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Filamentous fungi such as Trichophyton rubrum and T. mentagrophytes, the main
causative agents of onychomycosis, have been recognized as biofilm-forming
microorganisms. Nitric oxide-releasing nanoparticles (NO-np) are currently in
development for the management of superficial and deep bacterial and fungal
infections, with documented activity against biofilms. In this context, this work aimed to
evaluate, for the first time, the in vitro anti-T. rubrum biofilm potential of NO-np using
standard ATCC MYA-4438 and clinical BR1A strains and compare it to commonly used
antifungal drugs including fluconazole, terbinafine and efinaconazole. The biofilms formed
by the standard strain produced more biomass than those from the clinical strain. NO-np,
fluconazole, terbinafine, and efinaconazole inhibited the in vitro growth of planktonic
T. rubrum cells. Similarly, NO-np reduced the metabolic activities of clinical strain BR1A
preformed biofilms at the highest concentration tested (SMICsq = 40 mg/mL). Scanning
electron and confocal microscopy revealed that NO-np and efinaconazole severely
damaged established biofilms for both strains, resulting in collapse of hyphal cell walls
and reduced the density, extracellular matrix and thickness of the biofilms. These findings
suggest that biofims should be considered when developing and testing new drugs for
the treatment of dermatophytosis. Development of a biofilm phenotype by these fungi may
explain the resistance of dermatophytes to some antifungals and why prolonged
treatment is usually required for onychomycosis.
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INTRODUCTION

Dermatophytoses, infections caused by dermatophytes,
are considered the most prevalent mycoses worldwide,
affecting ~20 to 25% of the population, regardless of the
demographic examined (Havlickova et al., 2008; Zhan and Liu,
2017; Costa-Orlandi et al., 2020). While typically involving the
stratum corneum in healthy individuals, follicular and dermal
invasion can occur in various clinical scenarios, such as
immunosuppression, and can be a portal for polymicrobial
infections (de Sousa Mda et al., 2015; Gupta et al., 2017;
Pereira, 2021). The ability of these fungi to form biofilms has
been widely studied in recent years (Costa-Orlandi et al., 2014;
Brilhante et al., 2017; Costa-Orlandi et al., 2017; Danielli et al.,
2017; Chen et al,, 2019; Costa-Orlandi et al., 2020; Garcia et al.,
2020; Bila et al, 2021). Biofilm formation by dermatophytes,
especially in the setting of onychomycosis (Burkhart et al., 2002;
Gupta et al., 2016; Lipner and Scher, 2019; Gupta and Foley,
2019), further complicates and limits current treatment strategies,
as they are highly resistant to antimicrobials (Ramage et al., 2012).
Moreover, the treatment of onychomycosis is protracted, typically
months, and resolution is often incomplete, requiring repeat
treatment courses (Gupta et al., 2016; Gupta and Foley, 2019).
A major factor in the poor efficacy of antifungal drugs in the
treatment of onychomycosis is their low penetration in nails,
whether administered topical or systemic (Iwanaga et al., 2017;
Costa-Orlandi et al., 2018).

Given that biofilms formed by dermatophytes are resistant to
conventional antifungals (Brilhante et al., 2018; Costa-Orlandi
et al., 2020; Garcia et al., 2020) and the established difficulty in
and cost of treating onychomycosis, new approaches to
overcome these impediments are urgently needed. Nitric oxide
(NO) is an endogenous, diatomic, and simple molecule that has
important physiological functions, including important roles in
the body’s defenses to infections (Friedman et al., 2008; Schairer
et al,, 2012b). It is an unstable gas that, in an aerobic
environment, reacts with oxygen (O,) and/or superoxide
radicals. These reactions result in the formation of reactive
nitrogen oxide species (RNOS) and oxygen intermediates
(ROS) that cause nitrosative and oxidative damage through
DNA alteration, enzyme inhibition and induction of lipid
peroxidation, which are responsible for most of the
antimicrobial properties of NO (Schairer et al., 2012b). Because
they are lipophilic, NO molecules easily cross physiological
barriers and, consequently, reach most target cells. Therefore,
NO’s target must be close to the place where the molecule is
generated (Friedman et al, 2008). The antimicrobial effect is
exerted in two ways that are dependent on concentration. At low
concentrations (<1 puM), NO acts as a signaling molecule
promoting the growth and activity of cells in the immune
system, and, at high concentrations (>1 puM), NO molecules
covalently bind to macromolecules, inhibiting or killing target
pathogens (Schairer et al., 2012b).

Several NO delivery systems have been developed to provide
the delivery of this molecule in a safe, effective and convenient
way (Martinez et al., 2009; Han et al., 2012; Schairer et al., 2012a;
Schairer et al., 2012b; Cabral et al.,, 2019; Pieretti et al., 2021).

Nanoscale particles (1-100 nm) can create a depot effect on the
surface of the skin and nails owing to the increase resident time
in the local milieu, providing long-lasting treatment per
application. In addition, NO nanoparticles (NO-np) offer
greater skin penetration, increasing the probability of
interaction with fungal cells (Han et al., 2011; Mordorski
et al.,, 2017).

We developed a stable and low-cost NO generating/releasing
platform, using nanotechnology based on a silane hydrogel
(Friedman et al, 2008). The antimicrobial activity of these
NO-np against a wide-range of Gram positive and negative
bacteria (Friedman et al, 2011) has been consistently
demonstrated. In addition to bacteria, these NO-np were also
effective against diverse species of fungi including Candida
albicans (Macherla et al., 2012) and Trichophyton species
(Mordorski et al., 2017; Costa-Orlandi et al., 2018). These NO-
np have also been tested in vivo on wounds caused by
microorganisms and a decrease in inflammation and microbial
loads has been shown, resulting in rapid healing (Martinez et al.,
2009; Sanchez et al., 2012; Mordorski et al., 2017). The current
work aimed to evaluate the in vitro anti-T. rubrum biofilm
potential of NO-np and compare their antifungal activity to
conventional antifungal drugs such as terbinafine (TRB),
fluconazole (FCZ) and efinaconazole (EFCZ).

MATERIAL AND METHODS

Fungi

In this work, strains of T. rubrum ATCC MYA-4438, kindly
provided by Dr. Mahmoud Ghannoum, from Case Western
Reserve University in Cleveland, Ohio, USA and a T. rubrum
BRI1A clinical strain from Montefiore Medical Center, Bronx, NY,
USA were used. All strains were maintained on Sabouraud dextrose
agar (BD Difco) supplemented with 0.1% chloramphenicol (Sigma-
Aldrich) and incubated at 28°C (Costa-Orlandi et al., 2012; Costa-
Orlandi et al., 2014).

