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Abstract

Introduction Infections associated with medical devices are often related to colonization by Candida spp. biofilm; in this way,
numerous strategies have been developed and studied, mainly in order to prevent this type of fungal growth.

Aim Considering the above, the main objective of the present study is to make a rational choice of the best antifungal therapy for
the in vitro treatment of the biofilm on venous catheters, proposing an innovative formulation of a film-forming system to coat the
surface in order to prevent the formation of biofilms.

Methodology Anidulafungin, fluconazole, voriconazole, ketoconazole, amphotericin B, and the association of anidulafungin
and amphotericin B were tested against biofilms of C. albicans, C. tropicalis, and C. parapsilosis strains in microtiter plates and
in a polyurethane catheter. Besides, anidulafungin, amphotericin B, and the combination of both were incorporated in a film-
forming system and were evaluated against biofilm.

Results The superior activity of anidulafungin was demonstrated in relation to the other antifungal agents. Although
amphotericin B showed good activity, high concentrations were required. The combination showed a synergistic action, in
solution and in the formulation, showing excellent results, with activity above 90%.

Conclusion Due to the superiority of anidulafungin and the synergistic activity of the combination, these alternatives were the
most promising options for use in a formulation proposal as a new strategy to combat the Candida spp. biofilm. These
formulations demonstrated high in vitro performance in the prevention of biofilms, indicating that they are candidates with great
potential for in vivo tests.
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Introduction

Systemic infections caused by Candida spp. are associated
with a high rate of morbidity and mortality, longer hospital
stay, and high health care costs [1, 2]. Although C. albicans is
the most frequent species, Candida non-albicans has been
showing an increase in its frequency, overall, C. parapsilosis
and C. tropicalis [2, 3]. Candida spp. is the third major cause
of catheter-related infections and this has been shown to sup-
port colonization and biofilm formation, notably C. albicans
and C. parapsilosis. Biofilm is a highly structured, coordinat-
ed, and functional community of cells adhering to the surface
and associated with each other (with properties different from
the respective planktonic cells); this cell community is
surrounded by a self-produced protective extracellular matrix
[4, 5]. Thus, this biofilms are associated with increasing the
outcome of patients’ fatality [6-9].

In cases of suspected catheter blood infection with Candida
species, the recommendation is always to remove it, followed
by the introduction of the antifungal therapy [10, 11]. In cases
of patients whose removal of the catheter represents risks great-
er than the benefits, treatment for the permanence of the device
becomes necessary [7, 8, 10]. Thus, some of the most effective
methods for the management of clinically important fungal
biofilms are to inhibit the development of the biofilm or to
disturb it mechanically [12]. The strategies developed in recent
years for its management include (i) the impregnation of the
material with antimicrobial substances, such as the antimicro-
bial lock therapy (ALT) technique, modifying the way the mi-
croorganisms will interact with the surface of the material
[13—15] and (ii) surface coating combining anti-adhesive and
antimicrobial properties, as coating using formulations contain-
ing antifungal agents makes the surface resistant to infections
and, in addition, to acting on the microorganism directly, can
greatly reduce the adhesion of Candida spp. on this surface [15,
16]. Examples of this strategy are antifungal formulations con-
taining polymers that form barrier films, since they polymerize
and form a film in situ, giving adhesion and resistance, increas-
ing the contact time of the antifungal agent, which allows great-
er action on the microbial cells [17, 18].

The clinical repercussions of Candida spp. biofilms are due
to the high level of resistance, hindering the development of
highly effective therapies. In addition to the relatively poor
effectiveness of the available antifungal agents, another limi-
tation is the minimal number of antifungal agents and their
deficiencies in the pharmacokinetic/pharmacodynamic and
toxicity profile. Thus, new formulations, novel antifungal
agents, and/or the use of combination therapy, based mainly
on broad spectrum polyenes, azole, and echinocandins, are
necessary to increase the efficacy of fungal therapy [1, 5, 19,
20]. Approaches that seek to identify therapies that interfere
with biofilm formation and/or maintenance may make it sus-
ceptible; this perspective may lead to combined therapies [20].
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Since fungal biofilm is a difficult form of growth, the def-
inition of the antifungal agent to control this structure should
be rationally studied. Thus, the main objective of the present
study is to make a rational choice of the best antifungal ther-
apy for the in vitro treatment of the Candida spp. biofilm on
venous catheters and, from it, propose an innovative formula-
tion of a film-forming system, in order to prevent the forma-
tion of biofilms in the catheter through the coating strategy.

Materials and methods
Strains:

Three strains were used for each species selected in this study:
C. albicans (CA CV42, CA CV44, CA DEB23), C. tropicalis
(ATCC750,CT 72A, CT RL104), and C. parapsilosis (ATCC
22019, CP RL27m, CP RL100). All these strains belong to the
fungal collection of the Research Laboratory in Applied
Mycology of Universidade Federal do Rio Grande do Sul
(Porto Alegre, Brazil).

Antifungal agents: The antifungals used were
anidulafungin (AND) (Pfizer®, New York, NY), fluconazole
(FLZ) (Sigma-Aldrich, St. Louis, Missouri, USA),
voriconazole (VRZ) (Pfizer®, New York, NY), ketoconazole
(KTZ) (Cristalia, Itapira, Sao Paulo, Brazil), and amphotericin
B (AMB) (Cristalia, Itapira, Sdo Paulo, Brazil). The stock
solution of FLZ was prepared in sterile distilled water, and
the other antifungal agents were dissolved in DMSO
(Sigma-Aldrich), so that when diluted in assay medium, a
maximum concentration of DMSO of 2% in the assays was
obtained. The solutions were prepared according to Clinical
and Laboratory Standards Institute [21].

