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In vitro activity of photoactivated disinfection using a diode laser in
infected root canals
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Abstract

Objective. To investigate the lethal activity of photoactivated disinfection (PAD) on Enterococcus faecalis (ATCC 29212) and
mixed populations of aerobic or anaerobic bacteria in infected root canals using a diode laser after the application of a
photosensitizer (PS). Materials and methods. First, the bactericidal activity of a low power diode laser (200 mW) against
E. faecalis ATCC 29212 pre-treated with a PS (toluidine blue) for 2 min were examined after different irradiation times (30 s,
60 s and 90 s). The bactericidal activity in the presence of human serum or human serum albumin (HSA) was also examined.
Second, root canals were infected with E. faecalis or with mixed aerobic or anaerobic microbial populations for 3 days and then
irrigated with 1.5% sodium hypochlorite and exposed to PAD for 60 s. Results. Photosensitization followed by laser
irradiation for 60 s was sufficient to kill E. faecalis. Bacteria suspended in human serum (25% v/v) were totally eradicated after
30 s of irradiation. The addition of HSA (25 mg/ml or 50 mg/ml) to bacterial suspensions increased the antimicrobial efficacy of
PAD after an irradiation time of 30 s, but no longer. The bactericidal effect of sodium hypochlorite was only enhanced by PAD
during the early stages of treatment. PAD did not enhance the activity of sodium hypochlorite against a mixture of anaerobic
bacteria. Conclusions. The bactericidal activity of PAD appears to be enhanced by serum proteins iz vitro, but is limited to
bacteria present within the root canal.
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Introduction

Disinfection of the root canal system is crucial in
endodontics. Mechanical instruments alone are not
effective at reducing bacterial counts in the infected
root canal due to the complex anatomy of the root
[1,2]. Failed endodontic treatment often leaves
bacteria within the root canal system. Photoactivated
disinfection (PAD) is a novel method that is used to
treat endodontic inflammation and other inflamma-
tory diseases, such as periodontitis [3,4]. Photody-
namic therapy (PDT) was originally developed as a
therapy for pre-malignant diseases, tumors and other
oral lesions [5]; however, PAD is increasingly being
used in the field of dentistry [6]. PAD is effective at
reducing bleeding on probing in patients undergoing

periodontal maintenance [7]. It is also as efficient
method as the local delivery of antibiotics in cases
of early peri-implantitis [8]. One clinical study,
focusing on endodontic treatment, showed that
PAD eliminates bacteria from root canals [9].

PAD is based on the principle that a photoactivated
substance (a photosensitizer; PS) is bound to a target
cell (pathogenic bacteria in this case) and then
activated by irradiation with light, at a specific
wavelength; the resulting free radicals, such as singlet
oxygen species, destroy the pathogenic bacteria
[6,10]. PAD uses a non-toxic dye (a PS), which is
activated by a visible light source. Methylene blue,
toluidine blue and acridine orange are all potent PSs
[11]. Both the dentine tubule fluid [12] and the
gingival crevicular fluid contain serum, the main
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protein constituent of which is human serum albumin
(HSA) [13]. The concentration of HSA in human
plasma is between 3.5-5% (and up to 4% in
inflammatory exudates) [14], where it exists in two
states: mercaptoalbumin (reduced state) and
non-mercaptoalbumin (oxidized state) [15]. The
infected root canal system contains different tissues,
bacteria and inflammatory exudates; the latter con-
tains numerous proteins, including albumin [16].
A previous study shows that leakages along root canal
fillings enabled bovine serum albumin (BSA) to
penetrate into the root canal [17]. Indeed, several
studies have used BSA to investigate the effects of
albumin. BSA reduces the antimicrobial activity of
chlorhexidine [16,18] and sodium hypochlorite [14]
and appears to affect the efficacy of more modern
antibacterial treatments, including PAD [11]. To the
best of our knowledge, there are no reports examining
the possible effects of HSA on the bactericidal
properties of PAD.