Synthesis of NO-np

The np were synthesized as previously described (Friedman et al.,
2008). Briefly, a silane hydrogel compound was synthesized
using a mixture of tetramethylortosilane (Sigma-Aldrich), ImM
hydrochloric acid (Sigma-Aldrich), polyethylene glycol 400
(Sigma-Aldrich), chitosan (Sigma-Aldrich), glucose (Sigma-
Aldrich), and sodium nitrite (Sigma-Aldrich) in 50 mM sodium
phosphate buffer (Sigma-Aldrich) (pH = 7). Nitrite was reduced
within the matrix with electrons generated thermally from
glucose. After the redox reaction, the reagents were combined
and dried on a lyophilizer, resulting in a fine powder. As a
negative control, nanoparticles without NO (np) were also
synthesized (Friedman et al., 2008; Han et al., 2009; Martinez
et al., 2009; Macherla et al., 2012).

In Vitro Characterization of

Biofilm Formation

To verify the ability to form biofilms, both strains of T. rubrum were
subcultured on potato dextrose agar (BD Difco TM) and incubated at
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28°C for 7 days. The fungal suspensions were prepared and adjusted
to reach a final concentration of 10° conidia/mL. Then, 200 and
1000 pL of the suspensions were added to 96 and 24-well plates,
respectively. The plates were incubated at 37°C until pre-adhesion of
the biofilms. After this period, the supernatant was gently removed
from each well and the plates were washed with sterile saline to
remove non-adherent cells. Finally, 200 and 1000 UL of RPMI-1640
medium with L-glutamine, phenol red as a pH indicator (Sigma-
Aldrich), buffered with MOPS (Sigma-Aldrich), and pH = 7 (Sigma-
Aldrich) were added to the wells of the 96 and 24 well plates. The
plates were again incubated at 37°C for up to 96 h in an orbital
shaker incubator set at 150 rpm (Costa-Orlandi et al., 2014).

Determination of the Metabolic Activity of Biofilms
by the 2,3-bis (2-Methoxy-4-Nitro-5-Sulfophenyl) -5-
[Carbonyl (Phenylamino)] - 2H-Tetrazolium
Hydroxide (XTT) Reduction Assay

The metabolic activities of biofilms were verified using the XTT
reduction assay (Sigma-Aldrich) at different time intervals (3, 12,
24, 48, 72, and 96 h). XTT stock solutions (1 mg of salt/ml of
PBS) and menadione (1 mM in acetone) (Sigma-Aldrich) were
prepared. Then, 50 pL of XTT and 4 uL of menadione were
added to each well and 96-well microtiter plates were incubated
at 37°C for 3 h. The colorimetric change was measured in a
microtiter plate reader (LabSystems Multiskan MS; LabSystems,
Finland), at an optical density of 490 nm. In all experiments,
RPMI-1640 medium was included as a negative control
(Martinez and Casadevall, 2006).

Quantification of Biofilm Biomass by Crystal

Violet Staining

For the quantification of biomass, biofilms were formed in 96-
well plates, until maturation as previously established above.
Then, the medium was removed from each well and the adhered
cells were washed three times with sterile 0.85% saline. After
drying at RT, 100 pL of 0.5% crystal violet solution (Sigma-
Aldrich) was added to each well for 5 min. The wells were then
washed with sterile distilled water until the excess staining was
removed and the biofilms were discolored by adding 100 uL of
95% ethanol to each well. The ethanol was then gently pipetted
until the crystal violet was completely solubilized. Finally, the
supernatants from each well were transferred to a new 96-well
plate and read in a microtiter plate reader (LabSystems
Multiskan MS; LabSystems, Finland), at a wavelength of 570
nm (Mowat et al., 2007; Costa-Orlandi et al., 2014).

Effect of NO-np and Antifungal Drugs

on Planktonic Cells and Mature

T. rubrum Biofilms

To evaluate the effects of NO-np and antifungal drugs (FCZ;
TRB; and EFCZ) on planktonic cells and mature biofilms of T.
rubrum, working solutions were tested in the following
concentrations: NO-np: 40 - 0.075 mg/mL; FCZ: 0.512-0.001
mg/mL; TRB: 0.032-0.00006 mg/mL; EFCZ: 0.320 - 0.00006 mg/
mL. FCZ (Pfizer) and TRB (Sigma-Aldrich) were prepared
according to the recommendations in the document M38-A2,

proposed by the Clinical and Laboratory Standards Institute
(CLSI, 2008). Briefly, stock solutions were prepared and working
solutions were diluted in RPMI-1640. For EFCZ (Jublia; Valeant
Pharmaceuticals International, Inc.), the working solutions were
prepared from the 10% stock. NO-np and np were weighed
aseptically, diluted directly in the RPMI-1640 medium and
solubilized with the aid of a rod sonicator (10 sec) and
vortexed for 2 min.

For planktonic cells, inocula were prepared in the same
concentration used for biofilm formation (10° conidia/mL) in
RPMI-1640 medium. One hundred pL of the fungal suspensions
were co-incubated with the different concentrations of the
working solutions of the nanoparticles and drugs. Biofilms
were formed in 96-well plates, as described. After maturation,
the culture medium was carefully aspirated, and biofilms were
washed 3 times with 200 UL of sterile 0.85% saline to remove
remaining planktonic cells. Then, the working solutions of NO-
np, np, or antifungal drugs were distributed on the plates, with
their respective controls. The plates were incubated in an orbital
shaker incubator at 150 rpm and 37°C for 72 h. Metabolic
activities were assessed by the XTT reduction assay, as
described (Pierce et al.,, 2008; Costa-Orlandi et al., 2020).
Biofilms treated with np or drugs were compared to untreated
controls to determine differences in metabolic activity reduction.

Scanning Electron Microscopy (SEM)

To better visualize the damage caused by NO-np and antifungal
drugs to biofilms, SEM was performed. Biofilms were formed in
24-well plates. After maturation, they were treated for 72 h with
working solutions of the drugs (FCZ: 0.512 mg/mL; TRB: 0.032
mg/mL; EFCZ: 0.320 mg/mL) and NO-np (40 mg/mL). After
incubation, the wells were washed with sterile 0.85% saline and
the biofilms were fixed with 800 UL of 2.5% glutaraldehyde
solution for 1 h at RT. The samples were once again washed and
dehydrated with increasing concentrations of ethanol, from 50%
to 100%. The bottoms of the plates were cut with a scalpel and
dried in a desiccator. Immediately after drying, they were fixed
on carbon tape, mounted on aluminum cylinders with silver
(stubs) and placed on a high vacuum evaporator for gold coating.
The topographies of the biofilms were analyzed using a SEM Jeol
JSM-6610LV (Martinez et al., 2010; Costa-Orlandi et al., 2014).

