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Abstract

Background and Objective—Phenothiazinium dyes have been reported to be effective
photosensitizers inactivating a wide range of microorganisms in vitro after illumination with red
light. However, their application in vivo has not extensively been explored. This study evaluates the
bactericidal activity of phenothiazinium dyes against multidrug-resistant Acinetobacter baumannii
both in vitro and in vivo.

Study Design/Materials and Methods—We report the investigation of toluidine blue O,
methylene blue, 1,9-dimethylmethylene blue, and new methylene blue for photodynamic inactivation
of multidrug-resistant A. baumannii in vitro. The most effective dye was selected to carry out in vivo
studies using third-degree mouse burns infected with a bioluminescent A. baumannii strain, upon
irradiation with a 652 nm noncoherent light source. The mice were imaged daily for 2 weeks to
observe differences in the bioluminescence-time curve between the photodynamic therapy (PDT)-
treated mice in comparison with untreated burns.

Results—All the dyes were effective in vitro against A. baumannii after 30 J/cm? irradiation of 635
or 652 nm red light had been delivered, with more effective killing when the dye remained in solution.
New methylene blue was the most effective of the four dyes, achieving a 3.2-log reduction of the
bacterial luminescence during PDT in vivo after 360 J/cm? and an 800 uM dye dose. Moreover, a
statistically significant reduction of the area under the bioluminescence-time curve of PDT-treated
mice was observed showing that the infection did not recur after PDT.

Conclusions—Phenothiazinium dyes, and especially new methylene blue, are potential
photosensitizers for PDT to treat burns infected with multidrug-resistant A. baumannii in vivo.

Keywords
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INTRODUCTION

The use of photodynamic therapy (PDT) [1] to treat localized infections generally involves the
topical application of a photosensitizer (PS) into the infected tissue, followed by illumination
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with visible or near-infrared light [2,3]. In the presence of oxygen, light induces the formation
of reactive oxygen species by energy or electron transfer from the PS excited state that are able
to oxidize biomolecules and thereby kill cells [4]. The selectivity of the PS for bacteria over
host tissue can be obtained by the appropriate chemical design [5—7] to ensure that the molecule
will preferentially bind to bacterial cells rather than mammalian cells [8]. Three different
classes of compounds have been used as PSs to inactivate bacteria: (1) phenothiazinium salts
[9], (2) tetrapyrroles such as phthalocyanines [10] and porphyrins with cationic charges [11],
and (3) conjugates between tetrapyrroles with cationic polymers [12-14].

Phenothiazinium-based PSs have been widely used against a range of microorganisms,
demonstrating the efficacy of PDT to inactivate resistant forms of bacteria which are not easily
killed by antibiotics such as methicillin [15] or vancomycin [16]. The substitution pattern of
the phenothiazinium core has been varied to introduce important changes in the photochemical
properties, like maximal absorption wavelength [15], or the lipophilicity [17], which affects
the PS uptake and the location where the photo-damage will be produced.

Phoenix et al. [18] observed that for inactivation of a Gram-negative species, Escherichia
coli, dimethylmethylene blue (DMMB) was the most phototoxic phenothiazinium dye, while
Wainwright et al. [7] demonstrated that the inactivation of Pseudomonas aeruginosa was most
efficient with toluidine blue O (TBO) that had the lowest minimal lethal concentration. Indeed,
it has been observed that even for different strains of the same species, the minimum lethal
concentration of a dye may vary [15] indicating that minor changes in the bacterial wall could
produce differences in the affinity of a dye for bacterial cells.

However, neither in vitro nor in vivo studies have been done using phenothiazinium-based PS
for inactivating Acinetobacter baumannii, a Gram-negative pathogenic bacterium that has
recently attracted much attention due to its remarkable acquisition of multidrug resistance
[19,20]. Indeed, a pandrug-resistant A. baumannii strain with a tremendous ability to develop
synergistic resistance mechanisms and, subsequently, very persistent chronic infections has
been found [21-23]. Thus, itis interesting to test the efficacy of PDT and phenothiazines against
such new and hazardous pathogen.

