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a b s t r a c t 

Background: Candida tropicalis is increasingly becoming among the most commonly isolated pathogens 

causing fungal infections with an important biofilm-forming capacity. 

Purpose: This study addresses the antifungal effect of rubiadin (AQ1) and rubiadin 1-methyl ether (AQ2), 

two photosensitizing anthraquinones (AQs) isolated from Heterophyllaea pustulata , against C. tropicalis 

biofilms, by studying the cellular stress and antioxidant response in two experimental conditions: dark- 

ness and irradiation. The combination with Amphotericin B (AmB) was assayed to evaluate the synergic 

effect. 

Study design/Methods: Biofilms of clinical isolates and reference strain of Candida tropicalis were treated 

with AQs (AQ1 or AQ2) and/or AmB, and the biofilms depletion was studied by crystal violet and confocal 

scanning laser microscopy (CSLM). The oxidant metabolites production and the response of antioxidant 

defense system were also evaluated under dark and irradiation conditions, being the light a trigger for 

photo-activation of the AQs. The Reactive Oxygen Species (ROS) were detected by the reduction of Nitro 

Blue Tetrazolium test, and Reactive Nitrogen Intermediates (RNI) by the Griess assay. ROS accumulation 

was also detected inside biofilms by using 2 ′ ,7 ′ -dichlorodihydrofluorescein diacetate (DCFH-DA) probe, 

which was visualized by CSLM. Superoxide dismutase (SOD) activity and the total antioxidant capacity of 

biofilms were measured by spectrophotometric methods. 

The minimun inhibitory concentration for sessile cells (SMIC) was determined for each AQs and AmB. 

The fractional inhibitory concentration index (FICI) was calculated for the combinations of each AQ with 

AmB by the checkerboard microdilution method. 

Results: Biofilm reduction of both strains was more effective with AQ1 than with AQ2. The antifungal 

effect was mediated by an oxidative and nitrosative stress under irradiation, with a significant accumu- 

lation of endogenous ROS detected by CSLM and an increase in the SOD activity. Thus, the prooxidant- 

antioxidant balance was altered especially by AQ1. The best synergic combination with AmB was also 

obtained with AQ1 (80.5%) (FICI = 0.74). 

Conclusion: Under irradiation, the oxidative stress was the predominant effect, altering the prooxidant- 

antioxidant balance, which may be the cause of the irreversible cell injury in the biofilm. Our results 

showed synergism of these natural AQs with AmB. Therefore, the photosensitizing AQ1 could be an alter- 

native for the Candida infections treatment, which deserves further investigation. 

© 2016 Elsevier GmbH. All rights reserved. 
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Abbreviations: DCFH, 2 ′ ,7 ′ -dichlorodihydrofluorescein; DCFH-DA, 2 ′ ,7 ′ - 
ichlorodihydrofluorescein diacetate; DCF, 2 ′ ,7 ′ -dichlorofluorescein; AmB, Am- 

hotericin B; AQs, Anthraquinones; AQ1, Rubiadin; AQ2, Rubiadin 1-methyl ether; 

BU, Biofilm Biomass Unit; CLSI, Clinical and Laboratory Standards Institute; CFU, 
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Fig. 1. (A) Structure of Rubiadin (AQ1) and (B) Rubiadin 1-methyl ether (AQ2) iso- 

lated from Heterophyllaea pustulata Hook f. (Rubiaceae). 
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Introduction 

Candida albicans is the most prevalent cause of fungal infections

in humans, with more than 50% of mucocutaneous and systemic

yeast infections ( Pfaller, 2012 ). Nevertheless, Non-albicans Candida

species is increasingly becoming more relevant. For instance, the

incidence of fungal infections by C. glabrata, C. parapsilosis and C.

tropicalis has increased in recent years ( Raman et al., 2015 ). Can-

dida species are known to develop several mechanisms that confer

resistance to antifungal drugs, which are well described and char-

acterized for planktonic (or free-living) cells. However, resilient in-

fections are invariably associated with biofilms development, since

this kind of growth exhibits a dramatic decrease in the susceptibil-

ity to the antimicrobial agents. Therefore, the biofilm formation is

considered an important virulence factor that is frequently associ-

ated with clinical infections generated by its development in var-

ious invasive and indwelling medical devices, such as central ve-

nous catheters, joint prostheses, cardiovascular devices, as well as

the superficial devices like dentures and dental implants ( Uppuluri

et al., 2009; Silva-Dias et al., 2015 ). 

The rate of drugs diffusion in C. tropicalis biofilms is lower than

in biofilms of C. glabrata or C. krusei ( Al-Fattani and Douglas, 2006 ).

