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A B S T R A C T   

TONS504 (C51H58O5I2) is a chlorin derivative that exhibits a photodynamic antimicrobial effect (PAE) on 
various infectious keratitis pathogens. However, the molecular characteristics of TONS504 are not well under-
stood. This study aimed to investigate the molecular characteristics of TONS504 by comparing its singlet oxygen 
(1O2) quantum yields and PAE with those of methylene blue (MB). To measure the 1O2 quantum yields, TONS504 
and MB were dissolved in phosphate-buffered saline and phosphate-buffered saline containing 1% Triton X-100. 
The solutions were then activated by a Nd:YAG laser with an average output power of 8 mW. Near-infrared 1O2 
luminescence was detected as an indicator of the 1O2 quantum yields. To evaluate the PAE, TONS504 and MB 
were activated by a light-emitting diode with a total light energy of 30 J/cm2. We compared the minimum molar 
concentration of each photosensitizer to show apparent PAEs on Staphylococcus aureus, Pseudomonas aeruginosa, 
and Candida albicans. TONS504 exhibited higher 1O2 quantum yields than MB in PBS/Triton X-100 but not in 
PBS. S. aureus and C. albicans were reduced by TONS504 at lower concentrations than by MB, but this was not the 
case for P. aeruginosa. Our results provide insight on the molecular characteristics of TONS504 and suggest that 
TONS504 has excellent 1O2 quantum yields and PAE. Compared with MB, TONS504 in PBS has stronger efficacy 
toward some infectious keratitis pathogens but not others.   

1. Introduction 

Infectious keratitis results in corneal opacity and eventually vision 
loss if it is not managed appropriately. According to a systematic review, 
non-trachomatous corneal opacities are ranked as the fifth leading cause 
of vision loss [1]. Antibiotic agents are currently the most reliable and 
widely accepted treatment for infectious keratitis. However, the overuse 
of broad-spectrum antibiotics without an appropriate diagnosis accel-
erates increases in antimicrobial resistance in both bacterial and fungal 

keratitis [2–4]. Therefore, alternative approaches for combating infec-
tious keratitis are urgently required. 

Photodynamic antimicrobial chemotherapy (PACT), which is also 
known as antimicrobial photodynamic therapy or photodynamic anti-
microbial therapy, is one of the promising non-antibiotic strategies to 
manage infectious diseases [5]. PACT involves the synergistic action of 
three components: a photosensitizer, light with a specific wavelength to 
activate the photosensitizer, and molecular oxygen [6]. This interaction 
generates reactive oxygen species, such as singlet oxygen (1O2), which 
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destroy various molecular targets [7]. PACT exhibits an antimicrobial 
effect toward multiple pathogens, including antimicrobial resistant 
strains, and is unlikely to induce resistance because of its non-selective 
approach with various targets [8]. 

Initial PACT approaches for the management of infectious keratitis 
have used riboflavin and ultraviolet A light for corneal cross-linking 
(CXL) [9–11]. Corneal cross-linking has been applied as an adjunctive 
therapy of infectious keratitis with limited efficacy [12]. According to 
several, rose bengal, which is widely used as a diagnostic dye in 
ophthalmology [13], exhibits a stronger a photodynamic antimicrobial 
effect (PAE) than riboflavin [14–16]. This research shows that PACT is a 
promising post-antimicrobial therapy to manage infectious keratitis, and 
rose bengal is a major candidate for use in this approach. However, rose 
bengal has a relatively short absorption range (450-650 nm) and anionic 
charge [17,18] and photosensitizers with absorption maxima at longer 
wavelengths and cationic charges are thought to be more suitable for 
PACT [19,20]. Therefore, better photosensitizers should be identified 
for treatment of infectious keratitis. 