Confocal Laser Scanning Microscopy
Biofilms were formed in 24-well plates containing previously
sterilized round coverslips. After maturation (72 h), the culture
medium was carefully aspirated, and the biofilms were treated for
72h with working solutions of EFCZ (0.320 mg/mL) and NO-np
(40 mg/mL). The supernatant was removed, the biofilms washed
and 100 pL of a PBS solution containing 25 uM ConA
(Concanavalin A - conjugated to Alexa fluor 488 - Invitrogen)
and 10 uM FUN-1 (Invitrogen). The plates were incubated at
37°C, for 45 min, protected from light. Then, the coverslips were
washed with PBS, removed from the wells and poured under 4 pL
of Fluoromount-G (Sigma-Aldrich), previously deposited on
microscope slides for observation in a Leica TCS SP5 inverted
confocal microscope (Leica Microsystems) (Martinez and
Casadevall, 2006).
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Statistical Analysis

All data were subjected to statistical analysis using GraphPad
Prism 9.0 (GraphPad Software). P values for multiple
comparisons were calculated by one-way analysis of variance
(ANOVA) and adjusted using the Bonferroni correction.
P values of <0.05 were considered significant. Each test was
performed in triplicate and in three independent experiments.
For confocal microscopy two experiments were performed.

RESULTS

T. rubrum ATCC MYA 4438 Strain Forms
Stronger Biofilms Than the BR1A

Clinical Strain

The kinetics of biofilm formation by the T. rubrum strains ATCC
MYA 4438 and BR1A was quantified by the XTT reduction assay
(Figure 1A). The initial changes in metabolic activities occurred
after 3 h of incubation (pre-adhesion period). Both strains
experienced similar slow increases in their metabolic activities
over the first 24 h of incubation, followed by a substantial
increase thereafter. At 48 h and subsequent time points, T.
rubrum ATCC MYA 4438 produced biofilms that were
significantly more metabolically active compared to the BR1A
strain (p <0.01). Also, BR1A reached a metabolic activity plateau
after 48 h whereas ATCC MYA 4438 reached a plateau after 72 h.
For both strains, biofilm maturation or establishment was
considered after 72 h incubation. We quantified the biomass of
each mature biofilm by crystal violet staining (Figure 1B).
Biofilms formed by the T. rubrum ATCC MYA 4438 strain of
showed significantly higher biomass than the clinical strain
BR1A biofilms after 72 h (p <0.01). These findings indicate
that T. rubrum ATCC MYA 4438 strain forms more robust
biofilms than the BR1A clinical strain.

sfkok
dkok

F

Hl- ATCC MYA-4438

-©- BRIA

Optical density (490 nm)

S8 P ® AV P
Time (h)

were calculated by student’s t test analysis.

Optical density (570) nm

NO-np Reduced the Metabolic Activities

of Planktonic Cells of Both Strains and

of the Preformed Biofilm of the Clinical
Strain BR1A

To evaluate the susceptibility of planktonic cells and established
biofilms of T. rubrum to NO-np and antifungal drugs, their
metabolic activities were quantified using the XTT reduction
assay. NO-np reduced the metabolic activities of planktonic cells
at a concentration of 20 mg/mL in both strains, and of the
preformed biofilm by the clinical strain BRIA at a concentration
of 40 mg/mL (Table 1). There was a slight reduction in the
metabolic activities of the biofilm formed by the ATCC MYA
4438 strain after treatment with NO-np (~20%; data not shown),
but not enough to be considered an inhibition according to the
pre-established parameters (SMIC> 40 mg/mL). The control np
were not active for any phenotype (MIC and SMIC> 40 mg/mL),
confirming the action of NO. Regarding antifungal drugs, FCZ,
TRB and EFCZ reduced the metabolic activities of planktonic
cells at low concentrations (0.000125 - 0.016 mg/mL), but did not
reduce the metabolic activities of preformed biofilms at the
higher concentrations tested. Thus, NO-np significantly
reduced the metabolic activity of biofilms but at higher
concentrations than the antifungal drugs. Similarly, T. rubrum
biofilms are more resistant to NO-np and antifungal drugs than
planktonic cells.

NO-np Damages the Architecture of ATCC
MYA-4438 and BR1A Biofilms

The structure of non-treated and NO-np or antifungal drug
treated biofilms were visualized by SEM. The biofilms formed by
the ATCC MYA-4438 strain (Figure 2A) were more robust,
dense, and compact than those formed by the BRIA strain
(Figure 2B), validating the results of the colorimetric tests.
Biofilms from both strains showed considerable damage after

Crystal violet
i
1
—_—
R —
)
MYA 4438 BR1A

FIGURE 1 | T. rubrum ATCC MYA-4438 strain forms stronger biofilms than the clinical isolate BR1A strain. (A) Kinetics of T. rubrum biofilm formation in 96-well
plates determined by XTT reduction assay. (B) Quantification of the biomass of mature T. rubrum biofilms after 72 h incubation was performed using crystal violet
staining. For panels a and b, each time point denotes the average of 3 independent wells. Error bars indicate standard deviations. p values (“p < 0.01; **p < 0.001)
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TABLE 1 | Susceptibility of T. rubrum ATCC MYA 4438 or BR1A planktonic cells or biofims to nitric oxide nanoparticles (NO-np), control nanoparticles (np), fluconazole
(FC2), terbinafine (TRB), or efinaconazole (EFCZ).

Fungi/np/drugs PLANKTONIC CELLS BIOFILMS

T. rubrum ATCC MYA 4438 T. rubrum BR1A T. rubrum ATCC MYA 4438 T. rubrum BR1A

(MIC50 mg/mL) (MIC50 mg/mL) (SMIC5o, mg/mL) (SMIC50, mg/mL)

NO-np 20 20 >40 40
np - - - -
Fluconazole 0.008 0.016 >0.512 >0.512
Terbinafine 0.00003 0.000125 > 0.032 >0.032
Efinaconazole 0.000125 0.0006 >0.320 >0.320

MICso, minimum inhibitory concentration capable of reducing at least 50% of the metabolic activities of planktonic cells; SMICsq, sessile minimum inhibitory concentration capable of

reducing at least 50% of the metabolic activities of mature biofilms; mg/mL, milligrams per milliliters).

incubation with NO-np 40 mg/mL (Figures 2A, B) and EFCZ
0.320 mg/mL (Figures 2A, B). These findings are interesting in
light of the XTT reduction assay results, which indicated high
metabolic activity after these treatments. Collapse of the hyphal
walls were observed, mainly in the biofilms formed by the ATCC
MYA-4438 strain. However, a greater destructive effect was
observed in biofilms formed by the BRIA strain, resulting in
reduced fungal cell density and hyphal density. There was no
significant structural damage to biofilms treated with either FCZ
(0.512 mg/mL) or TRB (0.032 mg/mL). (Figures 2A, B). These
images confirmed that NO-np is more effective in damaging and
eradicating T. rubrum biofilms than commonly used
antifungal drugs.