This behavior is an answer to the particular characteristic of the

C. tropicalis biofilms that synthetize large amounts of hexosamine-

enriched matrix, so that not only the quantity but also the matrix

composition allow a poor penetration by antifungal agents; and

thus these biofilms are more resistant to Amphotericin B (AmB)

( Uppuluri et al., 2009; Ramage et al., 2012 ). On the other hand,

antifungal drugs available to successfully treat systemic and inva-

sive candidiasis are becoming increasingly limited ( Tobudic et al.,

2012 ). Therefore, there is a growing medical need for new agents

and therapeutic strategies to treat candidiasis. The development of

novel approaches to inactivate Candida biofilms has a great clinical

importance in treating this infection, among which can be men-

tioned the combination therapy that has the advantage of attack-

ing different tar gets by the combination of several drugs and/or

strategies with different action mechanisms. 

There is an increasing evidence that the mechanism of cell

death initiated by some antifungal involves the production of Re-

active Oxygen Species (ROS) ( Delattin et al., 2014 ), having been re-

ported that miconazole induces the accumulation of endogenous

ROS in C. albicans biofilms ( Vandenbosch et al., 2010 ). Neverthe-

less, a high ROS-detoxifying activity by superoxide dismutase en-

zyme (SOD) has been determined to this kind of drugs. These en-

zymes appear to play an important role in protecting C. albicans

biofilms against high doses of miconazole through a fungal biofilm

resistance mechanism ( Mah, 2012 ). 

In addition, we previously reported that ROS, Reactive Nitro-

gen Intermediates (RNI) and their downstream derivatives could

play an important role on the biofilm formation ( Arce Miranda

et al., 2011; Peralta et al., 2015 ). The ROS and RNI overproduc-

tion, favored by some conditions, results in a cellular stress in-

side the biofilms, thereby affecting their growth. Specifically, it was

observed an extracellular matrix reduction because of an accumu-

lation of these radical oxidizers in the extracellular medium, and

thus they affect the matrix ( Arce Miranda et al., 2011 ). Redox im-

balance is due to an overproduction of ROS or through a reduction

in the oxidative defenses being insufficient to remove the free rad-

icals, and therefore the antioxidant system plays a very important

role in the control of this process. ( Berg et al, 2004 ). 

Our research group has isolated several 9,10-anthraquinone

aglycones (AQs) from a phototoxic plant popularly known as “ce-

gadera”, name that alludes to one of the toxic effects produced in

cattle that feeds on it ( Núñez Montoya et al., 2003 ). This vegetal

species, scientifically identified as Heterophyllaea pustulata Hook f.

(Rubiaceae), is endemic to the mountain region of northwestern
rgentina and Bolivia, between 2500 and 3000 m of altitude. In

ddition, we have demonstrated that these AQs possessed photo-

ensitizing properties; hence they generate ROS under light action

 Núñez Montoya et al., 2005 ). 

The present work was performed with the aim of knowing

he potential antibiofilm effect of two photosensitizing AQs from

. pustulata : rubiadin (AQ1) and rubiadin 1-methyl ether (AQ2)

 Fig. 1 A and B), against sessile cells of C. tropicalis , and also

valuating if there is a disturbance of the prooxidant-antioxidant

alance. Therefore, the production of oxidative and nitrosative

etabolites, and the activation of antioxidant enzyme SOD and the

otal antioxidant capacity of the system were evaluated. In addi-

ion, the light action was specifically assessed as a trigger to in-

rease the biological effect of these AQs. Consequently, AQ1 or AQ2

ere also used to examine the antifungal effects of their combi-

ations with AmB against C. tropicalis biofilms under irradiation.

o our knowledge, this is the first study that attempts to correlate

he biofilm reduction with alteration in the ROS and RNI produc-

ion by the action of AQs under irradiation. Thus, the light action in

he presence of oxygen improved the antimicrobial effect of photo-

ensitizing anthraquinones by increasing the Redox imbalance, be-

ause of their ability to generate ROS, which resulted ultimately in

n oxidative stress inside of C. tropicalis biofilm. 

