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Background/Purpose: Some multidrug-resistant gram-negative bacteria as a global
threat have been recently prioritized for research and development of new treatments. We
studied the efficacy of methylene blue-mediated antimicrobial photodynamic therapy
(MB-aPDT) for the reduction of extensively drug-resistant Acinetobacter baumannii (XDR-
AB) and Pseudomonas aeruginosa (XDR-PS) and multidrug-resistant Klebsiella
pneumoniae (MDR-KP) isolated in a university hospital setting in Thailand.

Method: Two isolates of each selected bacterium were collected, XDR-AB1 and AB2,
XDR- PS1 and PS2, and MDR-KP1 and KP2. Three triplicate experiments using various
MB concentrations alone, various red light fluences alone, as well as the selected non-
toxic doses of MB and fluences of red light combined as MB-aPDT were applied on each
selected isolate. The colonies were counted [colony forming units (CFU)/ml]. Estimation of
the lethal treatment dose defined as reduction of > 2 logyq in CFU/mI compared with
untreated bacteria.

Result: There were generally negligible changes in the viable counts of the bacterial
suspensions treated with all the MB concentrations (p > 0.05). In the second experiment
with the only red light treatments, at fluences higher than 2 J/cm, reduction trend in viable
counts across all the isolates was observed. Only for MDR-KP1, however, the lethal dose
was achieved with the highest fluence of red light (80 J/cm). With the concentration of MB,
50 and 150 mg/L in the third experiment (MB-aPDT), the greater bacterial reduction was
observed in all clinical isolates leading to their lethal viable cell reduction when escalating
the light fluence to 80 J/cm.
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Conclusions: MB-aPDT evidently killed the selected XDR and MDR-gram negative
bacteria. In highly drug-resistant crisis era, MB-aPDT could be a promising option,
particularly for local infections and infection complicating chronic wounds.

Keywords: photodynamic therapy, methylene blue (MB), antimicrobials, multidrug resistance (MDR),

nosocomial infection

INTRODUCTION

An initial broad-spectrum empirical antimicrobial treatment is a
common practice at least until causative pathogens and their
antibiotic susceptibility patterns are determined. As
microorganisms can rapidly develop resistance against the
widespread use of various antimicrobial agents, this has
become a global concern in the past several years, reaching
crisis in many settings (Prescott, 2014). Certain infections are
rapidly becoming untreatable (Rice, 2008; Bush and Jacoby,
2010; Wang et al, 2020). The term “ESKAPE” (Rice, 2008;
Bush and Jacoby, 2010) originally made up of the group of six
highly potentially multidrug-resistant (MDR) and virulent
bacteria has been known as the leading causes of life-
threatening nosocomial infections across the globe. World
Health Organization (WHO) recently described a priority list
for research and development for new treatments regarding the
four most importantly weighted criteria including treatability,
mortality, heathcare burden, and 10-year trend of resistance
(Tacconelli et al., 2018). Of the ESKAPE pathogens,
carbapenem-resistant A.baumannii and Pseudomonas
aeruginosa, and Klebsiella spp. have been stratified into the
critical priority tier. These three invasive pathogens can cause a
wide variety of infections ranging from wound, burn, soft tissue,
liver, urinary tract infections, pneumonia to meningitis
(Dijkshoorn et al., 2007; Driscoll et al., 2007; Kerr and
Snelling, 2009; Ramirez et al., 2020) particularly in neonates,
the elderly, and the immunocompronised in a hospital setting.

To fight against the drug resistance crisis, apart from a thrive
to develop highly efficient multi-target antibiotics and the
discovery of new microbial natural products (NPs) (Hutchings
et al., 2019), photoantimicrobials seem to be a promising instant
way out of this issue particularly for local skin and soft tissue
infections. Methylene blue-mediated photodynamic therapy
(MB-PDT) has been known as a powerful monotherapy or
adjunct tool to broad-spectrum antimicrobials (Alberdi and
Gomez, 2020; Bowornsathitchai et al., 2020). A variety of
methylene-blue formulations allow specific delivery of the
photosensitizer (PS) to an infected area while sparing adjacent
healthy tissue. In addition, the use of economical long-life light
sources offers financial affordability to both healthcare providers
and patients. Compatibility with other necessary systemic
therapies makes MB-PDT nearly universally patient-friendly
even for medically complex patients with polypharmacy.
Acceleration of wound healing is the other exceptional
advantage of MB-PDT over other antimicrobial therapies
(Bowornsathitchai et al., 2020) particularly for treating
infection complicating chronic wounds.

Despite various factors stated to cause delayed wound healing,
infections (Fu, 2005) appear to be a principal contributing factor
of chronic wound development in the Middle East and Asia
particularly in patients with diabetes (Basu et al.,, 2009; Jiang
et al., 2011), leading to disabling diabetic foot ulcers (Sugandhi
and Prasanth, 2014; Tekin et al., 2014; Li et al., 2018; Jouhar et al.,
2020; Guan et al.,, 2021). The greatly diverse and exceptionally
dynamic genetic composition of the successful opportunistic
pathogens primarily contributes virulence and antibiotic
resistance. This genomic diversity has been found not only the
strains in different clinically relevant infections but also among
ones isolated from different geographic locations (Subedi et al.,
2018; Galac et al., 2020; Lebreton et al., 2021; Kiyaga et al., 2022).

Despite many encouraging outcomes of MB-aPDT for MDR-
gram positive and negative bacteria reported from many
countries, there has been yet no data for the efficacy of MB-
aPDT against carbapenem-resistant A. baumannii and P.
aeruginosa, and MDR- K. pneumoniae in Thailand. Hence, our
objectives were to study the efficacy of MB-aPDT for the
reduction of carbapenem-resistant or extensively drug-resistant
A. baumannii (XDR-AB), carbapenem-resistant or extensively
drug-resistant P. aeruginosa (XDR-PS), and MDR K.
pneumoniae (MDR-KP) collected and isolated in a university
hospital setting in Thailand.

MATERIALS AND METHODS

Bacterial Strains and Culture Conditions

The study protocol was approved by the Institutional Review
Board of Faculty of Medicine, Chulalongkorn University, and
conducted under good practice and ethical principles of
Declaration of Helsinki 2008. All identified isolates were
obtained by Microbiology laboratory, Department of
Microbiology, Chulalongkorn University, during June 2019 to
August 2020. Two isolates of A. baumannii (AB1 and AB2) were
collected from sputum and chronic wound infection,
respectively, P. aeruginosa (PS1 and PS2) from bile and urine,
respectively, and K. pneumoniae (KP1 and KP2) from sputum.
Detailed patients’ profiles and antimicrobial susceptibility
pattern of each isolate done according to the Clinical and
Laboratory Standards Institute (CLSI) guideline (Weinstein,
2021) were shown in Supplementary Tables 1 and 2,
respectively. AB and PS were XDR, whereas KP was MDR
strains. Each strain was cultivated overnight on trypsic soy
agar (TSA) plates at 37°C. A suspension of each strain was
then prepared in sterile phosphate-buffered saline (PBS) (pH =
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7.4) to McFarland turbidity standard of 2, a concentration
approximately of 6 x 10 ) to 9 x 10 © colony forming units
(CFU)/ml.

Photosensitizer Preparation

MB (Merck KGaA, Darmstadt, Germany) solution was prepared
in normal saline solution (NaCl), filtered-sterilized, and kept in
the dark. Any procedures involving MB were performed in a
dark room under weak yellow light exposure (A = 596 nm) to
minimize PS activation.

Effect of MB Concentration on

Bacterial Population

The prepared MB was diluted with 0.9% NaCl to give final
concentrations of 10, 25, 50, 100, and 150 mg/L. For each
concentration, a MB aliquot (500 pul) was added to an equal
amount of each bacterial strain suspension and subsequently
incubated in the dark for 10 min (MB/bacteria). A dilution of
bacterial aliquot with 0.9% NaCl in 1:1 served as negative control.
The MB/bacteria mixture suspensions were washed in PBS to
remove unbound PS and centrifuged at 13.00xg for 5 min twice
until the pellets of bacterial suspension were formed. Cell pellets
of each bacterial strain were resuspended in 1 ml of PBS. Then,
aliquots (100 ul) in PBS were subsequently transferred into 96-
well microtiter plates. Viable bacterial count in CFU/ml was
determined after incubation at 37°C overnight.

Effect of Red Light on Bacterial Population
An aliquot (500 pul) of each aforementioned bacterial strain
suspension prepared in sterile PBS without the addition of MB
or subsequent incubation in the dark was transferred into a
transparent 96-well plate. The microtiter plates were
subsequently placed at a constant distance of 4 cm under the
illumination head of incoherent red light (peak emission
spectrum at 633 nm, 65 mW/cm @) from light emitting
diodes (HEALITE®, Lutronic Corp., Goyang, S. Korea).
Irradiations were carried out with the light fluences of 1, 2, 5,
10, 20, 40, and 80 J/cm @, which took 0.20, 0.40, 1.40, 3.20, 6.40,
13.20, and 26.40 min, respectively. Each plate was kept covered
and exposed to only one fluence of the red light. Survival was
determined after the irradiation.

