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Abstract: C. albicans and C. parapsilosis are biofilm-forming yeasts responsible for bloodstream in-
fections that can cause death. Synthetic antimicrobial peptides (SAMPs) are considered to be new
weapons to combat these infections, alone or combined with drugs. Here, two SAMPs, called Mo-
CBP3-Pepl and Mo-CBP3-Peplll, were tested alone or combined with nystatin (NYS) and itraconazole
(ITR) against C. albicans and C. parapsilosis biofilms. Furthermore, the mechanism of antibiofilm activ-
ity was evaluated by fluorescence and scanning electron microscopies. When combined with SAMPs,
the results revealed a 2- to 4-fold improvement of NYS and ITR antibiofilm activity. Microscopic
analyses showed cell membrane and wall damage and ROS overproduction, which caused leakage of
internal content and cell death. Taken together, these results suggest the potential of Mo-CBP3-Pepl
and Mo-CBP3-PeplIl as new drugs and adjuvants to increase the activity of conventional drugs for
the treatment of clinical infections caused by C. albicans and C. parapsilosis.

Keywords: antibiofilm activity; candidiasis; synergism; synthetic peptides; antifungal drugs

1. Introduction

Biofilms are established by microbial cells on an inert or living surface, promoting the
development of microcolonies with polymeric matrices and enhancing the resistance to
various antimicrobial agents [1,2]. Candida species are biofilm-forming yeasts responsible
for up to 15% of hospital-acquired cases of sepsis [3]. A mature biofilm produced by Candida
spp. consists of an extracellular matrix composed of glycoproteins (55%), carbohydrates
(25%), lipids (15%), and nucleic acids (5%) [4]. The National Institute of Health (NIH) in
the USA considers biofilms to be a public health problem and estimated that they can
be responsible for 80% of the difficulties in curing human infections [1,2,4,5]. The most
susceptible people are immunocompromised patients, AIDS+ patients, patients under
chemotherapy treatment or immunosuppressive therapies, and patients fitted with medical
devices (catheters, pacemakers, and heart valves) [6,7].

C. albicans and C. parapsilosis are common opportunistic fungal pathogens that asymp-
tomatically colonize the mucosal surfaces and skin of healthy individuals. However, in
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some circumstances they can cause an infection called candidiasis [8]. In addition, C. albi-
cans and C. parapsilosis are responsible for bloodstream infections termed candidemia, which
are common in immunocompromised patients, including those in intensive care units [9].
Currently, the treatment of infections caused by C. albicans and C. parapsilosis involves the
use of antifungal agents that interrupt different metabolic pathways of the cell. However,
some studies have reported Candida resistance to these antifungal molecules [10-12]. A
study by Katiyar and collaborators [13] described Candida clinical isolates that contain
genes responsible for resistance to some commercial antifungal agents [13]. To counter
this problem, synthetic antimicrobial peptides (SAMPs) have been described as new alter-
natives, either alone or combined with commercial antifungal drugs, to control Candida
infection and overcome the pathogens’ resistance [1]. SAMPs have some important antimi-
crobial characteristics found in natural antimicrobial peptides, such as positive net charge,
a-helical structure, low molecular weight (600-1200 Da), high hydrophobic ratio (40-60%)
and amphipathicity [1,14].

Recently, our research group designed, characterized, and evaluated the antimicrobial
activity of two synthetic peptides, called Mo-CBP3-Pepl (CPIAQRCC) and Mo-CBP3-Peplll
(AIQRCC). These peptides were designed based on the structure of Mo-CBP;3, a chitin-
binding protein purified from Moringa oleifera seeds [15,16]. The anticandidal activity and
mechanism of action of these peptides were evaluated by Oliveira et al. (2019) and Lima
et al. (2020). Therefore, the aim of this study was to evaluate the antifungal activity and
action mechanism of Mo-CBP3-Pepl and Mo-CBP3-Peplll, alone or combined with NYS
and ITR, against C. albicans and C. parapsilosis biofilms.

