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Abstract: Antimicrobial photodynamic therapy (aPDT) is an effective approach against multidrug-
resistant strains. The addition of potassium iodide (KI), a non-toxic salt, is recognized to increase
the aPDT efficiency of some photosensitizers (PSs) on a broad-spectrum of microorganisms. To gain
a more comprehensive knowledge about the PS and KI combined effect, in this work we assessed
the effect of KI in the presence of a broad range of porphyrinic and non-porphyrinic PSs against a
bioluminescent Escherichia coli strain used as a bacterial model. The results indicate that KI can
potentiate the aPDT mediated by some cationic PSs, allowing a drastic reduction of the aPDT
treatment time and PS concentration. However, the efficacy of some porphyrinic and non-
porphyrinic PSs was not improved. This study highlights that the PSs capable of decomposing the
peroxyiodide into iodine, are the most promising ones to be used in combination with KI. Although
this study confirms that 'Oz generation is an important factor for the success of aPDT potentiation
by KI, the PS structure, aggregation behavior and cell membrane affinity are also important features
to consider.
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1. Introduction

Antibiotics are commonly prescribed drugs in both human medicine and farm animals, resulting
in the selection of multiple drugs resistant (MDR) bacteria [1]. Infections with resistant bacteria are
difficult to treat, causing severe illness and requiring alternative and efficient approaches for their
control [2].

Antimicrobial photodynamic therapy (aPDT) is a promising alternative to the conventional
treatments [3] that involves the use of a photosensitizer (PS) which in the presence of visible light and
dioxygen produces reactive oxygen species (ROS), such as singlet oxygen ('O2). These ROS are
responsible for the oxidation of several cellular components conducting to the microbial inactivation
[4].

Recently, some studies have demonstrated that the addition of potassium iodide (KI), a non-
toxic salt, can enhance the aPDT efficiency on a broad-spectrum of microorganisms [5-12]. The
combination of this salt with some PSs improves the microbial inactivation rates, when compared to
the PSs alone. The mechanism of action involved in this enhanced killing effect is caused by parallel
reactions initiated by the reaction of 'Oz with KI, to produce peroxyiodide. In turn, peroxyiodide may
suffer further decomposition by two different pathways: formation of free iodine (I2/Is') and hydrogen
peroxide (H202); or through a homolytic cleavage process in which reactive iodine radicals (I>") are
produced [5-12].
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Considering that most of the studies reported in the literature refer a positive aPDT potentiation
by KI, we decided to gain a more comprehensive knowledge about this type of effect by evaluating
the photodynamic action of a broad range of cationic porphyrinic and non-porphyrinic dyes as PSs
towards a bioluminescent E. coli strain in the presence of KI [13]. The structures of the selected PSs
are summarized in Figure 1 and comprise: (i) the five structurally related cationic meso-
tetraarylporphyrins: Mono-Py(+)-Me, Di-Py(+)-Me opp and Di-Py(+)-Me adj, Tri-Py(+)-Me and
Tetra-Py(+)-Me [14]; a formulation (Form) based on the mixture of the previous 5 porphyrins [15];
and the neutral porphyrin meso-tetra(4-pyridyl)porphyrin (Tetra-Py) [14] (ii) the three (3-substituted
porphyrin derivatives B-ImiPhTPP, B-ImiPyTPP, and B-BrImiPyTPP bearing positively charged
imidazole units [16]; and (iii) the non-porphyrinic dyes — methylene blue (MB), Rose Bengal
(RB),Toluidine Blue O (TBO), crystal violet (CV) and malachite green (MG). The selection of these
three PS series was based on their different photoinactivation profiles towards E. coli and their
mechanisms of action (Mechanism of Type I or II).
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Figure 1. Structures and acronyms/abbreviations of the PSs used in this study.

2. Materials and Methods
2.1. Stock Solutions of Photosentitizers and bacterial strain:

The meso-tetraarylporphyrins [Mono-Py(+)-Me, Di-Py(+)-Me opp, Di-Py(+)-Me adj, Tri-Py(+)-
Me and Tetra-Py(+)-Me], the porphyrinic formulation of the previous 5 non-separated porphyrins
(Form), the neutral Tetra-Py and the {-substituted porphyrins B-ImiPhTPP, f-ImiPyTPP, and -
BrImiPyTPP were prepared accordingly with the literature [14-16]. CV was purchased from Merck,
RB from Fluka AG, MG from Riedel-de-HaénTM, MB and TBO from Acros Organics. Stock solutions
of each porphyrin and non-porphyrin dyes were prepared at 500 uM in dimethyl sulfoxide (DMSO)
and in the phosphate buffer solution (PBS), respectively.