Fungal inoculum: Cultures of Candida cells grown for 24 h
on Sabouraud Dextrose Agar (SDA) (HiMedia, Mumbai,
India) at 35 °C were resuspended in culture medium or other
specific solution for each assay. The concentration is adjusted
in spectrophotometer (GT220, Global Trade Technology) at
530 nm at a transmittance (90%) equivalent to 0.5 of the
McFarland Scale (1.0-5.0 x 10° colony forming units per
ml—CFU/ml).

Susceptibility of planktonic and sessile cells The sessile
cells (isolated cells from biofilm) were obtained from biofilms
formed on polyurethane central venous catheters (biofilm was
formed according to “Catheter biofilm eradication” section.
The minimum inhibitory concentration of planktonic cells
(PMIC) and minimum inhibitory concentration of sessile cells
(SMIC) were determined by the broth microdilution method
according to protocol M27-A3 [21]. Concentrations capable
of inhibiting 50% and 100% fungal growth of planktonic cells
(PMICsq and PMIC, ) and of sessile cells (SMICs, and
SMIC, () were determined in order to assess the robustness
of the activity of antifungal agents against both cell types.
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Inhibition of biofilm formation (IBF)

The ability of antifungal agents to inhibit biofilm formation in
96-well polystyrene microtiter plates was evaluated by the tech-
nique of Bachmann et al. and Pippi et al. with modifications [22,
23]. The wells of the microtiter plate were pretreated with anti-
fungal solution in different concentration ranges, where they
remained in contact for 48 h at a temperature of 4-8 °C.
Thereafter, the antifungal agents were removed from the wells
of the plates and washed with sterile distilled water. The fungal
inoculum was prepared in RPMI 1640 medium according to
“Fungal inoculum” section. Then, this inoculum were added to
each well of the plates along with RPMI 1640 medium (1:10 v/v)
for biofilm formation and incubated in an oven for 48 h at 35 °C.
Biofilm biomass was determined by the technique described by
Stepanovic” et al., with modifications [24]. The reading was
performed on a microplate reader (SpectraMax-M2; Molecular
Devices®, USA) at a wavelength of 450 nm.

The concentrations able to inhibit 50% and 90% of biofilm
formation were designated as IBFso and IBFy, respectively.
Inhibition was determined as a percentage relative to the un-
treated control (100%) (according to the Eq. 1, where A is the
absorbance value) [23]. The assay was performed in triplicate.

A450 treated wells
IBF = [1_(A450 untreated WCHS):| x 100 M)

Biofilm removal (BR)

The ability of antifungal agents to remove preformed biofilm
in 96-well polystyrene microtiter plates was evaluated by the
technique of Ramage et al. and Pippi et al. with some modifi-
cations [23, 25]. The inoculum was prepared in 0.85% (w/v)
sterile saline solution (Dynamics, Diadema, Sao Paulo, Brazil)
according to “Fungal inoculum” section, and biofilm forma-
tion was performed in the same way as in “Inhibition of bio-
film formation (IBF)” section. The formed biofilms were treat-
ed with antifungal solutions at concentration ranges deter-
mined for each one. Plates containing the antifungal agents
were incubated for 48 h at a temperature of 35 °C. Biofilm
biomass was evaluated according to the technique described
by Stepanovic et al., with modifications [24]. The reading was
performed on a microplate reader (SpectraMax-M2;
Molecular Devices®, USA) at a wavelength of 450 nm.
Concentrations able to remove 50% and 90% of the
preformed biofilm were designated as BRs, and BRg, respec-
tively. Removal was determined as a percentage of the untreat-
ed control (100%) (according to the Eq. 2, where A is the
absorbance value [23]. The assay was performed in triplicate.

A450 treated biofilm
BR = {1_ <A450 untreated bioﬁlm)] x 100 @

Biofilm susceptibility (BMIC)

The ability of antifungal agents to kill preformed biofilm cells
in 96-well polystyrene microtiter plates was evaluated accord-
ing to Ramage et al., Shuford et al., and Pippi et al. with
modifications [23, 25, 26]. The performance of the test oc-
curred according to “Inhibition of biofilm formation (IBF)”
section, differing only in the final stage of staining. The re-
duction of the metabolic activity of preformed biofilms was
estimated using the vital dye MTT [3-(4,5-dimethyl-thiazol-2-
y1)-2,5-diphenyl-tetrazolium bromide]. The reading was per-
formed on a microplate reader (SpectraMax®) at a wave-
length of 570 nm.

Concentrations able to reduce metabolic activity by 50%
and 90% were designated as BMICs, and BMICy,, respec-
tively. The reduction of the metabolic activity of the treated
biofilms was calculated as a percentage of untreated biofilms
(100%) (according to Eq. 3, where A is the absorbance value)
[23]. The assay was performed in triplicate.

AS570 treated biofilm
BMIC = [1_<A57O untreated bioﬁlm)] X 100 3)

Checkerboard test

The effect of the association between AND and AMB on
Candida biofilms was performed using the Checkerboard
technique, according to Tobudic et al. with modifications
[7]. The activity of inhibition, removal, and reduction of the
metabolic activity of biofilms of the association in 96-well
polystyrene microtiter plates proceeded according to
“Inhibition of biofilm formation (IBF),” “Biofilm Removal
(BR)”, and “Biofilm Susceptibility (BMIC)” sections, respec-
tively. Three strains were evaluated, one of each species: CA
CV42, CT 72A, and CP RL27m. The assays were performed
in triplicate. The fractional inhibitory concentration index
(FICI) for each test was calculated according to the Eq. 4,
where Ac and Bc are the concentrations of the antifungal
agents in combination; Aa and Ba are the concentrations of
the antifungal agents alone.