NO-np Reduces the Thickness of

T. rubrum Biofilms to Similar Extent

as EFCZ

Confocal microscopy was performed to test the activity of NO-np
and EFCZ on the structure and metabolism of T. rubrum biofilms.
Orthogonal microscopic sections show regions with high metabolic
activity (FUN-1; red); regions in green that correspond to the cell
walls of hyphae and polymeric extracellular material (Con-A) and in
yellow-brownish the metabolically inactive regions. Non-treated T.
rubrum biofilms show extensive hyphal distribution throughout the
field and evident high metabolic activity (Figures 3A, D). Although
both T. rubrum strains showed similar biofilm thickness, ATCC
MYA-4438 strain biofilms (Figure 3A) consisted of high density

Non-treated

NO-np 40 m
IS ’

g/mL

FCZ 0.512 mg/mL

TRB 0.032 mg/mL

(;2 ‘ \\‘

EFCZ 0.320 mg/mL

2

FIGURE 2 | Scanning electron microscopy showing the architecture of biofilms for (A) T. rubrum ATCC MYA-4438 and (B) BR1A strains. Different magnifications
(upper panel; 1000 and lower panel; 3000X) are shown for untreated biofilms and those treated with NO-np 40 mg/mL, fluconazole (FCZ) 0.512 mg/mL, terbinafine
(TRB) 0.082 mg/mL, or efinaconazole (EFCZ) 0.320 mg/mL. Red arrows denote collapse of the hyphal walls, while white arrows denote reduced hyphal density.
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representative of those of two experiments.

FIGURE 3 | Confocal microscopy images of mature T. rubrum biofilms formed on glass-bottom plates for 72 h at 37°C (A, D) and treated with NO-np (B, E) or
EFCZ (C, F). Orthogonal images of mature T. rubrum biofilms showed metabolically active (red, FUN-1-stained) cells embedded in the polysaccharide extracellular
material (green, ConA), while the yellow-brownish areas represent metabolically inactive or nonviable cells. Images were obtained after 72 h of exposure of the fungal
cells to 40 mg/mL of NO-np or 0.32 mg/mL of EFCZ, and the images were compared with those of biofilms incubated in presence of RPMI. The pictures were taken
at a magnification of x63. Bars, 50 pm. The thickness of the fungal biofilms grown under these conditions was measured by z-stack reconstruction. The results are

and thick hyphal threads whereas BR1A strain biofilms (Figure 3D)
exhibited low density and thin hyphae. Both, NO-np (Figures 3B-
E) and EFCZ (Figures 3C-F), demonstrated comparable activity
against fungal biofilms. Fungi treated by either NO-np or EFCZ
demonstrated a reduction in hyphal accumulation and extracellular
matrix, leading to a reduction in the thickness of biofilms
(Figures 3B, C, E, F). These findings show that NO-np is
similarly effective in killing T. rubrum biofilms in comparison
with a conventional antifungal drug.

DISCUSSION

In this work, the in vitro biofilm formation by two strains of T.
rubrum was characterized using the colorimetric assays XTT and

crystal violet as well as by SEM. These methods are widely used
and complementary in the study of biofilms. The three tested
methodologies demonstrated that the MYA-4438 strain formed
more robust biofilms after 72 h than the clinical strain BRIA.
Previous studies demonstrated that biofilms by dermatophytes in
vitro mature after 72 h, although variations between different
strains have also been reported (Costa-Orlandi et al., 2014;
Brilhante et al., 2017; Chen et al., 2019; Costa-Orlandi et al.,
2020; Garcia et al., 2020).

The ability of NO-np to inhibit biofilm formation when co-
incubated with planktonic cells and to damage established
biofilms was evaluated and compared to FCZ, TRB and EFCZ.
Planktonic cells were more susceptible to treatment with NO-np
and antifungal drugs compared to biofilm-derived cells. The
increased resistance of fungal biofilms to antimicrobials is
well reported in the literature (Di Bonaventura et al., 2006;
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Martinez and Casadevall, 2006; Mowat et al., 2007; Gupta and
Foley, 2019). The images of the biofilm structures after treatment
with FCZ and TRB corroborated those found by the XTT
reduction assay and showed the resistance of these complex
communities to two of the most used drugs for the treatment of
dermatophytoses. The resistance of dermatophyte biofilms to
TRB corroborates previous findings (Toukabri et al., 2018;
Garcia et al, 2020). In contrast, SEM images showed severe
damage to the biofilm structure of both strains after treatment
with NO-np or EFCZ, contradicting the findings of the
quantification of metabolic activities. We hypothesize that the
difference is due to the limitations of the XTT reduction assay. In
this regard, Chandra et al. (2008) previously suggested that there
may not be a linear relationship between the number of
microorganisms and the colorimetric signal. In addition, other
studies report conflicting results with cell viability in studies
using XTT and MTT in tests with nanoparticles (Wang et al.,
2011; Costa-Orlandi et al., 2020). Both reagents, when in contact
with some nanoscale particles, may underestimate toxicity and
overestimate cell viability.

