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Abstract
Yeasts belonging to the Candida genus are important human pathogens. Candida bio�lm is the most
common resistance mechanism, which could increase in 1000 times the resistance to antifungal drugs.
This study aimed to evaluate the antibio�lm activity of synthetic peptides, as well as action mechanisms
and synergistic effect with Nystatin (NYS) and Itraconazole (ITR) by Scanning Electron Microscopy
(SEM) and Fluorescence Microscopy (FM). ITR (1000 µg. mL− 1) inhibited 10% of bio�lm formation of C.
krusei and NYS (1000 µg. mL− 1) 40% of C. albicans. Regarding synergistic effect, peptides enhance 7-
fold the action of ITR to inhibit the bio�lm formation of C. krusei and C. albicans, as well as the
degradation of formed bio�lm of C. krusei. The action mechanism of peptides or in combination with
antifungal drugs involved cell wall damage, membrane pore formation, loss of cytoplasmic content, and
overproduction of reactive oxygen species (ROS). Docking analysis revealed ionic and hydrophobic
interactions between peptides and both drugs, which may explain the synergistic effect. Altogether, our
results suggest the high potential of synthetic peptides be employed as adjuvants enhancing the activity
of antifungal drugs to overcome the resistance provided by fungal bio�lm and decrease the toxicity of
drugs.

Introduction
The fast increase of antimicrobial resistance to drugs on a global scale is driving humanity to a “post-
antibiotic era” where the available drugs will no longer work 1,2. In this scenario, infections caused by
fungi have gained attention. Annually, there have, 200 million new cases of infections caused by resistant
fungi leading to over 1 million deaths3. Among the fungi that affect humans, those belonging to Candida
genus 6 have a higher prevalence, 7 cases per 100 patients 3–5.

Candida genera affect debilitated patients, as such transplanted, cancer patients, and immune-
suppressed, leading to a bloodstream infection, prolonged hospital stays, and high mortality rates3–5.
Until 2010, C. albicans carrying resistance to multiple drugs was responsible for at least 60% of clinical
infections3. Nowadays this scenario has changed. Today, infections caused by non-C. albicans reached
56.5% of Candida infections. The new cases are divided C. glabrata (33.3%), C. tropicalis (20.3%), C.
krusei (1.4%), and C. kefyr (1.4%). Even though this change C. albicans still holds the higher number of
cases, 43.5%6. 

Many pathogenic yeasts like Candida ssp. have developed large spectra of resistance mechanisms to
drugs. But the most important is the ability to form bio�lms. The production of bio�lms could increase
drug resistance up 1000-fold to conventional drugs compared to free cells7. Besides protecting by altering
the pH and osmolarity, preventing the nutrients scarcity, and alleviates mechanical and shear forces the
matrix of bio�lms boosts the resistance by protecting yeasts cells from drugs and the host´s immune
response7–10. It is not quite clear what are the triggers to the quorum sense gene expression, but it is
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known the composition of the matrix, which is rich in carbohydrates, proteins, lipids, nucleic acids, and
water8.

To overcome the threat imposed by yeast’s resistance to drugs, synthetic antimicrobial peptides (SAMPs)
are an alternative either as a new drug to work alone or even as adjuvants enhancing the activity of
commercial drugs1,11. During the design, SAMPs were programmed to have a positive charge,
amphipathic properties, hydrophobic acceptable rates, and no toxicity potential to hosts. Breakthroughs
in technologies of chemical synthesis led to reduction of costs for synthesis, high purity, and high
amount of SAMPs1. 

Recently, two synthetic peptides (PepGAT and PepKKA) were reported to strongly inhibit, at low
concentrations, the growth of species of the Candida genus 12. Thus, we reasoned both peptides could be
effective against bio�lm from the Candida genus, in addition, to develop synergistic effects with drugs
that lost activity. Here, the antibio�lm activity and action mechanisms PepGAT and PepKKA against C.
albicans and C. krusei are described and characterized, employing advanced microscopy techniques.
Furthermore, the results revealed that the synergistic effects of peptides enhanced the antibio�lm activity
of commercial drugs, Nystatin (NYS) and Itraconazole (ITR), which were no longer effective to Candida
bio�lm.  

Methods
Ethical Statement

Not applied for this study.

Biological materials

The clinical isolates of C. albicans, C. krusei, C. parapsilosis were from the laboratory of plant toxins the
Department of biochemistry and molecular biology of Federal University of Ceará (UFC), Fortaleza, Brazil.

Peptide synthesis

The synthetic peptides PepGAT and PepKAA12 were chemically synthesized by the company GenOne
(São Paulo, Brazil), which analyzed their quality and purity (≥ 95%) by reverse-phase high-performance
liquid chromatography (RP-HPLC) and mass spectrometry.

Biological activity

Antibio�lm and synergisms assays

The effect of PepGAT and PepKAA on the Candida ssp., bio�lm formation was evaluated in polystyrene
�at-bottom 96-well microtiter plates37. The cell suspensions were prepared from yeasts cultured for 18 h
at 37°C in the Sabouraud broth. Then, the cell concentration was diluted to 106 cells mL− 1 in the growth
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medium. One hundred microliters of the cell suspensions (106 cells mL− 1) were incubated at 37°C for 48
h, in the dark with 100 µL of the synthetic peptides at different concentrations (50 µg mL− 1) in a solution
composed of 5% DMSO in 0.15 M NaCl (DMSO-NaCl). After that, the supernatant was harvested and the
wells were washed with sterile 0.15 M NaCl, air-dried for 30 min, and the bio�lm formed was stained with
an aqueous solution of 0.1% (m/v) crystal violet, for 15 min at room temperature (24 ± 2°C). To remove
the unbound crystal violet, the wash was repeated (3x) with sterile 0.15 M NaCl. Finally, 250 µL of 95%
(v/v) ethanol was added to solubilize the bound dye, and absorbance was taken in a microplate reader
(BioTekTM ELx800TM, BioTek Instruments, Inc., USA) at a wavelength of 570 nm. The inhibition of
bio�lm formation was calculated by comparing the absorbance readings of cells treated with synthetic
peptides and those obtained from cells treated with DMSO-NaCl solution (negative control), ITR (1000 µg
mL− 1), and NYS (1000 µg mL− 1) both used as positive controls.