- ()

For application of the formula, IBFy,, BRs,, and BMICs,
of the antifungal agents alone and in combination were used.
The classification of the association was done according to
Tobudic et al., through the index of fractional inhibitory con-
centration (FICI) [7]. When the FICI value is >4, the combi-
nation is considered antagonistic, when > 0.5 and <4, it is
considered indifferent, and when <0.5, it is considered to be
synergistic.
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Inhibition of biofilm formation in catheter

The ability of antifungal agents to inhibit biofilm formation in
a new polyurethane central venous catheter (Arrow
International, Teleflex Medical, Athlone, Ireland) was evalu-
ated. Sterile catheter samples of 1 cm length were placed in
tubes containing antifungal agents in solution, in fixed con-
centrations, and predetermined for each, for a period of 24 h at
a temperature of 4-8 °C. The preparation of the inoculum was
performed according to “Fungal inoculum” section in peptone
water. Then, this fungal suspension was transferred to a tube
containing peptone water (1:10 v/v). The catheter samples
were taken from the antifungal solution, washed with sterile
water, and were added to the tube containing the inoculum and
incubated for 48 h at a temperature of 35 °C. After, the cath-
eters were washed with sterile water to remove the non-
adherent cells, placed in another tube containing sterile water,
and incubated in an ultrasound bath (USC-700; UNIQUE, Sao
Paulo, Brazil) for 20 min at a power of 40 KHz, to detach the
adhered cells. The same procedures were performed for the
catheter that was exposed to the solution without the presence
of antifungal agent (untreated control). Then, 10 pl of each
tube were drawn and tenfold serial dilutions (up to 10~ were
made. Then, 10 pl directly from the tube containing the cath-
eter and 10 pl of each dilution were seeded on SDA plates and
incubated for 24 h at a temperature of 35 °C. Subsequently, the
CFU/cm? of catheter and percent inhibition of biofilm forma-
tion compared to the untreated control were determined. This
trial was performed in triplicate.

Catheter biofilm eradication

The ability of antifungal agents to remove the preformed bio-
film in a new polyurethane central venous catheter and its
action on the removed cells was evaluated. The assay was
performed according to “Inhibition of biofilm formation in
catheter” section; however, the biofilm was first formed in
the material and after treated with the antifungal agents for
48 h at 35 °C. The catheter samples were placed in tubes
containing sterile water and incubated in an ultrasound bath
for 20 min at a power of 40 KHz to detach the adhered cells.
The same procedures were performed for the untreated con-
trols. From the solutions containing the antifungal agents and
water tubes containing the catheter samples, 10 pL were
withdrawn and tenfold serial dilutions (up to 10~*) were made.
Then, 10 pl directly from the tubes (antifungal and water with
the catheter) and 10 pL of each dilution were seeded on SDA
plates and incubated for 24 h at a temperature of 35 °C.
Subsequently, the CFU/cm? of the catheter and the percentage
of biofilm eradication were determined in relation to the con-
trol without treatment (100%). The assay was performed in
triplicate.
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Inhibition and eradication of catheter biofilms
of the antifungal agents association

The tests were performed according to “Inhibition of biofilm
formation in catheter” and “Catheter biofilm eradication” sec-
tions, respectively, testing fixed concentrations of AND
(0.5 pg mL™"), AMB (2.5 ug mL™"), and AND/AMB (0.5/
2.5 ug mL V. The assays were performed in triplicate.

Antibiofilm activity of the antifungals incorporated
in a film-forming system

This system consists of a hydrogel with low viscosity, which,
in situ, forms a film, increasing contact time [18, 27]. The
film-forming system for use in catheter coating, in order to
prevent the formation of biofilm, was prepared by dissolving
the antifungal agents in DMSO. Then, the antifungal agent
was added to an aqueous solution of Carbopol® 980 polymer
(Wickliffe, Ohio, USA) and Pullulan (Corn Products, Sao
Paulo, Brazil) under magnetic stirring for homogenization.
Pullulan is a polysaccharide with excellent film-forming prop-
erties [28]. After, the pH was adjusted to 5.0-6.0 (as the skin)
using a 9% NaOH solution (Table 1). A film-forming system,
hydrogel type, was obtained in final concentration: AND
(0.5 ug mL ™" and 1 pg mL™"), AMB (2.5 ug mL™"), and
AND/AMB (0.5/2.5 pg mL™"). The ability to inhibit biofilm
formation was tested in a catheter according to “Inhibition of
biofilm formation in catheter” section, with modifications.
The contact time of the catheter with the formulation was
10 min, after which the catheter was removed and left at room
temperature for 30 min, until the formulation dried and formed
a film overlaying the material. Three strains were evaluated,
one of each species: CA CV42, CT 72A, and CP RL27m. The
assay was performed in triplicate.

Characterization of the film forming system

The most effective formulations were characterized by drying
time, stickiness, and surface coating. Drying time was per-
formed according to Schroeder et al., Paradkar et al., Kathe
and Kathpali, and Tran and Tran (2019) with modifications
[29-32]. The objective was to evaluate whether the addition of
antifungal agents to the formulations altered the time required
for drying the coating and, consequently, film formation on
the catheter surface. After drying of the film, the stickiness
was determined according to Schroeder et al., Paradkar et al.,
Kathe and Kathpali, and Tran and Tran with modifications
[29-32]. The objective was to evaluate if the film, after drying,
presents some degree of external adhesion to the device. The
assays were performed in triplicate. Differences in the mor-
phology of the catheter surface coating by the formulations
(AND 1 png mL'; AND/AMB; control sample without coat-
ing and coated with the formulation without addition of
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Table 1  Composition of the film-forming system formulation

Formulations tested Components

Pullulan (mg mL™")  Carbopol 980 (mg mL™") DMSO (%) NaOH 9% Antifungal agent (ug mL™')  Ultrapure water
AND AMB
Control 20 0.65 0.5000 q.s - - q.s
AND? 20 0.65 0.0625 q.s 0.5 - q.s
AND® 20 0.65 0.1250 q.s 1 - q.s
AMB 20 0.65 0.1000 q.s - 2.5 q.s
AND/AMB 20 0.65 0.1625 q.s 0.5 2.5 q.s

Control, formulation without antifungal agent; AND®, anidulafungin (0.5 ug mL™"); AND®, anidulafungin (1 ug mL™'); AMB, amphotericin B
(2.5 ug mL™"); AND/AMB, association of anidulafungin and amphotericin B (0.5/2.5 pg mL™")

Preparation: carbopol and pullulan were dispersed in water with a magnetic stirrer. Then, the antifungal agent was solubilized in DMSO and added to the

aqueous solution. pH was adjusted to 5.0—6.0 with a solution containing 9% of NaOH

antifungal agent) were evaluated by scanning electron micros-
copy. The catheter sample coated with each formulation was
desiccated at critical point and sprayed with gold, and micro-
graphs were obtained by scanning electron microscopy (JSM
6060).

