blue O
(TB), methylene blue (MB), chlorin e6 (Ce6), hematoporphyrin,
and erythrosine belong to the most used biodegradable cationic
photosensitizing agents, capable of selectively infiltrating the cy-
toplasmic membrane of bacterial cells and yeasts upon activation
by illumination (10). The action mode of APDT primarily in-
volves the excitation of the photosensitizer to a high-energy triplet
state. The latter subsequently interacts either with the organic sub-
strate or with endogenous molecular oxygen via electron and hy-
drogen atom detachment, yielding reactive oxygen species (ROS),
e.g., hydrogen peroxide (H,O,), superoxide ion (O, ) and free
hydroxyl radical (-HO) (type I reaction). Alternatively, the reac-
tion of the activated photosensitizer with molecular oxygen leads
to the emergence of highly reactive singlet oxygen ('O,) (type II
reaction) (11). As a result, protein or lipid disintegration and se-
lective target destruction occur (12).

Regarding the light sources which can be used for APDT, the
generation of harmless, low-power visible light at the longest
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wavelength or wavelength range of the photosensitizer’s absorp-
tion spectrum is a fundamental prerequisite. To date, various laser
devices (argon, diode, or neodymium doped: yttrium, aluminum,
and garnet [Nd:YAG] lasers) and nonlaser light generators (halo-
gen or light-emitting diode [LED] lamps) have been utilized for
APDT protocols (13). The monochromaticity and high perfor-
mance potential of lasers, their high costs, and their limited appli-
cability for photosensitizers with different maximum absorption
peaks render the use of expensive, heavyweight, single-wavelength
laser units unfavorable (14). Low-priced LED appliances also have
a restricted emission wavelength spectrum, while wide-band hal-
ogen lamps can induce tissue overheating (13). Hence, the devel-
opment of a broad-band light source which contains visible-light
(VIS) wavelengths in combination with water-filtered infrared A
(WIRA) wavelengths has ushered APDT into a new era. VIS +
wIRA is portable, inexpensive, and highly flexible in terms of the
photosensitizers which can be used (15). The main thermal effects
of wiIRA encompass increased tissue oxygen partial pressure,
higher local temperature, and higher perfusion levels, thereby in-
ducing chronic wound healing and pain reduction (16). More-
over, due to its significant subcutaneous tissue penetration, wIRA
counteracts the immense thermal stress on the external tissue lay-
ers (17, 18). Lastly, the nonthermal impact of wIRA consists of
enhanced antimicrobial properties in the presence of endogenous
or bacterial protoporphyrin IX (19).

Even though APDT using VIS + wIRA and TB thoroughly
eliminated the initial oral bacterial colonization ex vivo in a previ-
ous study carried out by our group, to date there are no clinical
data on the antimicrobial impact of this technique utilizing differ-
ent photosensitizers on in situ-grown initial and mature oral bio-
films (20). In light of the established efficacy of APDT using VIS +
wIRA and TB on initial oral bacterial adhesion, the rationale for
the present study was to describe the treatment protocol for a
novel experimental APDT approach with the use of VIS + wIRA,
thereby assessing its effectiveness against in situ-formed initial and
mature oral biofilms. For this purpose, intact oral biofilms grown
in situ on bovine enamel slabs (BES) within the oral cavity for 2 h
or 3 days, respectively, were treated with APDT using VIS + wIRA
in the presence of either TB or Ce6 as a photosensitizer. In addi-
tion to determination of CFU, the treated biofilm was also visual-
ized and quantified by live/dead staining. The results demon-
strated significant eradication of oral biofilm bacteria using
APDT. To the best of our knowledge, this is the first time that the
effect of VIS + wIRA combined with TB or Ce6 has been tested on
in situ initial and mature oral biofilms.

MATERIALS AND METHODS

Selection of study participants and test specimens. After giving their
written informed consent, six healthy volunteers between 25 and 54 years
of age participated in the study. The study protocol was reviewed and
approved by the Ethics Committee of the University of Freiburg (no.
91/13). A thorough clinical oral examination was conducted prior to the
experiments. DMFT (decayed, missing, filled teeth) values of 4.5 * 3 were
measured, saliva flow rates were estimated at 1.2 = 0.3 ml/min, and lactate
formation rates of 2.5 = 0.6 (on a scale from 1 to 9) were detected. The
following exclusion criteria applied to this study: (i) severe systemic dis-
ease, (ii) diseases of the salivary glands, (iii) presence of carious lesions or
periodontal disease, (iv) pregnancy or lactation, (v) use of antibiotics or
local antimicrobial mouth rinses such as chlorhexidine (CHX) within the
last 30 days.