aterial and methods 

xtraction and isolation of AQs 

AQ1 and AQ2 were isolated and purified from benzene extracts

f roots of H. pustulata by following the methodology described

y our researcher group ( Núñez Montoya et al., 2003 ), and their

tructures were characterized by their spectroscopic/spectrometric

ata ( 1 H NMR, 13 C NMR, IR, UV–Vis, MS). The purity of AQ1 and

Q2 were 93.6 ± 0.1% and 93.8 ± 0.1% respectively, determined by

PLC and HPLC-SM analysis ( Fig. 2 A and B). A Varian Pro Star chro-

atography apparatus (model 210, series 04171), equipped with

n UV–Vis detector was used. The separation was achieved on

 Microsorb-MV column 100-5 C-18 (250 ×4.6 mm i.d., Agilent),

t 25 °C. The mobile phase consisted in formic acid (0.16 M, sol-

ent A) and MeOH-formic acid (0.16 M, solvent B), starting with

8% B (2 min, 1.0 ml/min) that changed during 4 min to 78% and

.8 ml/min (2 min), followed by a second ramp (2 min) to 84%

 and 0.5 ml/min (30 min), a third ramp (1 min) to 100% B and

.7 ml/min (4 min), returning to the starting conditions for 1 min.

etector was set at 269 nm. The manual injection volume was

0 μl. Data analysis was performed using Varian software (Star

hromatography Workstation 6.41). 

ungal strains and culture conditions 

C. tropicalis biofilms were studied from a clinical isolate and

 reference strain. The clinical isolate associated with indwelling

edical devices (CRF2012, strain No. 1) was kindly identified by
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Fig. 2. HPLC chromatograms profiles showing the purity of AQ1 (A) and AQ2 (B). 
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he Microbiology Laboratory of Clínica Universitaria Reina Fabi-

la (Córdoba, Argentina). The reference strain was C. tropicalis

CPF 3111 (National Collection of Pathogenic Fungi, Bristol, UK,

train No. 2). For long-term storage, the Instituto Multidisciplinario

e Biología Vegetal (IMBIV), yeasts stocks were kept at −80 °C
uspended in Sabouraud Dextrose Broth (SDB) (Difco, Detroit,

I) with 10% glycerol as cryoprotectant. Before use, yeasts were

lated onto Sabouraud dextrose agar (SDA) (Difco, Detroit, MI)

nd incubated overnight at 37 °C to ensure purity and viability

 Peralta et al., 2015 ). 

uantification of biofilm formation 

Biofilms were prepared in flat-bottomed 96-well microplates

Greiner Bio-One, Germany) by an adaptation from the method

f O’ Toole and Kolter (1998) . Plates were pre-treated with 50%

v/v) fetal bovine serum (Sigma-Aldrich, St. Louis, MO, USA)

 Pierce et al., 2008 ). A suspension (1 × 10 7 cells/ml) in SDB was

noculated and plates were incubated at 37 °C for 90 min. Non-

dhered cells were removed and plates were incubated at 37 °C for

8 h without shaking. C. tropicalis biofilms were stained with crys-

al violet (CV) dye, which measures the total biomass of biofilm

 Messier et al., 2011 ), by using a solution 1% (w/v) for 5 min and

ashing with sterile Phosphate-buffered saline (PBS) to remove ex-

ess dye. Afterwards, CV was extracted with the destaining solu-

ion: ethanol/acetone (70:30). Optical density (OD) was quantified

t 595 nm using a microplate reader (Tecan Sunrise Model, TECAN,

US). The average OD from control wells (ODc, containing only SDB

t pH = 6.5) was subtracted from OD of all tested wells. 

Strains were classified as biofilm producers accord-

ng to the following classification: OD ≤ ODc = no biofilm

roducer; ODc < OD ≤ (2 × ODc) = weak biofilm producer;

2 × ODc) < OD ≤ (4 × ODc) = moderate biofilm producer; and

4 × ODc) < OD = strong biofilm producer. Biofilm Biomass Unit

BBU) was arbitrarily defined as 0.1 OD 595 equal to 1 BBU ( Arce

iranda et al., 2011; Peralta et al., 2015 ). 

ntifungal activity 

Antifungal activity of AQs and/or AmB against planktonic C.

ropicalis was measured by quantifying the minimum inhibitory
oncentration (MIC) following the guidelines of the M27-A3 doc-

ment by the Clinical Laboratory Standards Institute ( CLSI, 2008 ).

IC was defined as the lowest drug concentration able to produce

 growth inhibition higher than 90% in planktonic cells. 

Effects of AQs over C. tropicalis biofilms were evaluated and

mB was used as positive control at the same conditions. Briefly,

hree dilutions of AQs (in SDB with 1% DMSO) were prepared in

rder to obtain final concentrations of 2 × MIC (Supra Minimum

nhibitory Concentration -Supra MIC), 1 × MIC, and 0.5 × MIC (Sub

inimum Inhibitory Concentration -Sub MIC). AQs or AmB (200 μl

er well) solutions were added over 48 h-biofilms (each concen-

ration in triplicate), and incubated 48 h at 37 °C. Negative controls

ere included, containing SDB alone or SDB with 1% DMSO. After

ncubation, supernatant was separated to assess oxidative metabo-

ites and antioxidant activity of biofilm, and biofilm formation was

hen quantified as described previously. From this assay, sessile

inimum inhibitory concentrations 50 and 80 (SMIC 50 and SMIC

0, respectively), defined as the drug concentrations which de-

rease 50 and 80% the BBU ( Pierce et al., 2008 ), were obtained. 