Statistical analysis

In cases where there were three groups to be compared (activ-
ity 50%, 90%, and control), the Levene test was applied, with
significant p < 0.05. Then, when p > 0.05, the data were ana-
lyzed by means of the one-way ANOVA and for the cases
where p <0.05, the analysis was done through the Kruskal-
Wallis test, considering significant p <0.05. The post tests
used were the Tukey multiple comparison test and the Dunn
multiple comparison test, respectively. Mann-Whitney test
was also used in cases where there were two groups (50%
activity and control). The analyses were performed using the
IBM SPSS Statistics 18 software.

Results

The methodological flow to follow each step and the subse-
quent step can be observed in Fig. 1. The concentrations of
SMIC50 and SMIC100 determined in this study showed, in
general, differences in comparison with PMIC50 and
PMIC100, respectively. The reading was performed according
to document M27-A3 (CLSI, 2008) both for planktonic cells
and for sessile cells, for comparison purposes (Table 2).
AND and AMB were the most potent drugs in the biofilms
assays, such as IBF and treatment of preformed biofilm, BF
and BMIC, evaluated in 96-well polystyrene microtiter plates.
Surface pretreatment with AND and AMB was effective,
inhibiting more than 90% of the biofilm formation, in a con-
centration range of 0.125-2 pg mL ™' and 1-40 pg mL ™',

respectively. Treatment of the preformed biofilm required
higher concentrations, so that more than 90% could be re-
moved or significant reduction of metabolic activity can be
observed (>90%). AND, to a part of the strains, was able to
remove more than 90% of the biofilm and to reduce more than
90% of the metabolic activity of the biofilm, in concentrations
in the range of 1-2 pg mL™" and 0.125-2 pg mL™', respec-
tively. The same pattern was observed for AMB in concentra-
tions of 4-40 pg mL " and 1-40 ug mL ™', respectively
(Table 2).

To determine if it would be possible to optimize the activity
of'the two antifungals with the best results obtained in 96-well
polystyrene microtiter plates, AND and AMB, we tested the
effectiveness of their combination, AND (2 pug mL™") and
AMB (20 ug mL ™), evaluating IBFg, BRso, and BMICs.
The association had a FICI of less than 0.5, in the three tests
for all strains, indicating a synergistic activity of this combi-
nation (Supplementary Table 1).

The action of antifungal agents on biofilms formed in cen-
tral venous catheters was superior to that evaluated in 96-well
polystyrene microtiter plates (Table 3 and Table 2,
respectively). AND, in the evaluation of biofilm inhibition,
showed 100% activity for all strains. When biofilm eradica-
tion was evaluated, 100% activity was observed for almost all
strains, being the only exception, the strain RL27m (99.64%).
In the evaluation of the inhibition for the other antifungal
agents, there was a wide variation among the strains, with high
activity of AMB (79.19-100%), VRZ (78.16-100%), and
KTZ (79.73-100%). FLZ was less effective and with wide
variation in relation to other antifungal agents (50-99.74%).
When we referred to the eradication of the preformed biofilm,
the variation was lower, however, the high activity trend of
AMB (81.13-100%), VRZ (97.24-100%), and KTZ (95.88—
99.84%). FLZ again presented lower performance and, again,
greater variability in relation to the others (81.82—100%)
(Table 4).
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Is there a difference between
the susceptibility of planktonic
cells and their respective
sessile cells in relation to the
five antifungal agents?

The antifungal agents are able
to inhibit the formation of the
biofilm in polystyrene
microtiter plates? Which one is
the best?

Fig. 1 Methodological flowchart: rational selection of antifungal agents

The activity in catheter-formed biofilms using the combina-
tion of antifungal agents, AND and AMB, at lower concentra-
tions, demonstrated a considerable increase in the antifungal
activity compared to the isolated agents. Meanwhile, AND at
a concentration of 0.5 pg mL ™" inhibited 37.88-75.96% and
eradicated 69.71-96.97% of the biofilms. The AND tested
alone at 1 pg mL ™" inhibited 100% and eradicated 99.64—
100% of the biofilm. The AMB used without association
showed inhibition of biofilm formation in a range of 49.78—
68.12% and eradication between 61.84 and 96.81%. When
antifungal agents (AND/AMB—0.5/2.5 ug mL™") were asso-
ciated, inhibition of the biofilm was 94.89—100% and eradica-
tion thereof was concentrated in the range of 99.08-100%
(Table 4). The same tendency is observed when the same anti-
fungal agents, in the same concentrations, are incorporated into
a film-forming system formulation and their effectiveness in
inhibiting biofilm is evaluated. While AND without associa-
tion, at a concentration of 0.5 ug mL~!, inhibited 49.58—
70.12%, and at a concentration of 1 pg mLfl, the inhibition
was 90.50-98.26%. On the other hand, AMB had a lower per-
formance, with inhibition within the range of 37.71-73.49%.
Again, the association demonstrated superior outcome, with
significant inhibition efficacy, in a range of 93.41-98.26%
and low coefficient of variation, different from the others,
which presented high coefficients of variation (Table 4).