In this study we first performed in vitro studies using four different phenothiazinium dyes (Fig.
1) against a multidrug-resistant bioluminescent strain of A. baumannii in order to select the
most phototoxic dye. Subsequently, we applied this selected PS and performed an in vivo
experiment using mouse burns infected with bioluminescent A. baumannii.

MATERIALS AND METHODS

Photosensitizers and Light Source

TBO, methylene blue (MB), new methylene blue N (in the form of zinc chloride double salt;
NMB), and 1,9-dimethylmethylene blue chloride (DMMB) were purchased from Sigma (St.
Louis, MO). These PSs were dissolved in distilled water to give stock solutions with a dye
concentration of 1 mM. All PS stock solutions were stored at 4°C in the dark for no more than
2 weeks, and immediately before experiments, were diluted in PBS without Ca2* or Mg2*. Red
light at 635 + 15 or 652 + 15 nm was delivered using a non-coherent light source with
interchangeable fiber bundles (LumaCare, Newport Beach, CA). The range given corresponds
to the full width at half maximum.

Bacterial Strains and Culture Conditions

A. baumannii ATCC BAA 747 was transduced with the lux CDABE operon (originally cloned
from Photorhabdus luminescens) as described [24]. The bacteria were aerobically grown
overnight at 37° in brain-heart infusion (BHI) broth (Fischer Scientific, Pittsburgh, PA) in the
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presence of 250 pg/ml of carbenicillin. Bacteria were then grown in new BHI medium with
the antibiotic at 37°C in an orbital shaking incubator to an optical density at 600 nm (ODgg)
of 0.5, corresponding to ca. 108 colony forming unit (CFU)/ml. The suspensions were then
centrifuged (5 minutes, 3,000 rpm) and resuspended with sterile PBS at pH 7.4 at the same
concentration for photodynamic inactivation experiments.

In Vitro Experiments

Suspensions of bacteria (108 CFU/mlI) in PBS were incubated in the dark at room temperature
for 30 minutes with 0.1-20 uM of the PS in PBS. Centrifugation (3 minutes, 12,000 rpm) of
1-ml aliquots was used to remove the excess of PS that was not taken up by the bacteria when
experiments required it.

Then 1-ml aliquots of the bacterial suspensions were placed in 24-well plates. The wells were
illuminated from the top of the plates by the use of either 635 nm light for TBO and NMB or
652 nm light for MB and DMMB, an optical fiber, and a lens (to form a 2-cm diameter spot).
Under these conditions, all PSs absorbed comparable amounts of incident photons, thereby
allowing the assessment of their relative efficiencies. Fluences ranged from 0 to 30 J/cm?, using
a fluence rate of 125 mW/cm?. At the time points when the requisite fluences had been
delivered, 200 pl aliquots were taken from each well (the suspensions were thoroughly mixed
before sampling to avoid the settlement of bacteria).

Light alone controls without PS were performed for all experimental conditions in order to rule
out any inactivation effect due to the light.

For determination of CFUs, the aliquots were serially diluted, streaked on nutrient agar plates,
and incubated in the dark for 18 hours at 37°C. Experiments were carried out in triplicate for
each condition.

Bacterial luminescence was also measured on these 200 pl aliquots of bacterial suspensions in
96-well plates by the use of a luminescence plate reader.

In Vivo Burn Infection Model

Adult female BALB/c mice (Charles River Laboratories, Wilmington, MA), 6- to 8-week-old
and weighing 17-21 g were used in the study. The animals were housed one per cage and
maintained on a 12-hour light/dark cycle with access to food and water ad libitum. All animal
procedures were approved by the Subcommittee on Research Animal Care (IACUC) of
Massachusetts General Hospital and met the guidelines of National Institutes of Health.