Two microplates were performed simultaneously under dark-

ess and irradiation during 15 min with an TL 20 W/52 Phillips

ctinic lamp (380–480 nm, 0.65 mW/cm 

2 ) with an emission maxi-

um at 420 nm and located at 20 cm above the samples in a black

ox ( Comini et al., 2011 ). 

Colony forming units (CFU) /ml were determined for correla-

ion studies with BBU ( Peralta et al, 2015 ). After antifungal treat-

ent, the supernatant was eliminated and 100 μl of sterile water

as added to each well and sonicated (40 kHz, 60 s) in order to

e-suspend the biofilm cells thoroughly. This suspension was di-

uted 10 0 0 times with sterile water and 100 μl of the suspension

as then pipeted out and spread evenly by using a sterile plastic

ransferring loop on SDA (Difco). Then the plates were incubated

t 37 °C for 24 h. 

ssays for oxidative metabolites and antioxidant activity of biofilms 

Superoxide radical (O 2 
• −) was detected by their oxidative ac-

ion that causes the nitro blue tetrazolium (100 μl of NBT 1 mg/ml,

igma-Aldrich) reduction to nitroblue diformazan, by following the

ethodology previously described by us ( Peralta et al., 2015; Mari-

ni et al., 2016 ). NBT forms an insoluble dark blue diformazan pre-

ipitate, being proportional to the generated ROS in biofilms. Ab-

orbance was measured spectrophotometrically at 540 nm Hydro-

en peroxide (H 2 O 2 ) treated samples were used as positive control.

esults were expressed as OD 540 nm 

/BBU (ROS/BBU) ( Arce Miranda

t al., 2011; Angel Villegas et al., 2015; Peralta et al., 2015 ). 

Nitric oxide (NO) production was determined by measuring the

ccumulation of its stable degradation products, nitrate and nitrite,

y a micro-plate assay using the Griess reagent and NaNO 2 as stan-

ard. Supernatant (100 μl) was mixed with 200 μl of Griess reagent

sulfanilamide 1.5% in 1 N HCL and N-1-naphthyl ethylenediamide

ihidrochloride 0.13% in sterile distilled water] ( Baronetti et al.,

011 ). OD was measured at 540 nm in the same microplate reader

efore mentioned. Results were expressed as the nitrite concentra-

ion value/BBU (RNI/BBU). 

SOD activity was determined based on inhibition of NBT reduc-

ion by using 50 μl of supernatant. SOD inhibit the reduction of

BT by the action of the O 2 
• ¯, generated by the illumination of

iboflavin. OD was measured at 595 nm, and the results were ex-

ressed as SOD activation (%)/BBU ( Angel Villegas et al., 2015; Per-

lta et al., 2015 ). 

Total antioxidant capacity of biofilm was evaluated by the fer-

ic reducing antioxidant potency (FRAP) assay. Briefly, supernatant

10 μl) were mixed with 300 μl of the following mixture (10:1:1):

a) 300 mM acetate buffer pH: 3.6, (b) 10 mM 2,4,6-tripyridyl-

-triazine in 40 mM HCl and (c) 20 mM FeCl �6H O. OD was
3 2 
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measured at 593 nm after 4 min incubation, and FRAP values were

calculated using a FeSO 4 calibration curve. Results were expressed

as the Fe + 2 concentration values/BBU (FRAP/BBU) ( Peralta et al.,

2015 ). 

Biofilm analysis by confocal scanning laser microscopy (CSLM) 

C. tropicalis biofilms treated with 1.96 μg/ml of AQs were ob-

served by CSLM as described below. Biofilms were formed on

small glass covers (12 mm diameter) in a 24-well microtiter plate

(Greiner Bio-One, Germany). Following biofilm formation and an-

tifungal exposure, supernatants were eliminated and disks were

rinsed with sterile PBS (no autofluorescence detected). At first,

disks were stained for 1 min with 30 μl of Calcofluor-White (0.05%

v/v, Sigma-Aldrich), a carbohydrate-binding fluorescent dye that

stains fungal cell walls blue. Calcofluor-White was excited at

355 nm ( Peralta et al., 2015 ). 

