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A B S T R A C T

Bacterial elimination using antimicrobial photodynamic therapy (aPDT) has been considered an alternative
therapeutic modality in peri-implantitis treatment. The present in vitro study evaluated the dose-dependent and
pH-dependent bactericidal effects of methylene blue (MB)-mediated aPDT at eliminating Gram-negative (P.
gingivalis and A. actinomycetemcomitans) and Gram-positive (S. mutans) bacteria on sandblasting, large-grit and
acid-etching (SLA)-pretreated titanium alloy. The effects of different MB concentrations (50, 100, and 200 μg/
mL), the pH of the MB (4, 7, and 10), and irradiation time (0, 30, and 60 s) on the bacterial viability and residual
lipopolysaccharide (LPS) levels were examined. The variations in the pH of the MB solution after aPDT for 60 s
on the uncontaminated and contaminated specimens were also detected. The experimental results indicated that
MB-mediated PDT could effectively kill the majority of bacteria on the titanium alloy surfaces of biofilm-con-
taminated implants compared with the MB alone. Of note, aPDT exhibited better antibacterial efficacy with
increase in the MB concentration and irradiation time. While treated in an acidic solution on the biofilm-con-
taminated specimens, aPDT caused the pH to increase. By contrast, the initially high alkaline pH decreased to a
value of about pH 8.5 after aPDT. Intriguingly, the neutral pH had minor changes, independent of the MB
concentration and bacterial species. As expected, aPDT with higher MB concentration at higher pH environment
significantly lowered the LPS concentration of A. actinomycetemcomitans and P. gingivalis. On the basis of the
data, the aPDT with 200 μg/mL MB at pH 10 for 60 s of irradiation time might be an effectively treatment to
eliminate bacteria and LPS adherent to titanium surface, however, the use of the multispecies biofilm model and
the evaluation of in vitro osteogenesis needed to be further evaluated.

1. Introduction

Microbial biofilms play a vital role in the development of dental
caries, periodontitis, and peri-implant diseases [1–3]. The formation of
polysaccharide matrix-enclosed biofilms is based to the intricate in-
teractions between a surface and microbial cells. In particular, insoluble
polysaccharides favor the formation of dental plaque, biofilm stability,
and structural integrity, which are less susceptible to antimicrobial
agents [4–6]. Among biofilm-associated diseases, peri-implantitis could
result in the pocket formation and loss of supporting bone during the
destructive inflammatory process [7]. Peri-implantitis has been esti-
mated to take place in 10.7–47.2% of dental implant patients within 10
years of post-treatment observation [8]. The major purpose of peri-
implantitis therapy has been to eliminate all bacterial deposits on the
implant surface. Although several debridement methods such as

mechanical debridement have been reported for the treatment of peri-
implantitis, some of them would damage the implant surface [9]. For
example, air-powder abrasive system effectively eradicates surface
contamination, but it may produce microscopically visible alteration
and its application in the narrow vertical bone defect is limited [10].
Mechanical debridement instruments made from plastic and other non-
metals have been applied to avoid damaging titanium surfaces during
instrumentation. However, these non-metallic instruments are in-
effective for removing bacterial plaque and calcium depositions [11].
Removal of the adhered bacteria and their byproducts, such as LPS, on
the dental implants has proven problematic because of the screw-
shaped design and surface microstructure of implants [12]. The initial
bacterial adhesion resides in the areas of high surface free energy and
inside the pits and grooves of the roughened surfaces [13], which in
turn accumulate more plaque. Moreover, the efficacy of debridement
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has varied in different clinical cases [14]. In addition, the etiopatho-
genesis of peri-implantitis is not well delineated [15]. Thus, the most
effective treatment for peri-implantitis has not been conclusively es-
tablished.