We have evaluated the effect of PACT for various infectious keratitis 
causative microorganisms using a newly developed photosensitizer 
called TONS504 [13,17-bis(1-carboxyethyl)-carbamoyl-(3- 
methylpyridine)-3-(1,3-dioxane-2-yl) methylidene-8-ethenyl-2-hy-
droxy-2,7,12,18-tetramethyl chlorin, di-N-methyl iodide (C51H58O5I2)], 
a hydrophilic and cationic chlorin derivative with a greenish color and 
molecular weight of 1116 Da (Fig. 1) [21–26]. However, its molecular 
characteristics, such as its 1O2 quantum yields, hydrophilicity, and 
tendency to self-aggregate, are not well understood. 

The present study aimed to investigate the molecular characteristics 
of TONS504 through a comparison with another photosensitizer. To 
standardize the experimental conditions the other photosensitizer 
needed to be excited by the same wavelength of light as TONS504 
because the wavelength affects the efficacy of photodynamic therapy 
[27]. Methylene blue (MB) is widely used as a photosensitizer for PACT. 
It has strong absorption between 630 and 680 nm [28], and this range 
contains the wavelength for activation of TONS504 in chloroform 
detected in a prior experiment. We compared the PAEs of TONS504 and 
MB using their molecular characteristics. The target organisms were 
Staphylococcus aureus, Pseudomonas aeruginosa, and Candida albicans. 

These microorganisms are important causative pathogens of infectious 
keratitis and cover the classes of Gram-positive bacteria, Gram-negative 
bacteria, and fungi [2]. 

2. Materials and Methods 

2.1. Photosensitizers and Light Sources 

To evaluate the 1O2 quantum yields, separate stock solutions of 1 
mmol/L TONS504 (Porphyrin Laboratory, Okayama, Japan) and 2 
mmol/L MB (Sigma-Aldrich, St. Louis, MO, USA) dissolved in 
phosphate-buffered saline (PBS, pH 7.4) were prepared. Each solution 
was further diluted in PBS or PBS containing 1% Triton X-100 (PBS/ 
TX100, Sigma-Aldrich) to concentrations of 1, 2, or 5 μmol/L 
(TONS504) and 1 or 2 μmol/L (MB). A pulsed tunable dye laser (CL-EGC, 
Usho Optical Systems, Osaka, Japan) excited by a Nd:YAG laser (NL204/ 
SH, Ekspla, Vilnius, Lithuania) was used as the light source for mea-
surement of 1O2 luminescence. This provided a pulse width of around 5 
ns and a repetition frequency of 500 Hz. The laser dye [2-[2-[4- 
(dimethylamino) phenyl] ethenyl]-6-methyl-4H-pyran-4-ylidene]- 
propanedinitrile (06490, Exciton, West Chester, OH, USA) was used 
for excitation at a wavelength of 664 nm. The average output power was 
set at 8 mW. 

For evaluating the PAE, we prepared separate stock solutions (0.9 
mmol/L) of TONS504 and MB by dissolving the powdered chemicals in 
PBS. The TONS504 and MB solutions were further diluted in PBS to 
evaluate the antimicrobial activity at various concentrations (9.0 × 10−3 

to 9.0 μmol/L for TONS504, and 9.0 × 10−1 to 900 μmol/L for MB). The 
light source for PACT was a light-emitting diode system (ME-PT- 
DSRD660–0201, CCS, Kyoto, Japan) that emitted light centered at a 
wavelength of 660 nm. The irradiance of the light source was 0.055 W/ 
cm2, which was measured with an optical power meter (Hioki, Nagano, 
Japan). Light irradiation was performed for 9 min continuously to 
obtain a total light energy of 30 J/cm2. TONS504 exhibited higher 1O2 
quantum yields than MB in PBS/TX100 but not in PBS. 