Intracellular ROS production was also determined by using a

probe of the non-fluorescent and cell-permeating compound: 2 ′ ,7 ′ -
dichlorodihydrofluorescein diacetate (DCFH-DA; Molecular Probes,

Inc., Eugene, Oreg.). After being washed in PBS, disks were incu-

bated with 50 μl DCFH-DA (10 μM) for 15 min in darkness at room

temperature. A 488 nm excitation source was used ( Peralta et al.,

2015 ). DCFH-DA is a non-polar, non-fluorescent compound that

readily diffuses across membranes, and is hydrolyzed by intracellu-

lar esterases to the polar, non-fluorescent, membrane-impermeable

derivative 2 ′ ,7 ′ -dichlorodihydrofluorescein (DCFH), which is rapidly

oxidized by ROS to the highly fluorescent 2 ′ ,7 ′ -dichlorofluorescein

(DCF) which is trapped within the cell ( Bergamo et al., 2015 ). 

After staining, disks were removed from the wells; air-dried for

15 min in darkness and placed inverted in 35-mm glass-bottom

microwell dishes. Intact biofilms were examined by using a Flu-

oview FV10 0 0 Espectral Olympus CSLM (Olympus Latin America,

Miami, FL, USA) equipped with UPlanSApo 100X/1.40 oil UIS2

Olympus oil immersion lens. Optical sections were acquired at

0.5 μm intervals for the total thickness of biofilms. Then, for each

sample, images from three randomly selected positions were ob-

tained and analyzed independently. The quantitative analysis of

DCF (green) fluorescence intensities was performed by means of

the NIH-ImageJ. 

Checkerboard microdilution assay 

Checkerboard microdilution method was performed in flat-

bottomed 96-well microplates. After the MICs of each drug for

each strain were determined. The antifungal agents solution of

AQs and AmB were used (2 × MIC, 1 × MIC, 0.5 × MIC). AmB solu-

tion was added by columns of the microplates, whereas AQs were

added by rows over 48 h-biofilms and was incubated 48 h at 37 °C.

The fractional inhibitory concentration index (FICI) values were

calculated as follows: FICI = SMIC50 (AB)/SMIC50 (A) + SMIC50

(AB)/SMIC50 (B). The SMIC (AB) represents the SMIC value of AQ1

or AQ2 combined with AmB, whereas SMIC (A) represents the

SMIC values of AQ1 or AQ2 alone and SMIC (B) is the SMIC value

of AmB. The FICI values were interpreted as follows: ≤0.5, synergy;

> 0.5 to < 1, partial synergy; 1, addition; > 1 to < 4, indifference; and

≥4, antagonism ( Dastgheyb et al., 2013 ). 

Statistical analysis 

All assays were performed in triplicate and in three inde-

pendent experiments, and the averages and standard deviations

were calculated for all of them. Numerical data were presented as

means ± standard deviation. Differences between means were as-

sessed using ANOVA followed by Student–Newman Keuls test for

multiple comparisons. A 

∗p < 0.005 was considered significant for
omparisons with non-treated biofilms and 

# p < 0.005 for compar-

sons between dark and light conditions. 

esults 

In order to be able to perform the antibiofilm experiments, the

ICs values of AQs against planktonic fungal cells must be deter-

ined at first. The values obtained were: 0.98 μg/ml for AQ1 in

oth C. tropicalis strains (clinical strain, No. 1 and NCPF 3111 strain,

o. 2); and 31.3 and 15.6 μg/ml for AQ2 in strain No. 1 and 2, re-

pectively, clearly showing that AQ1 has better activity than AQ2

gainst both strains. 

The ability of C. tropicalis strains to form biofilms was in-

estigated on polystyrene-microtiter plates and were classified as

trong biofilm producer ( Table 1 ). BBU were not affected by light

ction. In darkness, AQ1 and AQ2 were not active against biofilms

f both strains at all concentrations tested. On the other hand, the

ight action enhanced the effect of both AQs over biofilms of both

trains. In strain No. 1, AQ1 and AQ2 reduced about 3.6 and 4.5

imes the BBU at the MIC concentration, respectively. Furthermore,

oth AQs achieved the best reduction (5.6 times), at the SupraMIC.

y contrast, biofilm reduction was lowest in strain No. 2 for both

Qs at the MIC: BBU was reduced 1.8 times by AQ1, and 2.0 times

y AQ2. These results demonstrate that AQ1 is more active than

Q2 in biofilms as well as in planktonic microorganism, since AQ1

equired a smaller concentration than AQ2 to produce a similar re-

uction level. A correlation between CV assay and CFU/ml was ob-

erved (see in supporting information). Furthermore, when evalu-

ting sessile cells, the antifungal concentration required to reduc-

ng the BBU to 50% (SMIC 50) was 1.96 μg/ml for AQ1 against strain

o. 2. This effect was greatest on biofilms of strain No. 1, achiev-

ng an 80% reduction at the same concentration (1.96 μg/ml = SMIC

0). 