Effect of MB-aPDT on Bacterial Population
To develop the appropriate MB-aPDT regimen using the
minimum effective concentration-fluence dose, we selected two
non-lethal MB concentrations, 50 and 150 mg/L to pair with the
light fluences of 1, 2, 40, and 80 J/cm .

Estimation of Post-Treatment Viability and
Determination of the Sublethal and Lethal
Doses of Treatments

Treated bacterial isolate suspension was transferred from the
wells, serially diluted, and streaked on TSA agar plates. The
colonies were counted (CFU/ml) after overnight incubation at
37°C. The experiments were performed in triplicates. Sublethal
dose was defined as the dose at which the capability of direct

damage made by one treatment is not sufficient to destroy most
of the bacterial population, whereas the lethal dose was defined
as where the extent of direct damage is sufficient to destroy most
of the viable bacterial population. For the purpose of the study,
sublethal effect was defined as reduction of 0.5-2 log,;, in CFU/
ml and lethal treatment dose defined as reduction of > 2 log) in
CFU/ml compared with untreated (Cassidy et al., 2010).

Statistical Analyses

Comparisons between log;, mean changes within the treatment
groups and the control were analyzed by using the non-
dependent t-test. Data values were expressed as log;, means +
standard deviation and mean difference with 95% confidence
interval (CI). All statistical analyses were conducted with Stata
version 13.1 (StataCorp, College station, Texas, USA). The
difference was considered statistically significant when P < 0.05.

RESULTS

The Effect of Various MB Concentrations

Apart from the progressively increased survival of PS1 isolates
treated with MB of 25, 50, 100, and 150 mg/L (p < 0.05)
compared with the control group, there were negligible
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FIGURE 1 | The effect of various MB concentrations on each bacterial strain.
MB concentrations could not exhibit the sublethal and lethal effect to all
bacterial strains: (A) XDR-AB1 and AB2, (B) XDR-PS1 and PS2, and (C)
MDR-KP1 and KP2. *Statistically significant difference (p-value <0.05).
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changes in the viable counts of the bacterial suspensions in the
remainder (p > 0.05). None of them demonstrated bactericidal
efficacy (Figure 1).

The Effect of Red Light
There was no reduction of viable bacteria in any isolates at the
fluences of 1 and 2 J/cm @ of light. At fluences higher than 2 J/
m @, reduction trend in viable counts across all the isolates was
observed (Figure 2). In both strains of AB (AB1 and AB2) and
PS (PS1 and PS2) and KP2, sublethal light fluences were
demonstrated within the 5 to 80 J/cm * range, which reduced
the bacterial viability by up to 1.68, 1.63, 1.69, 1.77, and 1.94 log;,
units, respectively (p < 0.01). Only for KP1, the lethal dose was
achieved with the highest fluence of red light (80 J/cm @), which
led to viable count reduction by 2.12 (1.96 to 2.28) log;, units (p
< 0.01). This demonstrated that red light alone had bactericidal
effect on certain strains in a fluence-dependent manner.

MB-aPDT Is an Effective Treatment for
Selected XDR and MDR-Gram

Negative Bacteria

We demonstrated MB-dose/light fluence-dependent antibacterial
effects across all the isolates (Figure 3). All clinical isolates, for both
50 and 150 mg/L of MB, lethal light fluence was defined because
MB of 50 mg/L and 40 J/cm ®” leading to viable cell reduction over
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FIGURE 2 | The effect of various red light fluence on each bacterial strain.
This demonstrated the effect of red light on bacterial population: (A) XDR-
AB1 and AB2, (B) XDR-PS1 and PS2, and (C) MDR-KP1 and KP2 in the

dose-dependent manner. *Statistically significant difference (p-value <0.05).
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FIGURE 3 | Results of MB-aPDT on (A) XDR-AB1 and AB2, (B) XDR-PS1
and PS2, and (C) MDR-KP1 and KP2, with the light doses of 1, 2, 40, and
80 J/cm? (irradiance of 65 mW/cm?, irradiation time from 0.20 to 26.40 min;
Amax @t 633 nm) and two MB concentrations were tested (50 and 150 mg/L).
The values demonstrated were the means of triplicate measurements.
*Statistically significant difference (p-value <0.05)

2 logyo, except for the PS1 and KP2 as showing only sublethal
reduction by 2 (1.91 to 2.09, p < 0.001) and 1.82 (1.73 to 1.91, p <
0.001) log;, respectively (Table 1). However, when escalating the
light fluence to 80 J/cm ® with the same concentration, 50 mg/L,
the greater bacterial reduction was observed in all clinical isolates,
including PS1 and KP2, leading to their lethal viable cell reduction
by 3.17 (3.09 to 3.26) and 2.82 (2.73 to 2.91), respectively, and 2.82
(2.72 t0 2.91) log; ¢ units for AB1 (p < 0.001), 2.83 (2.74 to 2.91) for
AB2 (p < 0.001), 3.13 (3.04 to 3.22) for PS2 (p < 0.001), and 2.94
(2.88 t0 3.01) log; units for KP1 (p < 0.001). There was statistically
significant difference of the viable cell reduction between red light
alone and MB-aPDT groups with MB of both 50 and 150 mg/L in
all clinical isolates (p < 0.001) (Table 2).

DISCUSSION

Infections in this drug resistance era further complicate wounds
causing an enormous hurdle to overcome (Mulani et al., 2019).
We demonstrated the promising outcomes of MB-aPDT against
clinically important isolates of XDR-AB, XDR-PS, and MDR-KP
from Thailand of which pathogens WHO prioritized research
and development of new treatments (Medina and Pieper, 2016;
Mulani et al, 2019). Looking at the reduction pattern of the

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

July 2022 | Volume 12 | Article 929242


https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Songsantiphap et al.

MB-PDT for XDR Bacteria TH

TABLE 1 | Mean log, difference of MB-aPDT group for XDR-AB, XDR-PS, and MDR-KP compared with baseline.

