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Abstract

Background: Biofilm formation is a vital feature of the pathogenesis in filamentous fungi.
Objectives: Herein, we investigated in vitro antifungal pattern of biofilm of filamentous species keratitis isolates, and the effect of
different concentrations of voriconazole on biofilm morphology changes using scanning electron microscopy.
Methods: Here 25 ocular fungal isolates were included (Fusarium solani; (n = 15) and Aspergillus flavus; (n = 10). We determined the
biofilm formation of isolates in terms of their susceptibilities to different antifungals on sessile cells. This procedure was performed
according to CLSI-M38-3rd. Biofilm morphology changes revealed with scanning electron microscopy (SEM).
Results: Twelve F. solani strains displayed the capacity to form biofilms from patients wearing contact lenses, while 8 A. flavus strains
were recovered from cornea scrapings of trauma. Itraconazole, posaconazole and natamycin had the maximum activity against
biofilms of all tested filamentous strains (MIC ranging from 0.031 - 0.25 µg/mL, 0.031 - 0.25 µg/mL and 2 - 4 µg/mL), respectively.
Three F. solani and one A. flavus strains showed the high MIC values against voriconazole (MIC ≥ 1 µg/mL). Posaconazole revealed
the lowest MIC values against biofilms of two strains (MIC ranging from 0.031 - 0.25 µg/mL); however, no significant difference was
observed for itraconazole (P > 0.05). The efficacy of 16µg/mL and 4µg/mL of voriconazole was confirmed for biofilm of F. solani and
A. flavus, respectively. The considerable changes in the morphologies of improved biofilms were seen by SEM.
Conclusions: For the successful treatment of fungal biofilm infections, it was necessary to have knowledge of the mechanism of
action, penetration rates, and therapeutic concentrations of drugs.
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1. Background

Corneal opacities, which tend to be caused by infec-
tious keratitis, are the fourth common reason for blind-
ness globally (1). Keratitis is a condition in which the
cornea becomes inflamed (2). Fungal keratitis (FK) is an oc-
ular infection that is responsible for 1 - 44% of all infectious
keratitis cases, depending on the geographic region (3).
The rising cases of FK in 2005, due to the growing number
of contact lens wearers, highlighted clinical importance
(4).

These patients may develop some severe complica-
tions, such as glaucoma, iris atrophy, cataract, cornea per-
foration, and endophthalmitis (5). In addition to the clin-
ical and paraclinical diagnosis challenges, the manage-
ment of FK is also difficult (5). Fusarium species (spp.) and

Aspergillus spp. are the most common etiological agents of
fungal keratitis (6).

Biofilm formation is a vital feature of the pathogenesis,
especially in filamentous (7). Fungal cells in biofilms pro-
vide such advantages as increased resistance to stresses,
protection, and metabolic interaction among the cells (8).
Infections related to biofilm development have been re-
ported to be severe clinical challenges (8).

2. Objectives

This research was designed to (A) in vitro antifun-
gal pattern of biofilm of both Fusarium and Aspergillus
species keratitis isolates, and (B) the effect of different con-
centrations of voriconazole (VCZ) on biofilm morphology
changes using scanning electron microscopy (SEM).
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3. Methods

3.1. Strains Source and Primary Identification

Twenty five ocular fungal isolates were restored from
a previously conducted study, including 10 archived As-
pergillus flavus isolates and 15 archived Fusarium solani iso-
lates from patients wearing cornea scrapings of trauma
and contact lens, respectively. The molecular identi-
fication and differentiation of isolates were proved by
PCR amplification of translation elongation factor (TEF)-
1α (TEF- 1α forward: GTAAGGAGGACAAGACTCACC; TEF- 1α
reverse: GTAAGGAGGACAAGACTCACC) and ITS1-5.8S rDNA-
ITS2 regions (ITS1-forward: 5’-TCCGTAGGTGAACCTGCGG-3’
and ITS4-reverse: 5’-TCCTCCGCTTAT TGATATGC-3’), respec-
tively (8).

3.2. In vitro Biofilm Formation

Each strain was primarily inoculated onto Sabouraud
Dextrose Agar (SDA, Merck, Germany) at room temperature
for 4 - 7 days.

