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Graphical abstract 
 
 

 
 

Highlights 

- The antioxidant effect of 2′,4′-dihydroxy-5′-(1′′′,1′′′-dimethylallyl)-8-

prenylpinocembrin (8PP) was studied. 

- 8PP displayed concentration-dependent antifungal activity on C. albicans 

biofilms, with dual prooxidant-antioxidant effect. 

- The antioxidant effect, at high concentrations, was mainly mediated by the 

action of non-enzymatic system. 

- At high concentrations, biofilms were more compact with little voids, pores and 

channels. 

- Architecture and surface topography showing different diffusion distances could 

change the flow inside of biofilms.  
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Abstract 

The antioxidant effect of 8PP, a prenylflavonoid from Dalea elegans on Candida 

albicans biofilms, was investigated. We previously reported that sensitive (SCa) and 

resistant C. albicans (RCa) biofilms were strongly inhibited by this compound, in a dose-

depending manner (50 µM-100 µM), with a prooxidant effect leading to accumulation of 

endogenous oxidative metabolites and increased antioxidant defenses. In this work, the 

antifungal activity of high concentrations of 8PP (200-1000 µM), the cellular stress 

imbalance and the architecture of biofilms were evaluated. Biofilms were studied by crystal 

violet and confocal scanning laser microscopy (CSLM) with COMSTAT analysis. 

Superoxide anion radical, the activity of the superoxide dismutase and the total antioxidant 

capacity were measured. Intracellular ROS were detected by a DCFH-DA and visualized 

by CSLM; reactive nitrogen intermediates by Griess.  

An antioxidant effect was detected at 1000 µM and levels of oxidant metabolites 

remained low, with major changes in the SCa. COMSTAT analysis showed that biofilms 

treated with higher concentrations exhibited different diffusion distances with altered 

topographic surface architectures, voids, channels and pores that could change the flow 

inside the matrix of biofilms. We demonstrate for first time, a concentration-dependent 

antioxidant action of 8PP, which can alter its antifungal activity on biofilms.  

 

 

Keywords: Dalea elegans; prenyl flavonoid; Candida albicans biofilms; 

prooxidant/antioxidant action; free radicals; confocal scanning laser microscopy.  
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Abbreviations:  

2’,4’-dihydroxy-5’-(1’’’, 1’’’-dimethylallyl)-8-prenylpinocembrin (8PP) 

2’,7’-dichlorodihydrofluorescein diacetate (DCFH-DA) 

Acquired immunodeficiency syndrome (AIDS) 

Biofilm Biomass Unit (BBU)  

Candida albicans strain azole-resistant (RCa) 

Candida albicans strain fluconazole sensitive (SCa)  

Confocal scanning laser microscopy (CSLM) 

Colony forming units (CFU) 

Crystal violet (CV)  

Dimethyl sulfoxide (DMSO) 

Ferrous reduction antioxidant potency assay (FRAP) 

Fetal bovine serum (FBS)  

Hydrogen peroxide (H2O2) 

Hydroxyl radical (OH·) 

Nitric oxide (NO) 

Nitro blue tetrazolium (NBT) 

Optical density (OD)   

Phosphate-buffered saline (PBS) 

Reactive nitrogen intermediates (RNI) 

Reactive oxygen species (ROS)  

Sabouraud dextrose broth (SDB) 
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Sabouraud dextrose agar (SDA) 

Sessile minimum inhibitory concentration 80 (SMIC 80) 

Superoxide dismutase (SOD)   

Superoxide anion radical (O2
·-)   
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1. Introduction 

Reactive oxygen species (ROS) are generated continuously during aerobic 

metabolism. The mitochondrial electron transport chain is the main source of ATP and is 

capable of generating ROS. The term ROS includes all highly reactive and unstable 

metabolites of molecular oxygen such as superoxide anion radical (O2
·-), hydroxyl radical 

(OH·), alkyl peroxyl free radicals (ROO·) and non-radical molecules like hydrogen 

peroxide (H2O2) (Krumova and Cosa, 2016).  The first step in ROS production is the 

reduction of molecular oxygen (O2) to O2
·-. Even though O2

·- is not a strong oxidant, it is a 

precursor of most other ROS, and it becomes involved in the propagation of oxidative chain 

reactions. In addition, O2
·-may react with other radicals including nitric oxide (NO) in a 

reaction controlled by the rate of diffusion of both radicals (Beckhauser et al., 2016).  

To ensure a proper balance of ROS, cells are equipped with intracellular antioxidant 

system and, if the level of ROS exceeds the intracellular defenses, homeostasis is altered. 