MB conc.(mg/l) 0 (control) 50 150
Fluence(J/cm?)
XDR-AB1 XDR-AB2 XDR-AB1 XDR-AB2 XDR-AB1 XDR-AB2
Mean P- Mean P- Mean P- Mean P- Mean P- Mean P-
difference  value difference value difference value difference value difference value difference value
(95% Cl) (95% CI) (95% Cl) (95% Cl) (95% Cl) (95% Cl)
0 0.06 0.20 0.03 0.54 0.01 0.85 0.038 0.47 -0.01 0.83 -0.02 0.68
(control) (-0.03 to (—0.06 to (-0.08 t0 0.1) (-0.05 to (0.1 t0 0.08) (0.1 t0 0.07)
0.16) 0.11) 0.12)
1 0.14 0.01 0.02 0.82 -0.11 0.01 -0.11 0.01 -0.18 <0.001 -0.19 <0.001
(0.05 to 0.23) (-0.20 to (-0.2to (-0.2 to (-0.26 to (-0.27 to
-0.24) -0.03) -0.03) —-0.09) -0.1)
2 0.08 0.14 0 0.95 -0.19 <0.001 -0.18 <0.001 -0.23 <0.001 -0.26 <0.001
(-0.04 to (-0.15to (-0.28 to (-0.26 to (-0.32 to (-0.34 to
-0.20) 0.14) -0.09) -0.1) -0.13) -0.18)
40 -0.71 <0.01 —0.66 <0.01 -2.10 <0.001 -2.15 <0.001 -2.12 <0.001 -2.20 <0.001
(-0.84 to (-0.81 1o (-2.19 to —2) (-2.23 10 (-2.21 10 (-2.28 to
-0.58) -0.51) -2.07) -2.02) -2.12)
80 -1.68 <0.01 -1.63 <0.01 -2.82 <0.001 -2.83 <0.001 -3.03 <0.001 -3.70 <0.001
(-1.79 to (-1.78 to (-2.91 to (-2.91 to (-3.13to (-8.79 to
-1.57) —1.47) -2.72) -2.74) —2.94) -3.62)
MB conc. 0 (control) 50 150
g::grll)ce XDR-PS1 XDR-PS2 XDR-PS1 XDR-PS2 XDR-PS1 XDR-PS2
(/em?) Mean P- Mean P- Mean P- Mean P- Mean P- Mean P-
difference  value difference value difference value difference value difference value difference value
(95% ClI) (95% CI) (95% ClI) (95% Cl) (95% CI) (95% Cl)
0 0.05 0.26 0.08 0.09 0.06 0.17 0.06 0.16 -0.02 0.59 -0.01 0.90
(control) (-0.04 to (-0.01 to (-0.03 to (-0.03 to (-0.11 to (-0.09 to
0.14) 0.17) 0.15) 0.15) 0.07) 0.08)
1 0.09 0.07 0.20 0.04 -0.09 0.05 -0.09 0.05 -0.17 <0.001 -0.12 0.01
(-0.01 to (0.02 to0 0.38) (-0.18t0 0) (-0.17 t0 0) (-0.26 to (-0.2 to
0.19) -0.09) -0.03)
2 0.09 0.07 0.19 0.04 -0.16 0.001 -0.15 0.002 -0.23 <0.001 -0.23 <0.001
(-0.01 to (0.01 t0 0.38) (-0.25 to (-0.24 to (-0.32 to (-0.31 to
0.20) -0.08) —-0.06) -0.14) -0.14)
40 -0.77 <0.01 -0.74 <0.01 -2.00 <0.001 -2.07 <0.001 -2.14 <0.001 -2.24 <0.001
(-0.92 to (-0.96 to (-2.09 to (-2.16 to (-2.23to (-2.33 to
-0.62) -0.51) -1.91) —-1.99) —-2.06) -2.15)
80 -1.69 <0.01 -1.77 <0.01 -3.17 <0.001 -3.13 <0.001 -3.63 <0.001 -3.28 <0.001
(-1.79 to (-1.97 to (-3.26 to (-8.22 to (-8.72 to (-3.37 to
—-1.59) -1.57) -3.09) -3.04) -3.54) -3.19)
MB conc. 0 (control) 50 150
(mg/1)
Fluence MDR-KP1 MDR-KP2 MDR-KP1 MDR-KP2 MDR-KP1 MDR-KP2
W/em?) Mean P- Mean P- Mean P- Mean P- Mean P- Mean P-
difference value difference value difference value difference value difference value difference value
(95% Cl) (95% CI) (95% Cl) (95% Cl) (95% Cl) (95% Cl)
0 0.08 0.02 0.04 0.40 0.11 0.003 0.10 0.95 0.038 0.39 0.02 0.70
(control) (0.01 t0 0.15) (-0.05 to (0.04 t0 0.17) (0t00.2) (-0.04 to (—0.08 to
0.13) 0.09) 0.12)
1 0.30 <0.01 0.20 0.02 -0.04 0.18 -0.02 0.72 -0.13 <0.001 -0.08 0.10
(0.15 t0 0.45) (0.06 to 0.35) (-0.11 to (-0.12 to (-0.19 to (-0.18 to
0.02) 0.08) —-0.06) 0.02)
2 0.29 <0.01 0.20 0.02 -0.09 0.02 -0.12 0.01 -0.18 <0.001 -0.19 <0.001
(0.15 to0 0.44) (0.06 to 0.33) (-0.15to (-0.21 to (-0.25 to (-0.28 to
-0.02) -0.03) -0.12) -0.1)
40 -1.34 <0.01 -1.11 <0.01 -2.01 <0.001 -1.82 <0.001 -2.03 <0.001 -1.82 <0.001
(-1.50 to (-1.25t0 (-2.08 to (-1.91to (-2.1to (-1.91to
-1.18) -0.97) —1.94) -1.73) ~1.96) —-1.73)
(Continued)
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TABLE 1 | Continued

MB conc.(mg/l) 0 (control) 50 150
Fluence(J/cm?)
XDR-AB1 XDR-AB2 XDR-AB1 XDR-AB2 XDR-AB1 XDR-AB2
Mean P- Mean P- Mean P- Mean P- Mean P- Mean P-
difference  value difference value difference value difference value difference value difference value
(95% ClI) (95% CI) (95% CI) (95% ClI) (95% CI) (95% Cl)
80 -2.12 <0.01 -1.94 <0.01 -2.94 <0.001 -2.82 <0.001 -3.15 <0.001 -2.91 <0.001
(-2.28 to (-2.14 to (-3.01 to (-2.91to (-3.21to (-3t0-2.82)
-1.96) -1.75) -2.88) -2.73) -3.08)

bacterial viability after MB-aPDT (Figure 3), although MDR-KP
appeared to be less resistant regarding the antimicrobial
susceptibility pattern profiles, XDR-AB and XDR-PS generally
seemed more susceptible to MB-aPDT than MDR-KP. This
differential sensitivity is not, by any means, unexpected.
Importantly, there were independent patterns of the aPDT
susceptibility of the clinical isolates regardless of the patterns
of antimicrobial resistance (Supplementary Table 2),
emphasizing its known exclusive non-selective mechanism of
action (Liu et al., 2015). The major advantage of PDT lies in the
fact that, with appropriate fluences of light and oxygen, PSs
undergo an intersystem crossing to generate triplet state oxygen
molecules ( )0,). Reactive oxygen species (ROS), such as singlet
oxygen, superoxides, and hydroxyl radicals, have a broad-
spectrum effect on numerous microbial targets (Vatansever
et al., 2013). This unique mechanism of action constitutes by
default bactericidal effects independent of antimicrobial
resistance patterns (Tegos and Hamblin, 2006; Tegos et al.,
2008; Huang et al., 2012; Huang et al., 2012; Liu et al., 2015).
One beauty of PDT is one can vary PSs’ concentrations as well
as light fluences, and even frequency of the treatment to tackle
different pathogens. Many PSs possess unique properties. With
different PSs, the effective antimicrobial properties were reported

to be considerably variable in the same settings of irradiation
against the same bacterial strains (Merigo et al., 2019). We
particularly chose MB due to its several advantages over other
PSs. The cationic charge of non-toxic MB, a derivative of
phenothiazinium dyes, provides high binding affinity to
multiple microbial targets, e.g., cell membrane, mitochondria,
and nucleic acids (Zeina et al., 2001; Kashef et al., 2011;
Vatansever et al.,, 2013; Liu et al., 2015). Moreover, MB is an
“instant” PS, requiring no incubation period, allowing
significantly shorter treatment time along with its hydrophilic
polarity property rendering it a painless treatment (Castano
et al., 2004; Bowornsathitchai et al., 2020). MB is also a
pragmatic choice for use in most healthcare settings in which
neither commercial PSs nor in-house preparation are available.
In brief, MB solution for intravenous administration, which is
widely available across the world, can be a viable and economical
option (Kashef et al., 2011; Kawczyk-Krupka et al., 2018).

The selection of light fluences can be rather challenging as
different effects have been observed, also in our study. This can
be explained by biphasic biological response curve of visible
light-based treatments, particularly in the red to near-infrared
region whereby too low or too high fluences can lead to
unwanted effects (Huang et al, 2009; Huang et al., 2011).

TABLE 2 | Comparison of Mean log; difference between the MB-aPDT and red light alone group for XDR-AB, XDR-PS, and MDR-KP.

Strains XDR-AB1 XDR-AB2 XDR-PS1 XDR-PS2 MDR-KP1 MDR-KP2
Conditions
Mean P- Mean P- Mean P- Mean P- Mean P- Mean P-
difference value difference value difference value difference value difference value difference value
(95% CI) (95% CI) (95% ClI) (95% ClI) (95% Cl) (95% CI)
F40 Ref Ref Ref Ref Ref Ref Ref Ref Ref Ref Ref Ref
F40/MB50 -1.21 <0.001 -1.36 <0.001 -1.17 <0.001 -1.18 <0.001 -0.48 <0.001 -0.55 <0.001
(-1.35t0 (-1.49to (-1.28 to (-1.30 to (—0.56 to (-0.65 to
-1.07) -1.23) -1.05) -1.06) —-0.40) —0.46)
F40/MB150 -1.23 <0.001 -1.41 <0.001 -1.31 <0.001 -1.35 <0.001 -0.5 <0.001 -0.55 <0.001
(-1.37 to (-1.68 to (-1.43to (-1.47 to (-0.58 to (-0.65 to
—1.09) -1.28) -1.19) -1.23) -0.42) —0.45)
F80 Ref Ref Ref Ref Ref Ref Ref Ref Ref Ref Ref Ref
F80/MB50 -0.96 <0.001 -1.06 <0.001 -1.43 <0.001 -1.21 <0.001 -0.63 <0.001 -0.72 <0.001
(-1.08 to (-1.14to (-1.56 to (-1.37 to (-0.70 to (-0.86 to
-0.84) -0.99) -1.31) -1.04) —-0.56) —-0.59)
F80/MB150 -1.17 <0.001 -1.94 <0.001 -1.89 <0.001 -1.36 <0.001 -0.83 <0.001 -0.81 <0.001
(-1.29to (-2.02 to (-2.02 to (-1.63 to (-0.91 to (-0.95 to
—-1.05) -1.87) -1.76) -1.19) —-0.76) —-0.68)

Ref, reference/baseline; F, red light fluence (J/cm?); F40, red light fluence at 40 J/cm?; F80, red light fluence at 80 J/cm?; MB, methylene blue; MB50, methylene blue of 50 mg/L; MB150,

methylene blue of 150 mg/L.
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When appropriate fluences are used, photobiomodulation
(PBM) leading to photoactivation of endogenous molecules,
particularly cytochrome C oxidase, subsequently activates the
intracellular ROS generation, of which certain high levels may
potentially cause cell damage (Huang et al., 2011; Kashef et al,
2011; Wozniak et al., 2019). This might explain why higher
fluences of red light alone, 5 to 80 J/cm ) in this study, generally
reduced the bacterial population to the sublethal and lethal point.
Although the lethal light dose, 80J/cm® was achieved for KP1
without MB combined, to find the minimum effective
concentration—-fluence dose of MB-aPDT, we then performed
the similar combinations of concentration—fluence doses to what
were used for the other selected pathogens resulting in the
minimum effective dose of MB-aPDT for KP1 of MB of 50
mg/L and light of 40 J/cm®.