2. Results
2.1. Antibiofilm Activity of Synthetic Peptides and Two Commercial Drugs

The activities of Mo-CBP3-Pepl and Mo-CBP3-PepllI (50 g mL~') against C. albicans
and C. parapsilosis biofilms are shown in Figure 1. The biofilm formation of C. albicans
was inhibited 10% by Mo-CBP3-Pepl, whereas Mo-CBP3-Peplll did not show any activity.
Interestingly, the commercial drugs ITR and NYS inhibited biofilm formation by only 7%
and 40%, respectively (Figure 1A). Regarding the synergistic effect, the combination of both
peptides Mo-CBP3-Pepl and Mo-CBP3-Peplll with ITR or NYS significantly enhanced the
inhibition of C. albicans biofilm formation. For instance, the two peptides combined with
NYS increased the inhibition of C. albicans biofilm formation by 40% to 80% (Figure 1A). ITR
and NYS inhibited C. parapsilosis biofilm formation by 45% and 43%, respectively. In con-
trast, Mo-CBP3-Pepl and Mo-CBP3-Peplll inhibited this by only 15% and 25%, respectively
(Figure 1B). On the other hand, combinations of Mo-CBP3-Pepl + ITR, Mo-CBP3-Peplll +
ITR, Mo-CBP3-Pepl + NYS, and Mo-CBP3-Peplll + NYS inhibited the biofilm formation by
about 98%, 96%, 79%, and 82%, respectively (Figure 1B).

Regarding the degradation of mature C. albicans biofilm, ITR and NYS decreased
the biofilm mass by about 50% and 30%, while Mo-CBP3-Pepl and Mo-CBP3-PeplIl only
degrading it by 60% and 30%, respectively (Figure 1C). Remarkably, the combinations Mo-
CBP3-Pepl + ITR and Mo-CBP;3-Peplll + ITR did not have any effect (Figure 1C). However,
the combinations Mo-CBP3-Pepl + NYS and Mo-CBP3-Peplll + NYS degraded 85% and
50% of the mature C. albicans biofilm (Figure 1C). Concerning the degradation of mature
C. parapsilosis biofilm, only the combination Mo-CBP3-Pepl + NYS showed activity, reducing
the biofilm biomass by 50% (Figure 1D).

2.2. Analysis of Candida Biofilm Morphology

Scanning electron microscopy (SEM) was used to evaluate damage to C. albicans and
C. parapsilosis biofilms after all treatments (Figures 2 and 3). The control cells did not
show any damage or alterations on the surface; only spherical-shaped cells were observed
without cracks or scars. The treatment with peptides or drugs caused only mild damage,
such as wrinkles and slight changes to the morphology of cells, which had a very similar
appearance to the control (Figures 2 and 3). In contrast, the combination of both peptides
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with the two drugs caused a significant reduction in the mature biofilm compared to
control, and it was possible to see damage such as small blebs, new buds, scars, and rings of
truncated bud scars. Mo-CBP3-Pepl + NYS and Mo-CBP3-Peplll + NYS were by far the most
lethal to C. albicans and C. parapsilosis. In those treatments, the cells were greatly damaged,
with high roughness levels, severe alterations in morphology, and a clear indication of cell
lysis leading to loss of cytoplasm (Figures 2 and 3).

Figure 1. (A,B) Inhibitory activity of biofilm formation and (C,D) degradation of mature biofilm
of C. albicans and C. parapsilosis. DMSO-NaCl was used as a negative control and ITR and NYS as
positive controls. The letters represent the mean =+ standard deviation of three replicates. Different
lowercase letters indicate a statistically significant difference compared to DMSO-NaCl by analysis of
variance (p < 0.05).

Because Mo-CBP3-Pepl + NYS showed the best inhibitory activity against biofilm
formation, this sample was chosen to investigate alteration of mature biofilms of C. albicans
and C. parapsilosis (Figure 4). The control biofilm (treated with DMSO-NaCl) did not present
any damage, while the biofilms treated with NYS or Mo-CBP;3-Pepl presented mild damage,
such as altered morphology and wrinkles, distortion, and apparent reduction in biomass
compared to the controls. However, Mo-CBP3-Pepl + NYS was highly lethal to mature
C. albicans and C. parapsilosis biofilms (Figure 4). These biofilms had a large reduction in
biomass, as well as severe cell damage, such as depression-like cavities and damage to the
cell wall, alterations in cell shape, wrinkles and scars, and loss of internal content (Figure 4).

(TR

F Y

Itraconazole

Figure 2. Cont.



Antibiotics 2022, 11, 553 40of 16

Mo-CBPs-Pepl | Mo CBP3-PepIII ___Mo-CBPs-Pepl + ITR

Figure 2. SEM images showing C. albicans biofilms after treatment with ITR, NYS, Mo-CBP;3-Pepl,
Mo-CBP3-Peplll, and their combinations. Control: DMSO-NaCl solution.

Control Itraconazole (ITR

Figure 3. SEM images showing C. parapsilosis biofilms after treatment with ITR, NYS, Mo-CBP3-Pepl,
Mo-CBPj3-Peplll, and their combinations. Control: DMSO-NaCl solution.
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Figure 4. SEM images showing alterations of mature biofilm of C. albicans and C. parapsilosis after
treatment with Mo-CBP3-Pepl, NYS and Mo-CBP3-Pepl + NYS. Control: DMSO-NaCl solution.