Their accumulation can lead to damage, such as protein cross-linking leading to protein 

inactivation, protein and lipid oxidation, breakage of DNA strands and cell death (Baronetti 

et al., 2011; Dickinson and Chang, 2011). The protective mechanisms either scavenge or 

detoxify ROS and include enzymatic and non-enzymatic antioxidant defenses. Among the 

endogenous antioxidant systems, the superoxide dismutase (SOD) enzyme is the first line 

of defense (Dantas et al., 2015).  

Candida albicans is one of the most important fungal species causing disease in 

humans, especially in immunocompromised individuals such as those with 

immunosuppressive therapies, acquired immunodeficiency syndrome (AIDS), and patients 

with implanted medical devices (Kullberg et al., 2002; Nobile and Johnson, 2015). C. 

albicans biofilms are intrinsically resistant to conventional antifungal therapeutics and 
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confer protection from host immune defenses, which carry important clinical repercussions 

(Hirota et al., 2016). The inherent resistance of C. albicans biofilms to antifungal agents is 

due to the presence of the extracellular matrix, presence of recalcitrant persisters cells and 

upregulation of efflux pumps, between other factors. In C. albicans, two major classes of 

efflux pumps modulate drug exportation: the ATP-binding cassette transporter superfamily 

(including CDR1 and CDR2) and the major facilitator class (including MDR1) (Ramage et 

al., 2002). Currently, there are only few antimycotics, such as azoles (miconazole), 

polyenes (amphotericin B) and echinocandins which are also effective against biofilms; 

interestingly, all increase ROS in fungal planktonic and sessile cells (Delattin et al., 2014). 

Flavonoids have been widely investigated as antioxidants that prevent injury caused 

by free radicals by different mechanisms including direct scavenging of ROS and activation 

of antioxidant enzymes, among others (Procházková  et al., 2011). Flavonoids are able to 

scavenge free radicals directly, resulting in the formation of a free radical phenoxyl by 

donating hydrogen, stabilized by delocalization of the unpaired electron in the aromatic 

ring (Valko et al., 2007). 

Prenyl flavonoids are structures having substituents formed by chains of five, ten or 

fifteen carbon atoms (C5, C10 or C15), with a variety of structural arrangements linked to 

different positions in flavonoids rings (Rice-Evans et al., 1996). These compounds display 

a series of interesting biological activities due to the substitution of the flavonoid ring 

system with prenyl groups; these structural features increases the lipophilicity and confer to 

the molecule a strong affinity to biological membranes (Chen et al., 2014; Yang et al., 

2015).  

In previous articles, we reported the antimicrobial activity of a prenylated flavanone 

2’, 4’-dihydroxy-5’-(1’’’, 1’’’-dimethylallyl)-8-pr enylpinocembrin (8PP) (Ortega  et al., 
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1996; Pérez et al., 2003) and demonstrated its capacity to inhibit an azole resistant C. 

albicans strain (RCa) which presents an overexpression of CDR1, CDR2 and MDR1 genes 

(Peralta et al., 2012). Recently we informed the antibiofilm action of this compound against 

RCa and described that C. albicans biofilms were strongly inhibited by 8PP in 

concentration-dependent with a sessile minimum inhibitory concentration 80 (SMIC 80) at 

100 µM concentration.  We demonstrated that the cellular stress affected biofilm growth, 

through an accumulation of endogenous ROS and reactive nitrogen intermediates (RNI) 

that can induce an adaptive response based on an increase in antioxidant defenses (Peralta 

et al., 2015). Besides, the antioxidant activity of 8PP was also investigated demonstrating 

that this compound inhibited the enzymatic lipid peroxidation, exhibited scavenging and 

antioxidant activity in rat liver microsomes (Elingold et al., 2008). 

The aim of this work was to investigate the antioxidant activity of 8PP, and whether 

this effect alters its antifungal activity on sessile cells and the architecture and surface 

topography of the biofilms in antioxidant redox status. Thus, cellular stress metabolites, the 

enzymatic and no-enzymatic antioxidant responses were studied in sessile cells of C. 

albicans biofilms in fluconazole sensitive (SCa) and RCa strains at high concentrations of 

8PP.  This is the first study that correlates the antifungal activity of 8PP with the redox 

imbalance provoked in dose-dependent manner and the architecture alteration inside of 

biofilms. 