In an attempt to reduce the prevalence rate, antibiotic therapy is
often recommended for patients receiving periodontitis and peri-im-
plantitis treatment procedures. The use of systemic antibiotics as an
adjunct in the treatment of periodontal disease is essential, but overuse
of antibiotics has been a major culprit in the production of drug-re-
sistant organisms. The increasing bacterial resistance to antibiotics adds
to the demand for more specific methods for bacterial eradication like
laser therapy [16]. Bacterial elimination using laser has been in-
vestigated previously and is considered an alternative therapeutic
modality in periodontal therapy [10,17]. However, PDT may overcome
the drawbacks of using high power laser, such as tissue damage, bone
and pulpal lesions. The non-invasive aPDT to control biofilm forma-
tion/growth has attracted much interest [5,6,9]. The aPDT method
applies the local delivery of visible light to living tissue, especially for
irradiation of infected tissues previously exposed to a photosensitizer.
The aPDT has emerged as an attractive alternative in the treatment of
peri-implantitis to reduce bacteria and LPS adherent to titanium im-
plant surface without causing damage of surface microstructure [18]. A
series of studies have addressed that it is possible to kill bacteria with a
light source from a low power laser after the microorganisms have been
sensitized with a low concentration of photosensitizers, such as me-
thylene blue (MB) [18–20] or toluidine blue O (TBO) [16]. Abduljabbar
suggested that the mechanical debridement with adjunct aPDT was
more effective in the treatment of peri-implant diseases compared with
the mechanical debridement alone [21].

The most important component in aPDT process is photosensitizer.
Methylene blue (MB) as a photosensitizer has been widely used for
aPDT. Its concentration and pH are important factors for practical
bactericidal applications. MB may induce either the formation of ra-
dical (type I) or singlet oxygen (type II) species, which the yield of
singlet oxygen (1O2) depends on the pH of the medium [20]. In addi-
tion, MB-sensitized photolysis rates are higher at basic pH than acidic
pH [22]. Thus, the solution pH used in the aPDT would be an evinced
parameter for treatment of peri-implantitis on the dental implant. A
search of the literature shows a paucity of articles addressing the effects
of MB concentration, pH value of MB, and irradiation time on the
eliminating efficacy of the infected titanium implants. It is worthy to
verify the synergetic effect of the three factors during the aPDT process.
In particular, systematic studies to explore aPDT in acid or alkaline
environments on peri-implantitis therapy are still rare. Concerning the
implant systems, SLA has always been used for the surface treatment of
the commercially available titanium dental implants to increase the
osseointegration [14,23] because the SLA-pretreated implants could
possess a significantly high surface micro-roughness. However, the
complex topography of the surface makes the peri-implantitis difficult
to completely therapy. For this reason, in this work the SLA-pretreated
Ti alloy was used as a substrate to investigate the antimicrobial efficacy
of MB-mediated PDT. It is hypothesized that the appropriate MB con-
centration at optimal solution pH under a feasible irradiation time was
effective at eradicating bacteria adhered on SLA-pretreated implant
surfaces in vitro. Gram-negative (P. gingivalis and A. actinomycetemco-
mitans) and Gram-positive (S. mutans) bacteria were selected for in-
vestigating bacteria resistance to photoinactivation. Accordingly, a
systematic analysis for the effect of MB concentration (50, 100, and
200 μg/mL) and pH (4, 7, and 10) for 30 and 60 s of irradiation time on
the antimicrobial efficacy against three bacterial species was per-
formed. The variations in the pH of the MB solution were examined
after aPDT. More importantly, LPS levels remaining on the SLA-pre-
treated Ti surfaces were also evaluated because the biofilms in-
activated/killed by aPDT could remain on the implant surface, which
would facilitate subsequent microbial adhesion.

2. Material and methods

2.1. Preparation of titanium alloy

Commercially available 3 mm-thick Ti-6Al-4 V alloys (ASTM F136-
84; Titanium Industries, Parsippany, NJ, USA) of 10× 10mm2 were
selected as the substrate materials. A total of 1655 Ti alloy plates were
wet-ground with a 1200-grit SiC abrasive paper (3M Wetordry TriMite
734, St. Paul, MN), followed by sandblasting with Al2O3 particles with
100 μm (Korox, Bego, Bremen, Germany) for 10 s. The air-pressure was
3.5 bar using a Taicrown P-002B machine (Taichung, Taiwan) and the
distance between the orifice and the metal surface was approximately
10mm. After that, the plates were followed by acid etching in HCl/
H2SO4/H2O (1:1:100) at 100 °C for 30min to obtain SLA surface [10].
The SLA discs were then ultrasonically cleaned in acetone and ethanol
for 20min at each step, rinsed in deionized water, and then dried in an
oven at 60 °C.