The time required to dry the catheter surface coating and
film formation occurred within 25 min for both formulation
without addition of antifungal agents and for those containing
AND 1 pg mL™" and AND/AMB (Supplementary Fig 1).
Likewise, the stickiness of the formulation was not changed
with the addition of antifungal agents, a few cotton fibers
adhered after drying for all films (with and without antifungal
agents), with variations between the triplicates of 0-2 adhered
cotton fibers, representing low density of adhered fibers
(Supplementary Fig 2). Scanning electron microscopy
showed that the uncoated catheter presents surface with subtle
porosity (Fig. 2a). The coating material of the formulation
without the addition of antifungal agents presented layers,
covering these pores (Fig.2b). In the formulations with AND
and AND/AMB, it was possible to observe the formation of
interconnected networks on the device surface (Fig. 2c, d,
respectively).
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The antifungal agents are able
to kill the cells present in the
formed biofilm in polystyrene
microtiter plates? Which one is
the best?

In catheter, what is the best
antifungal agent in inhibiting
biofilm formation?

In catheter, what is the best
antifungal agent in biofilm

Can a catheter lining system
prevent biofilm formation?
eradication?

Discussion

Biofilms formed by Candida species represent an important
and serious clinical problem, mainly related to medical de-
vices. Currently, considering the absence of approved
biofilm-specific drugs, the recommendation is to remove in-
fected devices when biofilm infection is suspected. However,
this is not always feasible, and antimicrobial treatment may be
necessary [11, 12, 33]. New strategies to combat these forms
of microbial development are needed. For instance, we em-
phasize the use of currently available antifungal agents in new
drug delivery systems, in order to maximize the efficiency of
the therapy, reducing the biofilm formation and the costs of
long periods of hospitalization [11, 34, 35].

As an initial part of screening for antifungal agents, the
determination of the PMICs and SMICs of the antifungal
agents against the evaluated strains allowed us to observe
the difference between some profiles of susceptibility of
planktonic cells in relation to their respective sessile cells
against the antifungal agents, even if only for some strains.
Thus, the strong tendency of sessile cells to be less susceptible
to antifungal agents, although similar profiles can also be
found [8, 36-38].

Knowing that biofilm is associated with severe prognosis,
since this form of growth is highly recalcitrant to treatments,
the choice of therapy and management strategy to be used
should be studied and rationally selected. Based on this as-
sumption, the initial screening of antifungal performance was
performed by testing using polystyrene microtiter plates, as
the technique is well known and used in the literature, is fast,
inexpensive, easy to use, accurate, and reproducible for sus-
ceptibility testing of Candida spp. biofilms. This evaluation is
benefited by its use coupled with a colorimetric method [25].
The results obtained with polystyrene microtiter plates were
also used as a differentiated type of material to be compared
with the main study material, polyurethane. We evaluated the
same action parameters against biofilm as those used for the
catheter (biofilm inhibition and removal). The incubation of
antifungal agents in the microplates works similarly to the
antimicrobial lock therapy technique on catheter. Surface im-
pregnation can inhibit fungal cell adhesion and also cause
direct inhibitory activity through the release of the drug from
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Table 2  Effects of antifungal agents on planktonic and sessile cells and biofilms of Candida spp
Test Strains Concentration (pg mL ™)
AND FLZ VRZ KTZ AMB
PMICsy PMIC;o9 PMICsy PMICog PMICsqy PMIC;g9 PMICsq PMIC;o9 PMICsq, PMIC(y
Susceptibility of planktonic cells CA CV42 0.00098 0.00780 16 64 0.12500 2 0.06250 32 0.06250 0.12500
CA CV44 0.00098 0.01560 4 >256 0.25000 >64 2 32 0.03125 0.12500
CA DEB23  0.00098 0.01560 16 >256 8 >64 0.12500 32 0.03125 0.12500
ATCC 750  0.00195 0.01560 1 8 0.12500 1 0.06250 8 0.06250  0.25000
CT 72A 0.00195 0.00391 8 128 0.03125 0.25000 0.12500 4 0.06250  0.50000
CTRL104  0.00098 0.00391 2 8 0.50000 4 4 16 0.12500 0.50000
ATCC 22019 0.06250 0.25000 4 8 0.03125 0.12500  0.12500 0.5 0.06250  0.50000
CPRL27m  0.06250 0.12500 64 128 0.50000 2 0.12500 1 0.06250  0.50000
CP RL100 0.01560 0.03125 2 32 0.06250 0.12500  0.12500 2 0.06250  0.25000
Susceptibility of sessile cells SMICso SMIC;g9p SMICsy SMIC;o9 SMICsqg SMIC;o9 SMICso SMICig9p SMICsy,  SMIC
CA CV42 0.00195 0.01560 16 >256 0.12500 >64 8 32 0.12500 0.25000
CA CV44 0.00195 0.01560 16 >256 4 >64 16 32 0.12500 0.25000
CADEB23 0.00391 0.03125 128 >256 32 > 64 4 32 0.06250 0.25000
ATCC 750  0.00781 0.03125 4 32 0.5 64 0.12500 8 0.12500 0.25000
CT 72A 0.00391 0.01560 32 256 0.06250 0.25000  0.50000 4 0.06250 0.25000
CTRL104  0.00195 0.01560 4 64 4 32 1 16 0.12500 0.50000
ATCC 22019 0.12500 0.50000 4 16 0.06250 0.25000  0.12500 0.50000  0.12500 0.50000
CPRL27m  0.06250 0.12500 64 128 0.5 1 0.12500 1 0.06250 1
CP RL100 0.06250 0.12500 32 256 0.06250 0.25000  0.25000 4 0.25000 1
Inhibition of biofilm formation IBFs, IBF,,  IBF5, [IBFy, IBFs, IBFyp  IBFs, IBFy  IBFs,  IBFy
CA CV42 0.01560 0.25000 64 > 640 2 >40 16 >320 0.25000 4
CA CV44 0.03125 0.50000 128 > 640 4 >40 32 >320 0.50000 20
CA DEB23  0.06250 0.50000 64 > 640 2 >40 16 >320 0.25000 4
ATCC 750 0.00781 0.12500 64 > 640 0.5 40 32 >320 0.06250 1
CT 72A 0.01560 0.25000 320 > 640 1 >40 320 >320 0.12500 4
CT RL104 0.00781 0.25000 320 > 640 1 >40 320 >320 0.25000 2
ATCC 22019 0.12500 2 256 > 640 0.25000 >40 8 >320 0.25000 4
CPRL27m  0.12500 >2 > 640 > 640 2 >40 320 >320 2 40
CP RL100 0.12500 1 256 > 640 0.5 >40 32 >320 1 20
Biofilm removal BR50 BRQ() BR50 BR()() BR50 BR()() BR50 BR()() BR5() BR()()
CA CV42 1 >2 640 > 640 8 >40 320 >320 2 >40
CA CV44 2 >2 > 640 > 640 20 >40 >320 >320 8 >40
CADEB23 1 >2 > 640 > 640 2 >40 16 >320 8 >40
ATCC 750  0.06250 1 128 > 640 1 >40 160 >320 0.12500 4
CT 72A 0.25 2 > 640 > 640 2 >40 >320 >320 0.50000 8
CT RL104 0.12500 1 > 640 > 640 4 >40 >320 >320 1 8
ATCC 22019 0.25000 2 320 > 640 1 >40 160 >320 1 20
CPRL27m  0.50000 >2 > 640 > 640 4 >40 >320 >320 4 >40
CP RL100 0.50000 >2 640 > 640 2 >40 160 >320 2 40
Susceptibility of biofilms BMICs, BMICy, BMICs, BMICy, BMICs, BMICo, BMICs, BMICoy BMICs, BMICy,
CA CV42 0.25000 2 640 > 640 4 >40 160 >320 2 40
CA CV44 0.25000 >2 640 > 640 8 >40 320 >320 2 >40
CA DEB23  0.25000 2 640 > 640 0.50000 40 4 320 2 40
ATCC 750  0.01560 0.12500 32 640 0.50000 40 16 320 0.06250 1
CT 72A 0.01560 0.12500 256 > 640 1 >40 160 >320 0.25000 4
CTRL104  0.03125 0.25000 320 > 640 4 >40 320 >320 0.50000 8
ATCC 22019 0.06250 2 256 > 640 0.25000 40 4 320 0.25000 2
CPRL27m  0.25000 >2 > 640 > 640 2 >40 32 >320 2 >40
CP RL100 0.12500 1 128 > 640 1 20 8 320 0.50000 4