2.3. Membrane Pore Formation

The propidium iodide (PI) uptake assay was used to evaluate possible damage to the
yeast cell membranes. PI interacts with DNA, releasing red fluorescence, but this is only
possible when the membrane is damaged, since healthy membranes are impermeable to
PI. As expected, the control (DMSO-NaCl solution) did not damage the cell membranes,
because no fluorescence was detected. Similarly, cells treated with NYS and ITR did
not show any fluorescence. However, Mo-CBP3-Pepl and Mo-CBP3-Peplll, alone or in
combination with NYS or ITR, induced red fluorescence in C. albicans and C. parapsilosis
cells, indicating these cells membranes were damaged (Figures 5-9).

Membrane pore formation ROS overproduction

CONTROL

NYSTATIN

Mo-CBP3-Pepl

Figure 5. Cont.
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Figure 5. Fluorescence images showing membrane pore formation and ROS overproduction on
inhibition of biofilm of C. albicans cells. Control solution of DMSO-NaCl, treated with Mo-CBP3-Pepl
and Mo-CBP3-PeplII at 50 ug mL~! and synergistic activity of both peptides with NYS. Membrane
pore formation was measured by the propidium iodide (PI) uptake assay, and ROS overproduction
was detected using 2’, 7’ dichlorofluorescein diacetate (DCFH-DA). Bars: 100 pm.

Mo-CBP3-PepIII

Mo-CBP3-Pepl
+
NYSTATIN

Mo-CBP3-PeplII
-
NYSTATIN

_Membrane Pore Formation  __ROS Qverproduction

CONTROL

Mo-CBP3-Pepl

Mo-CBP3-Peplll

Mo-CBP3-Pepl
+
ITR

Mo-CBP3-Peplll
+
ITR

Figure 6. Fluorescence images showing membrane pore formation and ROS overproduction on
inhibition of the biofilm of C. parapsilosis cells. Control solution of DMSO-NaCl, treated with Mo-
CBP3-Pepl and Mo-CBP;3-PepllI at 50 ug mL~! and synergistic activity of both peptides with ITR.
Membrane pore formation was measured by the PI uptake assay, and ROS overproduction was
detected using 2’, 7’ dichlorofluorescein diacetate (DCFH-DA). Bars: 100 um.
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Membrane Pore Formation ROS Overproduction
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Figure 7. Fluorescence images showing membrane pore formation and ROS overproduction on
inhibition of the biofilm of C. parapsilosis cells. Control solution of DMSO-NaCl, treated with Mo-
CBP3-Pepl and Mo-CBP3-PepllI at 50 g mL~! and synergistic activity of both peptides with NYS.
Membrane pore formation was measured by the PI uptake assay, and ROS overproduction was
detected using 2’, 7’ dichlorofluorescein diacetate (DCFH-DA). Bars: 100 um.

ROS overproduction is another mechanism employed by peptides to inhibit biofilm
formation. The results showed that treatment of C. albicans cells with NYS or ITR did
not induce ROS overproduction, whereas both peptides and their combination with NYS
induced a slight production of ROS. None of the treatments induced ROS overproduction
by C. parapsilosis biofilms (Figures 5-9).
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Membrane Pore Formation ROS Overproduction
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Figure 8. Fluorescence images showing membrane pore formation and ROS overproduction on
degradation of the biofilm of C. albicans cells. Control solution of DMSO-NaCl, treated with Mo-CBP3-
Pepl at 50 ug mL~! and synergistic activity with NYS. Membrane pore formation was measured by
the PI uptake assay, and ROS overproduction was detected using 2/, 7’ dichlorofluorescein diacetate
(DCFH-DA). Bars: 100 um.

Membrane Pore Formation ROS Overproduction

CONTROL

NYS

Mo-CBP3-Pepl

Mo-CBP3-Pepl
+
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Figure 9. Fluorescence images showing membrane pore formation and ROS overproduction on
degradation of the biofilm of C. parapsilosis cells. Control solution of DMSO-NaCl, treated with Mo-
CBP;3-Pepl at 50 ug mL~! and synergistic activity with NYS. Membrane pore formation was measured
by the Pl uptake assay, and ROS overproduction was detected using 2/, 7' dichlorofluorescein diacetate
(DCFH-DA). Bars: 100 pm.
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2.4. Molecular Docking