2.2. Bacterial adhesion

Gram-negative bacteria (Porphyromonas gingivalis (P. gingivalis,
A7436) and Aggregatibacter actinomycetemcomitans (A. actinomyce-
temcomitans, IDH 781)) and Gram-positive bacteria (Streptococcus mu-
tans (S. mutans, ATCC 700610) were used. Ti alloy specimens were
placed in 24-well culture plates and 1mL of bacteria was seeded on the
specimens at a density of 2×106 colony-forming unit (CFU)/mL in
Wilkins-Chalgren Anaerobe broth (Oxoid, Hampshire, UK) at 37 °C
under anaerobic conditions for 24 h. The contaminated specimens were
washed two times with phosphate buffer solution (PBS) for following
photodynamic treatment.

2.3. Preparation of methylene blue

Methylene blue (C16H18ClN3S; Riedel-deHaen Co, Buffalo, NY, USA)
was used without further purification. The three concentrations of 50
(156 μM), 100 (312 μM), and 200 μg/mL (625 μM) MB solutions in
phosphate buffer solution (PBS) were prepared. The pH of the MB so-
lution was varied from 4 to 10 with a separation of 3 using drops of 1 N
HCl or NaOH for prevention of large concentration changes when
needed to achieve the desired pH [24]. The pH value of the MB solution
was monitored with an IQ120miniLab pH meter (San Diego, CA, USA).

2.4. Photodynamic treatment

After culture for 24 h on 24-well culture plates, the contaminated
specimens were sprayed with 100 μL of MB for reaction of 1min and
then washed by PBS. After which, the specimens were irradiated with
the diode laser (Aculas-HB, Konftec, New Taipei City, Taiwan) with
maximum output 80mW working at 660 nm for 30 and 60 s, corre-
sponding to fluencies of 2.4 and 4.8 J/cm2, respectively. The distance
between the irradiated specimen and the laser tip with 1 cm diameter
was 10mm at an incidence angle of 90°.

2.5. Determination of pH value

To verify the variation in the pH of the MB solution, the pH was
examined using an IQ120miniLab pH meter following aPDT for 60 s
after the contaminated specimens were sprayed with 100 μL of MB for
reaction of 1min. The solution pH on the uncontaminated SLA discs
was also detected as a control after aPDT for 60 s. Five measurements
were carried out for each group, and the results were expressed as the
mean ± standard deviation.

2.6. Bacterial viability analysis

The decontamination effectiveness of aPDT on bacterial species was
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determined using an alamarBlue (Invitrogen, Grand Island, NY, USA)
assay that was used for real-time and repeated monitoring of bacterial
viability. The number of viable bacteria can be estimated via redox
reactions between the fluorometric/colorimetric growth indicator dye
of AlamarBlue and metabolically active bacteria. The alamarBlue
method is found to be much less labor intensive, which represents a
higher throughput alternative to the classic type of CFU assay [25,26].
After the end of the laser treatment, 600 μL of solution at a ratio of 1:10
of Alamar Blue to broth was added to 24-well culture plates, followed
by being incubated at 37 °C for 20min. Subsequently, 100 μL of the
solution in each well was transferred to a new 96-well tissue culture
plate. Plates were read in a Sunrise Microtiter reader (Tecan Austria
Gesellschaft, Salzburg, Austria) at 570 nm with a reference wavelength
of 600 nm. The bacteria cultured on the Ti alloy surfaces without MB
was used a control. The aPDT efficacy at different MB concentrations,
pH solution, and irradiation time was expressed as the reduction ratio
normalized to that of the control by means of the absorbance change
[27]. The absorbance value used in this study can be proportional to the
number of viable bacteria present. The reduction ratio (%) was calcu-
lated as follows: (absorbance of alamarBlue obtained on the control-
absorbance of alamarBlue obtained on aPDT-treated specimens)/ab-
sorbance of alamarBlue obtained on the control) × 100%. The data
provided for each group were the mean of fifteen independent mea-
surements.

