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Tomás I. Gómez , Giuliana Lingua , Brenda Konigheim , Susana C. Núñez Montoya , Enhanced
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Graphical abstract 

 

Abstract  

Background: Antimicrobial Photodynamic Therapy (aPDT) has demonstrated 

effectiveness against various Candida biofilms, typical resistant to conventional 

treatments. Some strategies have shown to enhance the photoactivity of some 

photosensitizers (PS), such as the use of a multiple irradiation scheme or the 

combination with drugs that improve the penetration of the PS through the microbial 

membrane. 

Purpose: Having demonstrated the photodynamic antibiofilm activity of some natural 

anthraquinones (AQs), we selected rubiadin 1-methyl ether (R-1ME) that showed a 

low photo-reduction percentage (%R) on the biofilm mass, with the aim to improve its 

effect.  

Study Design: Experimental in vitro photo-stimulation protocols have been 

developed, which include successive light exposures and the combination of this AQ 

with a commonly used antifungal such as Amphotericin B (AmB). 

Methods: The biofilms reduction was quantified by Crystal Violet staining. Reactive 

oxygen and nitrosative species were observed as action mechanism, alongside an 

assessment of antioxidant response through superoxide dismutase enzyme 

activation and total antioxidant system capacity. 
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Results: Applying R-1ME to C. tropicalis biofilms with sequential 15-min irradiation 

sessions at varied incubation intervals (0, 3, 6, 24, 27, and 30 h) yielded a 

substantial photo-reduction (62.9 %R) on biofilm mass, even halving the bioactive 

concentration of R-1ME. Moreover, combining R-1ME with AmB under this irradiation 

pattern produced an even greater impact (82 %R) at concentrations below the 

Minimal Inhibitory Concentration. Evident redox imbalances in the biofilm were linked 

to this photosensitized activity. 

Conclusions: A new strategy was found to improve the activity of a natural PS on 

fungal biofilms, by combining it with antifungal drugs, under a staged irradiation 

scheme, which, in turn, required low doses of the PS and the antifungal to achieve 

this improved photo-reduction. 

 

Keywords: anthraquinones, photodynamic activity, Candida biofilms, multiple 

irradiation steps, oxidative stress. 

 

Abbreviations: AmB: amphotericin B, aPDT: antimicrobial Photodynamic Therapy, 

AQs: anthraquinones, BBU: Biofilm Biomass Unit, 13C-NMR: carbon 13 nuclear 

magnetic resonance spectroscopy, CLSI: Clinical and Laboratory Standards Institute, 

CV: Crystal Violet, DMSO: dimethyl-sulfoxide, FRAP: Ferric Reducing Antioxidant 

Potency assay, HPLC: High Performance Liquid Chromatography, IR: Infrared 

spectroscopy, MIC: Minimal Inhibitory Concentration, MS: Mass Spectrometry, 3O2: 

molecular oxygen, NBT: Nitro BlueTetrazolium, NCPF: National Collection of 

Pathogenic Fungi, NO•: nitric oxide, O2
•¯: superoxide radical anion, OD: optical 

density, PBS: Phosphate Buffered Saline, pMIC: photoactive Minimal Inhibitory 

Concentration, PS: photosensitizers, pSubMIC: photoactive Sub Minimal Inhibitory 
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Concentration = pMIC/2, pSupraMIC: photoactive Supra Minimal Inhibitory 

Concentration = pMICx2, 1H-NMR: proton nuclear magnetic resonance 

spectroscopy, R-1ME: rubiadin 1-methyl ether, RNI: reactive nitrogen intermediates, 

ROS: reactive oxygen species, %R: reduction percentage, SDB: Sabouraud 

Dextrose Broth, SOD: superoxide dismutase enzyme, SubMIC: Sub Minimal 

Inhibitory Concentration = MIC/2, SupraMIC: Supra Minimal Inhibitory Concentration 

= MICx2, UV–Vis: ultraviolet visible spectrophotometry.  
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INTRODUCTION 

Over the past few decades, there has been a notable rise in opportunistic Candida 

infections. This increase can be attributed to several factors, including the growing 

number of immunosuppressed patients, the utilization of biomedical devices such as 

catheters and prostheses, the prevalence of the acquired immunodeficiency 

syndrome, and the emergence of resistance to antifungal drugs due to their misuse 

(Hossain et al., 2022). Candida infections have been identified as a major contributor 

to nosocomial infections (Atiencia-Carrera et al., 2022). These fungal infections are 

commonly associated with the formation of biofilms, which significantly reduce the 

effectiveness of antifungal agents and consequently lead to higher rates of morbidity 

and mortality (Atiencia-Carrera et al., 2022; Hossain et al., 2022). Candida species 

possess the capability to create dense biofilms, with Candida albicans being the 

most frequently isolated pathogen. However, other species of Candida, such as 

Candida tropicalis, are also frequently encountered in these infections (Sharma and 

Chakrabarti, 2023). 

Given the inadequate effectiveness of conventional treatments for Candida 

infections, there is a pressing need to explore new therapeutic alternatives, 

particularly for infections caused by biofilm formation. One such promising approach 

is antimicrobial Photodynamic Therapy (aPDT), which has demonstrated 

effectiveness against various fungal biofilms (Rodríguez-Cerdeira et al., 2021). The 

aPDT involves the coordinated interaction of three key components: a non-toxic 

chemical compound known as a photosensitizer (PS), harmless light at its absorption 

wavelength, and molecular oxygen (3O2) present in the surrounding environment. 