2.2. Measurement of 1O2 Luminescence 

First, the absorption spectra of the TONS504 and MB solutions in PBS 
or PBS/TX100 were measured by a spectrophotometer (U-3500, Hitachi, 
Tokyo, Japan). To assess the 1O2 quantum yields, we measured the 1O2 
luminescence at the near-infrared (NIR) wavelength [29]. The strategy 
used to measure 1O2 luminescence followed that described in previous 
studies with some modifications [29,30]. Briefly, the NIR luminescence 
of the sample was collimated by optical lenses and collected into a 
polychromator (250is, Chromex, Albuquerque, NM, US). The lumines-
cence spectra were detected by an infrared-gated image intensifier (NIR- 
PII, Hamamatsu Photonics K.K., Shizuoka, Japan) at the exit port of the 
polychromator. To measure the luminescence decay curve, the NIR 
luminescence from the samples was also fed to a flexible quartz-fiber 
bundle and guided to a band-pass filter unit (central wavelength of 
1275 nm, and full width at half maximum of 50 nm; H9170FSU, 
Hamamatsu Photonics K.K.), detected, and converted to a signal by a 
photomultiplier (H10330–45, Hamamatsu Photonics K.K.). The signal 
was analyzed by a multichannel scaler (NanoHarp-250, PicoQuant, 
Berlin, Germany) to obtain the time-resolved 1O2 luminescence decay 
curve over 50 μs. The decay curves were corrected for absorptivity. 

2.3. Microorganisms and Culture Conditions 

Staphylococcus aureus (NITE Biological Resource Center 14,462) and 
P. aeruginosa (American Type Culture Collection 27,853) were grown in 
a liquid medium, containing hipolypepton (Nihon Pharmaceutical, 
Tokyo, Japan), magnesium sulfate heptahydrate, and extract yeast dried 
(Nacalai Tesque, Kyoto, Japan) at 37 ◦C overnight in a shaking incu-
bator. Candida albicans (NITE Biological Resource Center 1594) was 

Fig. 1. Chemical structure of TONS504. The chlorin ring has hydrophilic side 
chains containing one hydroxy group and pyridinium groups. 
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grown in YM liquid medium containing D-glucose, extract yeast dried, 
malt extract (Nacalai Tesque), and Mikuni peptone (Mikuni Chemical 
Industry, Tokyo, Japan), for 48 to 72 h at 24 ◦C in a shaking incubator. 
The pellet of each strain was collected by centrifugation at 3000 ×g for 
10 min at 4 ◦C and washed three times with PBS. Each pellet was 
resuspended in sufficient PBS to adjust the concentration to 1 × 107 

colony-forming units (CFU)/mL, which was measured using a spectro-
photometer (NanoDrop 2000c, Thermo Fisher Scientific, Waltham, MA, 
USA). 

2.4. PACT and Antibacterial Assays 

Ten microliters of each microbial suspension was transferred to a 24- 
well plate and mixed with 1 mL of TONS504 or MB solution. To evaluate 
the toxicity of irradiation on its own, the microbial suspensions were 
also mixed with PBS without any photosensitizers. After incubation for 
5 min at room temperature, the 24-well plate was uncovered and placed 
5 cm below the light-emitting diode system. The plate was exposed to 
light for 9 min continuously with a total light energy of 30 J/cm2. The 
toxicities of the photosensitizers in the dark were simultaneously 
measured for microbial–photosensitizer mixtures without light expo-
sure. Immediately after irradiation, 100 μL of the mixture in each well, 
containing 1 × 104 CFU of each microorganism, was transferred to an 
agar plate (ø 100 mm) containing agar powder in an appropriate liquid 
medium. Staphylococcus aureus and P. aeruginosa were incubated for 24 
to 36 h at 37 ◦C, and C. albicans was incubated for 72 to 84 h at 24 ◦C for 
colony enumeration. If the number of colonies formed was under 300 
CFU per plate, it was regarded as detectable. 