In order to prepare the test specimens, the buccal surfaces of the bo-
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FIG 1 Individual upper jaw acrylic appliance with the enamel slabs placed in
different locations. The specimens were positioned at the front (f), in the
middle (m) and in the back (b), on both sides, right (R) and left (L), of the
appliance. The exposed surfaces were attached to the tooth enamel with
silicone.

vine incisors of freshly slaughtered 2-year-old cattle were detached and
modified into cylindrical enamel samples (diameter, 5 mm; 19.63-mm?
surface area; height, 1 mm), as has been described (21). Prior to tooth
extraction, examination of cattle with the IDEXX laboratories bovine
spongiform encephalopathy (BSE) diagnostic kit (Ludwigsburg, Ger-
many) had confirmed the absence of BSE. Afterwards, the enamel surfaces
of all specimens were polished by a wet grinding machine (Knuth-
Rotor-3; Streuers, Willich, Germany) using sandpaper (abrasive grading
scales from 250 to 4,000 grit) in decreasing order of grain size. The bur-
nished bovine enamel slabs (BES) were then controlled under a light mi-
croscope (Wild M3Z; Leica GmbH, Wetzlar, Germany) and were finally
cleansed. The disinfection protocol of BES involved ultrasonication in
NaOCl (3%) for 3 min to wash off the superficial smear layer, air drying,
and then ultrasonication in 70% ethanol for 3 min. The disinfected BES
were then ultrasonicated twice in double-distilled water for 10 min and
finally deposited in distilled water for 24 h to hydrate before application in
the oral cavity (22).

Individual upper jaw acrylic appliances were fabricated for each study
participant, and six BES were anchored on their proximal sites using an
A-silicon compound (Panasil initial contact X-Light; Kettenbach GmbH
& Co. KG, Eschenburg, Germany), as described elsewhere (22). In order
to facilitate the exposure of the BES surfaces to the oral cavity, their mar-
gins were fully covered by the impression material (Fig. 1). The BES were
subsequently fixed to the interdental area between upper premolars and
molars, so that the movements of the tongue or cheek would not disturb
biofilm formation in the following 2 h or 3 days. For each time period,
every individual carried a total of 12 BES. Each participant wore the BES-
incorporating acrylic appliances twice for each period to provide a suffi-
cient number of BES for the APDT assays that followed.

Light source and photosensitizers. For the ex vivo assays, a broad-
band VIS + wiIRA radiator (Hydrosun 750 FS; Hydrosun Medizintechnik
GmbH, Miillheim, Germany) with a 7-mm water cuvette was used. In
addition, an accessory orange filter, BTE 31, was adapted to the light
generator. In contrast to the common orange filter BTE 595, the fitted
BTE 31 filter allowed more than a doubled weighted effective integral
irradiance in terms of the absorption spectrum of protoporphyrin IX. As
a result of the absorption of water molecules, the continuous water-fil-
tered spectrum covered a wavelength range from 570 nm to 1,400 nm,
with local minima at 970 nm, 1,200 nm, and 1,430 nm (23). The un-
weighted (absolute) irradiance of 200 mW cm > VIS + wIRA was applied
to the samples for 5 min, consisting of approximately 48 mW cm~* VIS
and 152 mW cm ™2 wiRA.

The broadband light source used in this study allowed optimal light
absorption by the applied photosensitizers. The photosensitizing agents
used were toluidine blue O (TB) (C,;H,4CIN;S; Sigma-Aldrich, Munich,
Germany) and chlorin e6 (Ce6) (C;,H;,N,Og; Frontier Scientific, Logan,
UT, USA). TB and Ce6 were diluted in 0.9% saline solution (NaCl) to a
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FIG 2 Schematic representation of antimicrobial photodynamic therapy us-
ing visible light (VIS) plus water-filtered infrared A (WIRA). Under the influ-
ence of abroadband VIS + wIRA radiator with a water-filtered spectrum in the
range of 570 to 1,400 nm, the tested photosensitizers toluidine blue (TB) and
chlorin e6 (Ce6) reached an excited-singlet state. Their activation led to an
interaction with oxygen (O,), which resulted in the production of various
reactive oxygen species (ROS), like singlet oxygen. The latter are considered to
intoxicate initially adherent microorganisms and resistant structures such as
oral biofilms.

Ceb

final concentration of 100 wg ml~". Prior to use, the freshly prepared TB
and Ce6 solutions were kept in the dark at 4°C for no longer than 14 days
to prevent any light-induced photochemical alterations. The optical ab-
sorption band of TB extended from 500 nm to 700 nm. The visible ab-
sorption maximum (\,,) of TB was 630 * 4 nm; A, of TB were also
observed at 570 nm and 650 nm (24). The optical absorption measure-
ment of Ce6 revealed maximum absorption peaks at around 403 = 2 nm
(Soret band) and 664 = 3 nm (Q band), respectively (25).