When the PS is activated by light in the presence of 3O2, generates an increase in 

levels of reactive oxygen species (ROS). Thus, oxidative stress is induced in 

                  



6 

pathogenic microorganisms. The ROS generated during aPDT have the ability to 

react with biological molecules in the immediate environment, such as proteins, 

lipids, and deoxyribonucleic acid. This interaction can ultimately result in the death of 

the pathogenic microbial cells (Kolarikova et al., 2023; Rodriguez-Cerdeira et al., 

2021). 

Numerous approaches have been explored to enhance the effectiveness of aPDT 

(Kolarikova et al., 2023; Mariño-Ocampo et al., 2023; Torres-Hurtado et al., 2019; 

Vera et al., 2022). Among them is the utilization of a multiple irradiation scheme, 

where light exposure occurs at different time intervals during the incubation period, 

interspersed with periods of darkness. The rationale behind this approach is to allow 

for increased 3O2 concentration during the dark intervals, which is expected to 

improve the response to aPDT (Figueredo et al., 2017; Torres-Hurtado et al., 2019). 

Previous research has indicated that multiple applications of aPDT on C. glabrata 

biofilms yield superior outcomes compared to single-session therapies. This 

phenomenon may be attributed to the weakening of the biofilm surface through 

successive irradiations, rendering it more susceptible to the treatment (Figueredo et 

al., 2017). 

However, it is important to consider that the fungal cell wall poses an additional 

challenge in terms of permeability, owing to its composition. This moderately thick 

layer, consisting of β-glucan and chitin, creates resistance against drugs. 

Consequently, PS that possess the capability to penetrate the cell wall, along with 

agents that improve PS penetration, can significantly enhance the efficiency of the 

photosensitized effect (Ziental et al., 2021). 
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In a previous study, we demonstrated the photo-reduction of C. tropicalis biofilms 

using two natural photosensitizing anthraquinones (AQ): rubiadin (RB) and rubiadin 

1-methyl ether (R-1ME) (Fig. 1). The treatment involved a single irradiation period 

prior to biofilm incubation. The observed effect was attributed to an oxidative and 

nitrosative imbalance. RB exhibited greater activity than R-1ME, as it resulted in a 

higher reduction of biofilm biomass, requiring a lower concentration (63.5 ± 4.5% 

reduction at 1.96 μg/mL) compared to R-1ME (47 ± 10% reduction at 15.6 μg/mL) 

(Marioni et al., 2016a). Furthermore, our findings indicated that R-1ME exhibited a 

higher accumulation rate within C. tropicalis biofilms compared to RB (Marioni et al., 

2017), and less cytotoxicity than RB on Vero cells, a mammalian eukaryotic cell line 

widely used to assess such effects (Konigheim et al 2012).  

Therefore, the objective of this study was to enhance the efficacy of R-1ME by 

implementing a multiple irradiation scheme, involving an increased number of 

irradiation periods, on C. tropicalis biofilms treated with R-1ME alone and in 

combination with amphotericin B (AmB), an antifungal drug that targets the cell 

membrane (Cavassin et al., 2021). Furthermore, we investigated the impact of this 

treatment on stress metabolites: including superoxide radical anion (O2
•¯) and 

nitrites, as well as the activation of antioxidant systems within the biofilms, such as 

the superoxide dismutase enzyme (SOD) and total antioxidant capacity. By 

harnessing the oxidative stress induced by aPDT, the goal is to disrupt and eradicate 

the Candida biofilms, which are notoriously resistant to traditional treatments. 

 

MATERIAL AND METHODS 

Natural compound 
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R-1ME was isolated from aerial parts of Heterophyllaea pustulata Hook.f. 

(Rubiaceae). It was obtained with a purity of 93.8 ± 0.1 % as determined by High 

Performance Liquid Chromatography (HPLC) analysis (Marioni et al., 2016a; Marioni 

et al., 2017; Núñez Montoya et al., 2003). Its identity was unequivocally confirmed by 

the analysis of its spectroscopic/spectrometric data (1H-NMR, 13C-NMR, IR, UV–Vis, 

MS) in comparison with literature references (Núñez Montoya et al., 2003). 

Sample preparation 

The photoactive Minimal Inhibitory Concentrations (pMICs) of R-1ME and AmB were 

determined in the planktonic form of C. tropicalis yeasts and were used as a 

reference to establish the concentrations to be tested in biofilms by Marioni et al 

(2016a). Thus, the 3 concentrations tested for R-1ME were: the pMIC (15.6 µg/mL), 

a pSubMIC (pMIC/2 = 7.8 µg/mL), and a pSupraMIC (pMIC x 2 = 31.3 µg/mL); 

whereas for AmB were 0.25 µg/mL (SubMIC), 0.5 µg/mL (MIC) and 1 µg/mL 

(SupraMIC). A stock solution of R-1ME was prepared in Sabouraud Dextrose Broth 

(SDB) (Difco, Detroit, MI, USA) with 1% dimethyl-sulfoxide (DMSO) and 

subsequently diluted in SDB to obtain the final concentrations for testing. 