In vivo experiments were performed by means of the protocol used by Dai et al. [24] fully
described elsewhere. Briefly, burns were created by applying two pre-heated (=<95°C) brass
blocks (Small Parts, Inc., Miami, FL) to the opposing sides of an elevated skin-fold on the
dorsal surface of mice [25] for 10 seconds (nonlethal, full-thickness, third-degree burns). The
combined brass block area was 15 mm x 10 mm giving an area of 150 mm?, corresponding to
a 4% of total body surface area (TBSA) [26]. Immediately after the creation of burns the mice
were resuscitated with intraperitoneal (IP) injections of 0.5 ml sterile saline (Phoenix Scientific,
Inc., St. Joseph, MO) to prevent dehydration. Then, a bacterial suspension containing 108 cells
in 50 ul sterile PBS was inoculated onto the surface of each burn with a pipette tip and then
was smeared onto the burn surface with an inoculating loop. The mice were imaged with the
luminescence camera immediately after applying the bacteria to ensure that the bacterial
inoculum applied to each burn was consistent.
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Bioluminescence Imaging

In Vivo PDT

The bioluminescence imaging system (Hamamatsu Photonics KK, Bridgewater, NJ) has been
described elsewhere in detail [27]. Briefly, an ICCD photon-counting camera (Model
C2400-30H; Hamamatsu Photonics) was used. The camera was mounted in a light-tight
specimen chamber, fitted with a light-emitting diode, a set up that allowed for a background
gray-scale image of the entire mouse to be captured. By accumulating many images containing
binary photon information (an integration time of 2 minutes was used), a pseudo-color
luminescence image was generated. Superimposition of this image onto the gray-scale
background image yielded information on the location and intensity in terms of photon number.
The camera was also connected to a computer system through an image processor (Argus-50,
Hamamatsu Photonics). Argus-50 control program (Hamamatsu Photonics) was used to
acquire images and to process the image data collected.

Prior to imaging, mice were anesthetized by IP injections of ketamine—xylazine cocktail. Mice
were then placed on an adjustable stage in the specimen chamber, and the wounds were
positioned directly under the camera. A gray-scale background image of each wound was made,
and this was followed by a photon count of the same region. This entire wound photon count
was quantified as relative luminescence units (RLUs) and was displayed in a false color scale
ranging from pink (most intense) to blue (least intense).

Thirty minutes after application of the bacteria to the burns, NMB solution was applied. Three
different aliquots of the PS were added to the PDT-treated burns and also to dark controls.
Initially, 50 pl of the PS solution was added to the burn and then two more additional aliquots
of 20 pl were added during PDT after 84 and 240 J/cm? had been delivered. Thirty minutes
after the first addition to allow the NMB to bind to and penetrate the bacteria, the mice were
again imaged using luminescence camera to quantify any dark toxicity to the bacteria. Mice
were then illuminated with 635 = 15 nm light delivered by a noncoherent light source. The
light fluence rate was routinely measured using a LaserMate™ power meter (Coherent,
Portland, OR), and the fluence rate used was 100 mW/cm?2. Mice were given total light doses
of up to 360 J/cm? in aliquots with luminescence imaging taking place after each aliquot of
light. Immediately after PDT, the mice were resuscitated with a second IP injection of 0.5 ml
sterile saline to prevent dehydration.

Mouse Follow-Up

The mice were anesthetized by IP injection of a ketamine—xylazine cocktail and the bacterial
luminescence from the mouse burns was recorded daily until the bioluminescence disappeared
or the animals were determined to be moribund and euthanized.

Statistical Methods

To compare the dose-response curves obtained using bioluminescence assay with colony
formation assay, the slopes between neighboring points were calculated and compared for
statistical significance using a Student’s t-test.