APDT protocol for oral biofilms. Each volunteer carried an individ-
ual upper jaw acrylic appliance to which six BES were fixed for 2 h or 3
days. This procedure was performed twice for each subject and time pe-
riod. After the oral biofilms had been obtained in situ, the BES were re-
moved from the oral cavity. Sterile tweezers were used to detach the silicon
from the samples, which were then rinsed off with sterile 0.9% NaCl for 30
s. Two specimens out of a total of six BES per participant served as controls.
Specifically, one 0.2% CHX-treated plate was used as a positive control, and
one untreated biofilm sample served as a negative control. The remaining
four biofilm-covered BES were treated with APDT ex vivo. VIS + wIRA was
applied to two of the BES in the presence of 100 wg ml~"' TB and to the other
two BES with 100 wg ml~* Ce6. For the application of APDT, the BES were
placed in multiwell plates (24-well plate; Greiner bio-one GmbH, Fricken-
hausen, Germany) and incubated with the photosensitizers for 2 min in the
dark, in duplicate. Afterwards, the VIS + wIRA radiation was applied for 5
min at 37°C (Fig. 2). Subsequently, the BES were transferred into multiwell
plates with 1 ml 0.9% NaCl, and the adherent microorganisms were finally
quantified by determination of the CFU. Additional biofilm samples were
obtained from a second cycle for each time point and visualized by live/dead
staining, as described below.

Quantification of the adherent oral biofilm microorganisms. In
brief, sterile small foam pellets (Voco GmbH, Cuxhaven, Germany) were
used to brush off the reverse dentine surfaces of the BES and their upright
side margins. The BES were then washed with 1 ml 0.9% NaCl for 10 s to
dislodge the nonadherent microorganisms, inserted into sterile Eppen-
dorf tubes (Eppendorf GmbH, Wesseling-Berzdorf, Germany) with 1 ml
0.9% NaCl, ultrasonicated for 2 min in 1 ml NaCl on ice, and finally
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vortexed for 30 to 45 s to release the microorganisms from the surfaces.
Afterwards, the suspensions of untreated BES (negative control) and
CHX-treated BES were serially diluted up to 1:10% in 0.9% NaCl; an equiv-
alent dilution series (10" to 10~?) was also prepared for the treated BES.
Subsequently, aerobic and facultative anaerobic bacteria were cultivated
on Columbia blood agar plates (CBA; Becton Dickinson, Heidelberg, Ger-
many) at 37°C and 5% to 10% CO, for 5 days. Anaerobic bacteria were
cultivated on yeast-cysteine blood agar plates (HCB; Becton Dickinson,
Heidelberg, Germany) at 37°C for 10 days (anaerobic chamber; Genbox
bioMérieux SA, Marcy I'Etoile, France). The number of CFU per ml was
determined using the Gel Doc EQ universal hood (Bio-Rad Life Science
Group, Hercules, CA, USA). Each measurement was repeated twice.

Live/dead staining and CLSM. For the live/dead staining and confocal
laser scanning microscopy (CLSM) assay, the fluorescent SYTO 9 stain
and propidium iodide (PI) (Live/Dead BacLight bacterial viability kit; Life
Technologies GmbH, Darmstadt, Germany) were used (26). The green
fluorescence stain SYTO 9 can penetrate both intact and disrupted cell
membranes. The latter are selectively permeable for red-fluorescent PI.
Hence, viable bacterial cells fluoresce green, whereas damaged cells fluo-
resce red. At first, the fluorescent agents were diluted in a 0.9% NaCl
solution to a final concentration of 0.1 nmol ml~". The biofilm-covered
BES were then placed into multiwell plates and were stained with 1 ml
SYTO 9-PI in 0.9% NaCl per well in a dark chamber for 10 min at room
temperature. The stained BES were subsequently placed face down onto a
drop of NaCl solution in a chambered cover glass (p. Slide 8 well; ibidi
GmbH, Munich, Germany) and were then analyzed using CLSM (Leica
TCS SP2 AOBS; Leica, Mannheim, Germany) with a 63X water immer-
sion objective (model no. HCX PL APO/bd. BL, 63.0 X 1.2 W; Leica,
Mannheim, Germany). For the quantification of oral biofilm vitality after
the APDT, the obtained initial and mature biofilms were screened at three
representative positions. In brief, for each experimental time period (2 h
or 3 days), a total of 18 biofilm locations, namely, three positions for each
of the 6 BES per subject, were examined. The upper and lower boundaries
of the oral biofilm at each of the three selected locations were determined
and used for the calculation of mean biofilm thickness. Afterwards, bio-
films were scanned in the Z direction at these three points, yielding optical
sections with a thickness of approximately 0.5 pm, each taken at 2-pm
intervals throughout the biofilm layers. In order to minimize the risk of
spectral overlap, sequential scanning was utilized. Each standard image
was transformed into a digital image with a resolution of 1,024 X 1,024
pixels. The zoom setting was 1.7, corresponding to physical dimensions of
140 by 140 pm. The measurement was conducted in duplicate. Initial oral
biofilms exposed solely to either TB or Ce6 in the absence of VIS + wIRA
and served as supplementary controls for visualization. Representative
images were acquired for demonstration of the results.