Alongside with partial antibacterial effect, PBM can also
activate multifaceted growth factors, especially extracellular
transforming growth factor P, which has the crucial role for
assisting wound repair. Moreover, PBM can also promote
regeneration of skin appendages, epithelial migration and
proliferation, endothelial migration for angiogenesis, fibroblast
matrix synthesis, and wound contraction.Mosca et al., 2019
Taken together, PDT seems very promising both as
monothrapy (Huang et al., 2012; Huang et al., 2012; Sperandio
etal, 2013; Longo et al., 2014; Liu et al., 2015) and as an adjuvant
treatment in chronic wound condition, with wide range of anti-
microbial activities, especially upon otherwise drug-resistant
lethal strains, and as wound healing enhancer (Gollnick et al.,
2003; Weber et al., 2012; Reginato et al., 2014; Anzengruber et al.,
2015; Corsi et al., 2016; Grandi et al., 2018; Oyama et al., 2020;
Sun et al., 2020).

The optimum effect of MB-aPDT was also related to other
factors, for example, the internalization of PS into the bacterial
cell and the bacterial protective mechanism (Huang et al., 2012;
Longo et al., 2014). MDR and XDR gram-negative bacteria have
a unique mechanism to encounter the harmful substances by
using the transmembrane proteins called multidrug resistance
pumps such as AcrAB-TolC, one of the tripartite pumps
expressed in Escherichia coli, MexAB-OprM in P. aeruginosa
(Lewis, 1999), and kpnGH in K. pneumoniae (Srinivasan et al.,
2014), that manage the efflux of amphipathic cations outside the
cells, including MB. Efflux pump inhibitors (EPIs) (Tegos et al.,
2008) as seemingly promising strategies have been intensely
researched because the first multidrug efflux pump was
identified in 1996 (Paulsen et al., 1996) yet approved for
clinical use (Ughachukwu and Unekwe, 2012). Some studies
suggested using electron acceptor, such as sodium azide and
potassium iodide (Vecchio et al., 2015), to potentiate the aPDT
outcome when MB-aPDT yields suboptimal results (Huang et al.,
2012). Furthermore, certain organisms have distinctive
mechanisms to protect them from deleterious exogenous
causes. For example, AB, PS, and KP have an adroit capacity
to rapidly adapt themselves from planktonic to biofilm phase and
quorum sensing against the injury (Longo et al., 2014). These
might somehow explain the different number of reductions in
our study when using the same MB-aPDT setting on each
bacterial strain.

In addition, sublethal and lethal parameters of aPDT also
affect the frequency and duration of aPDT protocol. Recent
studies showed that repetitive uses of sublethal doses of aPDT
potentially lead to tolerance adaptation (Leanse et al, 2018;
Pieranski et al., 2020) of bacteria through multiple metabolic
pathways, e.g., cell wall biogenesis, DNA recombination/repair
(Kashef and Hamblin, 2017), and a stimulation of biofilm
formation (Schembri et al, 2003; Murphy et al, 2005; Wen
etal., 2005; Villa et al., 2012; Hendiani et al., 2019). This situation
is dissimilar to the mechanism of bacterial resistance in which
the bacteria are still eliminated but require more frequency and
higher light fluences. Thus, antimicrobial photoinactivation
essentially needs precise application of the lethal doses of MB
and red light combined to minimize this phenomenon. Our
suggested lethal concentration—fluence dose of 50 mg/L with 80
J/em @ from this study might be useful as a starting reference for
clinical application and further development of an optimal
aPDT protocol.

Other aPDT protocols against ESKAPE pathogens employing
different PSs and lights have been published both as in vitro and
in vivo studies (Dai et al., 2009; Huang et al., 2014; Maisch et al.,
2014; Zhang et al., 2014; Boluki et al., 2017; Khan et al., 2017;
Yuan et al., 2017; Pereira et al., 2018; Yang et al., 2018; Hendiani
et al.,, 2019; Marcolan De Mello et al.,, 2019a; Wozniak et al.,
2019). Most PSs used were of phenothiazinium-based dyes,
including MB, Rose Bengal (RB), and toluene blue O (TBO).
Similar to our study yet using one concentration of MB coupled
with variable fluences and step ranges of red light against a wide
range of global priority drug-resistant bacteria including
ESKAPE pathogens and two yeast species, Candida albicans
and Cryptococcus neoformans, Sabino CP et al. (Huang et al,
2012; St Denis et al., 2013; Sarker et al, 2021) successfully
demonstrated the efficacy of MB-aPDT against across all the
selected strains in species-specific dose-response kinetics
regardless of drug-resistance profiles. The improvement of the
efficacy of MB-aPDT was observed with the addition of some
chemical compounds (Vecchio et al., 2015) including an inert
inorganic salt potassium iodide (KI) (Vecchio et al., 2015), which
seems to be safe for future clinical application. With different
combined additives, Sarker et al. (Ishiwata et al., 2021) have
recently reported the efficacy of MB-aPDT with three once-daily
treatment sessions in controlling burn wounds infected with PS
from the wound surface to the region deeper than 1,200 um in
the hypodermis in rats. Ishiwata et al. (2021) have demonstrated
the importance of repetitive MB-aPDT application, which was
given every 24 h for 7 consecutive days for controlling bacterial
migration and extending the survival of rats with an extensive
deep burn wound infected with PS. Wozniak et al. (2019)
reported aPDT using RB, coupled with green light (A, 515
nm) on XDR-AB. In another study De Mello et al. performed
MB-aPDT against MDR-AB (Marcolan De Mello et al., 2019b).
A study by Boluki et al. (2017) demonstrated successful
bactericidal activity of sublethal aPDT using TBO, with red
light-emitting diode (Ag. 630 nm) in a combination with
colistin against PDR-AB (Park et al., 2011). Moreover, in
addition to the efficacy of aPDT against bacteria, PDT is also a
powerful weapon against superficial mycoses, either
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dermatophytes or non-dermatophytes. Recent systematic review
showed that MB-PDT is as efficacious if not superior to ALA and
MAL when treating onychomycosis (Shen et al., 2020).

The strengths of our study are that, first, we demonstrated
the effects of MB in various concentrations, red light, and the
combination of the two, and MB-aPDT against locally isolated
XDR-AB, XDR-PS, and MDR-KP. All the strains used were all
clinical isolates that should well represent pathogens of
clinical concerns particularly in our local region. However,
there were some limitations worth mentioning here. The
bacterial strains utilized in the study were isolated from
various settings rather than entirely from chronic wounds.
Second, the process of PS incorporation into the bacterial cells
in the laboratory experiments might be different from actual
clinical scenarios. Third, we used only MB and red light in our
study. Other PSs and light sources should be investigated in
the future. Last, we investigated “single” PDT regimen, while
in fact, the painless nature and short-irradiation protocol may
allow for repeat treatments, adding even further benefits in
clinical settings.

CONCLUSION

MB-aPDT evidently killed the selected XDR and MDR-gram
negative bacteria. In a highly drug-resistant crisis era, MB-aPDT
could be one of the promising options, particularly for local
infections and infection complicating chronic wounds with one
suggested combination of MB of 50 mg/L and red light of 80 J/cm
of red light as a guide to begin with. Both in vitro study for other
MDR-bacteria and in vivo study to establish precise PDT protocol
for effective antimicrobial and wound healing purposes are to
be investigated.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.