 

2. Material and methods 

2.1. Reagents 

Yeast Peptone Dextrose broth (1% yeast extract, 2% peptone, 2% dextrose); 

Sabouraud dextrose agar (SDA) and Sabouraud dextrose broth (SDB) (Difco). Fetal Bovine 
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Serum (FBS, Greiner Bio-One). Phosphate Buffer Solution (PBS) and dimethyl sulfoxide 

(DMSO, Merck). Fluconazole; Calcofluor-White and 2,7-dichlorofluorescein diacetate 

(DCFH-DA- Molecular Probes, Nitro Blue Tetrazolium (NBT); NaNO2 and 2,4,6-

tripyridyl-s-triazine (Sigma-Aldrich). FeCl3.6H2O and FeSO4 (Cicarelli); Crystal Violet 

(CV), sulfanilamide; HCl; ethanol;  glacial acetone and H2O2 (Anedra). The solvents were 

distilled before use. Distilled or ultrapure water was used when was necessary. 

2.2. Plant material, extraction and isolation 

Dalea elegans was collected in province of Córdoba, Argentina (GPS coordinates: 

latitude: 31° 24´ 04.62" south; longitude: 64° 34´ 19.21" west; height: 763 m).  A 

representative voucher specimen is on deposit as CORD Peralta 2 in the herbarium at the 

Botanical Museum (UNC, Argentina). 

The prenyl flavanone 8PP (Fig. 1S) was purified from roots of D. elegans (Cafaratti 

et al., 1994) and its structure was characterized by means of spectroscopic and 

spectrophotometric methods and comparison with the data previously reported (Peralta et 

al., 2014). The purity of 8PP was determined as 96% by high performance liquid 

chromatography according to Peralta et al. (2015). 

2.3. Fungal strains and growth conditions  

Two well-characterized strains of C. albicans were isolated from the oral cavity of 

immunocompromised hosts (AIDS). The RCa (12-99) overexpresses the transporter genes 

CDR1, CDR2 and MDR1, and SCa (2-76) has a basal expression of these genes (White et 

al., 2002). Both strains were growth in Yeast Peptone Dextrose broth, both from a single 

colony grown on SDA and incubated 18 h at 37 °C. For long-term storage, yeasts stocks 

were kept from a glycerol 15% at -70°C (CLSI, 2002). 
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2.4. Assay for formation and quantification of biofilms  

Quantification of biofilm formation was performed using 96-wells polystyrene 

microtitre plates (Greiner Bio-One) according to the method of O’Toole & Kolter (1996) 

with modification (Messier et al., 2011; Peralta et al., 2015). Briefly, microtitre plates were 

pre-treated with 50% FBS, were inoculated with 100 µl of 1 × 107 cells/ml suspension in 

SDB and incubated at 37 °C for 90 min (Pierce et al., 2008; Peralta et al., 2015; Peralta et 

al., 2017). Each strain was assayed in four replicate wells. Non-adhered cells were removed 

and plates were incubated at 37 ºC for 48 h. Following growth, biofilms on mature phase of 

growth, were washed with sterile PBS and incubated at 37 ºC for 48 h with different 

concentrations of 8PP (1.5 to 1000 µM) from a 20 mM stock solution dissolved in DMSO 

(1% v/v final assay concentration). Fluconazole at concentration ranging from 0.8 to 6.5 

µM was used as reference antifungal (positive control) from a 6.5 mM aqueous stock 

solution as previously described by Peralta at al., 2015. Untreated (controls) biofilms with 

DMSO (1% v/v) were also performed (Peralta et al., 2015; Ramage et al., 2012).   

After incubation, the supernatant was carefully pipetted and into a separated plate in 

order to perform extracellular oxidative stress assays (Arce Miranda et al., 2011; Peralta et 

al., 2015; Peralta et al., 2017). The biofilms were rinsed three times with PBS, stained with 

1% (w/v) CV for 5 min, and rinsed again with PBS. Afterwards, CV was dissolved with 

ethanol/glacial acetone (70:30). Finally, the optical density (OD) at 595 nm was determined 

using a microplate reader (Tecan Sunrise Model, TECAN, AUS). The amount of biofilms 

formed is reported as the Biofilm Biomass Unit (BBU), which corresponds to a simplified 
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expression used in previous studies and defined with 0.1 OD595 equal to 1 BBU (Arce 

Miranda et al., 2011; Marioni et al., 2016; Peralta et al., 2015). 