The molecular docking assays were performed to evaluate the possible interactions of
the peptides with NYS and ITR. Mo-CBP3-Pepl interacted with ITR and NYS with binding
interaction energy (LBIE) values of —4.5 and —4.2 kcal.mol ™}, respectively (Figure 10A,B).
The amino acid residues Pro2 and Ile4 of the Mo-CBP3-Pepl peptide showed Pi-Alkyl inter-
actions with the phenyl (4.5 A), piperazine (4.2 A), and dichlorophenyl (4.5 A) groups of ITR.
Cys8 had a Pi-Anion (3.4 A, triazole group) and a Pi-Sulfur (5.1 A, dichlorophenyl group)
interaction with ITR, and Arg6 presented only van der Waals interaction (Figure 10C).
Mo-CBP3-Pepl interacted with NYS by van der Waals forces between Cys8, GIn5, and Cys1.
An Alkyl (5.0 A) interaction with Pro2 and an unfavorable donor-donor (1.3 A) with Argb
were also observed (Figure 10D).

Itraconazole Nystatin

A DS = —4.5 keal.mol! B ’ DS =—4.5 keal.mol!

MoCBP;-Pepl

ALA1

MoCBP,-Peplil

van der Waals Pi-Sulfur Pi-Cation Pi-Alkyl / Akyl
Pi-Anion I unfavorable Donor-Donor Hydrogen bonds Amide-Pi Stacked

Figure 10. Molecular docking revealed that Mo-CBP3-PepI and Mo-CBP3-Peplll interact with ITR and
NYS. Mo-CBP3-Pepl is represented in pink (A,B) and Mo-CBP3-Peplll in blue (E,F). (C,D,G,H) show
the binding sites of Mo-CBP3-Pepl and Mo-CBP3-Peplll with ITR and NYS.
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Mo-CBP3-Peplll presented docking scores of —4.0 and —4.1 kcal.mol~! with ITR and
NYS, respectively (Figure 10E,F). Mo-CBP3-Peplll interacted through van der Waals forces
through residues Alal, GIn3, and Cys6 with ITR. Cys5 interacted through an Amide-Pi
stacked (3.8 A) with the phenyl group of ITR. The Arg4 of Mo-CBP3-PeplII established a Pi-
Cation interaction with the dichlorophenyl group (3.8 A) and a Pi-Alkyl interaction (4.7 A)
with the methoxyphenyl group of itraconazole (Figure 10E,G). The interaction between
Mo-CBP3-PeplIl and NYS was supported by hydrogen bonds between residues Arg4 (2.0 A)
and Cys6 (1.9 A), as well as through van der Waals interactions through residues GIn3 and
Cys5 (Figure 10EH).

2.5. Hemolytic Assay

As shown in a previous study [16], Mo-CBP3-Pepl and Mo-CBP;3-Peplll had no
hemolytic activity against any human blood type tested (Table 1), even at 50 ug mL~!. In
contrast, NYS (1000 pg mL~!) caused 100% hemolysis in all human blood types, and ITR
(1000 ug mL~!) caused 75%, 68%, and 58% hemolysis to Type A, B, and O red blood cells,
respectively (Table 1).

Table 1. Hemolytic activity of Mo-CBP3-Pepl and Mo-CBP3-Peplll, antifungal drugs, and combined
solutions on human red blood cells.

Peptides/Combinations

% Hemolysis

Type A Blood Type B Blood Type O Blood
0.1% Triton X-100 100 + 0.002 100 + 0.001 100 + 0.007
DMSO-NaCl Solution 0 0 0
NYS (1000 pg mL 1) 100 = 0.005 100 £ 0.001 100 + 0.002
ITR (1000 pg mL~1) 75 + 0.007 68 =+ 0.004 58 + 0.003
Mo-CBP;3-Pepl (50 ug mL 1) 0 0 0
Mo-CBP3-Peplll (50 ug mL~1) 0 0 0
Mo-CBP3-Pepl (50 ug mL 1) + NYS (1000 g mL~1) 14 + 0.006 23 + 0.009 2 4+ 0.001
Mo-CBP3-Pepl (50 pig mL~!) + ITR (1000 ug mL 1) 0 4 +0.003 8 4 0.005
Mo-CBP3-PepllI (50 pg mL~1) + NYS (1000 pg mL 1) 45 £ 0.001 30 £ 0.001 18 + 0.007
Mo-CBP3-PeplIIl (50 ug mL~1) + ITR (1000 g mL~1) 50 =+ 0.005 15 + 0.008 2 4 0.001

The mean =+ standard deviation of three replicates according to ANOVA (p < 0.05).