AND, anidulafungin; FLZ, fluconazole; VRZ, voriconazole; K7Z, ketoconazole; AMB, amphotericin B.

CA, C. albicans; CP, C. parapsilosis; CT, C. tropicalis

PMICsy and PMIC ), minimum concentration inhibitors able to inhibit 50% and 100% of the planctonic cells respectively

SMICsy and SMIC 9, minimum concentration inhibitors able to inhibit 50% and 100% of the sessile cells respectively

IBFsy and IBF gy, concentration able to inhibit 50% and 90% of biofilm formation respectively

BRsy and BRyy, concentration able to remove 50% and 90% of the formed biofilm respectively
BMICsy and BMICy,, concentration able to inhibit 50% and 90% of the biofilm cellular metabolism, respectively
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Table 3 Effects of antifungal agents on Candida biofilms in central venous polyurethane catheter surface
Test Strains Biofilm Activity (%)
AND FLZ VRZ KTZ AMB
Inhibition of biofilm formation CA CV42 100 97.97 100 100 100
CA CV44 100 50.00 78.16 89.47 98.68
CA DEB23 100 93.73 97.98 97.46 99.96
ATCC 750 100 100 100 93.24 100
CT 72A 100 69.84 79.69 99.62 97.91
CT RL104 100 99.31 98.51 99.56 100
ATCC 22019 100 96.83 99.98 99.98 90.36
CP RL27m 100 99.74 100 99.67 79.19
CP RL100 100 92.95 97.65 79.73 98.72
Average 100 88.93 94.66 95.41 96.09
Coefficient of variation 0 19.52 9.49 727 7.32
Biofilm eradication CA CV42 100 89.54 100 98.95 99,99
CA CV44 100 81.82 99.93 99.89 100
CA DEB23 100 98.40 100 95.88 100
ATCC 750 100 99.79 100 99.79 100
CT 72A 100 99.82 99.45 99.90 100
CT RL104 100 99.04 99.65 99.76 99.36
ATCC 22019 100 100 100 99.94 100
CP RL27m 99.64 82.17 97.24 99.37 98.95
CP RL100 100 90.56 99.94 99.92 81.13
Average 99.96 93.46 99.58 99.26 97.70
Coefficient of variation 0.12 8.16 0.90 1.32 6.38

Biofilm activity (%): percentage of inhibition compared to the control. AND, anidulafungin (1 pg mL™"); FLZ, fluconazole (256 pg mL™"); VRZ,
voriconazole (8 pg mL); KTZ, ketoconazole (32 ug mL'); AMB, amphotericin B (8 pg mL)

CA, C. albicans; CP, C. parapsilosis; CT, C. tropicalis
CFU colony-forming units

the material [13]. The comparison is important, since different
materials/surfaces have significant influence on the architec-
ture, morphology, and thickness of the biofilm formed and,
thus, on its susceptibility profile [39, 40]. Therefore, this com-
parison of both materials was used to evaluate the robustness
of the performance of these antifungal agents.