As described previously, the biofilm-formation ability
of the strains was replicated twice using the crystal violet
staining method (9). Briefly, the conidial suspension was
adjusted to 1 × 106 CFU/mL in phosphate-buffered saline
(PBS). Afterward, 100 µL of any suspension was dropped in
a tube containing 1.5 mL of Sabouraud Dextrose Broth (SDB,
Merck, Germany) and were incubated for 24 h at 37°C. Sub-
sequently, 200 µL aliquot of diluted suspension (ratio 1:20
in SDB), was inserted to wells of 96-well microtiter plate
(Roskilde, Denmark). After incubation of microplate for 24
h at 37°C, it was washed with PBS (3 times) and reversed to
drain. At the next stage, 200 µL of crystal violet (1%) was
added to each well. After incubation for 15 min at 25°C, the
microplate was again rinsed thrice with PBS. Finally, 200
µL of a mixture (ethanol: acetone; 80:20 w/v) was added to
each well. The percent transmittance (%T) value (450 nm)
was read with a plate reader (Bio-Rad, USA). The biofilm
production was scored as + (%Tbloc 5 - 20), ++ (%Tbloc 20 - 50),
+++ (%Tbloc > 50) and negative (%Tbloc < 5). Candida parap-
silosis (ATCC 22019) with %Tbloc 5 - 20 was regard as a positive
quality control (9).

3.3. Determination of Minimum Inhibitory Concentration

Herein, antifungal agents consisted of itracona-
zole (ICZ), posaconazole (PCZ), and voriconazole (VCZ),
natamycin (NAT). All antifungal agents were purchase
from Sigma-Aldrich, USA. In vitro susceptibility of the
sessile cells was tested according to CLSI-M38-3rd ed (10,
11). The MIC50 and MIC90 values were defined as the MICs
required to inhibit the growth of 50% and 90% of the
isolates, respectively (10).

To investigate the antifungals agents on biofilms, first,
the existence of F. solani and A. flavus biofilms were con-
firmed on the disks in microplates (11). So, volume of 200
µL of the prepared fungal suspensions (1×106 CFU/mL in
PBS) was added and incubated at 37°C for 24 h.

Then PBS was used for removing non-adherent cells.
200 µL of RPMI 1640 medium, containing different anti-
fungal concentrations, was added and incubated at 37°C
for 48 h. Dilutions ranging of drugs from 4 to 0.0312µg/mL
were tested. The negative control included a well contain-
ing 200 µL of RPMI (11).

The effects of antifungals agents on the in
vitro biofilms were determined with MTT (3-[4,5-
dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide)
assay (Sigma-Aldrich, USA), as previously described (12).
25 µL of RPMI containing MTT (5 mg/mL) was added to
each well and incubated at 37°C for 3 h. The content of
each well was removed and then 200 mL of isopropanol
was added to remove the MTT. The optical density (OD),
after a 30-min incubation at 25°C, was measured with a
spectrophotometer (PD-303, Netherlands) (12).

3.4. Scanning Electron Microscopy

The morphological changes of strains in the biofilm
structure were observed with scanning electron micro-
scope (AIS2100, Seron Technology, South Korea) after ex-
posed to different VCZ concentrations.

All strain biofilms were grown on disks in 12-well mi-
croplates for 24 h. After washing with PBS, different VCZ
concentrations (1, 4, and 16 µg of VOR/mL of RPMI 1640)
were added to disks in well microplates and incubated at
35°C for 48 h. The VCZ concentrations were chosen based
on the MIC range results obtained in the susceptibility test-
ing assays. Untreated samples (without drug), as a control,
were incubated in RPMI 1640 without VCZ. Then disks were
washed with PBS and fixed in 2.5% (v/v) glutaraldehyde (100
mM phosphate buffer solution, pH 7.2) for 3 hours, fol-
lowed by 1% (w/v) osmium tetroxide for 1 hour. Dehydra-
tion of the agar blocks was performed by a graded series of
ethanol (30, 50, 60, 70, 80, 90, 95, and 100%; for 15 minutes)
and ethanol: isoamyl acetate (3:1, 1:1, 1:3, and 100% isoamyl
acetate twice for 30 minutes). The agar blocks were dried
with liquid CO2 in a critical-point dryer (Sc7620, Emitech,
England) and coated with a gold-coater for 5 minutes. Fi-
nally, the coated disks were imagined with an accelerating
voltage of 9 kV (13).

3.5. Statistical Analysis

The data were analysed in GraphPad Prism Software
(version 8.3.0), using two-tailed test. P-values of ≤ 0.05
were considered significant.
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4. Results

4.1. Biofilm Formation

Out of 25 tested isolates, 12 F. solani and 8 A. flavus
strains displayed the capacity to form biofilms as +++
(%Tbloc > 50).

4.2. Antifungal Susceptibility Testing

The MIC value (in µg/mL) of filamentous strain
biofilms to antifungal agents are shown in Table 1. ICZ, PCZ
and NAT had the maximum activity against biofilms of all
tested filamentous strains (MIC ranging from 0.031 - 0.25
µg/mL, 0.031 - 0.25 µg/mL and 2 - 4 µg/mL), respectively.
As Table 1 summarizes, PCZ showed the lowest MIC values
against biofilms of all strains (MIC ranging from 0.031-0.25
µg/mL); however, no significant difference was observed
for ICZ in this regard (P > 0.05). However, they tended to
be less susceptible to VOR than to the other agents. Three F.
solani and one A. flavus strains showed the high MIC values
against VCZ (MIC ≥ 1).