Candida tropicalis biofilm formation  

The standard strain C. tropicalis NCPF 3111 (National Collection of Pathogenic 

Fungi, Bristol, UK) was used to generate biofilms, which were preserved and 

reactivated in accordance with the guidelines provided by the Clinical and Laboratory 

Standards Institute (CLSI, 2002). Biofilm were formed in flat-bottomed 96-well 

microplates (Greiner Bio-One, Frickenhausen, Germany) following an adaptation of 

the method initially described by O‟Toole and Kolter (Marioni et al., 2016b; O´Toole 

and Kolter, 1998). After 48 h of incubation at 37 ºC without shaking, the supernatant 
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was discarded, and the resulting biofilms were subjected to various treatments with 

R-1ME. The total biomass of the biofilms was quantified by Crystal Violet (CV) 

staining (1 % w/v for 5 min). Excess dye was removed with sterile Phosphate 

Buffered Saline (PBS) before extracting it from the biomass using a solution of 

ethanol/acetone (70:30). The optical density (OD) was measured 

spectrophotometrically at 595 nm using a microplate reader (Tecan Sunrise Model, 

TECAN, Grödig, Austria). Results were expressed in biofilm biomass unit (1 BBU = 

0.1 DO595nm) (Marioni et al., 2016b). 

Irradiation system  

An actinic Phillips 20W lamp (380 ± 480 nm, 0.65 mWcm-2) with an emission 

maximum at 420 nm was used. It was placed inside a black box at 20 cm above the 

samples (Marioni et al., 2016b). 

In vitro photo-reduction biofilm assay using a multiple scheme of irradiation. 

Two microplates were simultaneously prepared; one was kept in darkness whereas 

the other was irradiated at different time points during the incubation period of the 

biofilms, both treated and untreated with R-1ME. The microplate was initially 

irradiated for 15 min immediately after the addition of the R-1ME solutions (t = 0 h). 

Subsequently, it was irradiated at 3, 6, 24, 27 and 30 h after the mentioned 

treatment, with each irradiation session lasting 15 min. This specific irradiation 

scheme was based on the results obtained from the HPLC accumulation assay of R-

1ME in C. tropicalis biofilms, which indicated that the maximum accumulation of R-

1ME in the biofilm occurs after 3 h of incubation (Marioni et al., 2017). Between each 

irradiation session, the microplates were incubated at 37 ºC until a total incubation 

period of 48 h was completed. Negative controls, SDB alone and SDB with 1% 
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DMSO, were included in the experiment. Following incubation, the supernatant from 

both microplates was collected to assess the production of O2
•¯, reactive nitrogen 

intermediates (RNI) and the activation of the antioxidant system: SOD and total non-

enzymatic system by means of the ferric reducing antioxidant potency assay 

(FRAP). Total biomass of the biofilm was quantified using CV staining, as described 

previously. 

In vitro antifungal combination assay over biofilms applying a multiple scheme of 

irradiation. 

Three working solutions of R-1ME were combined with 3 concentrations of AmB 

(MIC = 0.5 µg/mL, SubMIC = 0.25 µg/mL, and SupraMIC = 1 µg/mL). R-1ME 

solutions were added by rows, whereas AmB solutions were added by columns, 

simultaneously applied to a 48-h-old C. tropicalis biofilm (Dastgheyb et al., 2013; 

Marioni et al., 2016a). Like the previous assay, two microplates were prepared 

simultaneously. After the addition of R-1ME/AmB solutions, one microplate was kept 

in darkness, whereas the other was subjected to irradiation following the previously 

described procedure. Following incubation at 37 ºC for 48 h, the supernatants were 

collected to analyze the production of O2
•¯ and RNI, as well as the activation of the 

enzymatic (SOD) and non-enzymatic antioxidant system (FRAP). The effect of 

combination treatment on the biofilm biomass was determined using CV staining and 

expressed as BBU. Additionally, the reduction percentage of the biofilm biomass was 

calculated by applying the following formula (Marioni et al., 2016a):  

%R = Control OD595nm – Sample OD595nm x 100 
Control OD595nm 

 

Assays for oxidative and nitrosative metabolites and antioxidant activity of biofilms  
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The production of O2
•¯ and RNI, as well as the SOD activity and total antioxidant 

capacity of the biofilm, were measured in the supernatant following the 

photodynamic treatments on the biofilms.  

The production of O2
•¯ was assessed by using the nitro blue tetrazolium (NBT) 

reduction method (Mattila et al., 2015). The formation of blue diformazan is 

proportional to the generated O2
•¯ in the biofilms, and its absorbance was measured 

spectrophotometrically at 540 nm. Results were expressed as OD540nm/BBU 

(O2
•¯/BBU) (Marioni et al., 2016a; 2016b, 2017).  

Nitrosative stress was evaluated by measuring nitrite formation using the Griess 

reaction and a calibration curve of NaNO2 as a standard (Tsikas, 2007). OD was 

measured at 540 nm (Marioni et al., 2016b; Tsikas, 2007), and the results were 

expressed as the ratio between nitrite concentration values generated per BBU 

(RNI/BBU). 

SOD activity was detected by measuring the ability of this enzyme to inhibit NBT 

reduction in the presence of O2
•¯, which is generated by the photoexcitation of 

riboflavin in the presence of oxygen and an electron donor (methionine). The results 

were expressed as SOD activation (%SOD/BBU) (Beauchamp and Fridovich, 1971; 

Marioni et al., 2016b).  

