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Antimicrobial Effects of Photodynamic Therapy on Patients
With Necrotic Pulps and Periapical Lesion

Aguinaldo Silva Garcez, MSc,* Silvia Cristina Nuiiez, PhD,* Michael R. Hamblin, PbD,"

and Martha Simoes Ribeiro, PhD*

Anstract

This study analyzed the antimicrobial effect of photo-
dynamic therapy (PDT) in association with endodontic
treatment. Twenty patients were selected. Microbiolog-
ical samples were taken after accessing the canal,
endodontic therapy, and PDT. At the end of the first
session, the root canal was filled with Ca(OH),, and
after 1 week, a second session of the therapies was
performed. Endodontic therapy gave a mean reduction
of 1.08 log. The combination with PDT significantly
enhanced the reduction (1.83 log, p = 0.00002). The
second endodontic session gave a similar diminution to
the first (1.14 log), and the second PDT was signifi-
cantly more effective than the first (p = 0.002). The
second total reduction was significantly higher than the
second endodontic therapy (p = 0.0000005). The total
first + second reduction (3.19 log) was significantly
different from the first combination (p = 0.00006).
Results suggest that the use of PDT added to endodon-
tic treatment leads to an enhanced decrease of bacte-
rial load and may be an appropriate approach for the
treatment of oral infections. (J Endod 2007;xx:xxx)
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limination of the pathogenic microflora from the root canal system during endodon-

tic therapy is one of the main goals of endodontic treatment. Microbial infection
plays an important role in the development of necrosis in the dental pulp and the
formation of periapical lesions (1). It is well established that the eradication of bacteria
from root canals is difficult, and current endodontic techniques are unable to consis-
tently disinfect the canal systems (2). Accepted treatment procedures to eliminate the
infection include root canal debridement and mechanical shaping or smoothing (3),
irrigation with disinfectant agents such as sodium hypochlorite or hydrogen per-
oxide, the application of an interappointment dressing containing an antimicrobial
agent, and sealing of the root canal (4). In case of infection, the use of antibiotics
and antiseptics is an alternative approach, but the long-term use of chemical
antimicrobial agents, however, can be rendered ineffective by resistance develop-
ing in the target organisms (5-7).

Studies have shown that in cases when a negative microbiological culture has been
obtained from the root canal at the time of obturation, there is a 94% success rate. On
the other hand, when obturation is performed in a positive culture, the success rate is
reduced to 68%. Previous studies have shown that the shoddier healing of periapical
lesions is more likely in obturated root canals with positive cultures by the end of the
endodontic treatment (8, 9).

Novel approaches to disinfecting root canals have been proposed recently that
include the use of high-power lasers (10) as well as photodynamic therapy (PDT) (11,
12). High-power lasers function by dose-dependent heat generation, but, in addition to
killing bacteria, they have the potential to cause collateral damage such as char dentine,
ankylosis roots, cementum melting, and root reabsorption and periradicular necrosis
if incorrect laser parameters are used (13).

PDT is a new antimicrobial strategy that involves the combination of a nontoxic
photosensitizer (PS) and a light source (14). The excited photosensitizer reacts with
molecular oxygen to produce highly reactive oxygen species, which induce injury and
death of microorganisms (15, 16). It has been established that PS, which possess a
pronounced cationic charge, can rapidly bind and penetrate bacterial cells, and, there-
fore, these compounds show a high degree of selectivity for killing microorganisms
compared with host mammalian cells (17, 18). PDT has been studied as a promising
approach to eradicate oral pathogenic bacteria (19, 20) that cause diseases such as
periodontitis (21), peri-implantitis (22), and caries (23). We recently reported on the
use of PDT using a polyethyleneimine (PEI) chlorin (e6 [ce6]) conjugate and fiberoptic
delivered red light to combat endodontic infection caused by bioluminescent bacteria in
an ex vivo model using extracted human teeth (24). When PDT followed conventional
endodontic therapy, there was significantly more killing and less bacterial growth than
was seen after endodontic therapy alone. Therefore, the aim of the present study was to
test this combination of conventional endodontic therapy followed by antimicrobial PDT
in a clinical trial in patients requiring endodontic treatment.