REFERENCES

Alberdi, E., and Gomez, C. (2020). Methylene Blue vs Methyl Aminolevulinate
Photodynamic Therapy in Combination With Oral Terbinafine in the
Treatment of Severe Dermatophytic Toenail Onychomycosis: Short- and
Long-Term Effects. Mycoses 63, 859-868. doi: 10.1111/myc.13125

Anzengruber, F., Avci, P., de Freitas, L. F.,, and Hamblin, M. R. (2015). T-Cell
Mediated Anti-Tumor Immunity After Photodynamic Therapy: Why Does it
Not Always Work and How can We Improve it? Photochem. Photobiol. Sci. 14,
1492-1509. doi: 10.1039/c4pp00455h

Basu, S., Ramchuran Panray, T., Bali Singh, T., Gulati, A. K., and Shukla, V. K.
(2009). A Prospective, Descriptive Study to Identify the Microbiological Profile
of Chronic Wounds in Outpatients. Ostomy Wound Manage 55, 14-20.

Boluki, E., Kazemian, H., Peeridogaheh, H., Alikhani, M. Y., Shahabi, S.,
Beytollahi, L., et al. (2017). Antimicrobial Activity of Photodynamic Therapy
in Combination With Colistin Against a Pan-Drug Resistant Acinetobacter
Baumannii Isolated From Burn Patient. Photodiagnosis Photodyn. Ther. 18, 1-
5. doi: 10.1016/j.pdpdt.2017.01.003

ETHICS STATEMENT

No human studies are presented in the manuscript. However, the
study protocol was approved by the Institutional Review Board
of Faculty of Medicine, Chulalongkorn University.

AUTHOR CONTRIBUTIONS

EB contributed to conception, design of the study, resources,
manuscript editing and revision, supervision, and submission.
CS organized the database, performed the statistical analysis, and
wrote the first draft of the manuscript. PA supervised and edited
the manuscript. JV shared resources. TC supervised laboratory
tasks. All authors contributed to the article and approved the
submitted version.

FUNDING

The study was supported by Ratchadapisek Sompoch
Endowment Fund, RA 63/086, Faculty of Medicine,
Chulalongkorn University.

ACKNOWLEDGMENTS

We would like to thank N. Kueakulpattana and M. Laowansiri
(Antimicrobial Resistance and Stewardship Research Unit,
Department of Microbiology, Faculty of Medicine,
Chulalongkorn University, Bangkok, Thailand) for organizing
and providing their expertise in all the laboratory tasks.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fcimb.2022.929242/
full#supplementary-material

Bowornsathitchai, N., Thammahong, A., Shoosanglertwijit, J., Kitsongsermthon,
J., Wititsuwannakul, J., Asawanonda, P., et al. (2020). Methylene Blue-
Mediated Photodynamic Therapy may be Superior to 5% Amorolfine Nail
Lacquer for non-Dermatophyte Onychomycosis. Photodermatol
Photoimmunol Photomed. doi: 10.1111/phpp.12624

Bush, K, and Jacoby, G. A. (2010). Updated Functional Classification of Beta-Lactamases.
Antimicrob. Agents Chemother. 54, 969-976. doi: 10.1128/AAC.01009-09

Cassidy, C. M., Donnelly, R. F., and Tunney, M. M. (2010). Effect of Sub-Lethal
Challenge With Photodynamic Antimicrobial Chemotherapy (PACT) on the
Antibiotic Susceptibility of Clinical Bacterial Isolates. J. Photochem. Photobiol.
B 99, 62-66. doi: 10.1016/j.jphotobiol.2010.02.004

Castano, A. P., Demidova, T. N., and Hamblin, M. R. (2004). Mechanisms in
Photodynamic Therapy: Part One-Photosensitizers, Photochemistry and
Cellular Localization. Photodiagnosis Photodyn. Ther. 1, 279-293. doi:
10.1016/S1572-1000(05)00007-4

Corsi, A., Lecci, P. P, Bacci, S., Cappugi, P., and Pimpinelli, N. (2016). Early
Activation of Fibroblasts During PDT Treatment in Leg Ulcers. G Ital
Dermatol. Venereol 151, 223-229.

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

July 2022 | Volume 12 | Article 929242


https://www.frontiersin.org/articles/10.3389/fcimb.2022.929242/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcimb.2022.929242/full#supplementary-material
https://doi.org/10.1111/myc.13125
https://doi.org/10.1039/c4pp00455h
https://doi.org/10.1016/j.pdpdt.2017.01.003
https://doi.org/10.1111/phpp.12624
https://doi.org/10.1128/AAC.01009-09
https://doi.org/10.1016/j.jphotobiol.2010.02.004
https://doi.org/10.1016/S1572-1000(05)00007-4
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Songsantiphap et al.

MB-PDT for XDR Bacteria TH

Dai, T., Huang, Y. Y., and Hamblin, M. R. (2009). Photodynamic Therapy for
Localized Infections—State of the Art. Photodiagnosis Photodyn. Ther. 6, 170
188. doi: 10.1016/j.pdpdt.2009.10.008

Dijkshoorn, L., Nemec, A., and Seifert, H. (2007). An Increasing Threat in
Hospitals: Multidrug-Resistant Acinetobacter Baumannii. Nat. Rev.
Microbiol. 5, 939-951. doi: 10.1038/nrmicro1789

Driscoll, J. A., Brody, S. L., and Kollef, M. H. (2007). The Epidemiology,
Pathogenesis and Treatment of Pseudomonas Aeruginosa Infections. Drugs
67, 351-368. doi: 10.2165/00003495-200767030-00003

Fu, X. (2005). Skin Ulcers in Lower Extremities: The Epidemiology and
Management in China. Int. J. Low Extrem Wounds 4, 4-6. doi: 10.1177/
1534734605274659

Galac, M. R, Snesrud, E., Lebreton, F., Stam, J., Julius, M., Ong, A. C,, et al. (2020).
A Diverse Panel of Clinical Acinetobacter Baumannii for Research and
Development. Antimicrob. Agents Chemother. 64, €00840-20. doi: 10.1128/
AAC.00840-20

Gollnick, S. O., Evans, S. S., Baumann, H., Owczarczak, B., Maier, P., Vaughan, L.,
et al. (2003). Role of Cytokines in Photodynamic Therapy-Induced Local and
Systemic Inflammation. Br. J. Cancer 88, 1772-1779. doi: 10.1038/
§j.bjc.6600864

Grandi, V., Bacci, S., Corsi, A., Sessa, M., Puliti, E., Murciano, N,, et al. (2018).
ALA-PDT Exerts Beneficial Effects on Chronic Venous Ulcers by Inducing
Changes in Inflammatory Microenvironment, Especially Through Increased
TGF-Beta Release: A Pilot Clinical and Translational Study. Photodiagnosis
Photodyn. Ther. 21, 252-256. doi: 10.1016/j.pdpdt.2017.12.012

Guan, H., Dong, W,, Lu, Y., Jiang, M., Zhang, D., Aobuliaximu, Y., et al. (2021).
Distribution and Antibiotic Resistance Patterns of Pathogenic Bacteria in
Patients With Chronic Cutaneous Wounds in China. Front. Med.
(Lausanne) 8, 609584. doi: 10.3389/fmed.2021.609584

Hendiani, S., Rybtke, M. L., Tolker-Nielsen, T., and Kashef, N. (2019). Sub-Lethal
Antimicrobial Photodynamic Inactivation Affects Pseudomonas Aeruginosa
PAO1 Quorum Sensing and Cyclic Di-GMP Regulatory Systems.
Photodiagnosis Photodyn. Ther. 27, 467-473. doi: 10.1016/j.pdpdt.2019.07.025

Huang, Y. Y., Chen, A. C,, Carroll, J. D., and Hamblin, M. R. (2009). Biphasic Dose
Response in Low Level Light Therapy. Dose Response 7, 358-383. doi: 10.2203/
dose-response.09-027.Hamblin

Huang, Y. Y., Sharma, S. K., Carroll, J., and Hamblin, M. R. (2011). Biphasic Dose
Response in Low Level Light Therapy - an Update. Dose Response 9, 602-618.
doi: 10.2203/dose-response.11-009.Hamblin

Huang, L., St Denis, T. G., Xuan, Y., Huang, Y. Y., Tanaka, M., Zadlo, A, et al.
(2012). Paradoxical Potentiation of Methylene Blue-Mediated Antimicrobial
Photodynamic Inactivation by Sodium Azide: Role of Ambient Oxygen and
Azide Radicals. Free Radic. Biol. Med. 53, 2062-2071. doi: 10.1016/
j.freeradbiomed.2012.09.006

Huang, L., Wang, M., Dai, T., Sperandio, F. F., Huang, Y. Y., Xuan, Y., et al. (2014).
Antimicrobial Photodynamic Therapy With Decacationic Monoadducts and
Bisadducts of [70]Fullerene: In Vitro and In Vivo Studies. Nanomedicine
(Lond) 9, 253-266. doi: 10.2217/nnm.13.22