The FRAP assay was performed following the procedure described by Benzie and 

Strain (1996). OD was measured at 593 nm, and the results were expressed as Fe+2 

concentration values per BBU (FRAP/BBU) by using a FeSO4 calibration curve 

(Marioni et al., 2016b). 

Statistical analysis  
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All assays were performed in triplicate and repeated in 3 independent experiments. 

The data are presented as means ± standard deviation. A p value < 0.05 was 

considered statistically significant, determined by the t- Student-Newman-Keuls test 

for multiple comparisons. The symbol * denotes statistical significance at p < 0.05 

when was compared to untreated biofilms, whereas the symbol # indicates statistical 

significance at p < 0.05 when comparing darkness and irradiation conditions. 

 

RESULTS  

Photo-reduction effect on C. tropicalis biofilm  

The in vitro photo-reduction biofilm assay using a multiple scheme of irradiation 

established that the application of R-1ME under dark conditions did not have any 

impact on the biofilm biomass at all concentrations tested (green line in Fig. 2A). The 

reduction in biomass by photosensitization was demonstrated when the biofilm of C. 

tropicalis NCPF 3111 was treated with this AQ and exposed to irradiation once 

before incubation at pMIC (15.6 µg/mL, t = 0 h, red line in Fig. 2A). This effect was 

improved by the cumulative action of multiple irradiation periods, since R1-ME began 

to be active at a lower concentration (pSubMIC = 7.8 µg/mL) than pMIC (t = 0, 3, 6, 

24, 27, 30 h, yellow line in Fig.2A); even, the %R was enhanced at the pMIC under 

this repeated irradiation scheme (62.9 ± 7.4 %R vs. 47 ± 10 %R). As a result, the 

photoactive concentration of the PS was halved (pSubMIC: 7.8 µg/mL). Note that 

when only one irradiation period (t = 0 h) was applied, R-1ME did not exhibit any 

photoactivity at pSubMIC in accordance with Marioni et al. (2016a). Contrary to 

expectations, with increasing AQ concentration, a loss of photoreduction of the 

biofilm was observed, specifically at the pSupraMIC for both irradiation experiments. 
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This could be due to the formation of molecular aggregates of the AQ, a 

characteristic of some PS, which ultimately results in low or no ROS production 

(Marioni et al., 2017). It is important to mention that the irradiation conditions alone 

did not have any effect on the biomass of the biofilm (data not shown). 

In Figure 2B, in vitro antifungal combination assay of R-1ME with AmB over biofilms, 

applying a multiple scheme of irradiation, is depicted. The aim was to compare the 

effects of these combinations with the effects of each separate compound at their 

respective concentrations (yellow line: R-1ME, black line: AmB). Others plotted lines 

represent a specific concentration of AmB: blue line is SubMIC (0.25 µg/mL), purple 

line is MIC (0.5 µg/mL) and pink line is SupraMIC (1 µg/mL); which remained 

constant and was combined with each tested concentration of R-1ME (pSubMIC, 

pMIC, and pSupraMIC). When both drugs were combined at its pSubMIC (7.8 µg/mL 

for R-1ME and 0.25 µg/mL for AmB) under the irradiation scheme, it resulted in a 

significant photo-reduction (82 ± 2 %R) in the biomass of C. tropicalis biofilm. Thus, 

the utilization of AQ and AmB in combination with the multiple irradiation scheme not 

only enhanced the photo-reduction effect (82 ± 2 %R), also reduced the required 

concentration of both compounds by half. 

Oxidative and nitrosative stress of biofilm and response of antioxidant mechanisms  

The generation of O2
•¯ and the production of nitrosative metabolites were 

investigated using the photoactive concentration of R-1ME (pSubMIC 7.8 µg/mL) 

under the applied irradiation scheme. It was observed that O2
•¯ levels increased 

significantly compared to untreated biofilms (Fig. 3A). Furthermore, the combination 

of R-1ME (pSubMIC 7.8 µg/mL) and AmB (pSubMIC 0.25 µg/mL) exhibited even 

higher O2
•¯ production than that observed when C. tropicalis was treated with AQ 
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alone and subjected to either a single irradiation period or consecutive periods of 

irradiation. 

Regarding the RNI generation by this AQ in C. tropicalis biofilms under irradiation 

(Fig. 3B), the observed increase was consistent across all tested conditions. In 

darkness, RNI levels generated by R-1ME at pSubMIC (7.8 µg/mL) alone and in 

combination with AmB at pSubMIC (0.25 µg/mL), under one irradiation step or the 

irradiation scheme, were comparable to those of the untreated biofilm. 

Furthermore, SOD activity and the total antioxidant capacity of the biofilm were 

stimulated under all experimental irradiation conditions (Fig. 4A and B). When 

comparing the AQ alone at pSubMIC (7.8 µg/mL), its ability to activate SOD and the 

antioxidant system was lower under the irradiation scheme compared to when a 

single irradiation period was applied at pMIC (15.6 µg/mL, t = 0 h). Notably, the 

combination of R-1Me and AmB both at pSubMIC concentrations (7.8 µg/mL and 

0.25 µg/mL, respectively) under the irradiation scheme resulted in the highest 

increase in the antioxidant system (enzymatic and non-enzymatic). The stimulation 

of SOD was directly proportional to the levels of O2
•¯ observed for each treatment 

(Fig. 3A). 