The time courses of bacterial luminescence of the burn were calculated by the use of numerical
integration [28]. Differences in the areas under the curves between all the groups were
compared for statistical significance by one-factor ANOVA. P-values of <0.05 were
considered significant.
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Phenothiazinium dyes have been commonly reported as lethal PSs for both Gram-negative and
Gram-positive bacteria [18]. Four different phenothiazinium dyes were tested in this study in
order to select the most phototoxic dye against A. baumannii for the in vivo experiments. NMB
was found to be the most active with and without removing the excess of PS from the solution.
Figure 2A shows the dye-concentration—responses of A. baumannii survival with respect to all
the phenothiazinium dyes. As observed, after 22.5 J/cm? irradiation with a dye concentration
of only 2 uM, NMB was able to reduce the bacterial viability up to 6-log. DMMB, MB, and
TBO could only achieve a reduction of A. baumannii between 2 and 3-log under the same
conditions.

Dye-concentration—response after removing the excess of PS was also performed. The removal
of the PS from the solution means that only the dye actually bound to the bacterial cells remains.
As observed in Figure 2B, higher dye concentrations were needed to induce the same reduction
to the bacterial viability compared with the concentrations needed without the removal of the
excess PS. In that case, both NMB and DMMB were able to completely eliminate A.
baumannii using a 10 uM concentration and 22.5 J/cm? light irradiation. However, neither 20
uM of MB nor TBO could produce such an effect, inducing only a 3-log reduction of bacterial
viability in both cases.

Those results can be explained by the different lipophilicity of the dyes. It is known that the
log P values for MB and TBO are similar (—0.1 and —0.21, respectively) and lower than the
ones for NMB and DMMB (1.2 and 1.01, respectively) [29]. Thus, MB and TBO should be
more easily removed upon centrifugation than NMB and DMMB, as observed in our
experiments.

Light-dose-response curves were performed as well using a 10 uM concentration of the dyes.
As shown in Figure 2C, NMB and DMMB showed a similar behavior under these conditions.
Both NMB and DMMB reduced 6-log of A. baumannii after 15 J/cm? irradiation without
removing the PS, while 30 J/cm? irradiation was needed for MB and TBO to produce the same
effect. After removing the PS, only NMB and DMMB were able to inactivate 6-log of bacteria
after 30 and 22.5 J/cm? light had been delivered, respectively. Only 3-log reduction was
obtained for MB and TBO after 30 J/cm? in the one-wash curves.

It is clear that the photobactericidal effect of the dyes is affected by the initial interaction
between dyes and bacteria and, subsequently, by location of the dye and its strength of binding
to the bacterial cell surface. Tegos and Hamblin [30] demonstrated that phenothiazinium dyes
are substrates of microbial multidrug resistance pumps (MDRS). They used different wild-type,
MDR-deficient, and MDR-overexpressing bacterial strains, observing a higher inactivation for
the MDR-deficient mutants and a higher resistance for the MDR-overexpressing mutants,
relative to the wild-type strains. Since in our experiments we used a wild-type multidrug-
resistant strain of A. baumannii that will certainly possess MDRs, pumping out the PS from
the outer structure of the Gram-negative bacteria might contribute to the results obtained.

Previously it has been shown that many phenothiazinium dyes, such as MB [31], TBO [31,

32], and DMMB [33], interact with the bacterial lipopolysaccharides (LPS) that compose most
of the outer structure of Gram-negative bacteria. If DMMB and NMB interact with the LPS of
the bacterial cell surface leading to either a stronger binding or to a deeper location within the
bacterial cell wall than MB and TBO, this would lead either to a higher amount of ROS formed
or to a higher proximity of the ROS formed to the cell wall critical targets. Consequently, this
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would explain the higher photobactericidal effect after removing the excess of PS observed for
DMMB and NMB than the killing observed for MB and TBO at the same concentrations.

According to the results for both the dye-concentration and light-dose—response curves in vitro,
we decided to perform the in vivo experiments with NMB as PS.