In general, the combination of synthetic peptides decreased the hemolytic effect of
both drugs (Table 1). The combination of Mo-CBP3-Pepl with NYS resulted in hemolytic
effects of 14%, 23%, and 2%, and the combination of Mo-CBP3-Pepl with ITR resulted
in 0%, 4%, and 8% hemolysis to Type A, B, and O red blood cells, respectively (Table 1).
The combination of Mo-CBP3-Peplll with NYS hemolyzed 45%, 30%, and 18%, while the
combination of Mo-CBP3-Pepl with ITR resulted in 50%, 15%, and 2% for Type A, B, and O
red blood cells, respectively (Table 1).

3. Discussion

Natural antimicrobial peptides (AMPs) are promising molecules to act as substitutes or
adjuvants to treat infections. However, they have some disadvantages, such as toxicity, low
resistance to proteolysis, and the high cost of isolation and purification. The development
of synthetic antimicrobial peptides (SAMPs) is an alternative solution to overcome these
drawbacks, since they have low or no toxicity to mammalian cells, and low chance of
developing antimicrobial resistance based on their mechanism of action [1,14].

Bioinspired SAMPs based on natural AMPs can have attributes that are not present
in the natural molecule [17,18]. A good example is the synthetic peptide LAH4, designed
based on the Magainin 2 sequence, which presented potent activity against Escherichia coli
and Staphylococcus aureus compared with the natural peptide Magainin 2 [17,18]. Recently,
our research group designed peptides derived from Mo-CBP3 and antifungal chitin-binding
protein from M. oleifera seeds. Mo-CBP3-Pepl and Mo-CBP3-peplIl inhibited the growth of
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C. albicans and C. parapsilosis planktonic cells by the stimulation of ROS production, cell
wall damage, and membrane pore formation, leading to death [15,16]. It is important to
mention that Mo-CBP; did not present anticandidal activity. Based on that, we decided to
evaluate the potential of Mo-CBP3-Pepl and Mo-CBP3-peplll to inhibit biofilm formation
and its capacity to promote degradation of mature biofilms of C. albicans and C. parapsilosis.

Regarding degradation of the mature biofilms of C. albicans, Mo-CBP3-Pepl and Mo-
CBP3-PepllI had activity of 40% and 70%, respectively (Figure 1). These results corroborate
those involving gH625, a peptide analog from gH625-M, which reduced by 61% the biomass
of mature biofilms of C. albicans [19]. SEM analysis of C. albicans and C. parapsilosis treated
with Mo-CBP3-Pepl and Mo-CBP3-Peplll showed that the biofilms suffered severe structural
damage. Furthermore, SEM images suggested that the two peptides induced rupture of
the cell wall and membrane pore formation, leading to internal content loss and death.
The images also showed the presence of scars, buds, and cracks. These results corroborate
those reported by Belmadani and collaborators [20], who observed that Dermaseptin-S1, an
antimicrobial peptide from Phyllomedusa sauvagii, decreased C. albicans biofilm formation
by causing changes in the cell wall structure, membrane pore formation, and leakage of
internal content. Similar behavior was observed by Sierra et al., where a C. albicans biofilm
suffered severe damage by the antimicrobial peptide called Histatin-5 [21]. This severe
damage observed in the cell wall of both cells via SEM analysis can be explained since
Mo-CBP3-Pepl and Mo-CBP3-Peplll are designed based on the sequence of Mo-CBP3, which
is a chitin-binding protein from M. oleifera seeds [16]. Both peptides can interact with the
chitin present in the fungal cell wall and cause destabilization of the cell, leading to rupture,
electrolyte imbalance, and thus cell death.

Unlike many commercial drugs that have specific targets, SAMPs target the cell
membrane and/or the cell wall [14]. The ability of SAMPs to alter the microbial membrane
permeability is considered the most common mechanism of action of these molecules,
making the development of resistance mechanisms by microorganisms very difficult [1,14].
Fluorescence microscopy analyses were performed to evaluate if our peptides could induce
membrane damage. Mo-CBP3-Pepl and Mo-CBP3-Peplll induced PI uptake in C. albicans
and C. parapsilosis biofilms, suggesting pore formation or cell membrane damage, as
observed by SEM analysis. Furthermore, the peptides induced ROS overproduction in
C. parapsilosis and C. albicans biofilms. A similar profile was observed using the peptides
KP and MCh-AMP1, which are synthetic peptides able to induce ROS overproduction
in C. albicans biofilm, leading to cell death. ROS are involved in the damage of essential
molecules such as proteins, lipids, and DNA [22].