Materials and Methods
Photosensitizer
The PS used was a conjugate between PEI and ce6, and the synthesis and charac-
terization has been previously described in detail (24, 25). Briefly, high-molecular-
weight—branched PEI (MWt %410,000—25,000; Aldrich Chemical Catalog #40,872-7, Mil-
waukee, MI) was reacted with ce6 (Porphyrin Products, Logan, UT) in the presence of

Please Provide Wordings 1

zjs: Clinical Research ¢ doi: 10.1016/j.joen.2007.10.020

OO0 ~1 O\ W9 Do =

PSR R RS R RN 09 109 t00 9 09 T8 Y 09 (0 Y DY DO DO DY DO DO DO DO DO DO = e b e e e e e e e
N RN NN = OO0 IO N RPN = OO0 IV R WWDN = OO 00 IV W= OO

AQ: 1

VARV, RV, RV, BV, BV, IV, IV, IV, IV, IV NV TSN
O 0 ~1 V1 BN = OO 01



60
61
624¢:2

04
05
06

68
09
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94

96

97

98

99

100
104¢:3
102¢: 4
103
104¢:5
103¢:6
106
107
108
109
11Qq: 7
111
112
113
114
115Q:8
116
117
118
119
120
121

| tapraid2/joe-joen/joe-joen/joe00108/joe2130d08z | manjuk | S=1| 11/15/07 | Art: 581 |

1-ethyl-3- (3-dimethylaminopropyl)-carbodiimide hydrochloride (Sigma,
St Louis, MO). The conjugate was purified by size exclusion chromatogra-
phy and characterized by HPLCon a diol column. The conjugate had an
average substitution ratio of 1 ce6 per PEI chain. It was used in a phos-
phate-buffered saline solution at 60 pmol/L.

Light Source

The illumination was performed with a 300-um diameter fiber-
coupled diode laser (MMOptics, Sdo Carlos, SP, Brazil). The laser de-
livered 660 nm light at a total power of 40 mW without the fiber. The
fiber was initially placed in the apical portion of the root canal at a point
in which resistance to the fiber was just felt and spiral movements, from
apical to cervical, were manually performed to ensure an equal diffu-
sion of the light inside the canal lumen (26, 27). These movements were
repeated approximately 10 times per minute.

Endodontic PDT

The same practitioner performed this study in a private dental
office in Sdo Paulo, Brazil. The patients were selected at random,; they
were in good health and between the ages of 21 and 35. They presented
with symptoms of necrotic pulp and periapical periodontitis, all requir-
ing root canal treatment on teeth with closed apices. The protocol was
reviewed and approved by the Institutional Review Board of the Sao
Paulo University, and all trial procedures were conducted according to
the principles of the Declaration of Helsinki. Written informed consent
was obtained from each subject.

Twenty root canals from anterior teeth (incisors and canines)
were treated. A periapical radiograph was taken for each case to deter-
mine the presence of apical lesion, the canal morphology, the length,
and the number of canals. Only single relatively straight root canal was
selected.

The access to the pulp chamber was gained after the installation of
arubber dam, and then the surrounding area was irrigated with 5 mL of
chlorhexidine solution at 2% to ensure that the crown of the tooth was
with minimal microbial load.

Once the canal was accessed, a K file #10 (Maillefer Instruments
SA, Ballaigues, Switzerland) was inserted inside the canal, approxi-
mately until the apical portion of the canal. The file was moved back-
wards and forwards to remove the necrotic tissue, and then the root
canal was irrigated with 1 mL of sterile saline solution and the canal was
dried with 3 sterile paper points (Dentsply Latin America, Rio de Ja-
neiro, RJ, Brazil) left inside the root canal for 1 minute. All 3 paper
points were combined for initial CFU determination. This procedure
consisted in the first microbiological sample representing the initial
contamination of the root canal. The paper points were deposited in a
sterile bottle with fresh sterile nutrient broth (VMGA I1I).

The canals were prepared with manual instrumentation by K files
using a standard crown-down technique working to 1 mm short of the
working length. The final geometry was conical; the coronal portion of
the canal was prepared with #1, #2, #3 Gates-Glidden drills; and the
apical preparation was made with #40 file resulting in a taper of 0.02.
This allowed a good penetration of the irrigating agents and the inser-
tion of the optical fiber until the full working length. Ten milliliters of
sodium hypochlorite at 2.5% and hydrogen peroxide at 3% were inter-
changed; they were used as irrigating agents between each file using an
endodontic needle (27 G). At the end of the procedure, the root
canals were irrigated with 5 mL of a 17% EDTA (28). The canal was
irrigated with 5 mL of sterile saline solution to remove the antimi-
crobial agent and dried with another 3 paper points (second mi-
crobiological sample).