Correlation Between Bacterial Luminescence and CFU

It has been previously demonstrated that A. baumannii CFUs quantified using serial dilutions
of bacterial suspensions correlate linearly with the bioluminescence emitted by those bacteria
[24]. In the present study, we confirmed that the bacterial bioluminescence reduction measured
in real time during PDT correlated with the corresponding CFU reduction measured after serial
dilution and colony formation (Fig. 3). As observed, the trend in a light-dose experiment with
0.5 uM of NMB was the same for both bioluminescence and CFU/ml. A Student’s t-test
comparing the slopes in both curves indicated that there was no statistical significant difference
between both detection methods, with a P-value of 0.65.

However, a difference between these detection measurements was observed with a 1 pM
concentration of NMB as a result of the lower sensitivity exhibited by the bioluminescence
detection method. Similar survival fractions were observed after 7.5 and 15 J/cm? irradiation
(P = 0.97), while higher differences were observed after 22.5 and 30 J/cm? (P = 0.02)
irradiation, demonstrating the lower detection limit or in other words the dynamic range for
the reduction in bioluminescence signal is ca. 3-log reduction.

These results allowed us to use the bioluminescence signal exhibited by A. baumannii for the
infected burn in the in vivo experiments. However, higher light doses must be given to the
infection, even after complete elimination of the bioluminescence signal, to assure the
inactivation of the remaining bacteria during the PDT treatment in order to avoid a regrowth
of the infection.

In Vivo PDT Treatment

Phenothiazinium dyes have not been extensively used in vivo to treat infections. TBO has been
used in rats by Qin et al. [34] and Komerik et al. [35] in order to treat periodontitis by reducing
the total bacterial flora or inactivating inoculated Porphyromonas gingivalis. Wong et al.
[36] used TBO as well in order to treat wounds infected with Vibrio vulnificus in a mouse
model, obtaining a 50% survival fraction of the PDT-treated mice.

MB has also been used in some in vivo experiments. Teichert et al. [37] used PDT with MB
to treat oral candidiasis in an immunosuppressed murine model. Also Zolfaghari et al. [38]
used MB as PS against methicillin-resistant Staphylococcus aureus in two different wound
models obtaining a 1.4 and a 1.15-log reduction in the number of viable bacteria recovered
from the wounds.

Interestingly, there is no report on the use of NMB as PS in an in vivo infection model.

Figure 4A shows the successive bioluminescence images obtained from three representative
mouse burns infected with A. baumannii. The PDT burn was treated with 800 uM of NMB and
635 nm light up to 360 J/cm?, the dark control with the same amount of NMB and no light,
while the light control received 635 nm light up to 360 J/cm?2. A complete elimination of the
bioluminescence signal was observed after a light dose of 180 J/cm? in the presence of NMB.
After that, in order to inactivate the remaining bacteria that were not detectable by
bioluminescence imaging and, subsequently, avoid the recurrence of infection, an additional
200 J/cm? of light was given to each mouse.

Lasers Surg Med. Author manuscript; available in PMC 2011 July 1.
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It is known that phenothiazinium dyes can be photobleached after long exposures to red light,
and the photobleaching can be magnified in the presence of either biomolecules [39] or bacteria
[40]. In order to replace the PS destroyed by photobleaching, two additional aliquots of 20 pl
of NMB were subsequently added during the irradiation process—after 180 J/cm? and after
300 J/cm?.

The light-dose—responses of normalized bioluminescence of the different mouse groups are
shown in Figure 4B. PDT induced a reduction of ca. 3.2-log of the bioluminescence while only
0.8- and 0.4-logs reduction were observed for the dark controls and the light controls,
respectively. These results are consistent with those obtained by Dai et al. [24] using a conjugate
between polyethylenimine and chlorine(e6) as PS, where a 3.6-log reduction of the bacterial
luminescence was observed.