Enterococcus faecalis is one of the most important
micro-organisms responsible for failed root canal
treatments [19,20]. However, using nucleic acid
based techniques it has been shown that the micro-
biota causing treatment failures are more complex,
often being a mixture of aerobes and anaerobes [21].
Therefore, the aims of this study were: (i) to examine
the in ovitro antibacterial activity of PAD against
E. faecalis ATCC 29212 in the presence of serum
or HSA; and (ii) to examine the ability of PAD, in
combination with different dental irrigants, to disin-
fect root canals infected with E. faecalis or defined
mixed cultures of aerobic or anaerobic bacteria.

Materials and methods
Specimen preparation

A total of 125 extracted human single-rooted
permanent teeth, with neither an open apical foramen
nor a distinct root curvature, were selected for the
study. The crowns were removed with a diamond saw
at a defined root length of 15 mm from the apex. Root
canals were prepared in a standard manner using the
Mtwo NiTi rotary system (VDW, Munich, Germany)
according to the manufacturer’s protocol. The single-
length technique was employed, and the instruments
(0.04 taper, sizes #10 to #40) were used to the full
working length of the root canal. After sterilization at
121°C for 5 min, the prepared roots were coated with
the self-curing resin, Paladur® (Heraeus, Hanau,
Germany), to prevent any penetration of bacteria
or diffusion of substrates through the dentine. Fifty
prepared roots were used for the short-term experi-
ments, whereas 75 prepared roots were used in the
experiments lasting up to 4 days after application of
the disinfectant (long-term experiments).

Microorganisms

Enterococcus faecalis ATCC 29212 was maintained by
sub-cultivation on Columbia agar (BioMerieux,
Cambridge, UK) containing 8% sheep blood. The
bacteria were suspended in 0.9% v/v NaCl and the
concentration adjusted to yield an optical density of
0.1 at a wavelength of 640 nm (Bio-Rad SmartSpec
3000, Bio-Rad Laboratories, Philadelphia, PA).

In addition to monocultures of E. faecalis ATCC
29212, the root canals were inoculated with a mixed
culture of aerobic bacteria mixture (E. faecalis
WKI16-1 and Shewanella putrefaciens WK16-2) or a
mixed culture of anaerobic bacteria (Actinomyces nae-
slundiin WK2-1, Bifidobacterium adolescentis WK2-2,
Peprostreptococcus sp. WK2-3, and Eggerthella lenta
WK2-4). Both mixtures were isolated from failed,
infected human root canals. The bacteria were
suspended in nutrient broth (brain heart infusion
broth [Oxoid, Basingstoke, UK] for the aerobes
and Schaedler broth [Oxoid] for the anaerobes)
and inoculated into the root canals. The roots were
then incubated for 3 days. The nutrient broth was
changed daily.

Laser

A low power diode laser (PACT 200-Laser®;
Cumdente Ltd, Tiubingen, Germany) with a power
output of 200 mW was used for irradiation. The light
emitted from the laser had a wavelength of 632—
644 nm, i.e. visible red light. For all experiments,
laser light was applied to the root canals using ‘PACT
Light Guide Endo’ tips. After loading the root canals
with the photosensitizer, the tips were placed into the
root canals until slight contact with the canal walls
occurred, which was at a depth of ~5 mm.

Photosensitizer

PACT-200® solution (Cumdente Ltd, Tiibingen,
Germany), which contains toluidine blue as the PS,
was used according to the manufacturer’s instruc-
tions. For PAD, the PS was applied 2 min before
exposure to the laser light.

Photoactivated disinfection of Enterococcus faecalis

E. faecalis samples were suspended in 0.9% v/v
sodium chloride (NaCl), adjusted to ODgsonm =
0.1 and diluted 1:100 with 0.9% v/v NaCl (equivalent
to a concentration of 5 x 10° bacteria/ml). Aliquots
(10 ul) of each sample were placed in Eppendorf
tubes and 10 ul of PS was added to half of them (10 pl
0f 0.9% v/v NaCl were added to the remaining tubes,
which were used as ‘laser only’ controls). The
tubes were then divided into eight groups: control,
PS only, laser irradiation only (30 s, 60 s and 90 s)



and PAD (PS plus laser irradiation for 30 s, 60 s or
90 s). After the respective treatments, 80 ul of 0.9%
NaCl were added to each tube; 25 ul was then
removed, serially 10-fold diluted and plated on
Columbia agar plates containing 8% sheep blood.
After incubating the plates for 24 h at 37°C, the
number of colony forming units (cfu) was counted
and expressed as Log; cfu.