2.7. Morphology observation

To observe surface morphology on the specimen surfaces before and
after aPDT, three specimens per group were washed three times with
PBS and fixed in 2% glutaraldehyde (Sigma, St. Louis, MO, USA). The
specimens were then dehydrated using a graded ethanol series for
20min at each concentration. The dried specimens were mounted on
stubs, coated with gold layer, and viewed using scanning electron mi-
croscopy (SEM; JEOL JSM-7800 F, Tokyo, Japan).

2.8. LPS detection

After aPDT, the remaining LPS concentrations on the substrates
were quantified using a ToxinSensor chromogenic Limulus Amebocyte
Lysate endotoxin assay kit (GenScript, Piscataway, NJ, USA) according
to the manufacturer’s instructions. The Ti alloy substrate with and
without bacterial adhesion was used a positive and negative control,
respectively. Five replicates were carried out for each group, and the
results in terms of absorbance at 545 nm are expressed as the mean
± standard deviation.

2.9. Statistical analysis

All the results were expressed as the mean ± standard derivation
for the total number of replicate experiments indicated unless otherwise
stated. A one-way analysis of variance (ANOVA) was used to evaluate
significant differences between the means. Scheffe’s multiple compar-
isons were used to determine the significance of the standard deviations
between the sample measurements under different experimental con-
ditions. The result was considered statistically significant when the p-
value was less than 0.05.

3. Results

3.1. Bacterial adhesion

Fig. 1a shows that there is the presence of etching-induced round
shaped grooves on the SLA surface. After seeding bacterial species for
24 h, it can be clearly seen that the bacteria uniformly adhered to the
surfaces (Fig. 1b-d). S. mutans was a short rod appearance (Fig. 1b).
Gram-negative bacteria A. actinomycetemcomitans was close to rod-

shaped (Fig. 1c) and P. gingivalis also presented a short rod-shaped
morphology (F. 1d). Intriguingly, P. gingivalis had a lower amount on
the SLA surface compared to the other two species at the same culture
conditions.

3.2. pH variation

The solution pH (H+ ion) fluxes could be associated with efficacy of
aPDT. Thus, the variations of pH values in the MB medium during the
photosensitization process deserved evaluation to elucidate the con-
cerns raised. Fig. 2 shows the pH variations after aPDT treatment for
60 s following the culture on the contaminated implants for 24 h and on
the control with the uncontaminated specimens. No obvious changes in
pH were detected for the pH 4 and 7 groups on the uncontaminated
specimens, while the aPDT treatment could reduce alkaline pH 10 down
to about pH 9. When the pH was examined on S. mutans-contaminated
and A. actinomycetemcomitans-contaminated surfaces, it remarkably
turned pH from 4 to about 5.3, independent of MB concentration.
Concerning P. gingivalis-contaminated surfaces, the MB concentration
caused the acidic pH to increase, indicating the range from pH 4.3 to
5.1. In contrast, the initial alkaline pH reached a lower value of about
pH 8.5 after aPDT for 60 s of treatment on the three contaminated
surfaces. Interestingly, the neutral pH value was not changed over
aPDT, even if various MB concentrations were used.

3.3. Bacterial viability

Fig. 3 shows the changes in the reduction percentage of the three
bacterial species before and after the use of aPDT for 30 (2.4 J/cm2) and
60 sec (4.8 J/cm2), in combination with different MB concentrations as
a function of solution pH. In the case of lack of aPDT, it seems that the
decontamination ability of both MB concentration and pH factors
against the three species was bacteria-dependent, which indicated the
reduction ratio of A. actinomycetemcomitans had a lower value than the
other bacterial species (Fig. 3b). As expected, the decontamination ef-
ficacy increased significantly (p < 0.05) with increasing MB con-
centrations without aPDT. For example, the 200 μg/mL MB at pH 7
reduced appreciably about the number of 72% S. mutans whereas the
50 μg/mL MB at pH 7 eliminated 50% of the viable S. mutans (Fig. 3a).
On the other hand, the reduction ratio of the bacterial species was af-
fected to a small extent by pH 10, although the alkaline pH was in favor
of eliminating P. gingivalis (Fig. 3c) compared to the other two bacterial
species. Of note, the variations in solution pH did not give rise to the
changes in the reduced number of S. mutans.