2.2. Antimicrobial Photodynamic Therapy (aPDT) Procedure:

The genetically transformed bioluminescent E. coli Top10 [17] was kept on Tryptic Soy Agar
(TSA, Merck) at 4 °C. Before each assay, a fresh culture was obtained by subculturing in Trypic Soy
Both (TSB, Merck), followed by overnight incubation at 25 °C under stirring, till stationary growth
phase was achieved.

Bacterial suspensions of E. coli were tenfold diluted in PBS and equally distributed in 50 mL
beakers. The assays were carried out by exposing the bacterial suspension to each PS (5.0 uM), either
alone or combined with KI at 100 and 50 mM, and also at 25 mM for the RB, CV, MG. Light and dark
controls were also carried out simultaneously with the aPDT procedure: the light controls comprised
a bacterial suspension (LC-Bacteria) and a bacterial suspension with KI, at 100 mM (LC-KI), both
exposed to light; and the dark control (DC) comprised a bacterial suspension incubated with the PSs
and KI, at 100 mM, protected from light. The samples were incubated in the dark for 15 min to
promote the PS binding to E. coli cells, and then were exposed to artificial white light (PAR radiation,
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13 fluorescent lamps OSRAM 21 of 18 W each), at 25 W.m?, under stirring. Finally, aliquots of samples
and controls were collected at different times of light exposure and the bioluminescence signal was
measured in the luminometer. The assays were finished whenever the detection limit of the
luminometer was achieved (c.a 2.3 log). Data were graphed from at least three independent
experiments with two replicates of each condition.

2.3. Detection of Iodine Formation:

In a 96 wells microplate, solutions of each PS, at 5.0 MV, either alone or combined with KI, at 100
mM, were irradiated with white light at an irradiance of 25 W.m2. The generation of iodine was
monitored by reading the absorbance at 340 nm during 120 min of irradiation.

3. Results and Discussion

Considering that two different pathways can be responsible for the extra bacterial killing when
KI is combined with several PSs, it was assumed, as proposed in previous aPDT studies, that some
information can be taken by the profile of inactivation [5-12]. If the inactivation curve shows a sharp
decrease, free iodine (I>/Is) is the main killing species. Instead, if there is a gradual increase in killing,
then there is a contribution from short-lived reactive iodine species. Bearing this in mind, we tried to
explain the results obtained accordingly to the inactivation profile of E. coli observed for each
combination of KI and PS, as summarized in Table 1. These results allowed us to classify the studied
PSs in the following groups: (a) PSs in which their efficiency was potentiated by KI, being observed
a gradual decrease in the E. coli survival profile [Mono-Py(+)-Me, f-ImiPhTPP, B-ImiPyTPP, and B-
BrImiPyTPP]; (b) PSs in which their efficiency was potentiated by KI, being observed an abrupt
decrease in the E. coli inactivation profile [Tri-Py(+)-Me, Tetra-Py(+)-Me, Form, RB, and MB]; and (c)
PSs in which their efficiency was not potentiated by the addition of KI [Di-Py(+)-Me opp, Di-Py(+)-
Me adj, Tetra-Py, TBO, CV, and MG].

Table 1. Results obtained in the photoinactivation of bioluminescent E. coli using combinations of
tested PSs and KI. The results are organized accordingly to killing profile caused by KI.

PSs Does KI potentiate aPDT? | Does KI causes a sharp decrease in the E. coli survival?
Mono-Py(+)-Me v X
B-ImiPhTPP N X
@ B-ImiPyTPP N X
B-BrImiPhTPP \ X
Tri-Py(+)-Me \ v
Tetra-Py(+)-Me v v
(b) FORM v v
MB v v
RB v \
Di-Py(+)-Me opp X N/A
Di-Py(+)-Me adj X N/A
() TBO X N/A
cv X N/A
MG X N/A
1. V, yes ; X, no ; N/A, Not Applicable;
2. (a) PSs efficiency was potentiated by KI, with a gradual decrease in the E. coli survival profile; (b) PSs

efficiency was potentiated by KI, with an abrupt decrease in the E. coli survival profile; (c) PSs efficiency was not
potentiated by KI.