Next, bacterial suspensions were adjusted to
OD¢40nm = 0.2 and mixed (1:1 v/v) with inactivated
human serum (Sigma-Aldrich Chemie GmbH,
Buchs, Switzerland) or 0.9% NaCl. These mixtures
were then mixed (1:1 v/v) with either PS or 0.9%
NaCl (control tubes with and without serum, respec-
tively). Again, the tubes were divided into eight
groups: control groups (with or without serum at a
final concentration 25%, v/v) and PAD groups (30 s,
60 s or 90 s, each with or without serum). After PAD,
the samples were examined as described in the pre-
vious section. Finally, HSA (25 mg/ml or 50 mg/ml
final concentration) was added to the samples instead
of serum. The tubes were then split into 12 groups: no
HSA, 25 mg/ml or 50 mg/ml HSA, each with its
appropriate controls, and PAD (30 s, 60 s or 90 s
and 0 s). After PAD, the tubes were processed as
described in the previous section. All experiments
were made in independent duplicates.

Photoactivated disinfection of infected root canals

For the short-term experiments, 50 roots were infected
with E. faecalis ATCC 29212 and then divided into five
groups (n=10 per group). One group was left untreated
(control). The roots in the other four groups were
irrigated with 5 ml 0f 0.9% NaCl to mimic the mechan-
ical effects of root canal irrigation. One group was not
treated further (NaCl alone), one group was exposed to
PAD (PS plus irradiation) for 60 s, one group was
treated with the PS alone and one group was irradiated
for 60 s alone.

Seventy-five roots were used for the long-term
experiments (25 per experiment). After infection
and incubation, the teeth were irrigated with 2.5 ml
of 0.9% NaCl. Thereafter, the 25 roots used for each
experiment were split into three groups: one group
was used as a control (no further treatment; n = 5),
one group was irrigated with 2.5 ml of 1.5% sodium
hypochlorite solution (NaOCl; # = 10) and one group
was irrigated with 2.5 ml of 1.5% sodium hypochlorite
solution followed by PAD for 60 s (z = 10).

Microbial samples were taken after 5 min of
treatment by inserting paper points (ISO 40) into
the root canals for 30 s. Microbial samples obtained
from the teeth used in the short-term experiments
were serially 10-fold diluted and 25 pl aliquots were
plated on agar plates and incubated at 37°C. Two
days later, the number of cfu was counted. Samples
were obtained from each tooth after 5 min of
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treatment (dO; baseline) and nutrient broth was
added to the root canals. Microbial samples were
then taken from the root canals after a further 2 (d2)
or 4 (d4) days of incubation to examine if, after an
initial suppression, the bacteria were able to re-grow.
The samples were plated on tryptic soy agar plates
(Oxo0id) to cultivate E. faecalis ATCC 29212 or the
mixture of aerobic bacteria. To culture the mixture of
anaerobic bacteria, samples were plated on Schaedler
agar. For the long-term experiments, mainly focusing
on a total eradication of bacteria as an outcome, the
number of cfu was recorded semi-quantitatively.

Statistical analysis

For the short-time experiments, the number of cfu
was counted, expressed as log;o cfu, and tested for
normal distribution using the Kolmogorov Smirnov
test. One-way ANOVA (with the post hoc LSD mod-
ification) was used to examine differences between
groups. Non-parametric tests (the Kruskal-Wallis test
and the Mann-Whitney test) were used to compare
treatment outcomes between groups. The Wilcoxon
test was used to compare the results at follow-up with
those at baseline between the respective groups. All
statistical analyses were performed using SPSS
version 21.0 (SPSS Statistics, IBM Corporation,
New York, NY). The level of significance was set
to p < 0.05.