When MB-mediated aPDT was used, it showed significantly greater
eradication efficacy with an increased time. The aPDT treatment could
achieve up to 80% reduction of bacterial counts for all groups. Notably,
the 60-sec irradiation time almost completely killed the three bacterial
species, indicating no statistically significant difference (p > 0.05) in
bacterial quantity among the concentration groups, except the pH 4
group against S. mutans (Fig. 3a). In contrast, bacteria were found on
30 s-treated groups that revealed no 100% reduction. It is no doubt that
aPDT with higher MB concentration effectively killed the bacteria than
obtained by using the lower concentration. On the basis of the results
above, the following studies on the evaluation of remaining bacterial
morphology observed by SEM and determined by residual LPS assay
focused on the photosensitizer conditions of the 100 and 200 μg/mL MB
at either pH 7 or 10.

3.4. Remaining bacterial morphology

To further clarify the effect of aPDT on the presence of bacteria on
the contaminated surfaces, the remaining bacterial colonies on the Ti
alloy surfaces was examined using SEM. The treatments effectively re-
duced the number of bacterial CFU, as shown in Figs. 3–5, when
compared with the contaminated groups (Fig. 1). The results of SEM
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were in line with the results of the viability assay (Fig. 3). Concerning
the bacterial species, in contrast to the findings in the S. mutans-con-
taminated (Fig. 4) and A. actinomycetemcomitans-contaminated (Fig. 5)
surfaces, a complete removal of P. gingivalis adherent to the Ti surface
was observed after PDT for 60 s (Fig. 6).

3.5. Residual LPS level

LPS is the major cell wall component of Gram-negative bacteria,
such as A. actinomycetemcomitans and P. gingivalis. To investigate the
removal of biofilms from the contaminated Ti alloy surfaces using
aPDT, the amounts of residual LPS on the surfaces were examined. The
negative control without bacteria culture indicated a relatively low LPS
amount, while the positive control with contamination and PDT-free
treatment presented a remarkably high LPS level, as shown in Fig. 7.

Fig. 7a shows significant differences (p < 0.05) in residual LPS levels
from A. actinomycetemcomitans when 100 μg/mL and 200 μg/mL MB
were used. In addition, the alkaline pH solution resulted in a sig-
nificantly lower (p < 0.05) residual LPS amount than those obtained
from the corresponding groups at the neutral pH solution. Of note, the
60 s of irradiation time produced a significant increase (p < 0.05) in
the removal of LPS from A. actinomycetemcomitans when compared with
the 0 s and 30 s-treated groups. Residual LPS level on the P. gingivalis-
contaminated surfaces revealed similar tendency with those on A. ac-
tinomycetemcomitans-contaminated surfaces before and after PDT
(Fig. 7b). However, PDT with the 200 μg/mL MB had an appreciably
low LPS level that was close to the negative control, which indicated the
biofilm formed on the P. gingivalis-contaminated surfaces were almost
completely eliminated, even if the neutral pH solution was used.

4. Discussion

There is an increasing demand to find efficient treatment modalities
of peri-implantitis. Since aPDT plays an effective role in removal of
contaminated Ti implants, some independent factors related to bac-
tericidal effects of aPDT need to be demonstrated separately before the
clinical applications. A variety of factors such as photosensitizer con-
centration, solution pH, irradiation time (light dose), laser type and
bacterial species may dominate the bactericidal effect of aPDT
[19,28–33]. The current study investigated the in vitro efficacy of MB-
mediated aPDT with different MB concentrations and the pH of the
solution against the reduction of viable bacteria and residue LPS ad-
herent to SLA-pretreated titanium surface mimicking the bone-implant
interface. Three different bacterial species were used to optimize the
antimicrobial efficacy of aPDT parameters. Gram-negative P. gingivalis
is associated with periodontitis and also implicated in peri-implantitis
[2], whereas Gram-negative A. actinomycetemcomitans microaerophilic
bacteria are one of the causative agents of periodontal disease [24]. S.
mutans is an important bacterial stain in the initiation of dental caries

Fig. 1. Scanning electron micrographs of SLA-pretreated Ti alloy surfaces before (a) and after seeding with (b) S. mutans, (c) A. actinomycetemcomitans, and (d) P.
gingivalis for 24 h. It can be clearly seen that the bacteria adhered to the surfaces. The arrows indicated the presence of bacteria.