In order to determine if cellular stress is implied on the AQ1

echanism by light action, O 2 
• ¯ production was determined by the

BT assay ( Fig. 3 A). O 2 
• − production was increased significantly in

oth strains under irradiation ( # p < 0.005). The highest ROS pro-

uction was obtained at Supra MIC of AQ1 compared to untreated

iofilm ( ∗p < 0.005) and the AQ1 control did not produce O 2 
• ¯ in

he presence of light by itself. Since the RNI have shown to pro-

ote cell death and biofilms dispersal, the RNI generation was

easured. Fig. 3 B shows an increase of RNI levels in strain No.

 biofilm by AQ1, under both experimental conditions relative to

ontrol ( ∗p < 0.005). It can be seen that the RNI levels were pro-

ortionally dependent on AQ1 concentrations. Although a RNI in-

rease was observed under darkness and irradiation, in the latter,

he increase was more significant ( # p < 0.005). On the other hand,

n strain No. 2, the RNI were only increased by the light action

t the MIC and Supra MIC concentrations of AQ1, showing a good

orrelation with results displayed in Table 1 ( Fig. 3 B). 

A fluorogenic dye (DCFH-DA) was used to determine the in-

racellular ROS generation inside C. tropicalis biofilms after anti-

ungal treatment. The laser scanning fluorescence images for XY

top) and XZ (bottom) of sessile cells (blue) of C. tropicalis NCPF

111 biofilms showed a hazy biofilm appearance due to the dif-

use staining of the extracellular material with Calcofluor-White,

hich implies that this material is mainly composed of cell-wall-

ike polysaccharides ( Fig. 4 A and D). Moreover, biofilm thickness

as reduced by AQ1 action, corresponding to a 68.8% compared

o respective control. ROS production was observed inside sessile

ells, resulting in a high-intensity DCF fluorescence for the biofilm

reated with AQ1 compared with untreated (control) ( Fig. 4 B and

). Co-localization is observed in Fig. 4 C and F as a different addi-

ive color when the images were colorized and merged into a sin-

le two-color image. The quantitative analysis of DCF (green) flu-
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Table 1 

Quantification of AQs effect over C. tropicalis biofilms under darkness and irradiation, ex- 

pressed in biofilm biomass units (BBU). 

Strain No. 1 Strain No. 2 

Darkness Irradiation Darkness Irradiation 

BIOFILM 42.59 ± 6.25 44.51 ± 6.70 45.26 ± 3.72 45.10 ± 1.38 

AQ1 SubMIC 44.61 ± 7.74 9.57 ± 3.79 ∗ , # 46.30 ± 5.02 46.08 ± 3.14 

MIC 41.30 ± 1.98 11.78 ± 3.76 ∗ , # 45.14 ± 2.95 25.26 ± 4.58 ∗ , # 

SupraMIC 35.18 ± 7.32 7.98 ± 1.35 ∗ , # 43.45 ± 3.05 16.46 ± 2.04 ∗ , # 

AQ2 SubMIC 44.61 ± 7.74 11.42 ± 1.08 ∗ , # 45.49 ± 3.85 44.63 ± 1.68 

MIC 41.30 ± 1.98 9.48 ± 2.49 ∗ , # 46.57 ± 5.42 23.56 ± 7.79 ∗ , # 

SupraMIC 38.45 ± 2.99 7.98 ± 1.35 ∗ , # 45.47 ± 2.29 42.17 ± 3.01 

∗ p < 0.005 vs untreated biofilm; 
# p < 0.005 irradiation vs. darkness. 

Fig. 3. ROS and RNI generation by AQ1 in C. tropicalis biofilms, under darkness and 

irradiation: (A) ROS/BBU ratio determined by NBT assay, (B) RNI/BBU ratio deter- 

mined by Griess method. Error bars represent the standard deviations of the means 

of three independent experiments. ∗ denotes statistical significance at p < 0.005 

when compared to untreated biofilms. # denotes statistical significance at p < 0.005 

when darkness and irradiation were compared. 
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Table 2 

Fractional inhibitory concentration (FIC) and FIC index (FICI) of AQs com- 

bined with AmB against C. tropicalis biofilms under irradiation. 