Although the SEM images revealed biofilm damage after
treatment with NO-np or EFCZ, their visualization is limited.
Therefore, confocal microscopy was used to further corroborate
the effects of each treatment on these communities. In addition
to causing a reduction in the biofilm thickness for both strains,
these treatments also reduced the metabolic activity and
extracellular matrix distribution of the fungal biofilms. The
NO-np used in the present work has broad spectrum
applications against fungi and a variety of gram positive and
negative bacteria, in addition to the immunomodulatory effects
and tissue regeneration functions (Martinez et al., 2009; Mihu
et al., 2010; Macherla et al., 2012; Sanchez et al., 2012; Mordorski
et al., 2017; Costa-Orlandi et al., 2018). Its anti-dermatophyte
activity has been proven both in in vitro tests on planktonic cells
and in a murine model of dermal infection (Mordorski et al.,
2017; Costa-Orlandi et al., 2018). For dermatophytes, NO exerts
a fungistatic action and promotes an increase in intracellular
vacuoles and vesicles (Mordorski et al., 2017). NO can act
through multiple non-specific mechanisms, which include
damage to genetic material, lipid peroxidation, inactivation of
enzymes, and macrophage upregulation (Ttimer et al., 2007; Qin
et al, 2015; Mordorski et al., 2017). This target multiplicity
makes it difficult for microorganisms to develop resistance (Qin
et al, 2015; Costa-Orlandi et al., 2018). The commercially
available drugs used in this work have a common target, which
is the main component of the fungal membrane, ergosterol. FCZ
and EFCZ interfere with the synthesis of ergosterol via
cytochrome P450, inhibiting the enzyme 14-alpha-demethylase,
involved in the conversion of lanosterol to ergosterol, resulting in
alteration of the fungal cell membrane and growth inhibition
(Patel and Dhillon, 2013; Scorzoni et al., 2017). TRB targets the
enzyme squalene epoxidase, which is involved in the first steps of
ergosterol biosynthesis. This inhibition causes the accumulation
of squalene and the absence of ergosterol precursors, resulting in
cell death (Scorzoni et al., 2017). These mechanisms can
complement each other and there is already evidence that, in
combination with EFCZ, NO-np showed a synergistic effect

against T. rubrum, suggesting a promising alternative for
maintaining activity and reducing treatment costs (Costa-
Orlandi et al., 2018).

It is important to note that NO-np do not show significant
toxicity in human cell lines, in a zebrafish model or in topical,
intraperitoneal and intravenous applications in animals
(Friedman et al., 2008; Cabrales et al., 2010; Han et al., 2012;
Mordorski et al., 2017; Costa-Orlandi et al., 2018), which makes
them a potential viable, safe and effective topical alternative for
the treatment of biofilms complicating onychomycosis.

CONCLUSION

We demonstrated the effectiveness of a NO-np against T. rubrum
biofilms, and showed that the activity was comparable to that
observed with EFCZ. In addition, we also confirmed the
resistance of the biofilms to two drugs widely used in the
treatment of dermatophytosis, TRB and FCZ, which may
contribute to the prolonged treatment requirements and the
common recurrences observed in individuals previously affected
with in this mycosis. Studies regarding the anti-biofilm effect of
NO-np should be further investigated and considered, since this
phenotype is prevalent in onychomycosis and is partly related to
the low success rates of healing for this clinical manifestation.
Also, these findings support the concept that biofilms should be
considered when developing and testing new drugs for the
treatment of dermatophytosis.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/supplementary material. Further inquiries can be
directed to the corresponding authors.

AUTHOR CONTRIBUTIONS

CC-O, MM-G, and JN conceived and designed the study. CC-O
and LM performed the experiments. CC-O and NB analyzed the
data and wrote the manuscript. AF and JF are co-inventors of the
nitric oxide releasing nanoparticles used in this study. All authors
contributed to the article and approved the submitted version.

FUNDING

This work was supported in part by Coordenagio de
Aperfeicoamento de Pessoal de Nivel Superior (CAPES)
[Finance code 001; 99999.007910/2014-02 (CC-O)]; Programa
de Apoio ao Desenvolvimento Cientifico (PADC) da Faculdade
de Ciéncias Farmacéuticas da UNESP; Funda¢do de Amparo a
Pesquisa do Estado de Sao Paulo-FAPESP [2017/18388-6 (CC-O),
2018/02785-9 (MM-G), 2019/22188-8 (NB)] and Conselho

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

July 2021 | Volume 11 | Article 684150


https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Costa-Orlandi et al.

Anti-Biofim Activity of NO Nanoparticles

Nacional de Desenvolvimento Cientifico e Tecnologico (CNPq)
[310524/2018-1 (MM-G)]. LM was supported by the National
Institute of Allergy and Infectious Diseases (NIAID award #
RO1AI145559) of the US National Institutes of Health (NIH).

REFERENCES

Bila, N. M., Costa-Orlandi, C. B., Vaso, C. O., Bonatti, J. L. C., de Assis, L. R,
Regasini, L. O., et al. (2021). 2-Hydroxychalcone as a Potent Compound and
Photosensitizer Against Dermatophyte Biofilms”. Front. Cell Infect. Microbiol.
11, 1-15. doi: 10.3389/fcimb.2021.679470

Brilhante, R. S. N, Correia, E. E. M., Guedes, G. M. M., Pereira, V. S., Oliveira, J. S.,
Bandeira, S. P., et al. (2017). Quantitative and Structural Analyses of the In
Vitro and Ex Vivo Biofilm-Forming Ability of Dermatophytes. J. Med.
Microbiol. 66 (7), 1045-1052. doi: 10.1099/jmm.0.000528

Brilhante, R. S. N., Correia, E. E. M., Guedes, G. M. M., de Oliveira, J. S., Castelo-
Branco, D. S. C. M., Cordeiro, R. A,, et al. (2018). In Vitro Activity of Azole
Derivatives and Griseofulvin Against Planktonic and Biofilm Growth of
Clinical Isolates of Dermatophytes. Mycoses 61 (7), 449-454. doi: 10.1111/
myc.12763

Burkhart, C. N., Burkhart, C. G., and Gupta, A. K. (2002). Dermatophytoma:
Recalcitrance to Treatment Because of Existence of Fungal Biofilm. J. Am.
Acad. Dermatol. 47 (4), 629-631. doi: 10.1067/m;jd.2002.124699

Cabrales, P., Han, G., Roche, C., Nacharaju, P., Friedman, A. J., and Friedman, J.
M. (2010). Sustained Release Nitric Oxide From Long-Lived Circulating
Nanoparticles. Free Radic. Biol. Med. 49 (4), 530-538. doi: 10.1016/
j.freeradbiomed.2010.04.034

Cabral, F. V., Pelegrino, M. T., Sauter, I. P., Seabra, A. B., Cortez, M., and Ribeiro,
M. S. (2019). Nitric Oxide-Loaded Chitosan Nanoparticles as an Innovative
Antileishmanial Platform. Nitric. Oxide 93, 25-33. doi: 10.1016/
j1i0x.2019.09.007

Chandra, J., Mukherjee, P. K., and Ghannoum, M. A. (2008). In Vitro Growth and
Analysis of Candida Biofilms. Nat. Protoc. 3 (12), 1909-1924. doi: 10.1038/
nprot.2008.192

Chen, B., Sun, Y., Zhang, J., Chen, R,, Zhong, X., Wu, X, et al. (2019). In Vitro
Evaluation of Photodynamic Effects Against Biofilms of Dermatophytes
Involved in Onychomycosis. Front. Microbiol. 10, 1228. doi: 10.3389/
fmicb.2019.01228

CLSIL (2008). “Reference Method for Broth Dilution Antifungal Susceptibility
Testing of Filamentous Fungi; Aproved Standard - Second Edition - CLSI
Document M38-A2,” in CLSI Document M38-A2 (Wayne, PA: Clinical and
Laboratory Standards Institute).