Results

Effect of photoactivated disinfection on Enterococcus
faecalis ATCC 29212 in suspension

E. faecalis ATCC 29212 in suspension was completely
eliminated by PAD for 60 s or 90 s, whereas PAD for
30 s resulted in a 2 log;o cfu reduction in the number
of cfu. The experiments conducted in the presence/
absence of serum showed that maximum killing was
achieved by PAD in the presence of serum. No viable
bacteria were recovered from serum-containing
samples, regardless of the irradiation time. However,
a reduction depending on the irradiation time was
observed in the samples without serum. The results of
the experiments designed to examine the effects of
HSA were dependent on the irradiation time. In the
absence of HSA, killing rates improved as the irradi-
ation time increased. In contrast, >99.9% of the
bacteria were killed after 30 s of irradiation in the
presence of HSA (either 25 mg/ml or 50 mg/ml)
(Figure 1).

Photoactivated disinfection of Enterococcus faecalis

ATCC 29212 in root canals

Irrigation of infected root canals with 5 ml of
0.9% NaCl solution decreased the cfu count by
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Figure 1. Number of Enterococcus faecalis ATCC 29212 colony forming units (cfu)/ml after treatment in suspension. Number of cfu derived
from suspensions of Enterococcus faecalis ATCC 29212 after (A) treatment with a photosensitizer (PS) alone, treatment with laser irradiation for
30, 60 s or 90 s or after photoactivated disinfection (PAD; PS + laser) for 30 s, 60 s or 90 s. (B) Number of cfu after treatment with PAD (30s,
60 s or 90 s) in the presence or absence of 25% inactivated human serum. (C) Number of cfu after treatment with PAD (30's, 60 s or 90 s) in the
presence or absence of human serum albumin (HSA; 25 mg/ml or 50 mg/ml). The number of cfu is expressed as the log;o cfu.

1.14 £ 0.23 log,o (p < 0.001). Irrigation plus
laser irradiation and PS alone did not significantly
reduce the cfu count further. Irrigation plus
PAD resulted in a reduced cfu count (reduced by

0.72 £ 0.23 log;o cfu) compared with irrigation
alone (» = 0.033). None of the treatments
resulted in the complete eradication of bacteria
(Figure 2).
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Figure 2. Number of Enterococcus faecalis ATCC 29212 colony forming units (cfu) derived from infected root canals before irrigation, after
irrigation with 5 ml of 0.9% NaCl solution (control), after irrigation with 5 ml of 0.9% NaCl solution plus laser irradiation (light, 60 s), after
treatment with a photosensitizer (PS) alone and after photoactivated disinfection (PAD) alone. The number of cfu is expressed as log;, cfu.

Long-term results of photoactivated disinfection of root
canals

The root canals were irrigated with NaOCI before
treatment with PAD, which is the normal procedure
during endodontic treatment. In roots infected with
E. faecalis ATCC 29212, the bactericidal activity of
PAD (as an adjunct to NaOCI) was only apparent at
d0 (p = 0.001). Neither NaOCI alone or NaOCl plus
PAD had a significant activity on the bacterial load at
d2 or d4 (Figure 3A). However, the aerobic mixture
comprising E. faecalis WK16-1 and S. putrefaciens
WK16-2 was susceptible to irrigation by NaOCI
(p = 0.003) and to treatment with NaOCIl plus
PAD (p = 0.001) at dO; although neither regimen
was effective at later time points (Figure 3B). The
mixture of anaerobic bacteria (four different
Gram-positive species) was very susceptible to both
treatment regimens; all bacteria were completely
eradicated at d4 (Figure 3C).

Discussion

The elimination of bacteria and their by-products
from infected root canals is vital if endodontic treat-
ment is to be successful. Novel approaches to root
canal disinfection include the application of high
powered lasers and the use of PAD. Previous studies
show that PAD significantly decreases the bacterial
load in infected root canals [5,22,23].