 

2.5. Antifungal susceptibility testing on C. albicans biofilms 

The SMIC 80 was defined as the concentration at which the BBU decreased 80% 

(Peralta et al., 2015; Marioni et al., 2017; Peralta et al., 2017). Antifungal solutions (100 µl 

per well) were added to a final volume of 200 µL per well, in order to obtain final 

concentrations ranging from 200 to 1000 µM for 8PP.  Negative controls were included, 

containing SDB alone or SDB with 1% DMSO. After inoculation, the microtiter plate was 

incubated at 37 °C for 48 h, and OD was measured at 595 nm. To ensure accurate 

correlation between OD and cells concentration, a 100 μl sample of the SDB containing 

biofilms was sonicated for 3 s at 20% intensity to separate the sessile cells (TestLab 

Ultrasonic Cleaner, TestLab S.R.L, Buenos Aires, Argentina) before culturing on an agar 

plate for CFU counting. The cell suspension was diluted 1000 times with sterile water and 

100 µl of the suspension was then pipetted out and spread evenly by using a sterile plastic 

transferring loop on SDA. Then the plates were incubated at 37 ºC for 24 h (Peralta et al, 

2015; Marioni et al., 2017; Peralta et al., 2017).  

 

2.6. Non-enzymatic and enzymatic antioxidant activity 

The total antioxidant capacity (enzymatic and non-enzymatic) of biofilms was 

determined by the ferric reducing antioxidant potency (FRAP) assay. The sample (10 µl) of 

were mixed with 300 µl of the mixture (10:1:1) of acetate buffer (300 mM, pH: 3.6), 2,4,6-

tripyridyl-s-triazine (10 mM) in HCl (40 mM) and FeCl3.6H2O (20 mM).  The OD was 
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measured at 593 nm after 4 min of incubation. FRAP values were calculated using a FeSO4 

calibration curve and results were expressed as FRAP/BBU (Peralta et al., 2015; Peralta et 

al., 2017). 

The total SOD activity was assayed through its ability to inhibit the photochemical 

reduction of NBT by O2
·- to blue colored formazan measured at 560 nm. SOD inhibits the 

reduction of NBT by superoxide radical, generated through the illumination of riboflavin in 

the presence of oxygen and the electron donor methionine. The results were expressed as 

SOD activity (%)/BBU (Arce Miranda et al., 2011; Marioni et al., 2017; Peralta et al, 2015; 

Peralta et al., 2017). 

2.7. Oxidative metabolites assay in biofilms 

Nitric oxide was measured using Griess's reagent and NaNO2 as standard. 

Supernatant (100 µl) and  mixed with 200 µl of 1.5% sulfanilamide in 1 N HCl and 50 µL 

of 0.1% N-(1-naphthyl) ethylenediamine dihydrochloride aqueous solution were added and 

was measured 15 min later by spectrophotometry at 540 nm. Results were expressed 

respect to BBU (RNI/BBU) (Angel Villegas et al., 2013; Arce Miranda et al., 2011; 

Baronetti et al., 2011). 

Extracellular O2
·-, were detected by the reduction of NBT (0.1 ml of NBT 1 mg ml-

1) and measured in the supernatant of biofilms under different conditions at 540 nm. The 

results were expressed as O2
·-/BBU. H2O2 treated samples were used as positive control 

(Arce Miranda et al., 2011; Marioni et al., 2017; Peralta et al, 2015; Peralta et al., 2017). 

Intracellular ROS production was determined by Confocal scanning laser 

microscopy (CSLM) using DCFH-DA. Biofilms were formed on small glass covers 

(12 mm) placed in the wells of a 24-well microtiter plate (Greiner Bio-One, Germany). At 

first, disks were stained for 1 min with 30 µl of Calcofluor-White (0.05 % v/v), a 
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fluorescent dye that stains fungal cell walls blue (Peralta et al., 2015; Peralta et al., 2017). 

After being washed in PBS, disks were incubated with 50 µl DCFH-DA (10 µM) for 15 

min in darkness at room temperature. DCFH-DA is a non-fluorescent compound that 

diffuses across membranes, and is hydrolyzed by intracellular esterases to a 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, intact biofilms over disks 

were removed from the wells, placed inverted in 35-mm glass-bottom micro well dishes 

and examined by using a Fluoview FV1000 Spectral Olympus CSLM (Olympus Latin 

America, Miami, FL, USA) equipped with PLAPON 60X O NA:1.42 Olympus oil 

immersion lens (Peralta et al, 2015; Marioni et al., 2017; Peralta et al., 2017).  

 

2.8. Image acquisition and analysis by COMSTAT 

For the analysis of the biofilms, two independent experiments were performed. 