The biofilm composition of Candida spp. formed in poly-
styrene microtiter plates shows differences related to the spe-
cies, as structure, composition, and adhesion proteins [8, 39,
41-43], reflecting as differences in susceptibility to antifungal
agents. Biofilms of C. albicans were less susceptible, mainly
in relation to the removal and reduction of metabolic activity.
These biofilms are composed of an intricate mesh of yeast
cells, hyphae, and pseudo-hyphae, forming multiple layers
[39, 42]. Thus, taking into account their density, complexity,
and organization, a greater difficulty for antifungal agents to
act on this structure was already expected. We observed, all
biofilms were more susceptible to AND and AMB. The use of
combined antifungal therapies can help in combating these
structures, but is not yet recommended in the clinic [1, 7,

@ Springer

20]. AND and AMB presented the best results on biofilms,
for this reason, we tested its association in 96-well microtiter
plates in order to analyze the possibility of further improving
the action of both, for the purpose of evaluating whether it
would be possible to reduce the concentrations and maintain
their activity [44, 45]. Combination showed FICI less than
0.5, for the three strains tested, indicating a synergistic com-
bination. Valentin et al. demonstrated a reduction in the re-
quired concentration of AND when combined with AMB for
five Candida spp. species [46].

Fungal biofilm susceptibility evaluation in polyurethane
central venous catheters was studied through two approaches:
one of the most common in the management of these catheter-
related infections, such as antibiotic lock therapy (ALT), and
the treatment of the already formed biofilm [37].

The possibility of using ALT, especially in situations where
it is recommended, has growing clinical evidence of success,
and is currently recommended and used in the treatment of
infections of the bloodstream associated with catheterization,
according to the guidelines of the Infectious Diseases Society
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Table4 Effects of antifungal agents alone and in combination, in solution, and in a formulation of a film-forming system on Candida spp. biofilms in

central venous polyurethane catheter surface

Test Strains Biofilm activity (%)
Solution Film-forming system
AND*  AND® AMB  AND/ AND®  AND® AMB  AND/
AMB AMB
Inhibition of biofilm formation CA CV42 37.88 100 59.00 100 70.12 98.26 64.85 98.26
CT 72A 52.70 100 49.78 94.89 49.58 90.50 37.71 93.41
CP RL27m 75.96 100 68.12 95.13 60.37 92.54 73.49 94.62
Average 63.88 100 58.97 96.67 60.03 93.77 58.68 95.43
Coefficient of variation 18.25 0 15.55 2.98 17.12 4.29 31.81 2.64
Biofilm eradication CA CV42 96.97 100 96.81 100 - - - -
CT 72A 69.71 100 61.84 99.91 - - - -
CP RL27m 94.46 99.64 93.90 99.08 - - - -
Average 87.05 99.96 84.18 99.66 - - - -
Coefficient of variation 17.30 0.12 23.05 0.51 - - - -

AND?, anidulafungin (0.5 pg mL™! ); AND®, anidulafungin (1 pg mL'); AMB, amphotericin B (2.5 pug mL™'); AND/AMB, association of

anidulafungin and amphotericin B (0.5/2.5 pg mL™")
CA, C. albicans; CP, C. parapsilosis; CT, C. tropicalis
CFU, colony-forming units

of America [12, 36]. ALT was used because it is an already
well-described technique, that has been gaining prominence,
and is extensively studied. It consists of the diffusion of a high
concentration (up to 1000 times the MIC) of the antifungal
solution alone or in combination with other components in the
lumen of the catheter, leaving it to act for a period that can
vary from hours to days [8, 36, 40]. In ALT, the interaction of
the antifungal agent with the material can alter the surface and
inhibit or hinder cell adhesion or the agent can be released
from the surface and exhibit inhibitory activity on planktonic
cells [13, 22]. The AND showed the best results, with 100%
inhibition of biofilm formation on the catheter, followed by
AMB but with a high coefficient of variation in its results.
Both, AMB at high concentrations such as echinocandins,
despite strongly inhibiting biofilms in biomaterials, complete
action (100%) on biofilm is not commonly reported [8, 36,
44]. Likewise, different authors concluded, through in vitro
and in vivo data analysis, that echinocandins (preferably
micafungin or AND) and AMB (liposomal AMB or AMB
deoxycholate) proved to be very promising strategies for use
in ALT treatment [36, 44, 47]. However, regarding the activity
of amphotericin B, there is no consensus, although numerous
studies have shown good activity of AMB [33, 48]. Due to its
variability, the success rate of this technique changes accord-
ing to the drugs used; in vivo data are limited to case reports
[8, 49].

The combination of AND and AMB was also tested on
polyurethane central venous catheter. AND and AMB alone
demonstrated a significant reduction in activity, in parallel

with the reduction in concentration (AND 1 pg mL ™' and
0.5 ugmL™"; AMB 8 ug mL ™" and 2.5 ug mL™"). Similarly,
Basas et al. demonstrated on silicon disks that AND at a con-
centration of 1 ug mL™" was able to eradicate at least 90% of
the biofilm; however, when at lower concentrations (0.125—
0.25 pug mL ™), efficacy was reduced to about 50% of eradi-
cation [50]. Then, the association of AND and AMB in the
lower concentrations was evaluated and a significant increase
in activity was observed: above 90% of activity on biofilms.
The synergistic action is most likely due to the different targets
on which these antifungal agents act. AND has its mechanism
of action on one of the major enzymes involved in fungal cell
wall biosynthesis, 1,3-3-D-glucan synthase, in order to com-
promise the synthesis of 1,3-3-D-glucan, an important poly-
saccharide structural component of the fungal cell wall [34,
51]. The action of AND culminates in the loss of cell wall
integrity and facilitates the entry and action of AMB on the
fungal cell, since this has direct interaction with ergosterol, an
essential component of the fungal cell membrane [11, 34, 48,
52]. AND causes severe stress on the cell wall, leading to lysis
of fungal cells. Also, there is the action of AMB, which results
in pore formation, membrane permeabilization, and leakage of
cytoplasmic content, leading to fungal cell death, even both at
low concentrations [34, 51, 52].