 

DISCUSSION 

R-1ME exhibited a moderate antibiofilm effect on C. tropicalis NCPF 3111 when it 

was exposed to immediate irradiation after its application and prior to incubation (t = 

0), resulting in a photo-reduction of 47 ± 10% at the pMIC (15.6 µg/mL) (Marioni et 

al., 2016a). To enhance this effect, it was proposed to increase the photo-reduction 

percentage by increasing the number of irradiation sessions. Considering that a 15-
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min irradiation period did not affect the biofilm biomass, it was decided to maintain 

the same time intervals for irradiation while repeating the session at different time 

points during incubation. The decision to design the irradiation scheme was based 

on the observation that R-1ME reaches its maximum accumulation in the biofilm 

after 3 h of incubation (Marioni et al., 2017). By increasing the frequency of 

irradiation during the incubation period, the photo-active concentration of R-1ME was 

halved (pSubMIC 7.8 µg/mL). This optimized irradiation scheme not only allowed the 

use of a low concentration (pSubMIC) of R-1ME, but also significantly improved the 

photo-reduction of C. tropicalis biofilms (62.9 ± 7.4 %R) compared to a single 

irradiation session before incubation (Marioni et al., 2016a). 

Hence, it can be inferred that the ability of R-1ME to accumulate within biofilms 

significantly enhances its photo-stimulated antibiofilm effect, which holds promising 

clinical implications. Similar findings have been reported for curcumin, another 

natural PS, where the highest inactivation of biofilms formed by C. albicans, C. 

glabrata, and C. dubliniensis was observed after 20 min of irradiation, a time 

necessary for the PS to accumulate within the biofilms (Andrade et al., 2013). 

Furthermore, in the case of Photodiazine®, multiple irradiation sessions (LED light) 

resulted in greater photo-reduction of cell viability and overall biomass in 

multispecies biofilms compared to a single irradiation session (Quishida et al., 2015). 

These findings highlight the importance of optimizing the timing and frequency of 

irradiation to maximize the antibiofilm efficacy of photosensitizers, thereby improving 

the outcomes of biofilm-related infections. 

One of the significant effects of photodynamic inactivation is its ability to modify the 

biofilm structure, resulting in a reduction of the biomass (Quishida et al., 2015). 

Based on our previous findings that R-1ME was able to alter the biofilm structure 
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with a single irradiation session (Marioni et al., 2017), our current results indicate that 

consecutive applications of multiple irradiation periods could further enhance the 

disruption of the biofilm structure, which would render the biofilm more susceptible to 

the action of the PS. 

Furthermore, the combination of AQ and AmB both at pSubMIC concentrations (7.8 

µg/mL and 0.25 µg/mL, respectively) with the multiple irradiation scheme improved 

the photo-reduction (82 ± 2 %R) and halved the active concentration of both 

compounds.  

The application of a multiple irradiation scheme on C. tropicalis biofilms treated with 

R-1ME and the R-1ME/AmB combination resulted in a predominant nitrosative stress 

over oxidative stress. This would be attributed to the high levels of O2
•¯, which 

induced the generation of nitric oxide (NO•) as a ROS scavenger (Kwun and Lee, 

2020; Zhang et al., 2021). It is important to note that these measurements were 

taken after 48 h of biofilm incubation, and it is likely that the generated O2
•¯ was 

counteracted by various mechanisms. Consequently, along with the deactivation by 

NO•, enzymatic antioxidant mechanisms such as SOD, as well as the total 

antioxidant system (FRAP), could contribute to minimize the levels of this ROS. 

Hence, the enhanced photo-reduction effect observed in C. tropicalis biofilms treated 

with R-1ME alone at pSubMIC (7.8 µg/mL) and in combination with AmB at pSubMIC 

(0.25 µg/mL) under the irradiation scheme may be attributed to the increased 

production of RNI compared to the effect of this AQ with a single irradiation period. 

There are several mechanisms proposed to explain the enhanced effect observed 

when two compounds are combined. The potentiation of effect observed with the R-

1ME-AmB combination can be attributed to the increased penetration of R-1ME into 
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fungal cells, facilitated by the ability of AmB to generate pores in the cellular 

membrane (Cavassin et al., 2021). This disruption in the membrane allows a 

greatest access of R-1ME inside the cells, thereby exerting its action more 

effectively. Consequently, the combined effect could be explained by the distinct 

mechanisms of action exhibited by each compound individually (Jhonson et al., 

2004). Simultaneous inhibition of multiple targets within fungal cells could be 

achieved, since AmB acts on the cellular membrane, whereas the antibiofilm effect of 

R-1ME is mediated by the Type I photosensitizing mechanism, resulting in oxidative 

stress accompanied by generalized nitrosative stress (Cavassin et al., 2021; Marioni 

et al., 2016a; 2016b). 

Furthermore, it has been demonstrated that the activity of AmB is closely linked to 

the accumulation of ROS within fungal cells (Cavassin et al., 2021; Mesa-Arango et 

al., 2014). Therefore, AmB would contribute to the disruption of the defense system 

against oxidative stress generated in fungal cells when is combined with R-1ME. 