The solution of the photosensitizer was placed inside the root
canal (0.5 mL) with an endodontic needle and left inside the root canal
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for 2 minutes as a preirradiation time. After this time, the root canal was
irradiated with the diode laser coupled with the optical fiber for 240
seconds (total energy 9.6 J) as described earlier. A brand new fiber was
used for each patient. The root canal was again irrigated with 10 mL of
sterile saline solution to remove the photosensitizer and dried with
another 3 paper points (third microbiological sample).

A calcium hydroxide paste (Ultradent Products, South Jordan, UT)
was placed into the canals. A sterilized cotton ball was placed in the pulp
chamber, and the tooth was dressed with temporary restorative material
(IRM; Dentsply Latin America).

At a subsequent visit 1 week later, each canal was again sam-
pled to evaluate the recolonization, and then a second endodontic
therapy and a second session of PDT was performed following the
same procedures as described previously. Each root canal was then
sealed by using conventional techniques with Sealer 26 (3M,
Sumaré, SP, Brazil), and the tooth was restored with composite
resin (Filtek Z350 3M ESPE, St Paul, MN).

Microhiological Analyses

The method of culture was selected to assess the microbial load of
common aerobes, facultative anaerobes, and microaerophilic such as
Enterococcus sp, Candida sp, Lactobacillus sp, and Porphyromonas
sp found in infected root canals. However no attempt was made to
identify the specific microbial flora during the process (2).

Once they arrived at the microbiological facility, the paper points
were removed from the anaerobic transport medium (VMGA III),
placed inside a 1.5-mL microcentrifuge with BHI broth, and positioned
in a vortex for 30 seconds. One hundred—microliter aliquots were
added to wells of a 96-well plate for serial dilution and streaking on
square BHI agar plates for CFU enumeration according to the method of
Jett et al. (29). The plates were placed inside a microaerophilic cham-
ber with 5% oxygen, 15% carbon dioxide, and 80% nitrogen and incu-
bated for 72 hours at 37°C (30). At each stage of the treatment (initial,
after endodontic treatment, and after PDT), the CFUs were counted.
Survival fractions were calculated from each tooth taking into account
its initial bacterial load.

Statistical Analysis

Values are given as means, and error bars are standard deviations.
Statistical comparisons between means were performed with a paired #
test using Microsoft Excel; 2-tailed p values are reported.

Resuits

The radiographic examination confirmed the diagnosis of necrotic
pulp and periapical lesions for all the patients selected, and the analysis
of the first microbiological sample corroborated the presence of infec-
tion in all teeth. The initial infectious burden did vary widely between
individual teeth with a mean value of 55,214 CFU per 3 paper points
(range, 204,000 to 71). This variation was probably caused by differ-
ences in the internal anatomy and geometry of the individual root canal
systems and the duration of the infections and the presence or absence
of infiltration or caries on the teeth in the beginning of the treatment.
The mean values of infectious burden over all 20 teeth for each stage of
the study and the log reduction for each step plus the appropriate
statistical comparisons are presented in Table 1. The values for individ-
ual log reductions are shown in Figure 1. After the initial endodontic
therapy, the mean infectious burden was reduced to 7,193 CFU (range
48,000 to 6), amean log reduction of 1.08 or 91%. The mean infectious
burden after subsequent PDT was 2,033 (range, 8,900 to 0), a further
mean log reduction of 0.74 or 82%. The overall mean log reduction was
1.83 or 98.5%, and this was significantly greater than that achieved by
endodontic therapy alone (p = 0.0005). None of the root canals treated
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TABLE 1. e0@