Among the tested agents, AND has also shown best results
with less variability on mature biofilm eradication (~100%
activity for practically all strains). Despite the success in bio-
film eradication demonstrated by most of the tested antifungal
agents, the challenge of mature biofilms in the clinic is still
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Fig.2 Scanning electron microscopy of polyurethane catheter samples. a
Uncoated device surface (arrow indicates subtle porosity of the catheter
surface). b Surface coating by the formulation film without the addition of
antifungal agent (arrows indicate the covering of the catheter surface in
the form of layers). ¢ Device surface covered by formulation film
containing anidulafungin (AND) 1 pg mL™! (the arrows indicate the

largely unknown. Biofilm formation by Candida spp. varies
depending on the type of material in which it grows [53]. Both
ALT and the treatment of biofilms already formed on bioma-
terials with antifungal agents have proved to be possible strat-
egies to combat biofilm. Although, as a whole, the already
formed biofilm is more difficult to handle. In addition, the
tested compounds had access to the biofilm formed in the
catheter as a whole. It is known that the intraluminal formation
and the difficulty of these drugs in accessing the biofilms
in vivo represent important factors related to therapeutic fail-
ure [36]. This fact shows the need to develop a new strategy to
combat this type of fungal growth.

The ALT treatment strategies, despite being successful, use
large doses of these agents, and their activity is restricted to the
biofilm formed in the catheter lumen. Moreover, biofilm infec-
tions involving the tip of the catheter or the external surface and
adjacent tissues may contribute to an increase in the failure rate
[33, 44, 49]. Thus, strategies for coating catheters to prevent the
initial fixation of fungal (microbial) cells on their surface in order
to prevent biofilm from becoming established are important [15].
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covering of the catheter surface in the form of very irregular networks,
the pores on the surface of the device are not observed). d Catheter
covered by anidulafungin/amphotericin B (AND/AMB 0.5/
2.5 pg mL ") formulation (arrows indicate the coverage of the catheter
surface in the form of a very irregular mesh, the pores on the surface of the
device can be observed)

In this context, the development of a film-forming system incor-
porated with the most active studied compounds, is justified.

Hydrogels and gels containing AMB have already been pre-
sented as formulations with high local in vitro antifungal capacity
and in the treatment of vascular catheters involving biofilms of
Candida spp. with good activity, however, at higher concentra-
tions than those used in this study [15, 49]. The performance of
the AMB-containing film-forming system tested in this work is
largely due to its low dose in the formulation since it was previ-
ously shown that the AMB activity in biofilms requires high drug
concentrations.

The promising attribute of these antifungal formulations
was demonstrated by their ability to inhibit biofilm formation.
The formulations containing the combination of drugs and the
one containing 1 pg mL ™' of AND presented the best results.
These formulations had low variability and inhibition above
90% (90.50-98.26% and 93.41-98.26%, respectively). The
combination has the advantages of reducing the development
of resistance and the required concentrations of antifungal
agents [54].
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In a similar idea, Zhou et al. tested three formulations of
antibacterial hydrogel, which were used in the catheter coating
and showed up to 99.6% activity for the bacterial biofilm [55].
Chitosan hydrogels follow the same principle in medical de-
vices and are very effective in controlling the formation of
biofilms of numerous Candida species including in vivo rat
model assays [36, 40]. However, all formulations previously
tested by other authors have composition that differs from the
formulation presented in this study. The formulation tested in
this study polymerizes to form a film in situ and it has an easy
fabrication method, proving to be promising [17, 31]. In ad-
dition, the formulation showed no changes in drying time or
stickiness with the addition of different antifungal agents,
demonstrating that, in practical criteria, there is no significant
influence by these antifungal agents.

The use of hydrophilic polymers, such as Carbopol, allows
diffusion of the compound to the film surface [56]. The mi-
crographs obtained show that the device without coating by
the film forming system presents surface with subtle porosity,
which are structures that can facilitate the installation of the
microorganism for later formation of the biofilm. The film
formed by the formulation without the addition of antifungal
agents showed the ability to cover the pores of the device by
forming layers on its surface. The addition of antifungal
agents modifies the morphology of this coating film, which
can be observed in the form of networks that interconnect and
extend across the catheter surface. Although in the film con-
taining the combination (AND/AMB), the mesh formed did
not clog the pores on the device surface; the film efficiently
deposited on it as observed by the activity profile. Thus, the
formulation, besides covering the catheter surface and modi-
fying the interaction of the fungus with the device while
inhibiting the adhesion of fungal cells, can, still, gradually
release the antifungal agent, prolonging the time of action
[13, 56]. Although there is a micromorphological change in
the coating film, the macromorphology remains visually un-
changed (film with and without antifungal agents) and phys-
ical properties are also maintained. Thus, a new biofilm-
fighting strategy based on an antimicrobial system is pro-
posed. This formulation has a high promising value as it can
provide prolonged contact time of the drug against fungal
cells, providing increased biofilm prevention efficacy [18].
The formulation is able to maintain the activity of the incor-
porated antifungal agents [27] and in case of this study, was
able to maintain the excellent performance of the antifungal
agents in inhibiting biofilm formation.

Conclusion

Considering the results obtained, we can conclude that there is
an indirect influence of the species involved with the suscep-
tibility in relation to the different treatment approaches, as well

as the properties of the surface on which the biofilm is formed,
and thus, on susceptibility to antifungal agents. The AND
demonstrated superiority over the other antifungal agents;
AMB also showed considerable activity, however, in high
concentrations, which is related to toxicity, mainly
nephrological. Due to the synergistic activity presented, the
AND/AMB combination allows to reduce the concentrations
of both, favoring the profile of lower toxicity and cost and
reducing the development of resistance, proving to be the best
option in the therapy of biofilm-related infections. The formu-
lation of the combination showed great potential for use in
biofilm prevention, with potential for inhibition greater than
90%. In addition to this novel formulation maintaining the
activity of the antifungal agent in relation thereto in solution,
the film forming system has the ability to prolong the contact
time of the surface with the antifungal agent due to the forma-
tion of the film, thereby also the time of counted with the
fungal cells, preventing their adherence. Thus, it may repre-
sent a promising alternative for future studies of its potential
for clinical use in the prevention of Candida spp. biofilm.
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