Image analysis. Image analysis was performed as described elsewhere
(27). The program LSM Image Browser (Zeiss, Oberkochen, Germany)
was utilized to yield the maximal projection of each image stack and,
hence, to quantify the covering grades of the scanned biofilm points. The
red-and-green projections were then converted into merged black-and-
white (B/W) images by the image analysis program MetaMorph 6.3r7
(Molecular Devices Corporation, Sunnyvale, CA, USA), and B/W inten-
sity thresholds were manually set for each of the measured biofilm regions
to define the total surface area colonized by viable and nonviable micro-
organisms. The statistical significance of the resulting covering grades of
live and dead cells (percent positive within the total scanned biofilm re-
gion) was further analyzed.

Statistical analysis. For a descriptive evaluation of the data, the means
and standard deviations were computed. A Friedman test was used to
check for overall differences between the test groups regarding the micro-
bial load. A ¢ test with a Bonferroni correction (multiple testing) was used
for pairwise group comparisons, due to the limited power of a nonpara-
metric test related to small sample size. Diagrams of the viable bacterial
counts on the log,, scale per square centimeter (log,,/cm?) were graphi-
cally displayed, stratified by biofilm age (initial/mature) and type of mi-
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FIG 3 Graphs of the numbers of CFU, demonstrating the photodynamic efficiency against aerobic and anaerobic oral microorganisms during initial adhesion
(A and B) and biofilm formation (C and D), respectively. Toluidine blue (TB) and chlorin e6 (Ce6) served as photosensitizers. An untreated negative control and
a chlorhexidine-treated (CHX) positive control were also tested after 2 h or 3 days, respectively. The CFU are presented on a log,, scale per square centimeter
(log,o/cm?). The P values (f test) of the significantly different data are marked on the graphs.

croorganism (aerobic/anaerobic). An analysis of variance (ANOVA) was
conducted to analyze the differences in vitality results for the APDT-
treated biofilms and the controls. P values were adjusted by using the
method of Scheffé. For each examined group (control, CHX, TB, and
Ce6), the continuous-response variable was displayed as a boxplot of the
detected viable oral microorganisms and separately as a boxplot of biofilm
age (initial/mature). All calculations were done with the statistical soft-
ware STATA 13.1.

RESULTS

APDT significantly decreased the viable counts of oral microor-
ganisms during initial adhesion. Figure 3A and B show the high
eradication rates of initially adherent oral aerobic (Fig. 3A) and
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anaerobic (Fig. 3B) microorganisms after the application of APDT
using VIS + wIRA in the presence of TB and Ce6, plus the un-
treated negative and positive (CHX) controls. APDT induced a
substantial reduction of more than 99.99% in the viable bacterial
countafter 2 h of initial microbial adhesion in situ, independent of
the photosensitizer.

Regarding the initially adherent oral aerobic microorganisms
in particular (Fig. 3A), the untreated control revealed a log,, CFU
value of 4.2 = 0.3 (median, 4.15), while the CFU counts of the
CHX-treated positive control were 0.2 = 0.5 log,,. The applica-
tion of APDT using TB yielded a significant decrease (P = 0.009)
of 3.8 CFU (mean, 0.88 = 1; median, 0.62) on a log,, scale, while
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Ce6-mediated APDT also induced a significant reduction (P =
0.004) of 3.7 log,, CFU (mean, 0.89 = 1; median, 0.61).

APDT proved to be highly effective against initially adherent oral
anaerobic microorganisms (Fig. 3B). Compared with the untreated
negative control exhibiting CFU values of 4.15 % 0.5 (median, 4.13),
APDT using TB (mean, 0.4 * 0.63) significantly (P = 0.0006) re-
duced the CFU counts by 3.7 log,,. Similarly, APDT using Ce6
(mean, 0.59 * 1.44) significantly reduced (P = 0.029) the numbers of
viable anaerobic microorganisms by 3.7 log, , compared with the un-
treated control. No cultivable anaerobic bacteria were detected after
treatment with CHX (positive control).

APDT significantly reduced the number of cultivable micro-
organisms within mature oral biofilms. Figure 3C and D dem-
onstrates the elevated elimination rates of aerobic (Fig. 3C) and
anaerobic (Fig. 3D) microorganisms within the oral biofilm after
treatment with VIS + wIRA-derived APDT in the presence of TB
and Ceb6 as well as of the untreated negative and positive (CHX)
controls. Upon use of APDT combined with either TB or Ce6, the
viable counts of oral biofilm microorganisms were significantly
suppressed, corresponding to a minimum reduction of 99.9% in
the 3-day-old biofilm.

As for the aerobic biofilm bacteria, TB-mediated APDT (mean,
2.73 = 2.19; median, 3.47) yielded a significant CFU decline (P =
0.038) of 4.37 log,, compared with the untreated negative control
(mean, 7.1 * 0.36; median, 7.08). In the same manner, applica-
tion of Ce6-mediated APDT (mean, 1.41 * 2.18) significantly
lowered (P = 0.007) the CFU counts by 5.7 log,, compared to the
negative control, i.e., it exhibited effectiveness similar to that of
CHX (mean, 0.42 = 1.03).