In the present study, PAD after the application of a
PS efficiently killed E. faecalis ATCC 29212 in

suspension. In suspension cultures containing a
moderate bacterial load of E. faecalis ATCC
29212, all of the pathogens were eradicated after
an irradiation time of 60 s. This observation is in
line with the effects reported by other studies that
used other laser systems in conjunction with a PS
[24,25]. As observed in the present study, PAD is
more potent in the presence of human serum. The
absorption of the PS (toluidine blue in this case) is
affected by variations in the cell walls of Gram-
positive and Gram-negative bacteria [26]. PAD
may oxidize the proteins and fats present in
human serum, resulting in the formation of free
radicals [26], which penetrate and damage the
bacterial cells. Also, a recent study identified an
interaction between PAD and bacterial virulence
factors, which results in a decrease in the activity
of bacterial proteases [27].

The present study showed that, in the presence of
HSA, an irradiation time of 30 s had a greater bac-
tericidal activity against E. faecalis than irradiation
times of 60 s or 90 s. Serum albumin is an important
antioxidant; however, it can itself be oxidized [28]. It
may be that the structure of the HSA molecule is
altered upon exposure to laser light or to the activated
PS; thus, the protein may disintegrate after exposure
to longer pulses of irradiation (60 s or 90 s), thereby
losing its antibacterial activity. Further studies are
needed to clarify the effects of PAD in the presence
of human serum and HSA.

The experiments involving E. faecalis-infected
roots shed further light on the results of the
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Figure 3. Number of teeth with no, <10, <50, <100, <500 and >500 colony forming units (cfu) derived from (A) Enterococcus faecalis ATCC
29212, (B) a mixed aerobic population and (C) an anaerobic population isolated from infected root canals after irrigation with 2.5 ml of 0.9%
NaCl solution (control), irrigation with 2.5 ml of 1.5% sodium hypochlorite (NaOCI) and after irrigation with 2.5 ml of 1.5% sodium
hypochlorite (NaOCI) plus photoactivated disinfection (NaOCl + PAD) up to 4 days (d4) after treatment.

experiments involving bacterial suspensions. Irriga-
tion of the infected roots with saline solution, which
mimics the mechanical characteristics of root canal
irrigation, eliminated 92% of the bacteria. Although
PAD killed 70% of the remaining bacteria, the total

reduction was still only ~98%. None of the experi-
ments resulted in 100% eradication. These results
are in good agreement with those of Foschi et al.
[23], who reported that PAD treatment of root canals
in vitro destroyed 77.5% of E. faecalis.



In the 4-day experiments, the root canals were
always irrigated with NaOCI before PAD. However,
most studies examined chemical disinfection before
PAD [29,30]. The findings of the present study
confirm those of a previous study showing that the
antibacterial action of NaOCIl enhances the activity of
PAD in the short-term [3]; however, we found that, in
the longer-term, irrigation with NaOCI plus PAD was
no better than irrigation with NaOCI alone. These
results are in line with those of Souza et al. [29], who
found that irrigation with NaOCI plus PAD did not
result in improved outcomes.

NaOCI or NaOCI plus PAD had a long-lasting (up
to 4 days) effect on the anaerobic mixture; however,
roots infected with E. faecalis ATCC 29212 or the
aerobic mixture always showed bacterial re-growth.
Moreover, treatment with PAD plus NaOCI appeared
to be no more effective than treatment with NaOCI
alone. This may be due to the survival of E. faecalis
within the deeper dentin layers. A previous study
showed that bacteria may survive in these deep layers
even after treatment with PAD plus chemical disin-
fection [31]. The surviving bacteria in the dentin
tubuli can then re-colonize the root canals.

It is difficult to translate the findings of the present
study to the clinic because little data is available from
clinical trials evaluating the effects of photodynamic
therapy. To date, the only clinical study focusing on
PAD as an endodontic treatment shows that treat-
ment with PAD plus different disinfecting irrigants,
followed by filling with calcium hydroxide paste for
1 week, was able to completely eradicate bacteria from
root canals [9]. Hence, further studies are needed to
evaluate the clinical utility of PAD.

Conclusions

The present study shows that PAD plus irrigation
with NaOCI acts bactericidal against anaerobic
bacteria but does not completely eradicate aerobic
bacteria from infected root canals, although there is
some evidence that human serum might increase the
activity of PAD.
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