This combination would lead to an increased production of ROS, consequently 

enhancing the activity against biofilms. It is worth noting that another natural 

compound, curcumin, has also exhibited synergistic effects against C. albicans when 

was combined with AmB and fluconazole. This synergistic effect has been also 

associated with ROS generation (Sharma et al., 2010). Similarly, the combination of 

eugenol and AmB has shown greater antifungal activity against C. albicans biofilms 

compared to treatments with each individual compound. The induction of cell 

damage and death in this combination is attributed to the production of ROS, even 

using lesser toxic doses of AmB (Khan et al., 2019). 
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CONCLUSIONS 

The utilization of a multiple irradiation scheme enhances the activity of R-1ME both 

as an individual treatment and in combination with AmB against C. tropicalis biofilms. 

Notably, R-1ME exhibits activity at lower concentrations that were previously 

ineffective when using only a single irradiation session. Furthermore, this approach 

allows for a reduction in the required concentration of AmB, providing an advantage 

by enabling its use at levels that do not induce adverse or toxic effects.  

The improved photo-reduction effect can be also attributed to the ability of R-1ME to 

accumulate within the biofilm. As a result, it generates a significant oxidative and 

nitrosative imbalance within the biofilm when it was stimulated by light. This 

imbalance disrupts the biofilm's structure, leading to a reduction in its biomass. 

Overall, aPDT offers a promising alternative for combatting Candida infections by 

specifically targeting biofilms and leveraging the destructive power of oxidative and 

nitrosative stress to eliminate pathogenic microorganisms. The combination of PSs 

with antifungal drugs enhances the effect since it allows the action of different 

mechanisms. The staged irradiation regimen enables substantial photo-reduction 

with minimal doses of PS alone or in combination with antifungal. 

 

ACKNOWLEDGEMENTS  

This work has been supported by: SECyT (Consolidar, tipo 2, s/res. N° 411/18 y 

155/22), FONCyT (PICT 2018 Nº 4576, s/ res. ANPCyT n° 401/19), and CONICET 

(PIP 2021-2023, s/ res. 1639/2021). G Lingua, Tomás I. Gómez and Bianca Romero 

are doctoral fellow of CONICET. F. Martinez and M. L. Mugas are pos-doctoral fellow 

                  



19 

of CONICET. J. Marioni, B. S. Konigheim and S. C. Núñez Montoya are members of 

the Research Career of CONICET.  

 

AUTHORS' CONTRIBUTION 

Term, conceptualization, and methodology: S.C. Nuñez Montoya and J. Marioni. 

Data collection: J. Marioni, M L. Mugas, B. Romero, T.I. Gomez, and G. Lingua. 

Analysis and interpretation of the data: J. Marioni, and S.C. Nuñez Montoya. Statical 

analysis: F. Martínez, and B.S. Konigheim. Drafting the manuscript: J. Marioni, and 

S.C. Nuñez Montoya. Critical revision: B.S. Konigheim, and S.C. Nuñez Montoya. 

Resources, supervision, project administration and funding acquisition: S.C. Nuñez 

Montoya. 

 

CONFLICT OF INTEREST 

Authors declare no conflict-of-Interest. 

 

SUPPLEMENTARY MATERIALS  

S1 can be found at DOI: 10.1016/j.phymed.2016.07.008 

S2 Summary of photo-reduction effect of R-1ME on C. tropicalis NCPF 3111 biofilm, 

BBU values. 

 

Declaration of generative AI and AI-assisted technologies in the writing 

process 

                  



20 

During the preparation of this work the authors used GPT-Chat to improve the 

English. After using this tool/service, the authors reviewed and edited the content as 

needed and take full responsibility for the content of the publication. 

  

                  



21 

REFERENCES 

Andrade, M.C., Ribeiro, A.P.D., Dovigo, L.N., Brunetti, I.L., Giampaolo, E.T., 

Bagnato, V.S., Pavarina, A.C., 2013. Effect of different pre-irradiation times on 

curcumin mediated photodynamic therapy against planktonic cultures and biofilms of 

Candida spp. Arch. Oral Biol. 58, 200-210. 

http://dx.doi.org/10.1016/j.archoralbio.2012.10.011 

Atiencia-Carrera, M.B., Cabezas-Mera, F.S., Tejera, E., Machado, A., 2022. 

Prevalence of biofilms in Candida spp. bloodstream infections: a metaanalysis. PLoS 

One, 17, e0263522. https://doi.org/10.1371/journal.pone.0263522 

Beauchamp, C., Fridovich, I., 1971. Superoxide dismutase: improved assays and an 

assay applicable to acrylamide gels. Anal. Biochem. 44, 276-287. 

https://doi.org/10.1016/0003-2697(71)90370-8 

Benzie, I.F., Strain, J.J., 1996. The Ferric Reducing Ability of Plasma (FRAP) as a 

measure of „„antioxidant power‟‟: The FRAP Assay. Anal. Biochem. 239, 70-76. 

https://doi.org/10.1006/abio.1996.0292 

Cavassin, F.B., Baú-Carneiro, J.L., Vilas-Boas, R.R., Queiroz-Telles, F., 2021. Sixty 

years of Amphotericin B: an overview of the main antifungal agent ased to treat 

invasive fungal infections. Infect. Dis. Ther. 10, 115-147. 

https://doi.org/10.1007/s40121-020-00382-7  

Clinical and Laboratory Standards Institute (CLSI). Reference method for broth 

dilution antifungal susceptibility testing yeasts; approved standard- second edition. 