There are some explanations for the synergistic effect of the peptides and antifungal
drugs tested here. First, the interactions between both peptides and NYS and ITR (Figure 6)
can explain the synergistic activity obtained, where both peptides enhanced the activ-
ity of both drugs. Additionally, molecular docking studies were performed to evaluate
whether both peptides could interact with NYS and ITR. Similar behavior was detected by
Souza et al. [23], where Mo-CBP3-Pepl and Mo-CBP3-Peplll interacted with griseofulvin by
weak interactions, such as hydrogen bonds and hydrophobic interactions. The interaction
of peptides with griseofulvin enhanced its activity against dermatophytes and reduced the
toxicity of the drug, as was also shown in this study.

Two hypotheses can could explain the synergistic action between peptides and NYS.
First, peptides target membranes and NYS targets the ergosterol. The interaction between
peptides and NYS could result in a coordinated attack on the Candida membrane, enhancing
the deleterious effect on it. Second, besides targeting the ergosterol in the membrane, NYS
also has intracellular targets [24]. Once within the cytoplasm, NYS can attack the vacuole,
causing its enlargement and impairing its function. Due to membrane-pore formation,
the peptides might facilitate the access of NYS to the cytoplasm. It is known that Mo-
CBP;3-Pepl and Mo-CBP3-PeplIl form pores of 6 and 20 kDa, respectively, in C. albicans and
C. parapsilosis membranes [15,16]. NYS has a molecular weight of 926.1 Da, so it is feasible
to suggest that NYS passes through the membrane and attacks the cellular vacuole.
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The synergistic effect of peptides with ITR, which has a molecular weight of 705 Da,
could be explained by its the passage through the membrane by the pores formed in it as a
result of the peptides’ action. The facilitated passage of ITR through the pores formed by
peptides in the membrane enhances its activity of inhibiting the cholesterol biosynthesis
pathways, and thus the ergosterol synthesis [25]. One relevant fact is that both Mo-CBP;-
Pepl and Mo-CBP3-Peplll improved the activity of NYS and ITR by up to 50% regarding
the inhibition of biofilm formation of C. albicans and C. parapsilosis. Moreover, the results
showed that Mo-CBP3-Pepl enhanced NYS activity up to 60% in degrading the mature
biofilms and preformed biofilm of both yeasts. The peptides also enhanced the antifungal
activity of NYS and ITR against C. albicans and C. parapsilosis biofilms.

ITR and NYS can cause undesired effects, such as vomiting, nausea, diarrhea, anorexia,
abdominal pain, and dizziness. Besides these side effects, cardiotoxicity and hypertension
have been attributed to ITR usage. An unexpected and interesting result was that the
association of peptides with antifungal drugs reduced their toxicity to human erythrocytes.
For example, NYS alone caused hemolysis of 100% in type-A erythrocytes, while Mo-CBP3-
Pepl + NYS and Mo-CBP3-Peplll + NYS induced hemolysis of 0 and 45%, respectively, for
type A blood. All treatments combining peptides with antifungal drugs were able to reduce
the drugs” hemolytic effects.

Molecular docking analysis between peptides and drugs revealed a clue about how
peptides reduced these hemolytic effects. The membrane of erythrocytes has neutral phos-
pholipids, which means that any interaction with those membranes must be driven by
hydrophobic interactions [24]. It is known that NYS and ITR are hydrophobic drugs [25,26].
Thus, hydrophobic interactions with membranes of erythrocytes may drive the hemolytic
activity of NYS and ITR. The molecular docking experiments revealed that peptides had
hydrophobic interactions with NYS and ITR, suggesting that the hydrophobic interac-
tions between peptides and both drugs prevented the interaction with the erythrocyte
membranes, reducing their hemolytic effect.

4. Materials and Methods
4.1. Ethics Statement

Does not apply to this study.

4.2. Biological and Chemical Materials

C. albicans (ATCC 10231) and C. parapsilosis (ATCC 22019) were obtained from the
Laboratory of Plant Toxins of the Department of Biochemistry and Molecular Biology of

Federal University of Ceard, Brazil. All chemicals were purchased from Sigma-Aldrich Co.
(St. Louis, MO, USA).

4.3. Peptide Synthesis
The synthetic peptides Mo-CBP3-Pepl (CPIAQRCC) and Mo-CBP3-Peplll (AIQRCC)
were chemically synthesized by the company GenOne (Sao Paulo, Brazil), and the quality

and purity (>95%) were analyzed by reverse-phase high-performance liquid chromatogra-
phy (RP-HPLC, Jasco, Easton, MD, USA) and mass spectrometry (Waltham, MA, USA).