Treatment CFU*

Log Reductiont Significance#

55,214 = 78,595
7,193 = 13,549
28,033 = 3,885

Initial

Post 1st endodontic Tx
Post 1st PDT

Total log redn 1st

No. of sterile cultures Endo =0
PDT =2

Recolonization 24,280 = 39,912

Post 2nd endodontic Tx 1,939 = 4,217

Post 2nd PDT 136 + 345

Total log redn 2nd

Total log redn 1st + 2nd

No. of sterile cultures Endo =0
PDT =5

1.08 + 0.39

0.74 = 0.6

1.83 £ 0.75 p=2X10°vsendo
1.14 = 0.31

1.61 = 0.97 p=2x103vs 15t PDT
2.75 + 1.04 p=5Xx10"7vs2"9endo
319+ 1.1 p =6 X 10"°vs 1%®combo

*Mean CFU values (+ standard deviation) from 3 paper points from each of 20 teeth.
Mean log(10) (CFU before)/(CFU after) (+ standard deviation) for each successive treatment.
FA two-tailed paired Student  test assuming unequal variance.

had 100% microbial reduction after endodontic treatment, whereas two
teeth showed total absence of microorganisms after the combination of
endodontic treatment and PDT.

All the root canals showed bacterial recolonization after 1 week
with the mean CFU value being 24,280 (range, 123,097 to 27), but the
recolonization was only about 40% of the original microbial load found.
Log reductions in CFU values achieved in the second treatment are
shown in Figure 2. The second conventional endodontic therapy
achieved a similar reduction in bacterial burden to the first treatment
giving a mean CFU value of 1939 (range, 14,273 to 4), a log reduction
of 1.14 or 92% (Table 1). However, the second PDT produced a further
reduction to 2 mean CFU value of 136 (range, 1,240 to 0), a log reduc-
tion of 1.61 or 97%. This was significantly greater than the reduction
achieved by the first PDT (p = 0.002). The additional reduction
achieved by the second PDT was highly significant compared with end-
odontic therapy alone (p = 0.000001). The overall reduction achieved
by the two successive combination treatments (a log reduction of 3.19
or more than 99.9%) was significantly greater than that achieved by the
first combination treatment (p = 0.00000). Five teeth were completely
free of bacteria after the two combination therapies.

When the results from the individual teeth are inspected, it can be
seen that patients 9 to 12, who had a particularly high infectious
burden, had relatively modest reductions after the first combination
treatment but had some of the highest reductions after the second

combination treatment (Fig. 2) largely because of the enhanced
efficacy of the second PDT.

Discussion

We have previously shown (24) that a combination of conventional
endodontic therapy followed by antimicrobial PDT was highly effective
in reducing bacterial load in an ex vivo model of infected human root
canals in extracted teeth. In that study, we used bioluminescent bacteria
and a conjugate between PEI-ce6 as the PS. The experiments were
performed by illuminating inside the root canal for periods of 1, 2, 3,
and 4 minutes and measuring the contamination by using biolumines-
cent images after each minute of illumination (2.4 J/min). That study
showed that there was a fluence-dependent reduction in contamination
until an energy of 9.6 ] (240 seconds) when a plateau was reached and
further illumination ceased to have a noticeable effect. Therefore, this
fluence was chosen for the clinical PDT trial (24). The positive results of
the preclinical study encouraged us to test this novel combination ther-
apy in a clinical trial. The photosensitizer used, PEI-ce6, is a covalent
conjugate between a basic synthetic polymer (PEI) and a photosensi-
tizer derived from chlorophyll (ce6) that has a pronounced overall
positive charge. It has been designed to bind and penetrate both gram-
positive and gram-negative bacterial cell walls that have negative
charges while not binding strongly to host mammalian cells. Its

Ml log redn endodontic Tx
M logrednPDT
B total log redn

log reduction in CFU

patient 1
patient 2
patient 3
patient 4
patient 5
patient 6
patient 7
patient 8
patient 9

patient 10
patient 11
patient 12
patient 13
patient 14
patient 15
patient 16
patient 17
patient 18
patient 19
patient 20

Figure 1. Log(10) (CFU before)/(CFU after) for each patient (3 paper points) after conventional endodontic treatment, after antimicrobial PDT, and total reduction

after combination therapy.
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patient 5
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log redn 2nd PDT

total log redn 2nd Tx ki
total log redn from initial

patient 10
patient 11
patient 12
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patient 19
patient 20

Figure 2. Log(10) (CFU before)/(CFU after) recolonization for each patient (3 paper points) after second conventional endodontic treatment, after second antimi-
crobial PDT, total log reduction after second combination therapy, and total log reduction after two combination therapies.

binding to bacteria is also rapid, whereas its uptake by mammalian
cells is slow because of its large molecular weight (circa 12,000).
These two reasons account for its selectivity for bacteria over host
cells in antimicrobial PDT. PEI-ce6 has not received regulatory ap-
proval for human use, but ceb6 itself has been used in PDT clinical
trials in Europe and Asia (31).

