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Abstract
Background

Studies on photodynamic inactivation against microorganisms had a great development in recent years. The aim of this work was to test the application of different laser wavelengths with or without
different photosensitizing dyes on Candida albicans cells in vitro and in photodynamic therapy protocols in vivo in larvae of Galleria mellonella.
Methods

Laser application was realized on C. albicans cells suspended in saline solution or cultured on solid medium for the in vitro study, and in a model of G. mellonella candidal infection for the in vivo study.
Three wavelengths (650, 405, and 532 nm) were used in continuous mode with different values of applied fluences: 10, 20 and 30 J/cm? for the in vitro study and 10 J/cm? for the in vivo study, without and with
photosensitizing dyes.
Results

No growth inhibition was obtained on yeast cells in saline solution without photosensitizers. The maximum inhibition of growth (100%) was obtained with 405 nm diode laser and curcumin at any used
fluence. No growth inhibition was observed for yeast cells cultured on solid medium after laser application without dyes. An inhibition was observed after laser application when curcumin and erythrosine
were added to the medium.

The survival curves of G. mellonella larvae infected with C. albicans with or without the different dyes and after laser application showed a statistically significant difference (p < 0.001) in comparison with
the proper control groups.
Conclusions

These results show the efficacy of photodynamic inactivation exploiting a suitable combination of light and dyes against C. albicans and the potential of photodynamic therapy for the treatment of

candidal infections.
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1 Introduction

PhotoDynamic Therapy (PDT), discovered over 100 years ago by Oskar Raab, is a therapeutic cytotoxic technique applied for the treatment of infectious diseases and tumors since the '70 s [1,2]. The cytotoxic
effect is achieved through local application or systemic administration (oral or intravenous) of photosensitizing agents followed by irradiation using visible light with emission spectrum appropriate to the absorption

spectrum of the photosensitizer, in the presence of oxygen [3]. This will induce oxidation phenomena with irreversible selective destruction of proteins, lipids, nucleic acids and other cellular components.

Three basic elements are needed for the occurrence of a photodynamic reaction [4]: a photosensitizer localized in a target cell or tissue; a light source of specific wavelength, required to activate the

photosensitizing molecule; molecular oxygen, which is essential for reactive oxygen species (ROS) generation.

Some organic molecules of biological origin can act as photosensitizers as they present a good quantum yield of triplet formation and a lifetime of this excited state relatively long (even hundreds of

microseconds).

The requirements of an optimal photosensitizer are multiple: it should be non-toxic and show local toxicity only after light activation; moreover, it should present highly selective accumulation and high

quantum yield of singlet oxygen production [5,6].

Most photosensitizers are activated by red light between 630 and 700 nm [7]. In the past, the activation was obtained by means of different light sources, such as argon laser, potassium titanyl-phosphate laser

(KTP), or Nd:YAG laser; currently, it is more common to use diode laser, cheaper and easier to handle and transport, or light-emitting diodes (LED) [8-12].

The efficacy of photodynamic inactivation against microorganisms (Antimicrobial PhotoDynamic Therapy, APDT) has been widely reported in the last decades [13,14]. APDT showed also a promising potential

in the treatment of fungal infections [15-17].
Recently, the invertebrate model Galleria mellonella has been used to study in vivo APDT against bacteria and fungi, alone or in combination with conventional antimicrobial drugs [18,19].

The aim of this study was to evaluate the application of different laser wavelengths with or without three photosensitizing dyes, erythrosine, curcumin and toluidine blue, on Candida albicans cells in vitro and in

APDT protocols in vivo in experimentally infected larvae of Galleria mellonella.

2 Materials and methods
2.1 Microbial strain and culture conditions

The reference C. albicans strain SC5314 used in this study was grown on Sabouraud dextrose agar (SDA) plates at 30 °C for 24 heurs. Cells from isolated colonies were suspended in 199 medium and incubated for 1 h at 37 °C
with shaking, then collected by centrifugation and washed once with water. Yeast cells were counted using a Burker hemocytometer (Emergo, Landsmeer, The Netherlands) and the yeast cell suspension was properly diluted in sterile

distilled water to achieve a final concentration of 5 x 107 cells/ml.

2.2 Dyes and laser sources

Erythrosine (Sigma Aldrich S.r.l., Milan, Italy, dye content >80%) and toluidine blue (Sigma Aldrich, dye content ~80%) were dissolved in distilled sterile water and curcumin (Sigma Aldrich, dye content =100%) in dimethyl

sulfoxide (DMSO) to obtain 20 mM stock solutions. The final working concentration was 100 pM for erythrosine and curcumin, and 10 pM for toluidine blue.