The high-level of antimicrobial activity for APDT was also con-
firmed for the anaerobic biofilm microorganisms. The untreated
3-day oral biofilms contained on average 6.87 = 0.16 log,, (me-
dian, 6.87) of viable anaerobic bacteria, which were substantially
diminished by 3.53 log,, (P = 0.037) and 4.33 log,, (P = 0.043)
after the application of APDT using either TB (mean, 3.34 + 1.81;
median, 3.69), or Ce6 (mean, 2.54 * 2.28, median, 2.53), respec-
tively. The CHX-treated 3-day biofilms (mean, 0.48 *= 1.19)
showed a reduction in CFU (P > 0.1) comparable to that seen in
the APDT-treated groups.

Live/dead assays revealed surprisingly high bactericidal ac-
tivity for APDT against oral biofilms. The quantitative results of
the remaining vital bacteria detected by the live/dead assay during
initial adhesion (2 h) and oral biofilm formation (3 days) after
APDT using VIS + wIRA and two different photosensitizers (TB,
Ce6) are depicted in Fig. 4 in the form of boxplots.

Without any treatment, 74.47% of the BES (negative control)
was coated with viable, initially adherent bacteria (Fig. 4A). Sta-
tistical analysis revealed substantial differences (P < 0.001) in the
percentages of vital bacteria between biofilms receiving TB-medi-
ated APDT (20.7%) or Ce6-mediated APDT (12.12%) and the
untreated control. In fact, in the presence of Ce6, significantly
more microorganisms were killed (P = 0.001) than with TB. A
total of 17.27% of the bacteria remained vital after treatment with
CHX, corresponding to the amounts yielded with APDT.

APDT using VIS + wlRA and either TB or Ce6 demonstrated
significantly reduced vitality percentages (P < 0.001) of 17.75%
and 10.38%, respectively, compared with the untreated mature
biofilms (82.12%) (Fig. 4B). Ce6-mediated APDT showed higher
efficacy in eliminating biofilms (P < 0.001) than TB-aided APDT
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FIG 4 Boxplots depicting percentages of the live oral microorganisms as de-
tected by live/dead staining after the application of photodynamic therapy
during initial adhesion (A) and biofilm formation (B), respectively. Toluidine
blue (TB) and chlorin e6 (Ce6) served as photosensitizers. An untreated neg-
ative control and a chlorhexidine-treated (CHX) positive control were also
examined after 2 h or 3 days, respectively. The internal line represents the
median; whiskers indicate minimum and maximum. The P values (ANOVA,
Scheffé adjustment) of the significantly different data are provided.

and the CHX-treated controls (16.43%). The percentages pre-
sented above are all median values.

Figure 5 shows representative cross-sectional CLSM images of
live/dead stained initial oral biofilms (2 h) after the application of
APDT using VIS + wIRA and TB or Ce6 as photosensitizers.

Regarding the untreated control (Fig. 5A), a dense accumula-
tion of viable (green) bacteria on BES was detected. Interestingly,
initial oral biofilms exposed solely to either TB (Fig. 5E) or Ce6
(Fig. 5F) in the absence of VIS + wIRA also retained their viability
and biomass volume. Very few cells were nonviable (red). The
majority of coccoid or filamentous microorganisms, mainly strep-
tococci, exhibited diverse arrangements of single cocci, mono- or
multistratified chains, and three-dimensional bacterial aggregates

Applied and Environmental Microbiology


http://aem.asm.org

Antimicrobial Photoinactivation of Oral Biofilms

FIG 5 Confocal laser scanning microscopic (CLSM) images depicting the photodynamic effect on initial microbial adhesion (2 h) after live/dead staining. The
panels illustrate the live (green) and dead (red) microbial populations of the untreated negative control (A), the chlorhexidine-treated (CHX) positive control
(B), and the toluidine blue (TB)-treated (C) and chlorin e6 (Ce6)-treated (D) groups in the presence of VIS + wIRA and the TB-treated (E) and Ce6-treated (F)
groups in the absence of VIS + wIRA. Each panel demonstrates maximum projections of the imaged area on the bovine enamel surface. Bars, 20 pm.

varying in size. In contrast to the negative controls, the spatial
structure of initial oral biofilms treated with VIS + wIRA using
either TB (Fig. 5C) or Ce6 (Fig. 5D) was markedly distinct. In fact,
the APDT-treated biofilms were less confluent and irregularly dis-
tributed, probably due to detachment of the nonviable microor-
ganisms. Apart from cell-substratum separation, APDT caused
cell death of the majority of the attached bacteria, which was also
seen for the CHX-treated biofilms (Fig. 5B).

CLSM images showed high permeativity of TB and Ce6
within APDT-treated oral biofilms. Figure 6 depicts representa-
tive cross-sectional CLSM images of live/dead stained mature oral
biofilms (3 days) after the application of APDT using VIS + wlRA
and the photosensitizer TB or Ce6.