3. Results 

3.1. Absorption Spectra of the Photosensitizers 

The absorption spectra of TONS504 dissolved in both PBS and PBS/ 
TX100 showed a Soret band at around 400–420 nm and a Q band at 
around 665 nm at all concentrations (Fig. 2). In short, TONS504 had a 
widespread absorption range between 300 nm to 700 nm with several 
peaks. The Soret band of TONS504 was divided into two peaks at around 
400 nm and 420 nm. The 420 nm peak became smaller than the 400 nm 
peak as the concentration of TONS504 increased. This shift, with the 
absorption maximum shifting to a shorter wavelength when a dye self- 
aggregates (Fig. 2a), is called metachromasy [31]. By contrast, when 
TONS504 was dissolved in PBS/TX100, the highest peak occurred at 
around 420 nm, and the ratio of the peaks at around 400 nm and 420 nm 
did not change with changes in the concentration (Fig. 2b). These results 
suggested that TONS504 aggregation in PBS caused the change in the 
ratio between the two peaks at 400 and 420 nm, and that TONS504 did 
not aggregate in PBS/TX100. The absorption spectra of MB under all 
conditions similarly exhibited a single peak at around 663 nm (Fig. 3). 
The amplitude of the peak changed in proportion to the MB concen-
tration both in PBS and PBS/TX100; however, the peak did not shift with 
changes in the conditions. These results suggested that MB dissolved 
well in both PBS and PBS/TX100 regardless of its concentration. 

3.2. Detection of the 1O2 Luminescence 

Fig. 4a shows 1O2 luminescence decay curves of 1 μmol/L TONS504 
and MB dissolved in PBS, and Fig. 4b shows decay curves of the pho-
tosensitizers in PBS/TX100. The initial spike emerging before 80 ns was 
ignorable noise originating from fluorescence and scattering. The decay 
curve was integrated after background removal to obtain the area in-
tensity. Table 1 lists the area intensity for each condition obtained from 
the integrated value. The area intensity ratio is equal to the ratio of the 
1O2 quantum yield. The area intensities of TONS504 in PBS and PBS/ 
TX100 were about 0.9-fold lower and about 2.1-fold higher than the 
average area intensity of MB, respectively. 

b Time-resolved luminescence of 1O2 generated by 1 μmol/L (iii) MB 
and (iv) TONS504 in PBS/TX100. 

3.3. PAEs and Dark Toxicity with S. aureus 

With light irradiation, TONS504 and MB showed apparent antimi-
crobial effects on S. aureus (Table 2). PACT with 9.0 × 10−2 μmol/L 
TONS504 decreased the bacteria to the detectable range but some of the 
colonies remained (108.2 ± 70.9 CFU). TONS504 at 9.0 × 10−2 to 9.0 
μmol/L and MB at 9.0–900 μmol/L eliminated the bacteria completely, 
which corresponded to a reduction of more than 4 log10 CFU. Light 
irradiation without the photosensitizers did not show any toxicity to-
ward the bacteria. In the absence of light irradiation, 9.0 μmol/L 
TONS504 eliminated the bacteria. By contrast, the number of colonies of 
bacteria was not reduced to the detectable range by MB without light 
irradiation. 

3.4. PAEs and Dark Toxicity with P. aeruginosa 

PACT with TONS504 and MB also showed an antimicrobial effect 
toward P. aeruginosa (Table 3). PACT with 9.0 μmol/L TONS504 and 
9.0–900 μmol/L MB completely eliminated the bacteria. Controls with 
light irradiation alone or the photosensitizers alone did not show cyto-
toxicity toward P. aeruginosa. 

Fig. 2. a Absorption spectra of TONS504 dissolved in PBS at (i) 1 μmol/L, (ii) 2 
μmol/L, and (iii) 5 μmol/L. 
b Absorption spectra of TONS504 dissolved in PBS/TX100 at (iv) 1 μmol/L, (v) 
μmol/L 2, and (vi) 5 μmol/L. 
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3.5. PAEs and Dark Toxicity with C. albicans 

The viability of C. albicans decreased with PACT with both TONS504 
and MB (Table 4). TONS504 at 9.0 μmol/L inactivated C. albicans 
completely. MB at 90 μmol/L reduced the viability of the fungi to the 
detectable range, but MB did not completely eliminate the fungi at any 
concentration. MB at the highest concentration (900 μmol/L) did not 
reduce C. albicans to the detectable range. Controls with light irradiation 
alone or the photosensitizers alone did not show cytotoxicity toward 
C. albicans. 