As demonstrated in Figure 2, we assume that the mechanism of action resultant of the
combination of KI with the PSs Mono-Py(+)-Me (Figure 2a), f-ImiPhTPP, B-ImiPyTPP, and B-
BrImiPyTPP (results demonstrated by Vieira et al. [13]), is probably associated to the formation of
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iodine radicals (I2-) that, due to their short diffusion distance, cause a gradual decrease in the
photoinactivation profile of E.coli. In the case of Tetra-Py(+)-Me (Figure 2 b), and of Tri-Py(+)-Me,
Form, MB and RB (summarized in the study of Vieira et al. [13]), the preferential decomposition of
the peroxyiodide leads to the formation of free iodine (I2/Is), which contributes significantly for the
abrupt increase observed in the photoinactivation profile of the E. coli (Figure 2 b). This fact was
confirmed by the formation of iodine (I2/Is), which was detectable by spectroscopy. In fact, as
demonstrated in Figure 3, the PSs that cause a sharp decrease in the E. coli survival rate profile
revealed higher ability to produce I (Figure 3 a). On the other hand, the belatedly detection of I. was
observed for PSs that cause a gradual decrease in the E. coli survival rate profile (Figure 3 b).
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Figure 2. Differential survival profile of E. coli during aPDT assays in the presence of Mono-Py(+)-
Me (a), Tetra-Py(+)-Me (b) and MG (c), at 5.0 uM, alone or combined with KI.
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Figure 3. Monitoring of the formation of iodine, at 340 nm, after different irradiation periods in
the presence of Tetra-Py(+)-Me (a) and Mono-Py(+)-Me (b), at 5.0 uM, and combinations of each
PS, at 5.0 uM, and KI, at 100 mM.

In regard to PSs Di-Py(+)-Me opp, Di-Py(+)-Me adj, Tetra-Py, TBO, CV (results demonstrated
in Vieira et al., 2018 [13]) and MG (Figure 2 c) in which the efficiency was not potentiated by KI, or
was even reduced, other factors that may contribute to this behavior should be considered. As
demonstrated by Vieira ef al. [13], the different behavior observed with the dicationic PSs Di-Py(+)-
Me opp (the efficacy was lost in the presence of KI) and Di-Py(+)-Me adj (no potentiation with KI),
is probably related with their different charge distribution across the molecule, since both isomers
have similar high capability to generate 'O2. Although both compounds are able to promote the
formation of iodine radical species (I2-), in the case of Di-Py(+)-Me opp, these radicals, with a short
diffusion distance, probably were not generated close enough to the target cells and the depletion of
102by the previous reaction was responsible by losing its former efficacy. On the other hand, for Di-
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Py(+)-Me adj, the formation of toxic radicals in close proximity to the target cells can justify the
maintenance of its efficacy. In the case of the neutral porphyrin, the results summarized in the study
of Vieira et al. 2018 [13] revealed that Tetra-Py was inefficient to photoinactivate E. coli, even with KI,
which can be explained by its tendency to aggregate in aqueous media, making it difficult to act as a
PS. Regarding the non-porphyrin dyes, CV is known to produce a low yield of 'Oz, acting mainly
through an electron-transfer mechanism (Type I) of aPDT. In contrast, MG do not produce 'O, acting
only by the Type I mechanism. The results exhibited in the work carried out by Vieira et al. [13] clearly
indicate their low efficiency in the photoinactivation of E. coli, either when acting alone or combined
with KI, thus proving the importance of 'O: generation in the potentiation of aPDT processes
mediated by KI. On the other hand, TBO acts mainly by Type Il mechanism of aPDT and has a high
capability of generating '02. As demonstrated by Vieira ef al. [13], when TBO acts alone, it is able to
efficiently inactivate the bacteria. Nonetheless, its combination with KI does not potentiate its
photodynamic activity towards E coli [13]. The improvement of the photodynamic action of TBO by
KI was previously reported, but only when using concentrations 20 times higher than the one we
tested (100 uM versus 5.0 uM) [18]. The different experimental conditions can then justify the
differences observed in these two studies.

4. Conclusions

It is undeniable that the ability of KI to potentiate the aPDT process mediated by some cationic
PSs, allows a drastic reduction of the aPDT treatment time, as well as the reduction of the PS
concentration. However, this potentiation is limited to some PSs, and the addition of KI, may even
impair some PSs. This work helped to elucidate that, among the studied compounds, the PSs capable
of decomposing the peroxyiodide into iodine, are the promising ones in terms of complementing
their efficacy with the action of iodine. Although these studies confirm that the generation of 'Ozis
an important factor in this process, the PS structure, its aggregation behavior and affinity for the cell
membrane are also important features to consider.
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