Fig. 2. Variations in the pH of different MB solutions during photosensitization
process for 60 s when cultured with S. mutans, A. actinomycetemcomitans, and P.
gingivalis under anaerobic conditions for 24 h. (Cont: the control without
seeding bacteria; Sm: S. mutans; Aa: A. actinomycetemcomitans; Pg: P. gingivalis).
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[34].
A critical pathogenic event in the process of biofilm formation is

bacterial adhesion on the implant surface [35]. It is worthy to observe
the morphology and distribution of bacterial species adhered on the
SLA implant surfaces after the culture for 24 h. In this study, the ex-
posure of Ti surface to the bacterial suspension allowed the bacterial
colonization that covered on the implant surface as proved by SEM
images, viability assay, and LPS level. Different bacterial species dis-
played different amounts of CFU on the Ti surfaces. An alamarBlue

assay was used to examine bacterial viability on the contaminated
surfaces before and after aPDT at different experimental conditions.
The results indicated that the greater MB concentration, the higher
reductions of viable bacteria were found, consistent with the previous
study [36]. MB alone attested concentration-dependent bactericidal
activity against clinically relevant microorganisms at the pH value
ranging from 4 to 10, which was due to possessing a broad spectrum of
antibacterial activity [37,38]. Cationic photosensitizer MB can target
bacterial membranes of both Gram-positive and Gram-negative bacteria
and interact with anionic regions from bacterial cell walls [39]. MB
could result in either strand breaks in the nucleic acid or cell envelope
photodamage of Gram-negative bacteria [40]. It is reasonable to spec-
ulate that the bactericidal effects of MB could be different in bacterial
species.

To assure to effectively eliminate the adhered bacteria, MB-medi-
ated aPDT was suggested to use, instead of the MB alone. Indeed, the
reduction ratios of the three viable bacteria were obviously higher in
the MB-mediated aPDT groups compared to the MB alone. The use of
200 μg/mL MB-aPDT showed stronger inhibitory effects than the lower
MB concentrations, consistent with the previous study [6]. In a study by
Kashef et al. [29], aPDT mediated with 200 μg/mL MB against multi-
drug resistant E. coli showed the killing efficacy of 99.90%. On the other
hand, fluence (light lose) is an important light parameter to affect the
photosensitization efficacy. The increased light dose could increase the
photocytotoxicity of MB [34]. Prates et al. [30] found that the fluence
of 9 J/cm2 resulted in 99.7% killing A. actinomycetemcomitans suspen-
sion, which was significant higher than 97.2% killing efficacy at a
fluence of 5.4 J/cm2. When the infected implants were irradiated for
longer time such as 60 s, fewer CFU adhered on surfaces, presenting the
exposure time-dependent (or light lose-dependence) efficacy of MB-
based aPDT. Lima Leal et al. [32] reported total bacterial killing of S.
mutans using a light emitting diode for the irradiation time of 2min.

The bone lesion environment may have varying pH from a neutral
pH of 7.4 to an acidic pH as low as 5.0 during clinical practice because
of bacterial-induced local metabolic acidosis or tissue inflammation
[27]. When treating infected area with pH lower than neutral pH, the
pH of photosensitizer solution should be considered, as suggested by
Baptista’s group [20], since the pH of the solution may certainly in-
fluence the efficiency of type I and type II photosensitization mechan-
isms. By contrast, basic pH levels can inhibit most microorganisms,
including resistant bacteria [3]. On that count, the varying pH in the
MB solution during aPDT process might be a promising way for bacteria
inactivation. It is thus indispensable to verify the effect of the solution
pH on the elimination efficacy of PDT on the infected Ti implants. In the
current study, it seems that the pH would affect the antimicrobial ef-
ficacy, which was dependent on the bacterial species. The higher pH
value, the greater the eradication against P. gingivalis was revealed from
the results of bacterial viability and residual LPS amount. Contrary to
the finding, Gram-positive S. mutans can tolerate a larger variation of
the pH environments compared to the other two species. S. mutans is a
typical acido-genic and acid-tolerant oral bacterium involved in the
processes of caries development, which forms a biofilm to promote
bacterial adherence to the tooth surface [34]. Marsh et al. [41] reported
that S. mutans could up-regulate a number of specific proteins and
functions after exposure to sub-lethal pH values, which may enhance
survival under acidic conditions such as those encountered in caries
lesions. Nevertheless, a more effective killing effect could be achieved
when using photosensitizer in an elevated concentration at a higher pH
environment. Chen et al. [24] found that the rate of Gram-positive and
Gram-negative bacteria inactivation by MB at pH 9 was 3–25 times
higher than the rate at pH 5. They also demonstrated that the quantum
yield of 1O2 generated by MB was much higher in basic than in acidic
pH MB photosensitizer. In fact, solution pH may affect the type of
photosensitization mechanism, which at pH 5 the protonation of MB led
mostly to 3MBH2+ and at pH 9 a dominant 3MB+ state was formed
[20,24].