Costa-Orlandi, C. B., Magalhaes, G. M., Oliveira, M. B., Taylor, E. L., Marques, C.
R,, and de Resende-Stoianoff, M. A. (2012). Prevalence of Dermatomycosis in a
Brazilian Tertiary Care Hospital. Mycopathologia 174 (5-6), 489-497.
doi: 10.1007/s11046-012-9576-1

Costa-Orlandi, C. B., Mordorski, B., Baltazar, L. M., Mendes-Giannini, M. J. S.,
Friedman, J. M., Nosanchuk, J. D., et al. (2018). Nitric Oxide Releasing
Nanoparticles as a Strategy to Improve Current Onychomycosis Treatments.
J. Drugs Dermatol. 17 (7), 717-720.

Costa-Orlandi, B. C,, Sardi, C. J., Pitangui, S. N., de Oliveira, C. H., Scorzoni, L.,
Galeane, M. C,, et al. (2017). Fungal Biofilms and Polymicrobial Diseases.
J. Fungi 3 (2), 1-24. doi: 10.3390/j0f3020022

Costa-Orlandi, C. B., Sardi, J. C., Santos, C. T., Fusco-Almeida, A. M., and
Mendes-Giannini, M. J. (2014). In Vitro Characterization of Trichophyton
Rubrum and T. Mentagrophytes Biofilms. Biofouling 30 (6), 719-727.
doi: 10.1080/08927014.2014.919282

Costa-Orlandi, C. B., Serafim-Pinto, A., da Silva, P. B., Bila, N. M., de Carvalho
Bonatti, J. L., Scorzoni, L., et al. (2020). Incorporation of Nonyl 3,4-
Dihydroxybenzoate Into Nanostructured Lipid Systems: Effective Alternative
for Maintaining Anti-Dermatophytic and Antibiofilm Activities and Reducing
Toxicity at High Concentrations. Front. Microbiol. 11, 1154. doi: 10.3389/
fmicb.2020.01154

Danielli, L. J., Lopes, W., Vainstein, M. H., Fuentefria, A. M., and Apel, M. A.
(2017). Biofilm Formation by Microsporum Canis. Clin. Microbiol. Infect. 23
(12), 941-942. doi: 10.1016/j.cmi.2017.06.006

ACKNOWLEDGMENTS

We thank Dr. Mahmoud A. Ghannoum of Case Western Reserve
University for providing the T. rubrum ATCC MYA-4438 strain.

de Sousa Mda, G., Santana, G. B., Criado, P. R,, and Benard, G. (2015). Chronic
Widespread Dermatophytosis Due to Trichophyton Rubrum: A Syndrome
Associated With a Trichophyton-specific Functional Defect of Phagocytes.
Front. Microbiol. 6, 801. doi: 10.3389/fmicb.2015.00801

Di Bonaventura, G., Pompilio, A., Picciani, C., lezzi, M., D’Antonio, D., and
Piccolomini, R. (2006). Biofilm Formation by the Emerging Fungal Pathogen
Trichosporon Asahii: Development, Architecture, and Antifungal Resistance.
Antimicrob. Agents Chemother. 50 (10), 3269-3276. doi: 10.1128/aac.00556-06

Friedman, A. J., Han, G., Navati, M. S., Chacko, M., Gunther, L., Alfieri, A., et al.
(2008). Sustained Release Nitric Oxide Releasing Nanoparticles:
Characterization of a Novel Delivery Platform Based on Nitrite Containing
Hydrogel/Glass Composites. Nitric. Oxide 19 (1), 12-20. doi: 10.1016/
j-niox.2008.04.003

Friedman, A., Blecher, K., Sanchez, D., Tuckman-Vernon, C., Gialanella, P.,
Friedman, J. M., et al. (2011). Susceptibility of Gram-Positive and -Negative
Bacteria to Novel Nitric Oxide-Releasing Nanoparticle Technology. Virulence
2 (3), 217-221. doi: 10.4161/viru.2.3.16161

Garcia, L. M., Costa-Orlandi, C. B., Bila, N. M., Vaso, C. O., Gongalves, L. N. C.,
Fusco-Almeida, A. M., et al. (2020). A Two-Way Road: Antagonistic
Interaction Between Dual-Species Biofilms Formed by Candida Albicans/
Candida Parapsilosis and Trichophyton Rubrum. Front. Microbiol. 11, 1980.
doi: 10.3389/fmicb.2020.01980

Gupta, A. K., Daigle, D., and Carviel, J. L. (2016). The Role of Biofilms in
Onychomycosis. J. Am. Acad. Dermatol. 74 (6), 1241-1246. doi: 10.1016/
jjaad.2016.01.008

Gupta, A. K,, and Foley, K. A. (2019). Evidence for Biofilms in Onychomycosis. G
Ital Dermatol. Venereol 154 (1), 50-55. doi: 10.23736/s0392-0488.18.06001-7

Gupta, A. K., Foley, K. A, and Versteeg, S. G. (2017). New Antifungal Agents and
New Formulations Against Dermatophytes. Mycopathologia 182 (1-2), 127-
141. doi: 10.1007/s11046-016-0045-0

Han, G., Friedman, A. J., and Friedman, J. M. (2011). Nitric Oxide Releasing
Nanoparticle Synthesis and Characterization. Methods Mol. Biol. 704, 187-195.
doi: 10.1007/978-1-61737-964-2_14

Han, G., Martinez, L. R, Mihu, M. R., Friedman, A. J., Friedman, J. M., and
Nosanchuk, J. D. (2009). Nitric Oxide Releasing Nanoparticles Are Therapeutic
for Staphylococcus Aureus Abscesses in a Murine Model of Infection. PloS One 4
(11), €7804. doi: 10.1371/journal.pone.0007804

Han, G., Nguyen, L. N, Macherla, C., Chi, Y., Friedman, J. M., Nosanchuk, J. D.,
et al. (2012). Nitric Oxide-Releasing Nanoparticles Accelerate Wound Healing
by Promoting Fibroblast Migration and Collagen Deposition. Am. J. Pathol.
180 (4), 1465-1473. doi: 10.1016/j.ajpath.2011.12.013