Huang, L., Xuan, Y., Koide, Y., Zhiyentayev, T., Tanaka, M., and Hamblin, M. R.
(2012). Type I and Type II Mechanisms of Antimicrobial Photodynamic
Therapy: An In Vitro Study on Gram-Negative and Gram-Positive Bacteria.
Lasers Surg. Med. 44, 490-499. doi: 10.1002/1sm.22045

Hutchings, M. I, Truman, A. W., and Wilkinson, B. (2019). Antibiotics: Past,
Present and Future. Curr. Opin. Microbiol. 51, 72-80. doi: 10.1016/
j-mib.2019.10.008

Ishiwata, N., Tsunoi, Y., Sarker, R. R., Haruyama, Y., Kawauchi, S., Sekine, Y., et al.
(2021). Control of Burn Wound Infection by Methylene Blue-Mediated
Photodynamic Treatment With Light-Emitting Diode Array Illumination in
Rats. Lasers Surg. Med. 53, 1238-1246. doi: 10.1002/1sm.23395

Jiang, Y., Huang, S., Fu, X,, Liu, H,, Ran, X,, Lu, S., et al. (2011). Epidemiology of
Chronic Cutaneous Wounds in China. Wound Repair Regener. 19, 181-188.
doi: 10.1111/j.1524-475X.2010.00666.x

Jouhar, L., Jaafar, R. F., Nasreddine, R., Itani, O., Haddad, F., Rizk, N., et al.
(2020). Microbiological Profile and Antimicrobial Resistance Among
Diabetic Foot Infections in Lebanon. Int. Wound J. 17, 1764-1773. doi:
10.1111/iwj.13465

Kashef, N., Esmaeeli Djavid, G., Siroosy, M., Taghi Khani, A., Hesami Zokai, F.,
and Fateh, M. (2011). Photodynamic Inactivation of Drug-Resistant Bacteria
Isolated From Diabetic Foot Ulcers. Iran J. Microbiol. 3, 36-41.

Kashef, N., and Hamblin, M. R. (2017). Can Microbial Cells Develop Resistance to
Oxidative Stress in Antimicrobial Photodynamic Inactivation? Drug Resist.
Update 31 (1), 31-42. doi: 10.1016/j.drup.2017.07.003

Kawczyk-Krupka, A., Pucelik, B., Miedzybrodzka, A., Sieron, A. R., and
Dabrowski, J. M. (2018). Photodynamic Therapy as an Alternative to
Antibiotic Therapy for the Treatment of Infected Leg Ulcers. Photodiagnosis
Photodyn. Ther. 23, 132-143. doi: 10.1016/j.pdpdt.2018.05.001

Kerr, K. G,, and Snelling, A. M. (2009). Pseudomonas Aeruginosa: A Formidable and
Ever-Present Adversary. J. Hosp Infect. 73, 338-344. doi: 10.1016/j.,jhin.2009.04.020

Khan, S., Khan, S. N., Meena, R., Dar, A. M., Pal, R,, and Khan, A. U. (2017).
Photoinactivation of Multidrug Resistant Bacteria by Monomeric Methylene
Blue Conjugated Gold Nanoparticles. J. Photochem. Photobiol. B: Biol. 174,
150-161. doi: 10.1016/j.jphotobiol.2017.07.011

Kiyaga, S., Kyany'a, C., Muraya, A. W., Smith, H. J., Mills, E. G., Kibet, C,, et al.
(2022). Genetic Diversity, Distribution, and Genomic Characterization of
Antibiotic Resistance and Virulence of Clinical Pseudomonas Aeruginosa
Strains in Kenya. Front. Microbiol. 13, 835403. doi: 10.3389/fmicb.2022.835403

Leanse, L. G., Harrington, O. D., Fang, Y., Ahmed, I, Goh, X. S., and Dai, T.
(2018). Evaluating the Potential for Resistance Development to Antimicrobial
Blue Light (at 405 Nm) in Gram-Negative Bacteria: In Vitro and In Vivo
Studies. Front. Microbiol. 9, 2403. doi: 10.3389/fmicb.2018.02403

Lebreton, F., Snesrud, E., Hall, L., Mills, E., Galac, M., Stam, J., et al. (2021). A
Panel of Diverse Pseudomonas Aeruginosa Clinical Isolates for Research and
Development. JAC Antimicrob. Resist. 3, dlab179. doi: 10.1093/jacamr/dlab179

Lewis, K. (1999). Multidrug Resistance: Versatile Drug Sensors of Bacterial Cells.
Curr. Biol. 9, R403-R407. doi: 10.1016/S0960-9822(99)80254-1

Li, X, Qi, X, Yuan, G, Ju, S., Yu, Z.,, Deng, W, et al. (2018). Microbiological
Profile and Clinical Characteristics of Diabetic Foot Infection in Northern
China: A Retrospective Multicentre Survey in the Beijing Area. J. Med.
Microbiol. 67(3), 160-168. doi: 10.1099/jmm.0.000658

Liu, Y., Qin, R,, Zaat, S. A. ]., Breukink, E., and Heger, M. (2015). Antibacterial
Photodynamic Therapy: Overview of a Promising Approach to Fight
Antibiotic-Resistant Bacterial Infections. J. Clin. Transl. Res. 1 (3), 140-167.

Longo, F., Vuotto, C., and Donelli, G. (2014). Biofilm Formation in Acinetobacter
Baumannii. New Microbiol. 37 (2), 119-127.

Maisch, T., Eichner, A, Spath, A., Gollmer, A., Konig, B., Regensburger, J., et al.
(2014). Fast and Effective Photodynamic Inactivation of Multiresistant Bacteria
by Cationic Riboflavin Derivatives. PLoS One 9, el111792. doi: 10.1371/
journal.pone.0111792

Marcolan De Mello, M., De Barros, P. P., de Cassia Bernardes, R., Alves, S. R,,
Ramanzini, N. P., Figueiredo-Godoi, L. M. A,, et al. (2019a). Antimicrobial
Photodynamic Therapy Against Clinical Isolates of Carbapenem-Susceptible
and Carbapenem-Resistant Acinetobacter Baumannii. Lasers Med. Sci. doi:
10.1007/s10103-019-02773-w

Medina, E., and Pieper, D. H. (2016). Tackling Threats and Future Problems of
Multidrug-Resistant Bacteria. Curr. Top. Microbiol. Immunol. 398, 3-33. doi:
10.1007/82_2016_492

Merigo, E., Conti, S., Ciociola, T., Manfredi, M., Vescovi, P., and Fornaini, C.
(2019). Antimicrobial Photodynamic Therapy Protocols on Streptococcus
Mutans With Different Combinations of Wavelengths and Photosensitizing
Dyes. Bioengineering (Basel) 6 (2), 42. doi: 10.3390/bioengineering6020042

Mosca, R. C., Ong, A. A., Albasha, O., Bass, K., and Arany, P. (2019).
Photobiomodulation Therapy for Wound Care: A Potent, Noninvasive,
Photoceutical Approach. Adv. Skin Wound Care 32, 157-167. doi: 10.1097/
01.ASW.0000553600.97572.d2

Mulani, M. S., Kamble, E. E., Kumkar, S. N., Tawre, M. S., and Pardesi, K. R.
(2019). Emerging Strategies to Combat ESKAPE Pathogens in the Era of
Antimicrobial Resistance: A Review. Front. Microbiol. 10, 539. doi: 10.3389/
fmicb.2019.00539

Murphy, T. F.,, Kirkham, C., Sethi, S., and Lesse, A. J. (2005). Expression of a
Peroxiredoxin-Glutaredoxin by Haemophilus Influenzae in Biofilms and
During Human Respiratory Tract Infection. FEMS Immunol. Med.
Microbiol. 44, 81-89. doi: 10.1016/j.femsim.2004.12.008