Some studies (2, 5, 8) have shown that culturing of root canal
microflora is complicated, and it demands microbiological facilities in
close proximity to the dental office to ensure that microorganisms do
not die in transit. However, it is the most effective short-term means of
evaluating the disinfection of root canals in vivo (2). To avoid this
problem, canal samples were cultured within 1 hour after the sample
had been taken. It was decided that a quantitative method to count the
total microorganisms assessed inside the root canal would be appro-
priate because the aim of this study was to verify the number of micro-
organisms present after endodontic treatment and subsequent antimi-
crobial PDT.

In conventional endodontic treatment of infected root canals, re-
ducing the bacterial count is accomplished by a combination of me-
chanical instrumentation, various irrigation solutions, and antimicro-
bial medication or dressings placed into the canal (27). PDT is a
treatment that can be delivered as an addition to conventional endodon-
tic therapy and produces a remarkable additional reduction in bacterial
burden. Moreover it appears that a second PDT treatment is even more
effective than the first PDT. The reason for this observation is probably
that the recolonization of microorganisms occurs in a less complex
biofilm compared with the initial infection that is probably in a fully
developed biofilm where even the polycationic PS finds difficulty in fully
penetrating. Another possible reason could be that the higher pH pro-
moted by the calcium hydroxide paste used between appointments
could improve the photoreaction because it has been reported that the
probability of reactive oxygen species production, in particular singlet
oxygen, is improved in alkaline environment (32). Furthermore, as in
the second treatment, the number of viable microorganisms was
smaller than in the first treatment; the reactive oxygen species formed
during PDT had a bigger chance of producing an irreparable oxidative
stress because of the ratio between reactive oxygen species and micro-
organisms.

Comparing our results with in vitro studies, Seal et al. (12) and Lee
et al. (11) have reported results using PDT in root canal treatments;
both authors have used phenothiazine-based PS and low-intensity red
lasers against gram-positive bacteria but did not use an optical fiber to
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access the root canal lumen. Seal et al. (11) found that 3% sodium
hypochlorite irrigation killed more Streptococcus intermedius in the
endodontic biofilms than PDT with 100 wg/mL toluidine blue and 21
J of 632 nm laser light. Garcez et al. (27) using Enterococcus faecalis,
amore relevant endodontic pathogen, and an optical fiber to access the
root canal and the same methodology for irradiation achieved better
results than the cited authors. These results undoubtedly indicate the
use of an optical fiber to improve the irradiation in root canals. The fiber
probably distributes homogeneously the light inside the root canal guar-
anteeing a better photoreaction; also, the technique of irradiation using
helicoid movements may have contributed to the results.

Literature about antimicrobial PDT shows surprisingly few reports
of its use to treat localized infections in vivo. The in vivo studies of
Bonsor and coworkers (2, 33) using tolonium chloride as the photo-
sensitizer and a diode laser coupled with an optical fiber as a light
source were successful in eliminating all the microorganisms found in
the initial root canal infection. The use of a chelating agent after instru-
mentation, in our case EDTA instead of citric acid used by Bonsor, acts
as a cleaner and disrupter of the biofilm expanding the access of the PS
to the canal system.

Working in vivo is more complex because the variance of root
canal anatomy is higher than in a controlled in vitro experiment. How-
ever, the results in vivo for the combined treatments were even better
than those obtained in the ex vivo study with extracted teeth. It is pos-
sible that in vivo the surrounding tissue could promote light back-
scattering, thus increasing the number of photons available to the pho-
toreaction.

In conclusion, our results suggest that the use of PDT as an adju-
vant to conventional endodontic treatment leads to a significant further
reduction of bacterial load, and a second PDT is even more effective
than the first. Antimicrobial PDT offers an efficient nontoxic means of
destroying microorganisms remaining inside the root canal system after
using conventional endodontic chemomechanical therapy.
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