Havlickova, B., Czaika, V. A., and Friedrich, M. (2008). Epidemiological Trends in
Skin Mycoses Worldwide. Mycoses 51 (Suppl 4), 2-15. doi: 10.1111/j.1439-
0507.2008.01606.x

Iwanaga, T., Ushigami, T., Anzawa, K, and Mochizuki, T. (2017). Pathogenic
Dermatophytes Survive in Nail Lesions During Oral Terbinafine Treatment for
Tinea Unguium. Mycopathologia 182 (7-8), 673-679. doi: 10.1007/s11046-017-0118-8

Lipner, S. R, and Scher, R. K. (2019). Onychomycosis: Clinical Overview and
Diagnosis. J. Am. Acad. Dermatol. 80 (4), 835-851. doi: 10.1016/
j.jaad.2018.03.062

Macherla, C., Sanchez, D. A., Ahmadi, M. S., Vellozzi, E. M., Friedman, A. J.,
Nosanchuk, J. D., et al. (2012). Nitric Oxide Releasing Nanoparticles for
Treatment of Candida Albicans Burn Infections. Front. Microbiol. 3:193.
doi: 10.3389/fmicb.2012.00193

Martinez, L. R., and Casadevall, A. (2006). Susceptibility of Cryptococcus
Neoformans Biofilms to Antifungal Agents In Vitro. Antimicrob. Agents
Chemother. 50 (3), 1021-1033. doi: 10.1128/AAC.50.3.1021-1033.2006

Martinez, L. R., Han, G., Chacko, M., Mihu, M. R., Jacobson, M., Gialanella, P.,
et al. (2009). Antimicrobial and Healing Efficacy of Sustained Release Nitric
Oxide Nanoparticles Against Staphylococcus Aureus Skin Infection. J. Invest.
Dermatol. 129 (10), 2463-2469. doi: 10.1038/jid.2009.95

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

July 2021 | Volume 11 | Article 684150


https://doi.org/10.3389/fcimb.2021.679470
https://doi.org/10.1099/jmm.0.000528
https://doi.org/10.1111/myc.12763
https://doi.org/10.1111/myc.12763
https://doi.org/10.1067/mjd.2002.124699
https://doi.org/10.1016/j.freeradbiomed.2010.04.034
https://doi.org/10.1016/j.freeradbiomed.2010.04.034
https://doi.org/10.1016/j.niox.2019.09.007
https://doi.org/10.1016/j.niox.2019.09.007
https://doi.org/10.1038/nprot.2008.192
https://doi.org/10.1038/nprot.2008.192
https://doi.org/10.3389/fmicb.2019.01228
https://doi.org/10.3389/fmicb.2019.01228
https://doi.org/10.1007/s11046-012-9576-1
https://doi.org/10.3390/jof3020022
https://doi.org/10.1080/08927014.2014.919282
https://doi.org/10.3389/fmicb.2020.01154
https://doi.org/10.3389/fmicb.2020.01154
https://doi.org/10.1016/j.cmi.2017.06.006
https://doi.org/10.3389/fmicb.2015.00801
https://doi.org/10.1128/aac.00556-06
https://doi.org/10.1016/j.niox.2008.04.003
https://doi.org/10.1016/j.niox.2008.04.003
https://doi.org/10.4161/viru.2.3.16161
https://doi.org/10.3389/fmicb.2020.01980
https://doi.org/10.1016/j.jaad.2016.01.008
https://doi.org/10.1016/j.jaad.2016.01.008
https://doi.org/10.23736/s0392-0488.18.06001-7
https://doi.org/10.1007/s11046-016-0045-0
https://doi.org/10.1007/978-1-61737-964-2_14
https://doi.org/10.1371/journal.pone.0007804
https://doi.org/10.1016/j.ajpath.2011.12.013
https://doi.org/10.1111/j.1439-0507.2008.01606.x
https://doi.org/10.1111/j.1439-0507.2008.01606.x
https://doi.org/10.1007/s11046-017-0118-8
https://doi.org/10.1016/j.jaad.2018.03.062
https://doi.org/10.1016/j.jaad.2018.03.062
https://doi.org/10.3389/fmicb.2012.00193
https://doi.org/10.1128/AAC.50.3.1021-1033.2006
https://doi.org/10.1038/jid.2009.95
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Costa-Orlandi et al.

Anti-Biofim Activity of NO Nanoparticles

Martinez, L. R., Mihu, M. R., Han, G, Frases, S., Cordero, R. J., Casadevall, A., et al.
(2010). The Use of Chitosan to Damage Cryptococcus Neoformans Biofilms.
Biomaterials 31 (4), 669-679. doi: 10.1016/j.biomaterials.2009.09.087

Mihu, M. R,, Sandkovsky, U., Han, G., Friedman, J. M., Nosanchuk, J. D., and
Martinez, L. R. (2010). The Use of Nitric Oxide Releasing Nanoparticles as a
Treatment Against Acinetobacter Baumannii in Wound Infections. Virulence 1
(2), 62-67. doi: 10.4161/viru.1.2.10038

Mordorski, B., Costa-Orlandi, C. B., Baltazar, L. M., Carrefio, L. J., Landriscina, A.,
Rosen, J., et al. (2017). Topical Nitric Oxide Releasing Nanoparticles Are Effective in
a Murine Model of Dermal Trichophyton Rubrum Dermatophytosis.
Nanomedicine 13 (7), 2267-2270. doi: 10.1016/j.nano.2017.06.018

Mowat, E., Butcher, J., Lang, S., Williams, C., and Ramage, G. (2007).
Development of a Simple Model for Studying the Effects of Antifungal
Agents on Multicellular Communities of Aspergillus Fumigatus. J. Med.
Microbiol. 56 (Pt 9), 1205-1212. doi: 10.1099/jmm.0.47247-0

Patel, T., and Dhillon, S. (2013). Efinaconazole: First Global Approval. Drugs 73
(17), 1977-1983. doi: 10.1007/s40265-013-0152-x

Pereira, F. de O. (2021). A Review of Recent Research on Antifungal Agents
Against Dermatophyte Biofilms. Med. Mycol. 59 (4), 313-326. doi: 10.1093/
mmy/myaal14

