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New strategies to fight bacteria and fungi are necessary in view of the problem of
iatrogenic and nosocomial infections combined with the growing threat of increased
antimicrobial resistance. Recently, our group has prepared and described two new
readily available materials based on the combination of Rose Bengal (singlet oxygen
photosensitizer) and commercially available cationic polystyrene (macroporous resin
Amberlite® IRA 900 or gel-type resin IRA 400). These materials showed high efficacy
in the antimicrobial photodynamic inactivation (aPDI) of Pseudomonas aeruginosa. Here,
we present the photobactericidal effect of these polymers against an extended group
of pathogens like Escherichia coli, Enterococcus faecalis, Staphylococcus aureus, and
the opportunistic yeast Candida albicans using green light. The most interesting finding
is that the studied materials are able to reduce the population of both Gram-positive
and Gram-negative bacteria with good activity, although, for C. albicans, in a moderate
manner. In view of the results achieved and especially considering the inexpensiveness
of these two types of photoactive polymers, we believe that they could be used as the
starting point for the development of coatings for self-disinfecting surfaces.
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INTRODUCTION

Nosocomial infections are growing in importance day by day and constitute a serious problem
for public health, causing important human and economical loses. In the future, it is expected
that bacterial and fungal infections will be a major cause of death worldwide (1). These infections
are mainly originated by a growing number of bacteria and fungi with strong resistance to
chemotherapeutical drugs, and special attention is paid to the development of strategies that deal
with the well-defined group of ESKAPE pathogens (Enterococcus faecium, Staphylococcus aureus,
Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter
species) (2).
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FIGURE 4 | Survival curves corresponding to the photodynamic inactivation of Pseudomonas aeruginosa. Every point is the average of three independent
experiments. Error bars correspond to the standard deviations. Legend titles: /rr, irradiated samples; Dark, controls in the darkness; C, control, only microbial
suspension; RB@Pge, Amberlite® IRA-400 (Pge) loaded with Rose Bengal (RB); Pger, Pgel resin without RB; RB@Py,,, Amberlite® IRA-900 (Prp) loaded with RB; Pryp,
Pmp resin without RB. Adapted from (34). Copyright 2020 with permission from Elsevier.
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FIGURE 5 | Survival curves corresponding to the photodynamic inactivation of Candida albicans. Every point is the average of three independent experiments. Error
bars correspond to the standard deviations. Legend titles: /rr, irradiated samples; Dark, controls in the darkness; C, control, only microbial suspension; RB@Pge,
Amberlite® IRA-400 (Pger) loaded with Rose Bengal (RB); Pger, Pgel resin without RB; RB@Py,,, Amberlite® IRA-900 (Pmp) loaded with RB; Py, Prmp resin without RB.

formation like extended incubations (24-72h) are avoided.
Nevertheless, this fact should always be taken into account in
studies involving surfaces.

Throughout this study, we are assuming that the killing
of the microorganisms involves, very likely, singlet oxygen
(type II mechanism), provided that RB is a well-known

generator of this ROS upon visible light excitation in solution
(67, 68). However, since some type I photoactivity has
also been described for this photosensitizer (via superoxide
anion) (69), this pathway cannot be ruled out completely
in the complex environment created by the polymer matrix.
Nevertheless, the existence of natural defensive agents like
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TABLE 4 | Representative examples reported in literature of Candida albicans inactivation caused by photosensitizing materials.

Photosensitizer Support Initial load (log1o CFU/mI) Load reduction (Alogio CFU/mI) References
Porphyrin Polysilsesquioxane 6 25 (63)

Anionic porphyrin Pt nanoparticles 8 3.95 (64)
Porphyrin Silica-coated magnetite NPs 6 2.5 (55)
Cationic phthalocyanine Poly(propylene) 6 4 (65)
Toluidine blue/Rose Bengal Cellulose acetate 5.3 0.9 (66)

Rose Bengal Pmp (IRA900) 6 3 This work
Rose Bengal Pgel (IRA400) 6 1.5 This work

superoxide dismutase (SOD) makes the involvement of this
ROS in the mechanism of cell death very unlikely. A
more in-depth study would be needed to afford some
clarification on this question, but this is out of the scope of
this work.

CONCLUSION

The aPDI capacity of RB@Py, and RB@Pg was addressed
against both Gram-positive (S. aureus and E. faecalis) and Gram-
negative (E. coli and P. aeruginosa) bacteria as well as the
pathogenic yeast C. albicans. At a high total light dose (200
J/cm?), both groups of bacteria reduced their populations (5-8
logip CFU/ml) in the presence of the photoactive polymers and
light in a statistically significant manner (p < 0.01 to p < 0.0001,
depending on the specific case; see Supplementary Material).
Only for C. albicans was the observed photodynamic action
scarce, although the effect of the polymeric matrix in the
dark is the cause of around 2.5 logjp of CFU/ml reduction
(statistically significant, with p < 0.05) and could be of interest
for further studies.

Finally, we would like to stress that, only as a proof-
of-concept, despite anionic photosensitizers, like RB, being
largely considered ineffective for the inactivation of Gram-
negative bacteria, we have shown that, when combined
with commercial supports like cationic exchange resins,
the resultant systems can be efficient materials against
bacterial pathogens. The polymers described here lack the
complexity of the other systems described in the literature,
but it is precisely the accessibility of the starting materials
that makes this combination an appealing option for new
practical developments.
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