CLSI document M27-A2 (ISBN1-56238-469-4). Clinical and Laboratory Standards 

Institute, 950 West Valley Road, Suite 2500, Wayne, Pennsylvania 19087 USA, 

2002. 

                  



22 

Dastgheyb, S.S., Eckmann, D.M., Composto, R.J., Hickok, N.J., 2013. Photo-

activated porphyrin in combination with antibiotics: therapies against Staphylococci. 

J Photochem. Photobiol B. 129(5), 27-35. 

http://dx.doi.org/10.1016/j.jphotobiol.2013.09.006 

Figueiredo Freitas, L.S., Rossoni, R.D., Jorge, A.O., Junqueira, J.C., 2017. 

Repeated applications of photodynamic therapy on Candida glabrata biofilms formed 

in acrylic resin polymerized. Lasers Med. Sci. 32, 549-555. 

https://doi.org/10.1007/s10103-017-2147-4 

Hossain, C.M., Ryan, L.K., Gera, M., Choudhuri, S., Lyle, N., Ali, K.A., Diamond, G., 

2022. Antifungals and drug resistance. Encyclopedia 2, 1722-1737. 

https://doi.org/10.3390/encyclopedia2040118 

Jhonson, M.D., MacDougall, C., Ostrosky-Zeichner, L., Perfect, J.R., Rex, J.H., 

2004. Combination antifungal therapy. Antimicrob. Agents Chemother. 48, 693-715. 

https://doi.org/10.1128/AAC.48.3.693–715.2004 

Khan, S.N., Khan, S., Misba, L., Sharief, M., Hashmi, A., Khan, A.U., 2019. 

Synergistic fungicidal activity with low doses of eugenol and amphotericin B against 

Candida albicans. Biochem. Biophys. Res. Commun. 518(3), 459-464. 

https://doi.org/10.1016/j.bbrc.2019.08.053 

Kolarikova, M., Hosikova, B., Dilenko, H., Barton‐Tomankova, K., Valkova, L., Bajgar, 

R., Malina, L., Kolarova, H., 2023. Photodynamic therapy: innovative approaches for 

antibacterial and anticancer treatments Med. Res. Rev. 43, 717-774. 

https://doi.org/10.1002/med.21935 

                  



23 

Konigheim, B.S., Comini, L.R., Grasso, S., Aguilar, J.J., Marioni, J., Contigiani, M.S., 

Núñez Montoya, S.C., 2012. Determination of non-toxic and subtoxic concentrations 

of potential antiviral natural anthraquinones. Lat. Am. J. Pharm. 31(1): 51-56.  

Kwun, M.S., Lee, D.G., 2020. An insight on the role of nitric oxide in yeast apoptosis 

of curcumin‐treated Candida albicans. Curr. Microbiol. 77(10), 3104-3113. 

https://doi.org/10.1007/s00284-020-02132-x 

Mariño‐Ocampo, N., Dibona‐Villanueva, L., Escobar‐Álvarez, E., Guerra‐Díaz, D., 

Zúñiga‐Núñez, D., Fuentealba, D., Robinson‐Duggon, J., 2023. Recent 

photosensitizer developments, delivery strategies and combination-based 

approaches for photodynamic therapy. Photochem. Photobiol. 99, 469-497. 

https://doi.org/10.1111/php.13749 

Marioni, J., Arce, J.E., Cabrera, J.L., Paraje, M.G., Núñez Montoya, S.C., 2016. 

Reduction of Candida tropicalis biofilm by photoactivation of a Heterophyllaea 

pustulata extract. Pharm. Biol. 54, 2791. 

http://dx.doi.org/10.1080/13880209.2016.1183683 

Marioni, J., Bresolí-Obach, R., Agut, M., Comini, L.R., Cabrera, J.L., Paraje, M.G., 

Nonell, S., Núñez Montoya, S.C., 2017. On the mechanism of Candida tropicalis 

biofilm reduction by the combined action of naturally-occurring anthraquinones and 

blue light. PLoS ONE 12: e0181517. https://doi.org/10.1371/journal.pone.0181517 

Marioni, J., da Silva, M.A, Cabrera, J.L., Núñez Montoya, S.C., Paraje, M.G., 2016. 

The anthraquinones rubiadin and its 1-methyl ether isolated from Heterophyllaea 

pustulata reduces Candida tropicalis biofilms formation. Phytomedicine 23, 1321-

1328. http://dx.doi.org/10.1016/j.phymed.2016.07.008 

                  



24 

Mattila, H., Khorobrykh, S., Havurinne, V., Tyystjärvi, E., 2015. Reactive oxygen 

species: reactions and detection from photosynthetic tissues. J. Photochem. 

Photobiol. B. 152, 176-214. https://doi.org/10.1016/j.jphotobiol.2015.10.001 

Mesa-Arango, A.C., Trevijano-Contador, N., Román, E., Sánchez-Fresneda, R., 

Casas, C., Herrero, E., Argüelles, J.C., Plá, J., Cuenca-Estrella, M., Zaragoza, O., 

2014. The production of reactive oxygen species is a universal action mechanism of 

amphotericin B against pathogenic yeasts and contributes to the fungicidal effect of 

this drug. Antimicrob. Agents Chemother. 58(11), 6627-6638. 

http://dx.doi.org/10.1128/AAC.03570-14. 