A key feature of a successful antimicrobial PS is that the damage inflicted to the bacterial cells
in vivo is so extensive that regrowth of the microbial pathogens is effectively prevented [41].
Figure 4C shows the time courses of the mean bacterial luminescence from day 0 to day 15 for
the PDT-treated group, the dark control group, the light control group, and a nontreated control
group where neither light nor PS was applied. Six mice were used for each group. As shown
in the graph, all the controls exhibited a similar time course of bioluminescence signal from
day 2 until day 15, with a decrease of the signal at day 1 after the infection followed by an
increase at day 2 observed in the PS alone dark control. This was presumably due to significant
dark toxicity of the NMB to the bacteria. In contrast, the mean bioluminescence of the PDT-
treated mice was 1.5-2 logs lower than the mean bioluminescence of all three control groups
at every time point over the 2-week period.

The areas under the bioluminescence—time curves of each mouse group are represented in
Figure 4D. Analysis using an ANOVA one-factor test showed statistically significant
differences among the areas under the curves of all tested groups (P < 0.001). Student’s t-tests
were performed to compare the areas under the curves between each control and the PDT-
treated group, obtaining statistically significant differences between all the controls and the
PDT-treated group (P < 0.008).

CONCLUSIONS

We have demonstrated that new methylene blue is the most powerful phenothiazinium dye
tested for inactivating multidrug-resistant A. baumannii and is able to reduce more than 6-log
the survival fraction of bacteria after an irradiation of 30 J/cm? of red light with a dye
concentration of 10 or 2 uM with and without removing the excess of PS, respectively.

In addition, we have shown that bacterial luminescence can be used as a real-time marker to
monitor the survival fraction of bacteria during the initial 3-logs reduction of bacterial viability.
There is no statistically significant difference between the light-dose—responses quantified by
the bacterial luminescence of the A. baumannii strain and a colony formation assay.

Moreover, we have obtained more than 3-log reduction in the bacterial luminescence from the
mouse burns infected with A. baumannii and demonstrated that there is a statistically significant
difference between the areas under the bioluminescence—time curves for the normalized
bioluminescence between all the controls and the PDT-treated mice.

In conclusion, new methylene blue is an effective antimicrobial PS for treating A. baumannii
burn infections in vivo. As methylene blue and toluidine blue are already PSs in clinical
practice, and based on the efficacy pattern obtained in this study, it may be interesting to
clinically test NMB as a potential PS in a wide range of localized infections.
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Fig. 1.

Chemical structures of the four phenothiazinium dyes: methylene blue (MB), toluidine blue O
(TBO), dimethylmethylene blue (DMMB), and new methylene blue N (NMB). Counterions
are not shown.
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In vitro photodynamic inactivation of A. baumannii with methylene blue (MB; squares),
toluidine blue (TBO; triangles), dimethylmethylene blue (DMMB; diamonds), and new
methylene blue N (NMB; circles), removing the PS from the solution (open symbols) and
without removing PS (filled symbols). The irradiation wavelength was 635 nm for TBO and
NMB, and 652 nm for MB and DMMB. A,B: Dye-dose—response curves upon irradiation with
22.5 J/cm?. C: Energy-dose—response with a dye dose of 10 uM. Error bars are SEM and in
some cases are smaller than the diameter of the symbols.
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Fig. 3.

Light-dose-response of A. baumannii with 0.5 uM (circles) and 1 uM (squares) of new
methylene blue N followed using a colony formation assay (solid line) and bacterial
bioluminescence (dotted line).
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Fig. 4.

A: Dose-response of bacterial luminescence from burns infected with luminescent A.
baumannii and treated with 800 uM new methylene blue N, NMB, and light (PDT), with 800
uM of NMB only (DC) and with light (LC) only. B: Light-dose—response curves of the
normalized bioluminescence for mice treated with photodynamic therapy (red), mice treated
only with NMB (brown), and mice treated only with light (yellow). C: Time course of
normalized bacterial luminescence values and (D) areas under the curves of the infected burns
in mice treated with photodynamic therapy (red; PDT), mice treated only with NMB (brown;
DC), mice treated only with light (yellow; LC), and nontreated mice (green; NTC).
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