December 2014 Volume 80 Number 23

Inspection of the untreated control biofilms revealed numer-
ous, densely organized viable (green) microorganisms (Fig. 6A) in
various configurations. Very few homeostasis-associated nonvia-
ble cells (red) were also present. On the other hand, treatment of
mature oral biofilms with CHX (positive controls) induced a mas-
sive loss in cell viability, as depicted by the numerous red-stained
bacteria (Fig. 6B). However, sparse green areas indicated the exis-
tence of persistent cells within the biofilms. The biofilms treated
with APDT and either TB (Fig. 6C) or Ce6 (Fig. 6D) included a
vast amount of dead microorganisms without any detectable al-
teration of the average biofilm thickness. Interestingly, visual ob-
servation of the Z-section CLSM galleries (Fig. 6C and D) reflected
the different degree of biofilm permeability, dependent on the
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FIG 6 Z-section galleries of representative confocal laser scanning microscopic (CLSM) images depicting the photodynamic effect on oral biofilm formation (3
days) after live/dead staining. The panels illustrate the live (green) and dead (red) microbial populations of the untreated negative control (A), the chlorhexidine-
treated (CHX) positive control (B), and APDT-treated groups in the presence of either toluidine blue (TB) (C) or chlorin e6 (Ce6) (D). The multiple Z sections
in panels A to D were generated by vertical sectioning in 0.5-pwm (A) or 2.0-wm (B to D) intervals through the sample above the bovine enamel surface,

respectively. Bars, 20 pm.
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photosensitizer. In particular, the oral biofilm was more perme-
able to Ce6 than for TB, as highlighted by the increasing amount of
viable microorganisms in the deeper biofilm layers after exposure
to TB-mediated APDT.

DISCUSSION

The present report establishes for the first time a potent target-
specific antimicrobial photodynamic approach using VIS + wIRA
with two different photosensitizing agents (TB and Ce6) to treat in
situ-formed initial and mature oral biofilms. The innovation of
this study is the assessment of VIS + wIRA as a light source for
APDT. Technically, VIS + wIRA is a broad-band heat radiation
generated by a halogen lamp with a continuous spectrum of un-
polarized light emission within the range of 570 to 1,400 nm (17).
After the radiation passes through a water filter, which absorbs or
decreases harmful infrared B and C radiation, the remaining in-
frared A can deeply penetrate the target tissues with a low thermal
load (28). To date, therapy with VIS + wIRA has been mainly
utilized in dermatology for the treatment of superficial skin tu-
mors, wound healing, and pain alleviation (29, 30). The extension
of its application in the microbiological field, i.e., for postopera-
tive infection defense, or photoinactivation of oral pathogenic mi-
croorganisms, can be attributed to the advanced antimicrobial
properties of VIS + wIRA (20).

In order to accentuate the amount of the emitted water-filtered
infrared A (wIRA; in the range of 780 to 1,400 nm), a visible light
(VIS) source with an accessory orange filter (within the range of
570 to 780 nm) can be utilized (31). As a result, amplified energy
and, thus, greater amounts of oxygen due to increased metabolic
rates are transmitted to deeper tissue layers, avoiding thermal
stress on tissue surfaces (32). Beside its nonthermal effects, wIRA
has an advantageous stimulatory impact on cytochrome c oxidase,
aregulatory enzyme with absorption maxima at 620, 680, 760, and
825 nm (33, 34). Within cytochrome ¢ oxidase, VIS serves as an
electron trigger, while wIRA activates an internal electron transfer,
leading to increased production of ATP in the initial phase of
several cellular signaling cascades (35). From a physiological point
of view, the use of high spectral irradiance such as VIS + wIRA
allows optimal photoactivation of cytochrome ¢ oxidase and was
therefore chosen as the main APDT light source in our study. The
application of wIRA alone would not be effective, as the tested
photosensitizers can be excited only within the range of VIS (31,
32). The favorable outcomes of the application of VIS + wIRA
compared with VIS alone were also highlighted in previous re-
ports (16, 31).

The main antimicrobial traits of VIS + wIRA are demon-
strated directly by improving both cellular energy and oxygen
supply, thereby increasing the production of reactive oxygen spe-
cies (ROS) and singlet oxygen ('O,) (type I and II reactions) (32).
Moreover, in contrast with other conventional APDT light
sources (laser and nonlaser radiators), VIS + wIRA has the advan-
tage of promoting photobactericidal effects during APDT in an
indirect way (31). In particular, VIS + wIRA can activate immu-
noregulatory mechanisms to prevent inflammation and induce
capillary vasodilation (18). As a result, increased blood circulation
enables active distribution of antibiotics to the infected sites and
the elimination of bacterial endotoxins (36, 37). Due to the deep
tissue penetration of VIS + wIRA (up to 3 c¢m), the bacterial
growth of deep-seated microorganisms is inhibited, especially at
subcutaneous locations with low (9 to 39%) antibiotic diffusion
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rates (16). Interestingly, VIS + wIRA triggers the production of
protective proteins such as ferritin, which avert further cell dam-
age (38). Radiators emitting VIS + wIRA were found to be less
painful than LED devices and extremely safe when applied with
different treatment doses of up to 30 min (23, 38, 39). However,
the moderate treatment duration of 5 min applied in our report
proved to be effective and more realistic for everyday dental clin-
ical practice.