Three laser prototypes, whose optical power was measured with a power meter (PM-200, Thorlabs), were used for this study: a red diode laser (spot size 0.2 cm?), wavelength 650 nm, to be coupled with toluidine blue; a blue-

violet diode laser (spot size 0.2 cm?), wavelength 405 nm, to be coupled with curcumin; a green diode laser (spot size 0.785 cm?), wavelength 532 nm, to be coupled with erythrosine.
Laser irradiation has been performed in continuous mode for the different wavelengths. Time irradiation was planned for each wavelength for fluences of 10 J/cm?, 20 J/cm?, and 30 J/cm? on the basis of the recorded power.

2.3 In vitro studies

Yeast cells were seeded on solid medium (SDA with or without dyes) or suspended in 20 pl of sterile distilled water (with or without dyes) in Eppendorf tubes. The plates were irradiated according to the 3 selected fluence



values in a half of the plate, while the second half served as a control, as described in a previous study [20]. For fungal suspensions, each parameter has been tested individually. Non irradiated fungal suspensions were used as growth

control. All conditions have been tested in duplicate.
Overall, for each experimental condition were prepared 4 agar plates, 2 with and 2 without dye, and 16 Eppendorf tubes, 8 with and 8 without dye.

650 nm diode laser was applied for 307, 615 and 923 s to plates and Eppendorf tubes with and without toluidine blue; 405 nm diode laser was applied for 50, 100 and 150 s to plates and Eppendorf tubes with and without

curcumin; 532 nm diode laser was applied for 95, 190 and 285 s to plates and Eppendorf tubes with and without erythrosine.
After irradiation, agar plates were incubated at 37 °C in aerobic conditions and observed after 1 day for the presence of growth inhibition in the irradiated area.

The content of each irradiated and non-irradiated Eppendorf tube (20 pl) was streaked on the entire surface of SDA plates. After 2 days of incubation at 37 °C in aerobic conditions colonies were enumerated. The antifungal

effect was evaluated as percentual reduction of colony forming units (CFU) compared to non irradiated suspensions.

2.4 Galleria mellonella model

Larvae of G. mellonella at their final instar stage, selected for their weight (350 = 20 mg) and the absence of cuticle pigmentation, were randomly divided into 14 groups (16 larvae/group) to evaluate the lack of toxicity of dyes

and APDT efficacy after infection with C. albicans. An additional group consisting of untouched larvae served as a control for general viability.
In a first step, to evaluate the lack of toxicity of dyes, 10 pl of saline solution or dyes at the selected concentrations were inoculated directly into the hemocoel, via the last left pro-leg, in 4 groups of larvae.
For evaluation of APDT efficacy, 10 ul of a C. albicans SC5314 suspension (5 x 10° cells/larva) in saline solution (4 groups) or dyes (2 groups for each dye) were inoculated.

The irradiation for the in vivo model on G. mellonella has been performed in continuous mode for the different wavelengths at 10 J/cm?. Immediately after infection, red diode laser, 650 nm, was applied for 307 s to each larva
of 2 groups (infected in saline solution and infected in toluidine blue solution); blue diode laser, 405 nm, was applied for 50 s to each larva of 2 groups (infected in saline solution and infected in curcumin solution); green diode laser,

532 nm, was applied for 95 s to each larva of 2 groups (infected in saline solution and infected in erythrosine solution). Infected untreated larvae served as the control group.
Larvae were then transferred into clean Petri dishes, one for each experimental group, incubated at 37 °C in the dark for 9 days, and scored daily for survival.
Survival curves of treated and control animals were compared by the Mantel-Cox log-rank test using GraphPad Prism 5 software. A p value <0.05 was considered statistically significant.

All experiments were repeated twice, representative results are presented.

3 Results

No inhibition of C. albicans growth was observed after laser application on solid medium without dye. An area of growth inhibition was visible in agar plates added with curcumin and erythrosine, after
application of blue diode laser and green diode laser, respectively. The areas of inhibition for the fluences of 10, 20 and 30 J/cm? had a diameter of 6.38 + 0.6 mm, 8.51 + 0 mm and 8.51 = 0 mm, respectively, on the

plates with curcumin, and of 10.2 + 0 mm, 11.9 + 0 mm and 11.9 + 0 mm, respectively, on the plates with erythrosine.

Results of in vitro studies on fungal suspensions are summarized in Tables 1-3. No growth inhibition was obtained with all laser applications at any fluence value on fungal suspensions in the absence of dyes.
Red diode laser coupled with toluidine blue caused a growth inhibition variable between 79.31%, for fluence of 10 J/cm?, and 95.79% for fluences of 20 and 30 J/cm?. The maximum inhibition of growth was obtained
coupling blue diode laser and curcumin, with 100% of growth inhibition at any fluence. Green diode laser coupled with erythrosine caused a growth inhibition variable between 10.34%, for fluence of 10 J/cm?, and

39.85% for fluence of 30 J/cm?, but these values were not statistically significant.