Núñez Montoya, S.C., Agnese, M.A., Pérez, M.C., Tiraboschi, I.N., Cabrera J.L., 

2003. Pharmacological and toxicological activity of Heterophyllaea pustulata 

anthraquinone extracts. Phytomedicine 10, 569-574. 

https://doi.org/10.1078/094471103322331854 

O´Toole, G.A., Kolter, R., 1998. Initiation of biofilm formation in Pseudomonas 

fluorescens WCS365 proceeds via multiple, convergent signalling pathways: a 

genetic analysis. Mol. Microbiol. 28 (3), 449-461. https://doi.org/10.1046/j.1365-

2958.1998.00797.x 

Quishida, C.C., Mima, E.G., Dovigo, L.N., Jorge, J.H., Bagnato, V.S., Pavarina, A.C., 

2015. Photodynamic inactivation of a multispecies biofilm using Photodithazine® and 

LED light after one and three successive applications. Lasers Med. Sci. 30, 2303-

2312. https://doi.org/10.1007/s10103-015-1811-9 

Rodríguez-Cerdeira, C., Martínez-Herrera, E., Fabbrocini, G., Sanchez-Blanco, B., 

López-Barcenas, A., EL-Samahy, M., Juárez-Durán, E.R., González-Cespón, J.L., 

                  



25 

2021. New applications of photodynamic therapy in the management of candidiasis. 

J. Fungi 7, 1025-1053. https://doi.org/10.3390/jof7121025 

Sharma, M., Chakrabarti, A., 2023. Candidiasis and other emerging yeasts. Curr. 

Fungal Infect. Rep., 1. https://doi.org/10.1007/s12281-023-00455-3 

Sharma, M., Manoharlal, R., Negi, A.S., Prasad, R., 2010. Synergistic anticandidal 

activity of pure polyphenol curcumin I in combination with azoles and polyenes 

generates reactive oxygen species leading to apoptosis. FEMS Yeast Res. 10, 570-

578. http://dx.doi.org/10.1111/j.1567-1364.2010.00637.x 

Torres-Hurtado, S.A., Ramírez-Ramírez, J., Larios-Morales, A.C., Ramírez-San-

Juan, J.C., Ramos-García, R., Espinosa-Texis, A.P., Spezzia-Mazzocco, T., 2019. 

Efficient in vitro photodynamic inactivation using repetitive light energy density on 

Candida albicans and Trichophyton mentagrophytes. Photodiag. Photodyn. Ther. 26, 

203-209. https://doi.org/10.1016/j.pdpdt.2019.03.015 

Tsikas, D., 2007. Analysis of nitrite and nitrate in biological fluids by assays based on 

the Griess reaction: appraisal of the Griess reaction in the l-arginine/nitric oxide area 

of research. J. Chromatogr. B 851, 51-70. 

http://dx.doi.org/10.1016/j.jchromb.2006.07.054 

Vera, C., Gallucci, M.N., Marioni, J., Sosa Morales, M.C., Martino, D.M., Nuñez 

Montoya, S.C., Borsarelli, C.D., 2022. “On-Demand” antimicrobial photodynamic 

activity through supramolecular photosensitizers built with Rose Bengal and (p-

vinylbenzyl)triethylammomium polycation derivatives. Bioconjug. Chem. 33(3), 463-

472. https://doi.org/10.1021/acs.bioconjchem.1c00596 

                  



26 

Zhang, C., Wang, X., Du, J., Gu, Z., Zhao, Y., 2021. Reactive oxygen species-

regulating strategies based on nanomaterials for disease treatment. Adv. Sci. 8(3), 

2002797. http://dx.doi.org/10.1002/advs.202002797 

Ziental, D., Mlynarczyk, D.T., Czarczynska-Goslinska, B., Lewandowski, K., Sobotta, 

L., 2021. Photosensitizers mediated photodynamic inactivation against fungi. 

Nanomaterials, 11(11), 2883-2942. https://doi.org/10.3390/nano11112883   

                  



27 

 

Figure 1 Chemical structures of anthraquinones rubiadin and rubiadin-1-methyl ether 

 

Figure 2 Photo-reduction effect of R-1ME on Candida tropicalis NCPF 3111 biofilm. 

(A) R-1ME effect with the application of a single irradiation period (t=0, red line) and 

with multiple irradiation periods (t = 0, 3, 6, 24, 27, 30 h, orange line). (B) Effect of R-

1ME combined with AmB at different concentrations and the application of a multiple 
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irradiation scheme. AmB alone: green line, R-1ME alone: yellow line. *p<0.05 

compared to untreated biofilm 

 

Figure 3 (A) ROS generation and (B) RNI production by R-1ME alone under a single 

irradiation period and the application of a multiple irradiation scheme on R-1ME 

alone and combined with AmB. *p<0.05 compared to untreated biofilm.  
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Figure 4 (A) SOD activation and (B) Total antioxidant capacity activation by R-1ME 

alone under a single irradiation period and the application of a multiple irradiation 

scheme on R-1ME alone and in combination with AmB. 
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