Strain No. 2 SMICa (μg/ml) SMICb (μg/ml) FIC FICI 

AQ1- AMP-B 

AMP-B (μg/ml) 0 .5 0 .25 0 .5 

AQ1 (μg/m) 1 .96 0 .49 0 .25 0 .75 

AQ2- AMP-B 

AMP-B (μg/ml) 0 .5 0 .25 0 .5 

AQ2 (μg/ml) 15 .6 7 .81 0 .5 1 

SMICa represents the SMIC values of AQ1, AQ2 or AmB alone and SMICb 

is the SMIC value of AQ1, AQ2 or AmB in the combination. 
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rescence intensities were 1.2 ± 0.2 for AQ1 and 0.4 ± 0.1 for the

ontrol. 

Regarding the protective antioxidant mechanisms, a stimulation

f SOD activity in biofilms was observed and this stimulation was

roportionally dependent on AQ1 concentrations in both strains

 Fig. 5 A). In strain No. 1, SOD stimulation was observed in dark-

ess as well as under irradiation ( ∗p < 0.005). Moreover, SOD ac-

ivity was high in response to the great ROS levels shown previ-

usly in Fig 3 A, especially at Supra MIC by light action. On the

ther hand, in strain No. 2, the enzyme activity was only stimu-

ated under irradiation, showing that the clinical strain have better

ntioxidant response. In addition, FRAP assay was performed in or-
er to assess the biofilm’s total antioxidant capacity that includes

nzymatic and non-enzymatic defenses. FRAP was only enhanced

y light action ( Fig. 5 B). At Supra MIC, low FRAP levels were ob-

erved in both strains, probably due to the high levels of oxidative

etabolites under irradiation. Therefore, the total antioxidant ca-

acity of the biofilm may not be enough to counteract the cellular

tress, resulting in BBU reduction without its eradication. 

From the antifungal activity assay, the SMIC 50 values for each

Q and AmB were estimated, and the SMIC 50 values for the com-

inations of each AQ with AmB were obtained by checkerboard

icrodilution method with the aim to study the effects of anti-

ungal combinations. FIC and FICI of AQ1 or AQ2 combined with

mB against C. tropicalis biofilms under irradiation were calculated

 Table 2 ). The SMIC 50 of AmB was reduced from 0.5 to 0.25 μg/ml

hen it was combined with either anthraquinone (AQ1 or AQ2) for

oth strains, whereas the individual SMIC 50 value of AQ1 dropped

-fold in combination with AmB for C. tropicalis biofilms. However,

MIC 50 value of AQ2 dropped 2-fold in combination with AmB

or C. tropicalis biofilms. Therefore, AmB/AQ1 combination yielded

 partial synergy against strain No. 2 biofilms and AmB/AQ2 an ad-

ition effect. The same results were obtained for strain No. 1 (data

ot shown). 

iscussion 

C. tropicalis is increasingly becoming among the most com-

only isolated pathogens causing fungal infections and the ca-

acity to form biofilms is a challenge to clinical treatment

 Chandra et al., 2012 ). Several reports show that Candida species

iofilms are resistant to most of the commonly used antifungal

rugs and various reasons have been proposed to be responsible

or the antifungal resistance ( Tobudic et al., 2012; Olsen, 2015 ). 

In the present study, antifungal activity of two AQs (1 and 2)

gainst C. tropicalis biofilms was investigated. The results demon-

trated that AQ1 was more active than AQ2 in planktonic and ses-

ile cells. These natural AQs of H. pustulata, having photosensitizing
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Fig. 4. CSLM images of ROS intracellular C. tropicalis biofilms with Rubiadin (AQ1). Blue channel shows Calcofluor in sessile cells walls (A and D), and green channel shows 

oxidation of the dye DCFH as an indicator of O 2 
• − production inside biofilms (B and E). Two-color merged image of A and B (C and F). Magnification 60 × and scale bar is 

10 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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properties, strongly reduced C. tropicalis biofilm under light action;

thus it could establish their potential use in Antimicrobial Photo-

dynamic Therapy ( Pereira Gonzalez and Maich, 2012 ). As the pho-

tosensitizing properties involve ROS generation ( Núñez Montoya

et al., 2005 ), this was evaluated as an action mechanism. Cellu-

lar redox homeostasis is very important for microbial survival and

situations that cause an imbalance between the ROS production

and the antioxidant defenses levels can affect the microbial grow-

ing and viability ( Mishra and Imlay, 2012; Peralta et al., 2015 ). Al-

though adaptive responses against oxidative stress caused by this

ROS overproduction have been extensively studied in planktonic

cells, comparatively little is known about the biofilm responses

and the basis for this apparent acquired resistance are currently

unknown. In biofilms treated with AQ1, ROS production was sig-

nificantly increased in both strains under irradiation, confirming

its photosensitizing properties also in biofilms. Similar patterns of

stress metabolites (ROS and RNI) were found in biofilms of both

strains, showing an increase of these species directly proportional

to AQ1 concentrations. A significant difference between darkness

and irradiation conditions was observed, with a lower produc-

tion of stress metabolites in darkness. In addition, as response to

the cellular stress, SOD levels increased significantly, especially at

supra-MICs. 