Table 1 Effect of red laser (650 nm) application on Candida albicans suspensions with and without toluidine blue.

alt-text: Table 1
Sample Mean CFU SD % inhibition vs control
Control 261 5 -

Red diode without toluidine blue 331 2 —26.82



Fluence 10 J/cm?

Fluence 20 J/cm?2 307 40
Fluence 30 J/cm?2 311 2
Toluidine blue 10 pM 62 13
Red diode with toluidine blue Fluence 10 J/cm? 54 74
Fluence 20 J/cm? 11 13
Fluence 30 J/cm? 11 13

CFU, colony forming units; SD, standard deviation.

*p < 0.05; **p < 0.01; ***p < 0.001 vs control assessed by Student’s ttest.

Table 2 Effect of blue laser (405 nm) application on Candida albicans suspensions with and without curcumin.

alt-text: Table 2

Sample Mean CFU SD

Control 261 5

Blue diode without curcumin Fluence 10 J/cm? 262 11
Fluence 20 J/cm? 255 5
Fluence 30 J/cm? 259 20

Curcumin 100 pM 219 11

Blue diode with curcumin Fluence 10 J/cm? 0 0
Fluence 20 J/cm? 0 0
Fluence 30 J/cm? 0 0

CFU, colony forming units; SD, standard deviation.

*p < 0.05; *¥*p < 0.001 vs control assessed by Student’s ttest.

Table 3 Effect of green laser (532 nm) application on Candida albicans suspensions with and without erythrosine.
alt-text: Table 3

Samples Mean CFU SD
Control 261 5
Green diode without erythrosine Fluence 10 J/cm? 259 50
Fluence 20 J/cm?2 292 23
Fluence 30 J/cm? 287 12

Erythrosine100 pM 305 49

-17.62
-19.16
76.25%*
79.31*
95.79%F*

95.79%F*

% inhibition vs control

-0.38
2.30
0.77
16.09*
100%k*
100+

% inhibition vs control

0.77
—11.88
-9.96

—16.86



Green diode with erythrosine Fluence 10 J/cm?2 234 52 10.34
Fluence 20 J/cm?2 237 21 9.20

Fluence 30 J/cm? 157 67 39.85

CFU, colony forming units; SD, standard deviation.

There was no significant difference in survival between larvae inoculated with saline (control group), or with dyes (Fig. 1), thus assessing their lack of toxicity in this experimental model at the adopted
conditions.
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Fig. 1 Survival curves of G. mellonella larvae injected with saline solution or dyes (16 animals/group). No significant difference in survival was observed between the 4 groups.

alt-text: Fig. 1

In larvae infected with C. albicans SC5314, the every performed treatment (laser alone, dye alone or combinations of laser and dye) led to a significant increase in survival in comparison to untreated animals

inoculated with C. albicans cells in saline (p <0.001) (Figs. 2-4).
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Fig. 2 Survival curves of G. mellonella larvae infected with C. albicans (5 x 10 cells/larva) in saline or toluidine blue (16 animals/group), exposed or not to irradiation with red diode laser (650 nm). A significant difference (p < 0.001) was observed in

survival between the control group (C. albicans alone) and the other three groups, as assessed by the Mantel-Cox log-rank test. No significant difference in survival was observed between the 3 groups of larvae infected with toluidine blue, irradiated or not

with red diode laser, and infected with C. albicans without toluidine blue and irradiated with red diode laser._(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.
alt-text: Fig. 2

The combination of toluidine blue and red diode laser application led to a prolonged survival compared to dye alone or laser application alone, although the difference in survival was not statistically significant

between the 3 groups (Fig. 2). A statistically significant difference (p = 0.02) in survival was found between the group inoculated with curcumin alone compared to the group treated with blue diode laser coupled with
curcumin (Fig. 3).
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Fig. 3 Survival curves of G. mellonella larvae infected with C. albicans (5 x 10° cells/larva) in saline or curcumin (16 animals/group), exposed or not to irradiation with blue diode laser (405 nm). A significant difference (p < 0.001) was observed in survival



between the control group (C. albicans alone) and the other three groups, as assessed by the Mantel-Cox log-rank test. A statistically significant difference (p = 0.02) was found also between the group of larvae infected with curcumin in comparison to the

group infected with curcumin and treated with blue diode laser._(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.
alt-text: Fig. 3

A statistically significant difference (p = 0.03) in survival was found between the group of larvae irradiated with green diode laser compared to the group treated with laser coupled with erythrosine (Fig. 4).
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Fig. 4 Survival curves of G. mellonella larvae infected with C. albicans (5 x 10 cells/larva) in saline or erythrosine (16 animals/group), exposed or not to irradiation with green diode laser (532 nm). A significant difference (p < 0.001) was observed in
survival between the control group (C. albicans alone) and the other three groups, as assessed by the Mantel-Cox log-rank test. A statistically significant difference (p = 0.03) was found also between the group of infected larvae irradiated with green diode

laser in comparison to the group infected with erythrosine and treated with green diode laser. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.
alt-text: Fig. 4

4 Discussion

In this study, three different wavelengths were applied with or without photosensitizers on C. albicans cells in vitro. No growth inhibition was observed without photosensitizers in both liquid and solid medium

assays.