4.4. Biological Activity
Antibiofilm Assay

The assays against C. albicans and C. parapsilosis biofilms were performed following
the method described by [27-29], with some modifications. To evaluate the inhibition of the
biofilm formation, 100 uL of C. albicans or C. parapsilosis suspension (2.5 x 103 CFU/mL in
Sabouraud liquid medium) was incubated in 96-well plates with 100 puL of Mo-CBP;3-Pepl],
Mo-CBP3-Pepll or Mo-CBP3-PeplII (50 ug mL~!, as defined by [14-16,23]), at 37 °C for 48 h.
The supernatant was removed and the wells were washed three times with sterile 0.15 M
NaCl. Next, the cells were fixed with 100 uL of 100% methanol for 15 min at 37 °C and
the plates were air-dried under the same conditions. Then, 200 uL of an aqueous solution
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of 0.1% crystal violet was added and incubated for 30 min at 24 °C. To remove the excess
crystal violet, the plates were washed three times with distilled water and finally 100 uL of
33% acetic acid to solubilize the dye bound in the biofilm. After 15 min, the absorbance was
measured at 600 nm using an automated microplate reader (Epoch, Biotek, Santa Clara,
CA, USA).

To evaluate the degradation of mature biofilm, the cell suspensions of both yeasts
(100 uL, 2.5 x 103 CFU/mL in Sabouraud liquid medium) were first incubated at 37 °C for
24 h in 96-well plates. Then, the supernatant was removed, and 100 uL of the Sabouraud
liquid medium and 100 uL of each peptide (50 pg mL~!) were added and incubated again
for 24 h. The culture medium was again discarded, and the same procedure that used
0.1% crystal violet was employed to quantify the biofilm mass. In both experiments, a
solution of 5% DMSO in 0.9% NaCl was used as a negative control. NYS (1000 pg mL~!)
and ITR (1000 ug mL~!) were used as positive controls. The synergism assays were carried
out by combining the peptides (50 ug mL~1) with N'YS or ITR (1000 ug mL~1) and the
effectiveness was compared with the activity of the peptides and drugs alone.

4.5. Overproduction of Reactive Oxygen Species (ROS)

The ROS overproduction was determined following the method described by Dias et al. [29],
with some modifications. C. albicans and C. parapsilosis were incubated with the three pep-
tides under the same conditions as described above. Then, 50 uL of cell suspension
(2.5 x 10 CFU/mL) was incubated with 50 pL of each peptide (50 ug mL~!) for 24 h and
the formed biofilm was washed with 0.15 M NaCl three times to remove the Sabouraud
liquid medium. Next, 20 pL of 2',7" dichlorofluorescein diacetate (DCFH-DA, Sigma, St.
Louis, MI, USA) was added and incubated in the dark for 30 min at 24 °C. Finally, the
biofilms were washed with 0.15 M NaCl and observed under a fluorescence microscope
(Olympus System BX 41, Tokyo, Japan) with an excitation wavelength of 488 nm and
emission wavelength of 525 nm.

4.6. Cell Membrane Integrity Assay

The cell membrane integrity of C. albicans and C. parapsilosis was tested as described
by Dias et al. [29], with some modifications. The biofilms were treated as described for ROS
overproduction analysis. Thus, 20 pL of propidium iodide (PI, Sigma, St. Louis, MI, USA)
was added and incubated in the dark for 30 min at 24 °C. Then the samples were washed
three times with 0.15 M NaCl to remove the excess of PI and observed with a fluorescence
microscope (Olympus System BX 41, Tokyo, Japan) with an excitation wavelength of 535 nm
and emission wavelength of 617 nm.

4.7. Scanning Electron Microscopy (SEM) Analysis

The morphological changes in the cells of C. albicans and C. parapsilosis were evaluated
by SEM (Billerica, MA, USA), using the method described by Staniszewska et al. [30].
Biofilms were fixed with 1% (v/v) glutaraldehyde in 0.15 M sodium phosphate buffer at pH
7.0 for 16 h. Then the biofilms were washed with 0.15 M sodium phosphate buffer (pH 7.0)
three times. Next, 0.2% (v/v) osmium tetroxide was added to the samples and incubated
for 30 min at 37 °C and washed again under the same conditions described above. Samples
were successively dehydrated with increased ethanol concentrations (30%, 50%, 70% 100%
and 100% [v/v]) for 10 min each at 24 °C. Last, the final dehydration was realized with 50%
hexamethyldisilane (HMDS, Sigma, St. Louis, MI, USA) diluted in ethanol for 10 min and
then 100% HDMS. The biofilms were placed on stubs and coated with a 20 nm gold layer
using a positron-emission tomography (PET) coating machine (Emitech-Q150TES, Quorum
Technologies, Lewes, England). The images were obtained with an FEI inspectTM50
scanning electron microscope, equipped with a low energy detector (Everhart-Thornley),
and the acceleration used was 20,000 kV and 20,000 x detector magnification.
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4.8. Obtainment, File Preparation, and Molecular Docking