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

July 2022 | Volume 12 | Article 929242


https://doi.org/10.1016/j.pdpdt.2009.10.008
https://doi.org/10.1038/nrmicro1789
https://doi.org/10.2165/00003495-200767030-00003
https://doi.org/10.1177/1534734605274659
https://doi.org/10.1177/1534734605274659
https://doi.org/10.1128/AAC.00840-20
https://doi.org/10.1128/AAC.00840-20
https://doi.org/10.1038/sj.bjc.6600864
https://doi.org/10.1038/sj.bjc.6600864
https://doi.org/10.1016/j.pdpdt.2017.12.012
https://doi.org/10.3389/fmed.2021.609584
https://doi.org/10.1016/j.pdpdt.2019.07.025
https://doi.org/10.2203/dose-response.09-027.Hamblin
https://doi.org/10.2203/dose-response.09-027.Hamblin
https://doi.org/10.2203/dose-response.11-009.Hamblin
https://doi.org/10.1016/j.freeradbiomed.2012.09.006
https://doi.org/10.1016/j.freeradbiomed.2012.09.006
https://doi.org/10.2217/nnm.13.22
https://doi.org/10.1002/lsm.22045
https://doi.org/10.1016/j.mib.2019.10.008
https://doi.org/10.1016/j.mib.2019.10.008
https://doi.org/10.1002/lsm.23395
https://doi.org/10.1111/j.1524-475X.2010.00666.x
https://doi.org/10.1111/iwj.13465
https://doi.org/10.1016/j.drup.2017.07.003
https://doi.org/10.1016/j.pdpdt.2018.05.001
https://doi.org/10.1016/j.jhin.2009.04.020
https://doi.org/10.1016/j.jphotobiol.2017.07.011
https://doi.org/10.3389/fmicb.2022.835403
https://doi.org/10.3389/fmicb.2018.02403
https://doi.org/10.1093/jacamr/dlab179
https://doi.org/10.1016/S0960-9822(99)80254-1
https://doi.org/10.1099/jmm.0.000658
https://doi.org/10.1371/journal.pone.0111792
https://doi.org/10.1371/journal.pone.0111792
https://doi.org/10.1007/s10103-019-02773-w
https://doi.org/10.1007/82_2016_492
https://doi.org/10.3390/bioengineering6020042
https://doi.org/10.1097/01.ASW.0000553600.97572.d2
https://doi.org/10.1097/01.ASW.0000553600.97572.d2
https://doi.org/10.3389/fmicb.2019.00539
https://doi.org/10.3389/fmicb.2019.00539
https://doi.org/10.1016/j.femsim.2004.12.008
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Songsantiphap et al.

MB-PDT for XDR Bacteria TH

Oyama, J., Fernandes Herculano Ramos-Milare, A. C., Lopes Lera-Nonose, D. S.
S., Nesi-Reis, V., Galhardo Demarchi, 1., Alessi Aristides, S. M., et al. (2020).
Photodynamic Therapy in Wound Healing In Vivo: A Systematic Review.
Photodiagnosis Photodyn. Ther. 2020, 101682. doi: 10.1016/
j.pdpdt.2020.101682

Park, Y. K., Choi, J. Y., Shin, D., and Ko, K. S. (2011). Correlation Between
Overexpression and Amino Acid Substitution of the PmrAB Locus and
Colistin Resistance in Acinetobacter Baumannii. Int. J. Antimicrob. Agents
37, 525-530. doi: 10.1016/j.jjantimicag.2011.02.008

Paulsen, I. T., Brown, M. H., and Skurray, R. A. (1996). Proton-Dependent
Multidrug Efflux Systems. Microbiol. Rev. 60, 575-608. doi: 10.1128/
mr.60.4.575-608.1996

Pereira, A. H. C,, Pinto, J. G,, Freitas, M. A. A., Fontana, L. C., Pacheco Soares, C.,
and Ferreira-Strixino, J. (2018). Methylene Blue Internalization and
Photodynamic Action Against Clinical and ATCC Pseudomonas Aeruginosa
and Staphyloccocus Aureus Strains. Photodiagnosis Photodyn. Ther. 22, 43-50.
doi: 10.1016/j.pdpdt.2018.02.008

Pieranski, M., Sitkiewicz, I., and Grinholc, M. (2020). Increased Photoinactivation
Stress Tolerance of Streptococcus Agalactiae Upon Consecutive Sublethal
Phototreatments. Free Radic. Biol. Med. 160, 657-669. doi: 10.1016/
j.freeradbiomed.2020.09.003

Prescott, J. F. (2014). The Resistance Tsunami, Antimicrobial Stewardship, and the
Golden Age of Microbiology. Vet. Microbiol. 171, 273-278. doi: 10.1016/
j.vetmic.2014.02.035

Ramirez, M. S., Bonomo, R. A., and Tolmasky, M. E. (2020). Carbapenemases:
Transforming Acinetobacter Baumannii Into a Yet More Dangerous Menace.
Biomolecules 10 (5), 720. doi: 10.3390/biom10050720

Reginato, E., Wolf, P., and Hamblin, M. R. (2014). Immune Response After
Photodynamic Therapy Increases Anti-Cancer and Anti-Bacterial Effects.
World J. Immunol. 4, 1-11. doi: 10.5411/wji.v4.il.1

Rice, L. B. (2008). Federal Funding for the Study of Antimicrobial Resistance in
Nosocomial Pathogens: No ESKAPE. J. Infect. Dis. 197, 1079-1081. doi:
10.1086/533452

Sarker, R. R., Tsunoi, Y., Haruyama, Y., Ichiki, Y., Sato, S., and Nishidate, I. (2021).
Combined Addition of Ethanol and Ethylenediaminetetraacetic Acid Enhances
Antibacterial and Antibiofilm Effects in Methylene Blue-Mediated
Photodynamic Treatment Against Pseudomonas Aeruginosa In Vitro.
Photochem. Photobiol. 97, 600-606. doi: 10.1111/php.13358

Schembri, M. A., Hjerrild, L., Gjermansen, M., and Klemm, P. (2003). Difterential
Expression of the Escherichia Coli Autoaggregation Factor Antigen 43. J.
Bacteriol 185, 2236-2242. doi: 10.1128/]B.185.7.2236-2242.2003

Shen, J. J., Jemec, G. B. E., Arendrup, M. C., and Saunte, D. M. L. (2020).
Photodynamic Therapy Treatment of Superficial Fungal Infections: A
Systematic Review. Photodiagnosis Photodyn. Ther. 31, 101774. doi: 10.1016/
j-.pdpdt.2020.101774

Sperandio, F. F., Huang, Y. Y., and Hamblin, M. R. (2013). Antimicrobial
Photodynamic Therapy to Kill Gram-Negative Bacteria. Recent Pat.
Antiinfect Drug Discovery 8, 108-120. doi: 10.2174/1574891X113089990012

Srinivasan, V. B., Singh, B. B., Priyadarshi, N., Chauhan, N. K., and Rajamohan, G.
(2014). Role of Novel Multidrug Efflux Pump Involved in Drug Resistance in
Klebsiella Pneumoniae. PLoS One 9, ¢96288. doi: 10.1371/
journal.pone.0096288

St Denis, T. G., Vecchio, D., Zadlo, A., Rineh, A., Sadasivam, M., Avci, P., et al.
(2013). Thiocyanate Potentiates Antimicrobial Photodynamic Therapy: In Situ
Generation of the Sulfur Trioxide Radical Anion by Singlet Oxygen. Free Radic.
Biol. Med. 65, 800-810. doi: 10.1016/j.freeradbiomed.2013.08.162

Subedi, D., Vijay, A. K., Kohli, G. S., Rice, S. A, and Willcox, M. (2018).
Comparative Genomics of Clinical Strains of Pseudomonas Aeruginosa
Strains Isolated From Different Geographic Sites. Sci. Rep. 8, 15668. doi:
10.1038/s41598-018-34020-7

Sugandhi, P., and Prasanth, D. A. (2014). Microbiological Profile of Bacterial
Pathogens From Diabetic Foot Infections in Tertiary Care Hospitals, Salem.
Diabetes Metab. Syndr. 8, 129-132. doi: 10.1016/j.dsx.2014.07.004

Sun, Y., Ogawa, R., Xiao, B. H., Feng, Y. X., Wu, Y., Chen, L. H,, et al. (2020).
Antimicrobial Photodynamic Therapy in Skin Wound Healing: A
Systematic Review of Animal Studies. Int. Wound J. 17, 285-299. doi:
10.1111/iwj.13269

Tacconelli, E., Carrara, E., Savoldi, A., Harbarth, S., Mendelson, M., Monnet, D. L.,
et al. (2018). Discovery, Research, and Development of New Antibiotics: The

WHO Priority List of Antibiotic-Resistant Bacteria and Tuberculosis. Lancet
Infect. Dis. 18, 318-327. doi: 10.1016/S1473-3099(17)30753-3

Tegos, G. P., and Hamblin, M. R. (2006). Phenothiazinium Antimicrobial
Photosensitizers are Substrates of Bacterial Multidrug Resistance Pumps.
Antimicrob. Agents Chemother. 50, 196-203. doi: 10.1128/AAC.50.1.196-203.2006

Tegos, G. P., Masago, K., Aziz, F., Higginbotham, A., Stermitz, F. R., and Hamblin,
M. R. (2008). Inhibitors of Bacterial Multidrug Efflux Pumps Potentiate
Antimicrobial Photoinactivation. Antimicrob. Agents Chemother. 52, 3202
3209. doi: 10.1128/AAC.00006-08