Fig. 3. The changes in the antimicrobial effectiveness of different concentra-
tions of MB solutions differing by pH (4, 7, and 10) as a function of irradiation
time against the reduction of (a) S. mutans, (b) A. actinomycetemcomitans, and
(c) P. gingivalis.
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Given that the extracellular pH likely modulated aPDT to support
bactericidal efficacy, it is important to quantify the pH variation when
subjected to aPDT in the absence of bacteria. The current results in-
dicated that both the acidic and neural pH values were almost main-
tained when it was limited to bacteria free experiments. Though not
fully understood, it is interesting to note that MB can be deprotonated
when the pH was elevated from 7 to 10 [24]. MB is normally present as
a cation under physiological conditions, because of the presence of
dimethylamino groups [33], which might result in the decreased pH.
Nevertheless, their mechanisms still remained to be explored.

In a bacterial environment the variations in pH were also found
during aPDT process, which depended on the initially environmental
pH. In this study, the neutral pH was maintained after aPDT as found in
the chemostat culture, while in the other the pH was allowed to change
by bacterial metabolism. A remarkable increase in pH at acidic solution
after aPDT on contaminated specimens for 60 s was detected, while the
alkaline pH reduced. In other words, the solution pH revealed a trend
toward the neutral pH after MB-mediated aPDT. One possibility is that

this trend in the varying pH value, caused when aPDT treatment in the
acidic or alkaline MB solution, would be pH homeostasis mechanism.
Bacterial strains are capable of adapting to sub-lethal pH environments
[42]. For example, the internal pH of Escherichia coli is maintained at
7.4–7.8 in media at pH 5.0–9.0 [43]. When the external pH exceeds 7.6,
the pH homeostasis mechanism is inverted, i.e., the internal pH of the
cell becomes more acidic than its environs. The maintenance of internal
pH of microorganisms is important to the stability of macromolecules,
which decarboxylases and deaminases play major roles in modulating
cell response to pH changes [44,45]. Degradative decarboxylases neu-
tralize the acidic external environment, whereas deaminases acidify the
external environment by producing weak acids. This homeostasis leads
to a drift of external pH toward neutrality [46].

Solution pH prompts an appreciable influence in formation of re-
active oxygen species (ROS), such as 1O2, superoxide anions, hydrogen
peroxide and hydroxyl radicals [24]. PDT involves the interaction of a
photosensitizer with light of an appropriate wavelength that, in the
presence of molecular oxygen, generates toxic ROS, which are highly

Fig. 4. Scanning electron micrographs of S. mutans on the infected surfaces after irradiation with 100 and 200 μg/mL MB at (a) pH 7 and (b) pH 10 for 0, 30, and 60 s.
The arrows indicated S. mutants.
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reactive and oxidize cellular substrates resulting in cell death by the
induction of apoptosis or necrosis [47,48]. Although the solubility of
molecular oxygen does not change with the pH [24], but the efficiency
of 1O2 is related to the pH of the medium. Bonneau et al. [49] reported
that the production of 1O2 was approximately five times more efficient
in basic than in acidic medium, when MB was used in aerated solutions.
The efficiency of a photosensitizer in generating ROS depended on the
its intrinsic characteristics in aqueous solution [20,50]. According to
the literature [51,52], rapid changes in extracellular pH are likely to
modulate the activity of a number of physiologically important pro-
cesses such as ROS production and permeability transition. It is pointed
out that lack of protons in mitochondrial matrix favors ROS generation,
whereas acidification of matrix strongly inhibits this process [51]. One
possible explanation for the present results was that the alkaline pH 10
generated higher ROS upon aPDT, while at acidic pH 4 an insufficient
amount was available to induce the observed photocytotoxic effect.