The maximum inhibition of yeast growth was obtained coupling 405 nm diode laser application and curcumin, with 100% of growth inhibition on fungal suspensions at any fluence, a result confirmed by the
presence of inhibition areas on solid medium, while laser alone had no effect. Curcumin is described as 2.5 fold more potent than fluconazole at inhibiting the adhesion of C. albicans to buccal epithelial cells [21]. It
has been reported to generate reactive oxygen species and trigger an early apoptosis in C. albicans cells and to cause membrane disruption [22,23] The antifungal properties of curcumin seem to be improved by the

action of laser light and the maximum effect is achieved at the lowest fluence value.

Toluidine blue alone caused a consistent reduction of C. albicans cells in suspension in comparison to control. 650 nm diode laser coupled with toluidine blue caused a growth inhibition on fungal suspensions
variable between 79.31% and 95.79%, while no inhibition was observed on solid medium. Conversely, 532 nm diode laser used with erythrosine led to a slight, not significant growth inhibition on fungal suspensions,
but caused the appearance of large inhibition areas on solid medium. The explanation for these apparently contradictory results may be related to some differential reaction of the dyes in liquid and solid medium: this

may be the subject for future studies aiming to clarify the mechanism of photodynamic inactivation against C. albicans.

The in vivo study exploited the recently adopted non-vertebrate G. mellonella model to explore the efficacy of laser APDT against C. albicans infection. This host model provides many competitive advantages over

mammalian models, such as an important reduction in time, cost and ethical or legal concerns, other than simplicity to treat (e.g. without anaesthesia) and maintain a large number of animals.

For every treatment applied (laser alone, dye alone or combination of dye and laser), we obtained a significant difference in survival curves in comparison to the control group. It has been previously proven

that no one of the used dyes was toxic for G. mellonella in the adopted experimental conditions.

Infected larvae inoculated with erythrosine showed a prolonged survival curve in comparison to those inoculated with erythrosine and treated with 532 nm diode laser, although a statistically significant
difference (p = 0.03) in survival was found only between the group of larvae irradiated with 532 nm diode laser in respect to the group treated with laser coupled to erythrosine. One hypothesis for this result may be
that the combination of laser and erythrosine could create some alterations in the dye molecule decreasing the candidacidal effect. A similar hypothesis could be formulated for blue laser and curcumin, where laser
application alone resulted in a prolonged survival, but a statistically significant difference (p = 0.02) was found only between the group inoculated with curcumin in comparison to the group inoculated with curcumin

and irradiated with 405 nm diode laser. These results are comparable with those of Carmello et al., who reported better results for blue light alone rather than in combination with curcumin [24].

Instead, the combination of toluidine blue and 650 nm diode laser application led to a prolonged survival compared to the groups inoculated with dye alone or treated with laser application alone, although the



difference in survival was not statistically significant.

The insect immune response demonstrates structural and functional similarities to the innate immune response of mammals and, in particular, insect haemocytes and mammalian neutrophils have been shown
to phagocytose and kill pathogens in a similar manner. Recent studies demonstrated that APDT can stimulate host defense mechanisms via the attraction and accumulation of neutrophils into the infected region [19].

This may explain, at least in part, the results obtained in G. mellonella.

Other studies will be necessary to validate these results, and to better understand the interaction among the host immune system, C. albicans, photosensitizers and lasers. APDT protocols could be also

evaluated versus or in combination with antifungals.

APDT is reported in literature as effective against bacteria resistant to antibiotics and not inducing the creation of resistant strains; in fact, the resistance to this treatment is unlikely, given that singlet oxygen

and free radicals interact with different cell structures and different metabolic pathways [25-30].

Moreover the presence of several and different cellular targets in fungi may reduce the risk of selection of photomutant resistant strains with a further reduction for this risk thanks to the lack of mutagenic

effect for PDT [31].
Moreover, PDT is low cost and possesses low overdose risk.

Overall, APDT does represent an actual alternative for treatment of fungal infections, since the topical administration of a photosensitizer followed by laser application is a simple process without systemic

toxicity.
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Highlights



¢ The model G. mellonella to explore laser PDT provides advantages over mammalian models.

e PDT may be a good alternative to antimicrobial drugs especially for the treatment of localized infections.
¢ PDT does not generate fungal resistance.

e PDT is of low cost and possesses low overdose risk.

e PDT is a simple process without systemic toxicity.
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