In both experiments images were acquired at 1 µm intervals down through the 

biofilms. Therefore, the number of images in each stack varied according to the thickness 

of the biofilms in each different condition (untreated biofilms and treated with 8PP at 1000 

µM). Images from randomly selected positions were obtained and analyzed independently 

and optical sections were acquired at 1.0 µm intervals for the total thickness of biofilms. 

The structure of C. albicans biofilms was assessed using COMSTAT software by selecting 

the following parameters: Biomass (µm3/µm2), Mean thickness (µm), Maximum thickness 

(µm), Area occupied by cells (%), Surface-to-volume ratio (µm2/µm3), Maximum/Mean 

diffusion distance (µm) (Heydorn et al., 2000; Vorregaard, 2008). The analysis of the 
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images of the biofilms was performed by means of the NIH-ImageJ (Marioni et al., 2016; 

Peralta et al., 2017).  

2.9. Statistical Analysis 

Statistical analysis was performed using ANOVA followed by the Student-

Newman-Keuls test for multiple comparisons. Differences were considered significant for 

comparisons with non-treated biofilms if *p < 0.01 and ** p < 0.001; and for comparisons 

between different concentrations of 8PP   # p < 0.01 and # #p < 0.001. All experiments were 

performed in triplicate and data are represented by the mean ± SD. 

 

3. Results 

Non-enzymatic and enzymatic antioxidant activity 

Previously we determined the SMIC80 at 6.5 µM for Fluconazole and 100 µM for 

8PP in RCa and SCa biofilms. We demonstrated that oxidative and nitrosative metabolites 

were increased, and the antioxidant defenses were activated in the presence of this 

compound at such concentration in both strains (Peralta et al., 2015).  

According to these previous results, we evaluated the effect of higher concentrations 

of 8PP (200 to 1000 µM) on mature biofilms to determine whether affects its toxic activity 

on RCa and SCa sessile cells of biofilms. Fig.1 shows the relationship between the total 

antioxidant defenses and the BBU in presence of different concentrations of 8PP. At 200 

µM and 1000 µM of this compound, the antioxidant defenses in biofilms determined by 

FRAP, decreased 8 and 40-fold respectively with respect to SMIC80 (# # p < 0.001), 

concentration of 8PP that shown prooxidant activity in RCa (-○-), as was demonstrated in 

our previous investigation (Peralta et al., 2015). Also, SCa biofilms presented an important 

decrease in FRAP levels when were compared to those achieved by SMIC80 of 8PP (100 
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µM) (# # p < 0.001). Furthermore, at 1000 µM the antioxidant capacity decreased fifteen-

fold with respect to untreated RCa biofilms (** p < 0.001).  This difference was not so 

remarkable in SCa (-◊-) at 200 µM of 8PP, which had similar FRAP values to the 

untreated. BBU had shown similar values at 200 µM of 8PP, than untreated samples in both 

strains. At this concentration, no inhibitory activity was detected.  A correlation between 

CV assay and CFU/ ml was observed (data not shown). 

 

 

Fig. 1 Relationship between antioxidant defences determinate by ferrous reduction 

antioxidant potency assay (FRAP)  and biofilm formation of RCa and SCa by crystal violet 
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(CV) staining expressed as biofilm biomass units (BBU). Error bars represent the standard 

deviations of the means of three independent experiments. *  and **denote statistical 

significance p < 0.01 and p < 0.001 respectively, when were compared to untreated 

biofilms. ## indicate statistical significance at p < 0.001 with respect to SMIC 80 

(prooxidant activity). 

 

The main enzyme involved in O2
·- detoxification is the SOD. The activity of this 

enzyme was studied to correlate the enzymatic antioxidant activity with O2
·- production, in 

biofilms under different concentration of 8PP. In SCa biofilms a little increase of SOD 

activity was detected at 200 µM 8PP, while at 1000 µM the enzymatic activity was lower 

than at 200 µM of 8PP, and no significant difference was observed with respect to the 

untreated basal level (*p < 0.01) (Fig. 2). SOD activity was not modified in the presence of 

8PP at both concentrations in RCa biofilms.  The no-activation of the SOD enzyme and the 

significant decrease of the total antioxidant system could be due to the antioxidant effect of 

8PP at high concentrations that keeps anti-oxidized the entire structure of the biofilms, 

mainly by the effect of non-enzymatic system. 
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Fig. 2 Enzymatic activity of superoxide dismutase (SOD) (% SOD activation /BBU) 

in RCa and SCa biofilms under 200 and 1000 µM of 8PP. 