The three-dimensional (3D) structures of Mo-CBP3-Pepl and Mo-CBP3-Peplll were
predicted using the PepFold server 3 (https://bioserv.rpbs.univ-paris-diderot.fr/services/
PEP-FOLD/ accessed on 15 February 2022) [31]. The amino acid protonation of the peptides
was adjusted to pH 7.4 using Protein Prepare [32]. NYS (accession number CID 16219709)
and ITR (accession number CID 55283) 3D structures were obtained from the database of
PubChem (https://pubchem.ncbi.nlm.nih.gov/ accessed on 15 February 2022) [33]. The
protonation of the ligands was adjusted using the Marvin Sketch software version 15.6.15.
The energy minimization of the peptide hydrogens and the ligand was conducted using
Discovery Studio v. 20.1 (https://discover.3ds.com/discovery-studio-visualizer-download
accessed on 15 March 2022) and Open Babel version 2.4.0 (https://osdn.net/projects/sfnet_
openbabel/downloads/openbabel /2.4.0/OpenBabel-2.4.0.exe/ accessed on 5 March 2022).

Molecular docking assays were carried out using Autodock Vina, version 1.1.2 [34].
Additionally, the Autodock graphical interface version 1.5.6 was used to maintain polar
hydrogens and provide charges to peptides and drugs using Kollman united charges [35].
The Mo-CBP3-Pepl and Mo-CBP;3-Peplll were considered rigid molecules, and NYS and
ITR were docked as flexible molecules. The grid box was defined as a 24 A x 24 A x 24 A
cube with the peptides in the center. The exhaustiveness was set to 16, and all other
parameters were used as default. The software Discovery Studio v. 20.1 and the 3D
interaction representations were realized using the Pymol program (https://pymol.org/2/
accessed on 8 March 2022).

4.9. Hemolytic Assay

The hemolytic activities of Mo-CBP3-Pepl, Mo-CBP3-Peplll, NYS, and ITR, alone and in
their different combinations, were assessed using A, B, and O types of human erythrocytes
as described by Souza et al. [14]. The concentrations of all solutions were the same as
used in the synergism assays. The blood types were provided by the Hematology and
Hemotherapy Center of Ceara (Fortaleza, Brazil).

The blood was collected in a tube with heparin (5 IU mL~1, Sigma Aldrich, Sao Paulo,
Brazil), centrifuged at 300 g for 5 min at 4 °C, washed with sterile 0.15 M NaCl, and diluted
to a concentration of 2.5%. Each blood type was incubated (100 pL) with solutions of Mo-
CBP3-Pepl, Mo-CBP3-PeplIl (50 ug mL~1), NYS (1000 pg mL '), or ITR (1000 pg mL~1)
for 30 min at 37 °C, followed by centrifugation (300x ¢ for 5 min at 4 °C, centrifuge
Eppendorf 5810, Hannover, Germany). Supernatants were collected and transferred to
96-well microtiter plates and the hemolysis (%) was calculated by reading the absorbance at
414 nm using an automated absorbance microplate reader using DMSO-NaCl solution (0%)
and 0.1% Triton X-100 (100%) as negative and positive controls for hemolysis, respectively.
The hemolysis was calculated by the equation: [(Abss14nm 0of sample treated with peptides
or drugs-Abss4nm of samples treated with DMSO-NaCl) /[(Abssjanm of samples treated
with 0.1% TritonX-100-Abs414nm of samples treated with DMSO-NaCl] x 100.

4.10. Statistical Analysis

All the assays were performed individually three times and the values are expressed
as the mean =+ standard error. The data were submitted to ANOVA followed by the Tukey
test. GraphPad Prism version 5.01 (GraphPad Software company, Santa Clara, CA, USA)
was used to generate all graphics, with a significance of p < 0.05.

5. Conclusions

The antibiofilm activity, absence of toxicity, and synergistic effect enhancing the activity
of NYS and ITR, strongly indicated that Mo-CBP3-Pepl and Mo-CBP3-Peplll are promising
antibiofilm peptides which could act as new antimicrobial agents. We also highlight their
use for clinical application or adjuvants to conventional drugs to overcome resistance
developed by Candida species.
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