4.3. Biofilms by SEM

The disks were exposed to three different VCZ concen-
trations (1, 4, and 16 µg/mL) and compared to the controls.

Figures 1 and 2 show SEM pictures of biofilms formed
by F. solani and A. flavus, respectively. The biofilm architec-
ture of the F. solani control (untreated) was highly mixed,
comprised of a compact layer of yeasts, pseudo hyphae,
and hyphal forms. A few typical microconidia, fusion of
abundant hyphae with a well-defined septum, and macro-
conidia containing new conidia aggregated and associated
with apical growth are depicted in Figure 1A. After exposure
to VCZ, biofilms of F. solani showed fewer conidia, most of
the hyphae appeared to be thinner after the 1µg/mL treat-
ment (Figure 1B). Lesser extent hyphae were also observed
after the 4µg/mL treatment (Figure 1C). Biofilms exposed
to 16µg/mL VCZ contained substantially fewer conidia (i.e.,
they were smaller than those observed at 1 and 4 µg/mL)
than untreated biofilms; however, seemed completely af-
fected by VCZ treatment (Figure 1D).

Unlike F. solani, A. flavus exhibited architecture con-
taining abundant conidia (irregular groupings of micro-
conidia) and few filamentous forms in control (Figure 2A).
No significant changes in morphology were observed in
the presence of 1 µg/mL VCZ (Figure 2B). All of the conidia
revealed collapsed cell walls after exposure with 4 µg/mL
VCZ, and degenerated hyphae were completely observed
(Figure 2C). There was less outcome on conidial and hyphal
morphology at 16 µg/mL VCZ and biofilms appeared mor-
phologically highly similar to untreated biofilms; never-
theless, density and accumulation of conidia and hyphae
became much lower (Figure 2D).

Table 1. Minimum Inhibitory Concentration (µg/mL) of Antifungal Agents Against
Fusarium solani (N = 12) and Aspergillus flavus (N = 8) Biofilms a

Isolates

F. solani A. flavus

Natamycin

MIC range 2 - 4 2 - 4

≤ 16 µg/mL 12 (100) 8 (100)

≥ 32 µg/mL - -

MIC50 4 2

MIC90 4 4

Itraconazole

MIC range 0.125 - 0.25 0.125 - 0.25

≤ 0.25 µg/mL 12 (100) 8 (100)

≥ 0.5 µg/mL - -

MIC50 0.125 0.125

MIC90 0.25 0.25

Voriconazole

MIC range 0.25 - 4 0.125 - 1

≤ 0.5 µg/mL 9 (75) 7 (87.5)

≥ 1 µg/mL 3 (25) 1 (12.5)

MIC50 0.5 0.5

MIC90 2 0.5

Posaconazole

MIC range 0.125 - 0.25 0.031 - 0.25

≤ 0.5 µg/mL 12 (100) 8 (100)

≥ 1 µg/mL - -

MIC50 0.125 0.062

MIC90 0.25 0.25

a Values are expressed as No. (%) unless otherwise indicated.

The growth of Aspergillus niger on polyester mesh
squares described biofilm formation by filamentous fungi
(14), and the growth of Aspergillus fumigatus was revealed
by scanning electron microscopy and laser scanning con-
focal microscopy (LSCM) (15, 16). Biofilm formation of F.
solani and F. oxysporum was analyzed by antibiotic suscep-
tibility and LSCM (17).

Although the resistance mechanisms of filamentous
species have not been completely elucidated, a hypothe-
sis proposes that sessile cells are in a biofilm population
which permanently bound to a surface and inserted in an
exopolymeric background (18). Sessile cells are extremely
resistant to the host defense mechanisms and to antifun-
gal agents (19).

In this study, the ability of biofilm formation of F.
solani and A. flavus strains, extracted from the fungal ker-
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Figure 1. Scanning electron micrographs of preformed Fusarium solani biofilms in the presence of different voriconazole concentrations. (A) F. solani biofilm control (without
drug); (B through D) F. solani biofilms after exposure to voriconazole at 1 µg/mL, 4 µg/mL, and 16 µg/mL, respectively (1000 and 5000×magnification). (E) Macroscopic and
(F) Microscopic observation.
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Figure 2. Scanning electron micrographs of preformed Aspergillus flavus biofilms in the presence of different voriconazole concentrations. (A) A. flavus biofilm control (without
drug); (B through D) A. flavus biofilms after exposure to voriconazole at 1 µg/mL, 4 µg/mL, and 16 µg/mL, respectively (1000 and 5000×magnification). (E) Macroscopic and
(F) Microscopic observation.
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atitis, had been compared with the investigation of their
metabolic activity using the crystal violet staining method.
The susceptibilities of sessile cells of A. flavus and F. solani
were evaluated against the antifungals NAT, ICZ, VCZ, and
PCZ.