 

Oxidative metabolites in C. albicans biofilms 

In order to correlate the oxidant metabolites of biofilms with their antioxidant 

capacity, O2
·-  and RNI were assayed in biofilms of both strains and were expressed as 

increase of oxidative metabolites with respect to the basal values measured for the 

untreated biofilms (Fig. 3).  At 200 µM a little rise in O2
·- values of both strains was 

detected (* p < 0.01), while at 1000 µM O2
·- were like the untreated samples and no 

differences were found between strains (Table 1). At high concentrations of 8PP, the 
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system would be highly antioxidized so that there are no differences between strains and 

levels of metabolites remain low with no intervention of the non-enzymatic system.  

The presence of 8PP affects RNI levels showing differences between strains (Fig. 3 

and Table 1). In fact, RNI values also were increased at 200 µM, however, this increase 

was more important in SCa biofilms (** p < 0.001). At 1000 µM of 8PP RNI levels were 

twice increased with respect to the untreated samples (*p < 0.01). The differences observed 

in total antioxidant defenses at 200 µM could be related to differences in NO levels. 
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Fig. 3 Increase of superoxide anion radical (O2
·-) and reactive nitrogen intermediates 

(RNI) with respect to control (untreated) in RCa and SCa C. albicans biofilms.  

8PP  (µM) 

SCa RCa 

O2
·-/BBU RNI/BBU O2

·-/BBU RNI/BBU 

0 0.09 ± 0.01 2.29 ± 0.66 0.06 ± 0.01 2.81 ± 0.71 

200 0.14 ± 0.03* 17.86 ± 2.50** 0.16 ± 0.07* 8.95 ± 1.41** 

1000  0.05 ± 0.01  4.39 ± 1.50* 0.04 ± 0.01  3.30 ± 0.45* 

 

Table 1. Metabolites of cellular stress (O2
·-/BBU and RNI/BBU) in azole-resistant 

(RCa) and azole-sensitive (SCa) Candida albicans biofilms. Standard deviations of the 
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means of three independent experiments. ∗ and ∗∗ denote statistical significance at p < 0.01 

and p < 0.001 respectively, when compared to untreated biofilms.    

 

Confocal scanning laser microscopy biofilms image and COMSTAT analysis  

Intracellular ROS production was assessed inside sessile cells at 200 µM by CLSM 

with DCFH-DA which is hydrolyzed by intracellular esterases, resulting in green high-

intensity DCF fluorescence (Fig. 4 A-D). Blue channel shows Calcofluor-White in sessile 

cells walls. Fig. 4D shows NIH-Image J quantitative analysis of DCF (green) fluorescence 

intensities for SCa and RCa. Increased fluorescence values were quantified in treated 

biofilms (8PP 200 µM) compared to the untreated ones. In fact, the values obtained were 

0.25 ± 0.05 for untreated and 0.18 ± 0.02 for 8PP 200 µM in SCa (*p < 0.01). However, this 

increase was more important in RCa biofilms, with values of 0.70 ± 0.03 for untreated and 

0.50 ± 0.16 for 8PP 200 µM (**p > 0.001).  
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Fig. 4: Confocal scanning laser microscopy. Images of RCa (A and B) and SCa (C 

and D) biofilms. Untreated biofilm control (A and C). Treatment with 8PP at 200 µM (B 

and D). Blue channel shows Calcofluor-White in sessile cells walls, and green channel 

shows oxidation of the dye DCFH as an indicator of reactive oxygen species (ROS) 

production inside of biofilms. Magnification 60x and scale bar 10 µm. D. Intracellular ROS 

in sessile cells of SCa and RCa (untreated and 8PP 200 µM) quantified as fluorescence of 

DCFH probe with NIH-Image J. Error bars represent the standard deviations of the means 

of three independent experiments. * and **denote statistical significance p < 0.01 and p < 

0.001 respectively, when were compared to untreated biofilms.  

 

Different parameters of biofilm architecture under different treatment conditions 

were performed with COMSTAT software (Table 2). Correlating with the results obtained 

for BBU, Biomass (µm3/µm2), Mean and Maximum thickness (µm) similar values were 

observed between 200 µM 8PP concentration and untreated samples. The Area occupied by 

cells (%) and Surface-to-volume ratio (µm2/µm3) founded in treated biofilms were different 

compared to untreated for RCa but not in SCa. Besides, biofilms of both strains at 200 µM 

of 8PP exhibited higher diffusion distances (Mean diffusion distance) in their structures 

when were compared to untreated samples for SCa and RCa. Visualization of the different 

topographic surface architectures of biofilms obtained by 3D image, showing different 

voids, channels, and pores that could change the flow inside the matrix of biofilms (Fig 5). 