4. Discussion 

We found that TONS504 exhibited higher 1O2 quantum yields than 
MB in PBS/TX100 but not in PBS. In addition, TONS504 showed 
apparent PAEs on S. aureus and C. albicans at a lower concentration than 
MB. By contrast, the apparent PAEs for TONS504 and MB on 
P. aeruginosa occurred at the same concentration. 

The difference in the 1O2 quantum yields with TONS504 between 
PBS and PBS/TX100 can be explained by aggregation of TONS504 in the 
solutions. The absorption spectra suggested that TONS504 aggregated 
when dissolved in PBS, but not in PBS/TX100. Self-aggregation of 
photosensitizers limits the efficiency of 1O2 generation [32]. TONS504 
consists of a hydrophobic chlorin ring and hydrophilic side-chains 
containing one hydroxy group and pyridinium groups (Fig. 1). The 
side-chains make TONS504 water-soluble, but TONS504 still tends to 

self-aggregate in water or PBS because of the hydrophobic chlorin ring. 
As a surfactant, TX100 inhibits TONS504 self-aggregation, and hence 
the 1O2 quantum yield of TONS504 is about 2.1-fold higher than that of 
MB in PBS/TX100 in the monomer form. We speculated that the cell 
walls of the microorganisms might inhibit TONS504 self-aggregation 
because of their surface hydrophobicity [33–35]. This corresponds 
with our results that TONS504 exhibited PAEs on various microorgan-
isms that were equal to or greater than those of MB. However, by 
contrast, Usacheva et al. reported that the presence of bacteria promoted 
self-aggregation of MB and toluidine blue [36]. It is difficult to deter-
mine whether microorganisms accelerate or inhibit the self-aggregation 
of photosensitizers, because the answer likely depends on the concen-
trations of the microorganisms and photosensitizers. Therefore, it is 
challenging to determine which photosensitizer generates 1O2 more 
efficiently in the presence of microorganisms. 

In the latter part of this study, we evaluated the antimicrobial effects 

Fig. 3. a Absorption spectra of MB dissolved in PBS at (i) 1 μmol/L and (ii) 
μmol/L. 
b Absorption spectra of MB dissolved in PBS/TX100 at (iii) 1 μmol/L and (iv) 2 
μmol/L. 

Fig. 4. a Time-resolved luminescence of 1O2 generated by 1 μmol/L (i) MB and 
(ii) TONS504 in PBS. 

Table 1 
The area intensity of 1O2 luminescence generated from TONS504 and methylene 
blue.   

solvent Concentration of photosensitizers (μmol/L) 

1 2 5 

MB PBS 0.042 0.0421   
PBS/TX100 0.0343 0.0351  

TONS504 PBS 0.0369 0.0392 0.0374  
PBS/TX100 0.0717 0.0721 0.0755  
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of TONS504 and MB. Neither MB alone nor light irradiation alone 
inhibited the growth of any bacteria, but TONS504 at 9.0 μmol/L, the 
highest concentration, exhibited dark toxicity toward S. aureus. By 
contrast, Latief et al. reported that TONS504 at the same concentration 
did not show dark toxicity toward S. aureus [23]. The only difference 
between the two experiments was the solvent used to prepare the 
TONS504 solution. Latief et al. dissolved TONS504 in Mueller Hinton 
broth, whereas we used PBS as the solvent in the present study. Several 
studies have investigated the dark toxicity of photosensitizers, such as 
rose bengal, erythrosine, toluidine blue, and MB [36–38]. They 
concluded that those photosensitizers acted as bactericides at high 
concentrations in PBS or 0.45% saline. Although the protective mech-
anism of Muller Hinton broth for the bacteria is unclear, it seems certain 
that some photosensitizers such as TONS504 have cytotoxicity at high 
concentrations even without light irradiation. 