Nitrosative stress occurs when the production of NO or other

RNI increase in important amounts. NO reacts with oxygen, O 2 
• −

and reducing agents to generate other products resulting in toxic

events that if they overwhelm the ability of the cell to remove

them, an irreversible damage occurs in several cellular components

( Hughes, 2008 ). In this work we have demonstrated that the clin-

ical strain generated higher levels of NO than the reference strain.

This could be related to its low total antioxidant capacity deter-

mined by FRAP, since other results in eukaryotic cells have indi-
ated that chemical depletion of antioxidant defences significantly

nhanced the cytotoxicity of NO, and high levels of non-enzymatic

ntioxidant defences are critical for cellular protection against the

NI effects ( Ridnour et al., 2004 ). Therefore, it was necessary to

onsider several factors to understand the REDOX imbalance in

iofilms, to counteract the oxidative stress generated by AQs. In

his work, a possible decrease in FRAP at supra MIC was studied

s another factor involved in imbalance. We postulated that the

ntifungal effect of AQ1 could be explained by Redox imbalance

hat interferes on cellular growth and viability inside of biofilms,

nhanced by the action of light. 

Another therapeutic strategy that is being developed in the

ast time with promising results, especially against planktonic

trains of Candida spp. ( Tobudic et al., 2012 ), is the combina-

ion of drugs with different mechanisms of action, since this

herapy shows the advantage to inhibit multiple cellular tar-

ets. Consequently, combination therapy would be a good strat-

gy against biofilms because it could act on several factors that

ontribute to biofilm resistance. The results obtained with plank-

onic forms may not always work in biofilm setup, and there-

ore the drugs combination must be studied in biofilms. There-

ore, with the aim to enhance the antifungal effect of these nat-

ral AQs, the interaction of each AQ with AmB against C. trop-

calis biofilms in vitro was evaluated by using the checkerboard

icrodilution method. A significant decrease in the SMIC 50 val-

es was obtained for the combinations of each AQ with AmB,

emonstrating a synergic effect on the biofilm reduction by light

ction. The synergistic interaction between AQs and AmB could

e explained by the different action mechanisms of each com-

ound: the photosensitizing effect of AQs and the cell mem-

rane disruption in biofilms by AmB that helps the penetration of

he AQs. 
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Fig. 5. Antioxidant system activation by AQ1 in C. tropicalis biofilms, under dark- 

ness and irradiation. (A) SOD activation (%) / BBU. (B) FRAP/ BBU. Error bars rep- 

resent the standard deviations of the means of three independent experiments. ∗

denote statistical significance at p < 0.005 when compared to untreated biofilms. # 

p < 0.005 dark versus light conditions. 
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The combined use of antifungal drugs with photosensitizing

ompounds may improve the treatment of infections associated to

. tropicalis biofilms, by disrupting biofilms and thus preventing

he emergence of resistance. To our knowledge, studies of drug

ombination in biofilms are scarce, and so far none have eval-

ated the effect of light in the combination. Thus, the in vitro

henomenon of synergism of AQ1 and AmB against C. tropicalis

iofilms under irradiation is reported here for the first time. More-

ver, the evidence of synergism in this antifungal combination

herapy in vitro might be the first step in establishing an appro-

riate antibiofilm therapy ( Sardi et al., 2013 ). However, much more

tudies are necessary in order to explore their toxicity to mam-

alian cells and drug-like properties. 

onclusions 

Biofilm infections are particularly difficult to eradicate and the

ost used available antifungals have a limited activity in them.

herefore, the discovery of novel compounds and innovative strate-

ies to treat fungal biofilms is of great interest. The results pre-

ented here show the synergistic activity of AQ1 with an antifun-

al drug widely used in therapy (AmB) against C. tropicalis biofilm.

his study shows for the first time that the combination of AQs

ensitizes sessile cells of biofilms. Further studies in this direction

ould give insight into an effective strategy for clinical applica-

ility in prophylaxis and treatment of infections associated to C.

ropicalis biofilm. 
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