Tekin, R., Dal, T., Bozkurt, F., Deveci, O., Palanc, Y., Arslan, E., et al. (2014). Risk
Factors for Nosocomial Burn Wound Infection Caused by Multidrug Resistant
Acinetobacter Baumannii. J. Burn Care Res. 35, e73-e80. doi: 10.1097/
BCR.0b013e31828a493f

Ughachukwu, P., and Unekwe, P. (2012). Efflux Pump-Mediated Resistance in
Chemotherapy. Ann. Med. Health Sci. Res. 2, 191-198. doi: 10.4103/2141-
9248.105671

Vatansever, F., de Melo, W. C., Avci, P., Vecchio, D., Sadasivam, M., Gupta, A.,
et al. (2013). Antimicrobial Strategies Centered Around Reactive Oxygen
Species-Bactericidal Antibiotics, Photodynamic Therapy, and Beyond. FEMS
Microbiol. Rev. 37, 955-989. doi: 10.1111/1574-6976.12026

Vecchio, D., Gupta, A., Huang, L., Landi, G., Avci, P, Rodas, A., et al. (2015).
Bacterial Photodynamic Inactivation Mediated by Methylene Blue and Red
Light is Enhanced by Synergistic Effect of Potassium Iodide. Antimicrob.
Agents Chemother. 59, 5203-5212. doi: 10.1128/AAC.00019-15

Villa, F., Remelli, W., Forlani, F., Gambino, M., Landini, P., and Cappitelli, F.
(2012). Effects of Chronic Sub-Lethal Oxidative Stress on Biofilm Formation by
Azotobacter Vinelandii. Biofouling 28, 823-833. doi: 10.1080/
08927014.2012.715285

Wang, C. H., Hsieh, Y. H., Powers, Z. M., and Kao, C. Y. (2020). Defeating
Antibiotic-Resistant Bacteria: Exploring Alternative Therapies for a Post-
Antibiotic Era. Int. J. Mol. Sci. 21 (3), 1061. doi: 10.3390/ijms21031061

Weinstein, MP (2021). Clinical, Laboratory Standards I. Performance standards for
antimicrobial susceptibility testing. 31st edition. ed. Wayne, Pennsylvania:
Clinical and Laboratory Standards Institute,. xxxii, 316, illustrations p.

Weber, C. E,, Li, N. Y., Wai, P. Y., and Kuo, P. C. (2012). Epithelial-Mesenchymal
Transition, TGF-Beta, and Osteopontin in Wound Healing and Tissue
Remodeling After Injury. J. Burn Care Res. 33, 311-318. doi: 10.1097/
BCR.0b013e318240541e

Wen, Z. T., Suntharaligham, P., Cvitkovitch, D. G., and Burne, R. A. (2005).
Trigger Factor in Streptococcus Mutans is Involved in Stress Tolerance,
Competence Development, and Biofilm Formation. Infect. Immun. 73, 219—
225. doi: 10.1128/IA1.73.1.219-225.2005

Wozniak, A., Rapacka-Zdonczyk, A., Mutters, N. T., and Grinholc, M. (2019).
Antimicrobials Are a Photodynamic Inactivation Adjuvant for the Eradication
of Extensively Drug-Resistant Acinetobacter Baumannii. Front. Microbiol. 10,
229. doi: 10.3389/fmicb.2019.00229

Yang, M. Y., Chang, K. C,, Chen, L. Y., and Hu, A. (2018). Low-Dose Blue Light
Irradiation Enhances the Antimicrobial Activities of Curcumin Against
Propionibacterium Acnes. J. Photochem. Photobiol. B 189, 21-28. doi:
10.1016/j.jphotobiol.2018.09.021

Yuan, Y., Liu, Z. Q. Jin, H,, Sun, S., Liu, T. J., Wang, X,, et al. (2017).
Photodynamic Antimicrobial Chemotherapy With the Novel Amino Acid-
Porphyrin Conjugate 41: In Vitro and In Vivo Studies. PLoS One 12, €0176529.
doi: 10.1371/journal.pone.0176529

Zeina, B., Greenman, J., Purcell, W. M., and Das, B. (2001). Killing of Cutaneous
Microbial Species by Photodynamic Therapy. Br. J. Dermatol. 144, 274-278.
doi: 10.1046/j.1365-2133.2001.04013.x

Zhang, H. Y., Ji, ], Tan, Y. M., Zhang, L. L., Wang, X. ], Wang, P. R,, et al. (2014).
Evaluation of 5-Aminolevulinic Acid-Mediated Photorejuvenation of Neck
Skin. Photodiagnosis Photodyn. Ther. 11, 498-509. doi: 10.1016/
j.pdpdt.2014.10.003

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

July 2022 | Volume 12 | Article 929242


https://doi.org/10.1016/j.pdpdt.2020.101682
https://doi.org/10.1016/j.pdpdt.2020.101682
https://doi.org/10.1016/j.ijantimicag.2011.02.008
https://doi.org/10.1128/mr.60.4.575-608.1996
https://doi.org/10.1128/mr.60.4.575-608.1996
https://doi.org/10.1016/j.pdpdt.2018.02.008
https://doi.org/10.1016/j.freeradbiomed.2020.09.003
https://doi.org/10.1016/j.freeradbiomed.2020.09.003
https://doi.org/10.1016/j.vetmic.2014.02.035
https://doi.org/10.1016/j.vetmic.2014.02.035
https://doi.org/10.3390/biom10050720
https://doi.org/10.5411/wji.v4.i1.1
https://doi.org/10.1086/533452
https://doi.org/10.1111/php.13358
https://doi.org/10.1128/JB.185.7.2236-2242.2003
https://doi.org/10.1016/j.pdpdt.2020.101774
https://doi.org/10.1016/j.pdpdt.2020.101774
https://doi.org/10.2174/1574891X113089990012
https://doi.org/10.1371/journal.pone.0096288
https://doi.org/10.1371/journal.pone.0096288
https://doi.org/10.1016/j.freeradbiomed.2013.08.162
https://doi.org/10.1038/s41598-018-34020-7
https://doi.org/10.1016/j.dsx.2014.07.004
https://doi.org/10.1111/iwj.13269
https://doi.org/10.1016/S1473-3099(17)30753-3
https://doi.org/10.1128/AAC.50.1.196-203.2006
https://doi.org/10.1128/AAC.00006-08
https://doi.org/10.1097/BCR.0b013e31828a493f
https://doi.org/10.1097/BCR.0b013e31828a493f
https://doi.org/10.4103/2141-9248.105671
https://doi.org/10.4103/2141-9248.105671
https://doi.org/10.1111/1574-6976.12026
https://doi.org/10.1128/AAC.00019-15
https://doi.org/10.1080/08927014.2012.715285
https://doi.org/10.1080/08927014.2012.715285
https://doi.org/10.3390/ijms21031061
https://doi.org/10.1097/BCR.0b013e318240541e
https://doi.org/10.1097/BCR.0b013e318240541e
https://doi.org/10.1128/IAI.73.1.219-225.2005
https://doi.org/10.3389/fmicb.2019.00229
https://doi.org/10.1016/j.jphotobiol.2018.09.021
https://doi.org/10.1371/journal.pone.0176529
https://doi.org/10.1046/j.1365-2133.2001.04013.x
https://doi.org/10.1016/j.pdpdt.2014.10.003
https://doi.org/10.1016/j.pdpdt.2014.10.003
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Songsantiphap et al. MB-PDT for XDR Bacteria TH

this article, or claim that may be made by its manufacturer, is not guaranteed or Creative Commons Attribution License (CC BY). The use, distribution or
endorsed by the publisher. reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal is
Copyright © 2022 Songsantiphap, Vanichanan, Chatsuwan, Asawanonda and cited, in accordance with accepted academic practice. No use, distribution or
Boontaveeyuwat. This is an open-access article distributed under the terms of the reproduction is permitted which does not comply with these terms.

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 11 July 2022 | Volume 12 | Article 929242


http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

	Methylene Blue–Mediated Antimicrobial&nbsp;&ZeroWidthSpace;Photodynamic Therapy Against Clinical Isolates of Extensively Drug Resistant&nbsp;&ZeroWidthSpace;Gram-Negative Bacteria Causing Nosocomial Infections in Thailand,&nbsp;An In Vitro&nbsp;Study
	Introduction
	Materials and Methods
	Bacterial Strains and Culture Conditions
	Photosensitizer Preparation
	Effect of MB Concentration on Bacterial Population
	Effect of Red Light on Bacterial Population
	Effect of MB-aPDT on Bacterial Population
	Estimation of Post-Treatment Viability and Determination of the Sublethal and Lethal Doses of Treatments
	Statistical Analyses

	Results
	The Effect of Various MB Concentrations
	The Effect of Red Light
	MB-aPDT Is an Effective Treatment for Selected XDR and MDR-Gram Negative Bacteria

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