The use of bovine enamel slabs simulates a representative sub-
stratum model for the study of bacterial adherence to tooth sur-
faces because they share physicochemical features with adaman-
tine human dental tissues. Large numbers of reproducible planar
bovine enamel surfaces can be easily obtained. The use of artificial
tooth substrata was omitted because the composition of their bio-
films can show discrepancies with those growing on natural tooth
surfaces (40). Regarding CLSM imaging, enamel autofluorescence
did not interfere with obtaining fluorescence signals from the in
situ oral biofilms, despite the contradictory findings in a previous
report (41).

CFU quantification showed that an energy density of 200 mW
cm ™2 with a photosensitizer (TB or Ce6) concentration of 100 g
ml ™}, the bacterial cell counts of 2-h- and 3-day-old oral biofilms
showed a logarithmic reduction up to factors of 3.8 and 5.7, re-
spectively. This is in agreement with the outcomes of a previous
study from our group on APDT using VIS + wIRA, in which
successful outcomes were achieved against initially (2 h) in situ-
adherent bacteria at even lower TB concentrations of up to 10 pg
ml ™% (20). Similarly, encouraging APDT-induced CFU reduction
was observed in numerous in vitro studies with various other light
sources and photosensitizers (42—45). Regarding oral pathogenic
bacteria in particular, the posttreatment decrease in viable bacte-
rial counts has also been confirmed in several in vitro studies to
date (28, 46—49). For instance, Pfitzner et al., using diode laser-
mediated APDT and the Ce6 and BLC 1010 photosensitizers at
concentrations of 10 wM, were able to thoroughly inactivate oral
anaerobic microorganisms, i.e., Porphyromonas gingivalis, Fuso-
bacterium nucleatum, and Capnocytophaga gingivalis (46). Fur-
thermore, Zanin et al. showed that APDT with an LED energy
density of 85.7 ] cm ™~ in the presence of TB (0.1 mg ml™ ") signif-
icantly reduced the cell count of Streptococcus mutans biofilms
from 7.45 X 107 to 3.75 X 10° CFU mg~' (47). However, the
estimation that about 50% of the oral species are not cultivable is
an inherent limitation of the culture method (50).

Use of the live/dead viability assay not only supplemented the
CFU quantification results but also enabled nondestructive visu-
alization of the APDT-treated oral biofilms, thereby reflecting the
diffusion rates of the tested photosensitizers into the biofilms. The
number of vital microorganisms declined significantly after
APDT with TB or Ce6, confirming the outcomes of CFU quanti-
fication. This suggests that a posttreatment decrease in green flu-
orescence signals can be proportionally attributed to photosensi-
tizer incorporation within the bacterial cells rather than to
competitive inhibition, namely, the interference of TB or Ce6 with
the binding of the live/dead dyes to intracellular targets. A similar
tendency was also shown in several in vitro reports concerning the
application of various APDT methods and photosensitizers to
bacteria (51-53). Nevertheless, Pfitzner et al. interpreted their
contradictory results as resulting from the presence of fluorescent
photosensitizers, which possibly make the measured number of
nonvital microorganisms stained with SYTO 9-PI inaccurate
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(46). Interestingly, oral biofilms treated solely with either TB or
Ce6 in the absence of VIS + wIRA remained viable. Similarly, the
application of radiation without the photosensitizing agent
proved to be ineffective in terms of bacterial photoinactivation in
previous studies (54-56). This highlights the importance of the
combined use of the photosensitizers with the appropriate APDT
light source.

TB, a cationic phenothiazinium-based stain, contains potent
monomer and dimer photodestructive species, which directly at-
tach to and dismantle the exterior layers of bacterial cells (57).
With regard to Gram-negative bacteria in particular, the photo-
dynamic molecules bind to specific negatively charged lipopoly-
saccharide (LPS) sites on the outer cell membranes. Concerning
Gram-positive species, receptors localized to teichuronic acid
(TUA) recognize dye aggregates on the external peptidoglycan
surfaces (58, 59). After excitation, the accumulated TB invades the
bacterial cytoplasm via membrane stress, thereby destroying pho-
tolabile proteins and lipids or even inducing modest DNA degra-
dation (60). Compared to the phenothiazinium salt methylene
blue (MB), TB induces greater phototoxicity (61). In fact, its
higher intracellular concentration is attributed to the increased
solubility of TB in the hydrophobic bacterial membrane (58). On
the other hand, the hydrophilic TB exhibits limited diffusion into
the double-layered phospholipid membrane of the mammalian
cells, resulting in low cytocidal effects on host cells, as highlighted
in several previous studies (62, 63). This is an encouraging fact for
the future clinical application of this photosensitizer (64).