Based on the results of this study, the biofilm forma-
tion of all tested isolates varied to great degrees. Accord-
ingly, the complete biofilm of both filamentous fungi iso-
lates could increase resistance to VCZ. These results are in
line with those of a study indicating that the sessile cells
of F. solani and F. oxysporum were less sensitive to NAT and
VCZ (20). The initial and mature phases of Candida albi-
cans biofilm had a significant difference with the values of
the MICs, associated with their differential genes expres-
sion and resistance to the evolution of maturation of the
biofilm (21).

The findings disclosed that the ability of biofilm forma-
tion was higher in F. solani strains than in A. flavus strains.
This result is consistent with Chang et al. study that the
ability of Fusarium to form biofilms on case wearing con-
tact lenses might play the main role in the outbreak (22).

ICZ, PCZ and NAT had the maximum activity against
biofilms of all tested filamentous strains (MIC ranging
from 0.031 - 0.25 µg/mL, 0.031 - 0.25 µg/mL and 2 - 4
µg/mL), respectively. PCZ releaved the lowest MIC values
against biofilms of all strains (MIC ranging from 0.031 - 0.25
µg/mL); however, no significant difference was observed
for ICZ in this regard (P > 0.05).

However, they tended to be less susceptible to VOR than
to the other agents. Three F. solani and one A. flavus strains
showed the high MIC values against VCZ (MIC ≥ 1).

It was also found out that ICZ and PCZ were more ac-
tive against sessile cells, while VCZ exhibited less activity
against biofilms of strains.

In this respect, VCZ 1% and topical amphotericin B (0.3 -
0.5%) are recommended as alternative drugs. The deep pen-
etration of topical VCZ to ocular is considered a consider-
able advantage (23). However, there is a studies revealing
much better consequences in patients treated with NAT,
compared to those of VCZ treatment (24-26). Wu et al. re-
ported that VCZ had an extensive therapeutic scope cover-
ing filamentous and yeast fungi. VCZ revealing a suitable
penetration to ocular, was used as an adjunct therapy to
NAT in case of refractory to topical NAT (27). Although NAT
shows poor activity against Aspergillus, NAT and VCZ have
recently been the only FDA-approved drugs for the remedy
of fungal infections caused by Fusarium spp. (28). Herein,
VCZ showed resistance (≥ 1 µg/mL) against Fusarium and
Aspergillus biofilms.

Mukherjee et al. predicted that efflux pumps had a vi-
tal role in azole resistance in the initial phase of Candida
biofilm formation due to an alteration in sterol composi-

tion at the middle and complete phases (29). However, the
basis for such differences has not been clarified. In another
study, it was revealed that the less susceptibility to VCZ in
Fusarium biofilms might be attributed to the upregulation
of efflux pumps (29).

Based on the results of this study, the role of biofilm
formation on resistance to antifungal agents was different,
that is to say, although all of them were susceptible to NAT,
ICZ, and PCZ, they exhibited different susceptibility to VCZ.

The persister cells are phenotypical variants of the wild
type in biofilm structures and able to survive in spite of the
presence of different concentration of antifungals (30).

Herein, the researchers used SEM to imagine morpho-
logical changes after exposure to VCZ. The value of 16
µg/mL VCZ was approved for sessile cells of F. solani with
fewer conidia than untreated biofilms.

The SEM images indicated that 4 µg/mL VCZ caused
considerable variations in the morphologies of preformed
A. flavus biofilms, with the presence of collapsed conidia
and degenerated hyphae. Biofilm morphological changes
of A. fumigatus associated with the interaction of Staphylo-
cocccus aureus have been described previously (31). How-
ever, to the best of our knowledge, this survey prepares the
first detailed SEM image analysis of F. solani and A. flavus
biofilms adherent to disks. Fungal biofilms are among the
dangerous medical problems worldwide since they can ad-
here to medical devices and acquire resistance to antifun-
gal agents, and turn to infections extremely difficult to be
eradicated. The ability of Fusarium strains and Aspergillus
strains to form biofilms may lead to difficulty in the clinical
management of keratitis. Therefore, it is recommended to
know remedial concentrations of VCZ show potent in vitro
activity against filamentous fungi biofilm and to have a
knowledge of the mechanism of action, penetration rates,
and therapeutic concentrations of drugs.
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