With light irradiation, the minimum molar concentration of 
TONS504 (9.0 × 10−2 μmol/L) that reduced S. aureus to the detectable 
range was one-hundredth that of MB (9.0 μmol/L). When comparing the 
concentration needed to achieve complete colony elimination, corre-
sponding to a reduction of over 4 log10 CFU, the concentration of 
TONS504 was one-tenth that of MB. By contrast, P. aeruginosa elimi-
nation was achieved with the same concentration of TONS504 and MB 
(9.0 μmol/L). This concentration was also the same as that required for 
light-activated MB elimination of S. aureus. As stated above, TONS504 
generates more 1O2 than MB, and 1O2 is one of the critical factors 
affecting the efficacy of photodynamic therapy [39]. The difference in 
1O2 generation may partially explain why TONS504 exhibited PAE on 
S. aureus at lower concentrations than MB. However, the hypothesis that 
the 1O2 quantum yield is the exclusive or dominant factor of PAE cannot 
explain why the growth of P. aeruginosa was inhibited by TONS504 and 
MB at the same concentration. This paradox is in line with a previous 
study that found MB generated more 1O2 than toluidine blue ortho but 

toluidine blue ortho was more effective than MB at removing Strepto-
coccus mutans [37]. Except for the 1O2 quantum yields, other differences 
between TONS504 and MB that could potentially affect the PAE are their 
molecular weights and partition coefficients [40,41]. Whereas Gram- 
positive bacteria possess a permeable cell wall composed of peptido-
glycan and anionic polymers, which allows molecules with molecular 
weights in the range 30,000–57,000 Da to penetrate [42], Gram- 
negative bacteria possess an outer membrane composed of lipopoly-
saccharide (LPS) and other lipoproteins sandwiching the peptidoglycan 
layer [43,44]. The outer membrane of Gram-negative bacteria strongly 
inhibits the penetration of molecules and plays an important role in their 
resistance to antibiotics and photosensitizers [44]. However, there are 
several pathways through which molecules can penetrate the outer 
membrane. The first pathway, called the self-promoted uptake pathway, 
relates to LPS [45]. LPS is negatively charged and binds divalent cations 
strongly [43]. The association between LPS and divalent cations con-
tributes to the integrity of the outer membrane of Gram-negative bac-
teria [43]. Cationic molecules disrupt the association between LPS and 
divalent cations and consequently break through the outer membrane, 
regardless of their molecular weight [41,43]. Both TONS504 and MB are 
cationic photosensitizers and taken up by the self-promoted uptake 
pathway, and hence both exhibit PAEs on P. aeruginosa. Another 
pathway to penetrate the outer membrane is through aqueous channels 
of proteins called porins [43]. Porins allow “only relatively hydrophilic 
compounds with a molecular weight lower than 600–700 Da” to pass 
into the cellular membrane [41]. The molecular weight of TONS504 is 
too high for it to pass through porins, while the molecular weight of MB 
is low enough. We assumed that MB passing through porins neutralized 
the disadvantage of the 1O2 quantum yield against TONS504. The other 
difference between TONS504 and MB is their partition coefficients. We 
calculated the partition coefficients of TONS504 and MB using Chem-
Draw and found that the log P of the partition coefficient of TONS504 

Table 2 
Photodynamic antimicrobial effects of TONS504 and methylene blue (MB) on S. aureus.   

Light irradiation Concentrations of the photosensitizers (μmol/L) 

0 9.0 × 10−3 9.0 × 10−2 9.0 × 10−1 9.0 90 900  

TONS504 + >300 > 300 108.2 ± 70.9 0 0   
− >300 >300 >300 >300 0   

MB + >300   >300 0 0 0 
− >300   >300 >300 >300 >300 

Data represents colony numbers per agar plate. + indicates photosensitizer exposure with light irradiation. – indicates photosensitizer exposure alone. 

Table 3 
Photodynamic antimicrobial effects of TONS504 and methylene blue (MB) on P. aeruginosa.   