The architecture and surface topography showing different diffusion distances could change 

the flow inside of biofilms in antioxidant effect at high concentrations of 8PP. 
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Table 2. COMSTAT analysis of architectural parameters of azole-resistant (RCa) and 

azole-sensitive (SCa) C. albicans biofilms in presence of 200 µM 8PP. 

 

 

 

 

 SCa RCa 

Untreated 200 µM Untreated 200 µM 

Biomass (µm3/µm2) 2.86 2.39 3.64 3.45 

Mean thickness (µm) 2.75 2.25 3.50 3.00 

Maximum thickness (µm) 5.50 5.00 7.00 6.00 

Area occuped by cells (%) 49.0 49.9 41.2 49.1 

Surface-to-volume ratio (µm2/µm3) 20.4 20.6 15.8 14.1 

   Mean diffusion distance (µm) 0.10 0.14 0.26 0.62 
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Fig. 5 A and B. Confocal scanning laser microscopy 3D image simulation of 

untreated and treated RCa biofilms, respectively.  

 

4. Discussion 

The in vitro antioxidant activity of flavonoids depends on the arrangement of 

functional groups on its core structure and the configuration and total number of -OH a 

group substantially influences the mechanism of the antioxidant activity (Heim  et al., 

2002). The prenylated flavonoid 8PP has two -OH groups on B ring, chemical feature to 

which the antioxidant activity, revealed by our results (Fig. 1), could be attributed. Besides, 

its structure has a conjunction between the 4-oxo group of the C ring and the -OH group of 

C5 in ring A (Procházková  et al., 2011). The extent to which flavonoids are able to act as 

anti- or prooxidants in vivo is still poorly understood and this topic clearly requires further 

studies. 

Biofilms formed by C. albicans are associated with drastically enhanced resistance 

against most antifungal agents and contributes to the persistence of this fungus (Mukherjee 

et al., 2004; Nobile and Johnson, 2015). We previously reported that SCa and RCa biofilms 

were strongly inhibited by 8PP in a dose-depending manner (1.5 to 100 µM), having 

important inhibitory activity at concentrations ranging from 50 µM to 100 µM. An 

accumulation of oxidative metabolites (ROS and RNI) that could be inducing an adaptive 

response with increase in antioxidant defenses was reported (Peralta et al., 2015).   
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Oxidative stress-mediated damage, because of excessive accumulation of ROS/RNI-

induced damage, and the effect of ROS-mediated cell loss also depends, in the sessile cells 

of biofilms, on the ability of to produce, release and/or accumulate ROS into the 

extracellular matrix. In this work we demonstrated that at high concentrations (1000 µM) 

8PP do not inhibit the biofilms of C. albicans; quite the opposite,  an increase of the 

formation of the biofilms was detected, in both strains, with lower levels of antioxidants 

system (Figs. 1 and 2). However, according to our previous findings (Peralta et al., 2015) a 

pro-oxidant exogenous activity of 8PP was determinate at SMIC80 (100 µM), which 

indicates that this compound could induce a "redox" activity that depend of its 

concentrations on the biofilms.  The ability of sessile cells to overcome cellular stress 

depends on its enzymatic and non-enzymatic antioxidant mechanisms. The basal level of 

FRAP was higher in RCa than SCa; however, similar levels were found in both strains 

biofilms after high doses treatment with 8PP, indicating that a better activation of 

antioxidant defenses was achieved in SCa if we compare it with their respective basal 

levels. Therefore, SCa with a low efflux could be resistant in biofilms forming forms 

because of a high antioxidant capacity, which imply an important factor of defence against 

oxidative stress. The highlight relevance of oxidative stress (prooxidant-antioxidant 

imbalance) in biofilms could be more important than in planktonic cells, because affecting 

the architectures of biofilm. The efflux pumps modulate drug exportation as the ATP-

binding cassette transporter superfamily (including CDR1 and CDR2) and the major 

facilitator classes (as well as MDR1) are typically upregulated in response to antifungal 

drugs. However, in biofilms, they become upregulated within the first few hours of surface 

contact and remain upregulated throughout biofilm development, which clearly contributes 

to the recalcitrance of biofilms to treatment with antifungal agents (Nobile et al., 2012). 
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The prooxidant activity of 8PP at lower concentrations was previously reported by 

us (Peralta et al., 2015).  The increased of total antioxidant capacity in the presence of 8PP, 

could be as response to the generation of O2
·- which could induce of an adaptive response 

based on an increase in antioxidant defenses. On the other hand, at higher concentrations of 

8PP there is a greater number of -OH in the B ring that can act on the "redox" cycle of Fe, 

restoring Fe2 + in the system and cooperating in the low formation of ROS, antioxidant 

effect, mainly by action of non-enzymatic system (Fig. 2 and 3).  