Pierce, C. G., Uppuluri, P, Tristan, A. R., Wormley, F. L., Mowat, E., Ramage, G.,
et al. (2008). A Simple and Reproducible 96-Well Plate-Based Method for the
Formation of Fungal Biofilms and its Application to Antifungal Susceptibility
Testing. Nat. Protoc. 3 (9), 1494-1500. doi: 10.1038/nport.2008.141

Pieretti, J. C., Rubilar, O., Weller, R. B, Tortella, G. R, and Seabra, A. B. (2021).
Nitric Oxide (NO) and Nanoparticles - Potential Small Tools for the War
Against COVID-19 and Other Human Coronavirus Infections. Virus Res.
291:198202. doi: 10.1016/j.virusres.2020.198202

Qin, M., Landriscina, A., Rosen, J. M., Wei, G., Kao, S., Olcott, W, et al. (2015).
Nitric Oxide-Releasing Nanoparticles Prevent Propionibacterium Acnes-
Induced Inflammation by Both Clearing the Organism and Inhibiting
Microbial Stimulation of the Innate Immune Response. J. Invest. Dermatol.
135 (11), 2723-2731. doi: 10.1038/jid.2015.277

Ramage, G., Rajendran, R., Sherry, L., and Williams, C. (2012). Fungal Biofilm
Resistance. Int. J. Microbiol. 2012:528521. doi: 10.1155/2012/528521

Sanchez, D. A., Nosanchuk, J., and Friedman, A. (2012). The Purview of Nitric
Oxide Nanoparticle Therapy in Infection and Wound Healing. Nanomed
(Lond) 7 (7), 933-936. doi: 10.2217/nnm.12.67

Schairer, D. O., Chouake, J. S., Nosanchuk, J. D., and Friedman, A. J. (2012b). The
Potential of Nitric Oxide Releasing Therapies as Antimicrobial Agents.
Virulence 3 (3), 271-279. doi: 10.4161/viru.20328

Schairer, D., Martinez, L. R., Blecher, K., Chouake, J., Nacharaju, P., Gialanella, P.,
et al. (2012a). Nitric Oxide Nanoparticles: Pre-Clinical Utility as a Therapeutic
for Intramuscular Abscesses. Virulence 3 (1), 62-67. doi: 10.4161/
viru.3.1.18816

Scorzoni, L., de Paula E Silva, A. C., Marcos, C. M., Assato, P. A., de Melo, W. C,,
de Oliveira, H. C,, et al. (2017). Antifungal Therapy: New Advances in the
Understanding and Treatment of Mycosis. Front. Microbiol. 8, 36.
doi: 10.3389/fmicb.2017.00036

Toukabri, N., Corpologno, S., Bougnoux, M. E., El Euch, D., Sadfi-Zouaoui, N.,
and Simonetti, G. (2018). In Vitro Biofilms and Antifungal Susceptibility of
Dermatophyte and non-Dermatophyte Moulds Involved in Foot Mycosis.
Mycoses 61 (2), 79-87. doi: 10.1111/myc.12706

Ttmer, C,, Bilgin, H. M., Obay, B. D., Diken, H., Atmaca, M., and Kelle, M. (2007).
Effect of Nitric Oxide on Phagocytic Activity of Lipopolysaccharide-Induced
Macrophages: Possible Role of Exogenous L-Arginine. Cell Biol. Int. 31 (6),
565-569. doi: 10.1016/j.cellbi.2006.11.029

Wang, S., Yu, H., and WicKkliffe, J. K. (2011). Limitation of the MTT and XTT
Assays for Measuring Cell Viability Due to Superoxide Formation Induced by
Nano-Scale Tio2. Toxicol. In Vitro 25 (8), 2147-2151. doi: 10.1016/
j.tiv.2011.07.007

Zhan, P., and Liu, W. (2017). The Changing Face of Dermatophytic Infections
Worldwide. Mycopathologia 182 (1-2), 77-86. doi: 10.1007/s11046-016-0082-8

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Costa-Orlandi, Martinez, Bila, Friedman, Friedman, Mendes-
Giannini and Nosanchuk. This is an open-access article distributed under the terms of
the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

July 2021 | Volume 11 | Article 684150


https://doi.org/10.1016/j.biomaterials.2009.09.087
https://doi.org/10.4161/viru.1.2.10038
https://doi.org/10.1016/j.nano.2017.06.018
https://doi.org/10.1099/jmm.0.47247-0
https://doi.org/10.1007/s40265-013-0152-x
https://doi.org/10.1093/mmy/myaa114
https://doi.org/10.1093/mmy/myaa114
https://doi.org/10.1038/nport.2008.141
https://doi.org/10.1016/j.virusres.2020.198202
https://doi.org/10.1038/jid.2015.277
https://doi.org/10.1155/2012/528521
https://doi.org/10.2217/nnm.12.67
https://doi.org/10.4161/viru.20328
https://doi.org/10.4161/viru.3.1.18816
https://doi.org/10.4161/viru.3.1.18816
https://doi.org/10.3389/fmicb.2017.00036
https://doi.org/10.1111/myc.12706
https://doi.org/10.1016/j.cellbi.2006.11.029
https://doi.org/10.1016/j.tiv.2011.07.007
https://doi.org/10.1016/j.tiv.2011.07.007
https://doi.org/10.1007/s11046-016-0082-8
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

	Nitric Oxide-Releasing Nanoparticles Are Similar to Efinaconazole in Their Capacity to Eradicate Trichophyton rubrum Biofilms
	Introduction
	Material And Methods
	Fungi
	Synthesis of NO-np
	In Vitro Characterization of Biofilm Formation
	Determination of the Metabolic Activity of Biofilms by the 2,3-bis (2-Methoxy-4-Nitro-5-Sulfophenyl) -5- [Carbonyl (Phenylamino)] - 2H-Tetrazolium Hydroxide (XTT) Reduction Assay
	Quantification of Biofilm Biomass by Crystal Violet Staining

	Effect of NO-np and Antifungal Drugs on Planktonic Cells and Mature T. rubrum Biofilms
	Scanning Electron Microscopy (SEM)
	Confocal Laser Scanning Microscopy
	Statistical Analysis

	Results
	T. rubrum ATCC MYA 4438 Strain Forms Stronger Biofilms Than the BR1A Clinical Strain
	NO-np Reduced the Metabolic Activities of Planktonic Cells of Both Strains and of the Preformed Biofilm of the Clinical Strain BR1A
	NO-np Damages the Architecture of ATCC MYA-4438 and BR1A Biofilms
	NO-np Reduces the Thickness of T. rubrum Biofilms to Similar Extent as EFCZ

	Discussion
	Conclusion
	Data Availability Statement
	Author Contributions 
	Funding
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