Light irradiation Concentrations of the photosensitizers (μmol/L) 

0 9.0 × 10−3 9.0 × 10−2 9.0 × 10−1 9.0 90 900  

TONS504 + >300 >300 >300 >300 0   
− >300 >300 >300 >300 >300   

MB + >300   >300 0 0 0 
− >300   >300 >300 >300 >300 

Data represents colony numbers per agar plate. + indicates photosensitizer exposure with light irradiation. – indicates photosensitizer exposure alone. 

Table 4 
Photodynamic antimicrobial effects of TONS504 and methylene blue (MB) on C. albicans.   

Light irradiation Concentrations of the photosensitizers (μmol/L) 

0 9.0 × 10−3 9.0 × 10−2 9.0 × 10−1 9.0 90 900  

TONS504 + >300 >300 >300 >300 0   
− >300 >300 >300 >300 >300   

MB + >300   >300 >300 119.2 ± 20.0 >300 
− >300   >300 >300 >300 >300 

Data represents colony numbers per agar plate. + indicates photosensitizer exposure with light irradiation. – indicates photosensitizer exposure alone. 
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was 7.2688 less than that of MB (0.9495). Photosensitizers with higher 
partition coefficients accumulate in the hydrophobic region of the 
cellular membrane and may damage the target bacteria. Rolim et al. also 
speculated that the partition coefficient likely affected the PAE differ-
ence between MB and toluidine blue [37]. 

The present study is the first to show that TONS504–PACT is effec-
tive on C. albicans. TONS504 reduced C. albicans to the detectable range 
at a lower concentration than MB. Moreover, TONS504 completely 
eliminated the fungal colonies, whereas MB did not. The minimum 
molar density of TONS504 exhibited an apparent antimicrobial effect on 
C. albicans that was same as that on P. aeruginosa and 100-fold higher 
than that on S. aureus. For MB, the minimum molar density on C. albicans 
was 100-fold higher than those on S. aureus and P. aeruginosa. The 
external walls of fungi are more permeable than the outer membranes of 
Gram-negative bacteria, and hence fungi should be more sensitive to 
PACT than Gram-negative bacteria [42]. One possible reason why 
C. albicans showed such a strong resistance to PACT in the present study 
is the multidrug efflux systems (MESs) of fungi. MESs, belonging to the 
ATP-binding cassette (ABC) or the major facilitator superfamily, are the 
mechanisms through which fungi acquire resistance to azole antifungals 
[45]. Prates et al. reported that an ABC MES inhibited the uptake of MB 
by C. albicans and the MB PAE [45]. Although it is still unclear if an ABC 
MES also inhibits TONS504–PACT, MESs likely contributed to the PACT- 
resistance of C. albicans in the present study. 

Interestingly, PACT reduced C. albicans to the detectable range with 
90 μmol/L MB but not with 900 μmol/L MB. Da Collina et al. reported 
that MB exhibited the strongest PAE at 10 μg/mL, corresponding to 33.3 
μmol/L, and the effect decreased at higher concentrations [46]. They 
stated in their discussion that self-aggregation of MB likely occurred at 
high concentrations and decreased the PAE [46]. To the best of our 
knowledge, the PAE of TONS504 increases in a concentration dependent 
manner [21–26]; however, the PAE of TONS504 may also decrease at 
higher concentrations than we have tested, given its strong tendency to 
self-aggregate. 

This study has a potential limitation. In the latter part, we set the 
concentration of every microbial suspension to 1 × 107 CFU/mL and 
evaluated the minimum molar density of photosensitizer required to 
reduce the microorganisms to the detectable range. We tested no other 
microbial suspension concentration, so the PAE was not quantified. 
However, the PAE was basically concentration dependent except at very 
high concentrations. 

Further studies, such as identification of adjunctive drugs to boost 
TONS 504–PACT or evaluation of the efficacy in animal models, are 
required. It is important to emphasize that this study is the first to report 
the molecular characteristics of TONS504. We believe the present study 
provides a basis for further in vitro and in vivo studies. 
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