Taborga et al. (2017) recently reported geranylphenols having in their structures 

hydroxyl groups and a geranyl chain attached to an aromatic nucleus, like the configuration 

of B ring in 8PP structure, which exhibited high percentages of inhibitory activity against 

standardized and clinical isolates of yeasts belonging to Candida and Cryptococcus genera.  

The structure-antifungal activity relationships determined that free -OH are important for 

their activity (Taborga et al., 2017).  

RNI were reported to be bacterial cytotoxic, depending on its concentration and on 

the redox status of its environment (Arce Miranda et al., 2011; Angel Villegas et al., 2013; 

Singh et al., 2015). Previously, we reported a dose-dependent increase in NO levels until 

100 µM of 8PP caused an oxidative stress status (Peralta et al., 2015). However, at higher 

concentrations of 8PP, the NO level was low in both strains (Fig. 3 and Table 1). 

Nevertheless, how flavonoids inhibit induction of NO synthase and increase NO production 

is not clearly understood yet, but several explanations are argued.  

The architecture of sessile cells of biofilms was evaluated using CSLM that 

provided information about the morphological composition, topographic surface and spatial 

localization of oxidative stress inside of the cells (Figure 4 and Table 2). Biomass 

parameter, Mean and Maximum thickness of treated biofilms are similar than the untreated 
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samples. However, these parameters are ignoring pores and voids inside the biofilms, that 

were clearly distinguished in topographic surface obtained with 3D image simulation 

reconstruction for RCa biofilms (Fig. 5) and that were considered in Area occupied by 

cells, Surface-to-volume ratio and diffusion distance values (Table 2). The bio-volume of 

the biofilms and occupied area reflects how efficiently the yeast colonized the substrate, in 

addition, the diffusion distance are different after treatment with 8PP.  The images obtained 

by CLSM showed a more compact biofilms for RCa than SCa and showed different values, 

demonstrating heterogeneous forms in “antioxidant status”. The architecture of the biofilms 

is important for governing liquid and nutrient transport, and the exopolysaccharide matrix 

determines this microenvironment by affecting density, water content, charge, sorption 

properties, hydrophobicity, and mechanical stability (Flemming and Wingender, 2010). 

This allows to evaluate how the diffusion within the biofilms is and to estimate a smaller 

circulation of nutrients and oxygen, as well as of an antifungal agent which could favor the 

resistance. This complex topography of biofilms allows at the possible presence of 

heterogeneities within the biofilms, which could favor persisters cells development 

(Stewart, 2012).  

The interest in possible health benefits of flavonoids has increased owing to their 

potent antioxidant and free radical scavenging activities observed in vitro. Nevertheless, the 

antioxidant efficacy of flavonoids in vivo is less documented and their prooxidant 

properties have been actually described. Similar to 8PP, ascorbic acid has both antioxidant 

and prooxidant effects depending upon the dose (Rahal  et al., 2014).  

Few drugs are available to treat fungal infections and new classes of antimicrobial 

drug are urgently required and the flavonoids represent a novel set of leads.  Clinical 

management of fungal diseases is being further compromised by the emergence of 
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antifungal drug resistance, which limits the available drug classes that could be used as 

treatment options. Future optimization of new compounds through doses effective studies 

may allow the development of a pharmacologically acceptable antimicrobial agent or group 

of agents (Kalidindi et al., 2015). 

 

 

5. Conclusions 

Cellular redox homeostasis is very important for microbial survival and situations 

that can cause an imbalance between the oxidative metabolites and the antioxidant defences 

levels could affect the sessile cells of biofilms. This study validates earlier reports of 

antioxidant potential of flavonoids and 8PP prooxidant properties seem to be concentration 

dependent, similar that reported for other flavonoids. We shows for the first time, that 8PP 

had concentration dependent manner antifungal activity on C. albicans biofilms, with dual 

prooxidant-antioxidant effect. The antioxidant effect, at high concentrations, was mainly by 

action of non-enzymatic system and altered the architecture and surface topography 

showing different diffusion distances that could change the flow inside of biofilms. 

Depending on the level and relation to free radicals and their metabolites and antioxidant 

level status of system, this prenyl flavonoid may leads to different responses and to be toxic 

or not, to the sessile cells of biofilms, with different clinical consequences. 

 

Supporting information 

(Fig. 1A) are available as Supporting Information. 
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