Although both viability assay and SEM observation consistently
indicated the superior decontamination efficacy of aPDT on the Ti alloy

surfaces, more detailed investigations such as LPS assay are crucial for
understanding the roles of MB concentration and pH, and irradiation
time. The biofilm-forming bacterial colonization on SLA-pretreated
implants can never be completely avoided [53]. As expected, there was
a relatively high LPS amount on the infected Ti alloy surface without
any treatment, whereas the absorbance on the disinfected Ti surface
displayed a detection limit of the endotoxin assay kit. The photo-
sensitizer MB alone did reduce the residue LPS, consistent with the
results of bacterial viability and SEM morphology. Alkaline pH solution
also remarkably decreased the expression of the LPS compared to the
neutral pH solution. After aPDT, the greater eradication efficacy was
associated with elevated BM concentration at higher pH value and
longer irradiation time. In the case of A. actinomycetemcomitans, the
200 μg/mL at pH 10 resulted in the significant decrease in the levels of
residual LPS on the Ti surface among all groups. Interestingly, a greater
reduction of LPS from P. gingivalis-contaminated titanium alloy surfaces
was found than those from A. actinomycetemcomitans.

The current results of residual LPS level elucidated that A.

Fig. 5. Scanning electron micrographs of A. actinomycetemcomitans on the infected surfaces after irradiation with 100 and 200 μg/mL MB at (a) pH 7 and (b) pH 10
for 0, 30, and 60 s. The arrows indicated actinomycetemcomitans.
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actinomycetemcomitans and P. gingivalis presented different suscept-
ibilities towards aPDT, comparable to the previous studies [19,38,54].
Chan and Lai [19] found that A. actinomycetemcomitans was less sen-
sitivity to PDT than P. gingivalis in the presence of MB. Similarly,
Pfitzner et al. [54] reported that P. gingivalis was completely inactivated
by PDT with photosensitizers including chlorin e6, BLC 1010, and BLC
1014, while low eradication effect was found for A. actinomycetemco-
mitans at the same applied energy density. The significant variations in
removal of LPS between A. actinomycetemcomitans and P. gingivalis
could be partly due to different structure of the bacteria [55]. This is
due to the fact that the key feature of biofilms is the presence of an
extracellular matrix, which contains a mixture of polymeric substances,
including nucleic acids, proteins, and polysaccharides. Different bac-
terial species can produce different polymers and a single bacterial
species has the capacity to produce several different exopolysaccharides
[56], which may result in the different susceptibility to the anti-
microbial therapy. In short, the results of the in vitro study revealed
that it is possible to remarkably eliminate biofilm-associated bacterial

populations using PDT with the 200 μg/mL MB at pH 10 for 60 s of
irradiation time.

5. Conclusion

The focus of this study was to analyze the antimicrobial effect of
PDT against Gram-positive and Gram-negative bacteria embarking on
the optimization of treatment factors. Within the limitations of the in
vitro study, MB-mediated PDT displayed the concentration-dependent,
pH-dependent, and time-dependent efficacy of eradication therapy on
biofilm-contaminated implant surfaces. The most effective killing oc-
curred with exposure to laser light in combination with the 200 μg/mL
MB photosensitizer at pH 10 for 60 s of irradiation time. However,
further investigations, including the use of the multispecies biofilm
model and the evaluation of in vitro osteogenesis, are required prior to
the clinical application.

Fig. 6. Scanning electron micrographs of P. gingivalis on the infected surfaces after irradiation with 100 and 200 μg/mL MB at (a) pH 7 and (b) pH 10 for 0, 30, and
60 s. The arrows indicated P. gingivalis.
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