Indeed, the photobactericidal effectiveness of TB was con-
firmed in our report by the massive reduction (more than 99.99%)
in the amount of viable aerobic and anaerobic bacterial counts
after application of TB-mediated VIS + wIRA. Nevertheless, the
detailed assessment of CLSM images of live/dead stained micro-
organisms revealed limited intrabiofilm dye permeability and
therefore a lower bactericidal performance for TB than Ce6. This
can be attributed to LPS-associated alterations on the surfaces of
different anaerobic Gram-negative bacteria, mostly situated
within the deeper layers of the biofilm (65). As a result, the ad-
sorption of TB to LPS or other bacterial membrane biopolymers
was presumed to be inhibited, since the dye’s dimerization ability
was negatively affected (57). Furthermore, TB probably failed to
intercalate into extracellular DNA within the polysaccharide ma-
trix, leading to incomplete diffusion of the photosensitizer to
reach microorganisms within the deeper layers of the biofilm (51).

In order to compensate for potential photobleaching of TB
under the influence of microorganisms, the photosensitizer chlo-
rin e6 (Ce6; C5,H;4N,O4) was also tested (66). Ce6 is a chlorophyll
a-based second-generation photosensitizing agent, which is de-
rived from the green seawater alga Chlorella (Chlorella ellipsoidea)
(67). Except for the fractional saturation of a pyrrole ring, its
structural resemblance to porphyrins is responsible for the vary-
ing, pH-dependent charge of the molecule (68). As a result, the
partition coefficient P and thereby its lipophilicity increase with
declining pH values, leading to a higher Ce6 uptake by nonspecific
lipoprotein targets on the bacterial membrane, especially in the
presence of infrared radiation (69). The long-lasting photoexcited
triplet state of Ce6 can also be considered a favorable photophysi-
cal feature of this plant-derived photosensitizer (68, 70). Interest-
ingly, Ce6 also showed affinity for human serum albumin and
low-density lipoproteins (LDL) (71). In terms of cytotoxicity, Ce6
alone has no significant toxic effects on host cells (72). Only in
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combination with locally administered photodynamic irradiation
does Ce6 exhibit enhanced tumor-phototoxic properties, as it se-
lectively accumulates in various intracellular targets of cancer cells
(73). Other advantages of Ce6 include low-cost preparation, un-
complicated and rapid synthesis, and complete adsorption within
bacterial target cells (67).

Ce6, carrying three carboxylic groups, showed a highly photo-
sensitizing effect in this study. This is the reason that this molecule
was chosen, as it allowed indirect comparison of the phototoxic
potential of the carboxylic group number compared to the dicar-
boxylic porphyrins (71). Ce6 actually outperformed TB in terms
of its photodestructive effect against live/dead-stained initial and
mature dental plaque biofilms. As depicted in the CLSM images,
Ce6 succeeded in deeply permeating the thicker 3-day-old oral
biofilm. A plausible explanation for this phenomenon is the in-
crease in the more acidic pH-activated Ce6-binding sites on the
hydrophobic bacterial surfaces in the presence of pH values lower
than 5.0 within the biofilms (5, 71). The latter are usually induced
by acid formation via the glycolytic pathway of streptococcal car-
bohydrate metabolism (5). Furthermore, favorable alterations in
cellular protein synthesis in the context of acid tolerance response
(ATR) could promote intracellular adsorption of Ce6 (74). The
superior photoactive efficiency of Ce6, although not statistically
significant, was only partially supported by the CFU quantifica-
tion of anaerobic microorganisms. This could imply the existence
of a process of long-term inherent biofilm recovery which is not
depicted by the live/dead viability assay and which is reflected
solely by immediate bacterial cell death.

Another factor that determines the effectiveness of APDT is the
preillumination exposure time of the photosensitizer (58). This
implies that various chemically different photosensitizing agents
need some time to reach the intracellular target locations of bac-
teria through translocation mechanisms, mainly diffusion or en-
docytosis (75). We therefore pre-exposed the biofilms to TB or
Ce6 for 2 min in the dark in order to enable a better distribution
of photosensitizer within the bacterial cells. It was shown that
photosensitizer adsorption initially takes place in hydrophobic
regions of the cytoplasmic membrane and later becomes more
evident at other adjacent sites (28).

In conclusion, antimicrobial photoinactivation using VIS +
wIRA in the presence of different photosensitizing agents (TB and
Ce6) proved highly effective at treating in situ-formed initial and
mature oral biofilms. Therefore, APDT could be added to the
reservoir of novel antimicrobial strategies to supplement conven-
tional resistance-evoking oral pharmaceuticals. In the future, the
application of similar methodological approaches should aim to
investigate the effectiveness of novel photosensitizing agents in
combination with VIS + wIRA, as well as to study the impact of
APDT by VIS + wIRA on dental patients suffering from perio-
dontitis or peri-implantitis.
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