A second experiment was carried out to evaluate the effect of the peptides on the degradation of the
preformed yeast bio�lms. So, 200 µL aliquots of the cell suspensions (106 cells mL− 1, prepared as
described above) were incubated at 37°C for 24 h, in the dark to form the bio�lm. Then, the supernatant
was aspirated with a micropipette and to remove the planktonic cells. In each well, 100 µL of each
synthetic peptide (50 µg mL− 1) or controls plus 100 µL growth medium (Sabouraud broth) were added.
The plates were incubated for 24 h at 37°C, in the dark. The culture medium was again discarded, and the
same procedure described above was used to quantify the bio�lm biomass remaining after incubation
with the peptide.

The synergism assays were performed between peptides with either antifungals NYS or ITR: The
combinations were constituted of each peptide (50 µg mL− 1) + NYS or ITR (1000 µg mL− 1). The control to
evaluate the effectiveness of synergism was the activity presented by peptides or drugs alone. After the
formulation of combinations, the antibio�lm assays for synergism analyses for Candida ssp., were the
same as described above.

Study of mechanisms of action of peptides against bio�lms

Bio�lm integrity by scanning electron microscopy (SEM)

Morphological changes in the bio�lm of C. albicans and C. krusei were evaluated by SEM, as previously
described by Staniszewska et al.38 with modi�cation. For that, bio�lms were produced, and the assay
was performed as described above (see the Antibio�lm section) but, this time the bio�lm was grown on
the coverslip (previously treated with 0.1% gelatin) inside well of six-well plates. After, the bio�lm was
�xed with �xation buffer [in 1% (v/v) glutaraldehyde + 4% (v/v) formaldehyde in 0.15 M sodium
phosphate buffer at pH 7.0]. Next, treated with 0.2% (m/v) osmium tetroxide for 30 min in the dark, and
successively dehydrated with ethanol concentration (30, 70, 100, 100, and 100% [v/v]) for 10 min each,
after each wash the ethanol was aspirated with an automatic pipette. In the end, �nal dehydration was
carried out with 50/50 ethanol/hexamethyldisilazane (HMDS) for 10 min and lastly with 100% HMDS.
Then, each coverslip was removed from each well and assembled on stubs, and coated with a 20 nm
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gold layer using positron-emission tomography (PET) coating machine (Emitech-Q150TES, Quorum
Technologies, England). Images were made in an FEI Inspect™ 50 scanning electron microscope (Oregon,
USA), equipped with a low energy detector (Everhart-Thornley) using acceleration beam voltage of 20,000
kV and 20,000x detector magni�cation. The treatments for this assay were peptides alone, drugs alone,
and solutions made by peptides and drugs.

Bio�lm integrity determined by propidium iodide (PI) uptake

The bio�lms were produced as described in the bio�lm assays and in the SEM microscopy sections. After,
peptide-, controls-, and drugs-peptides mixed solution treated bio�lm were incubated with 10− 3 M of
propidium iodide (PI), in the dark, at 37 ºC for 30 min. Then, the bio�lm-containing coverslips were
washed with 0.15 M of NaCl three times, to remove the unbound PI and observed under a �uorescent
microscope (Olympus System BX 60) with an excitation wavelength of 490 nm and an emission
wavelength of 520 nm.

Overproduction of reactive oxygen species (ROS) by bio�lm

The overproduction of ROS was evaluated as described by Dias et al.37 with modi�cations. The bio�lms
were produced as described in the bio�lm assays and in the SEM microscopy sections. After, peptide-,
controls-, and drugs-peptides mixed solution treated bio�lm were incubated with 10 µM of 2’,7’
dichloro�uorescein diacetate (DCFH-DA) at 37°C in the dark for 30 min. Then, the bio�lm-containing
coverslips were washed with 0.15 M of NaCl three times, to remove the unbound PI and observed under a
�uorescent microscope (Olympus System BX 60) with an excitation wavelength of 488 nm and an
emission wavelength of 525 nm.

Molecular docking of drugs and peptides

The 3D structures of peptides PepGAT and PepKAA were predicted using the previous methodology
established12,39. The protonation of the peptides was calculated to pH 7.4 using ProteinPrepare40. The
3D structures of NYS and ITR were obtained in the database PubChem with CID 16219709 and 55283,
respectively41. The protonation of the drugs was adjusted to pH 7.4 in the software Marvin Sketch version
15.6.15. The energy minimization of the peptide and the ligand was carried out in Discovery Studio v.
20.1 and Open Babel version 2.4.0, respectively.

Molecular docking was performed with Autodock Vina, version 1.1.242. The Autodock graphical interface,
AutoDockTools, version 1.5.6, was used to retain polar hydrogens and add partial charges to the proteins
and ligands using the Kollman united charges42. The PepGAT and PepKAA were treated as rigid
molecules while the NYS and ITR were docked as �exible molecules. The grid box was de�ned by a 24 Å
x 24 Å x 24 Å cube with the peptide in the center. Exhaustiveness was set up to 16, and all other
parameters were used as default. After the molecular docking, the calculation of the interactions was
carried out with the software Discovery Studio v. 20.1 and the 3D interaction representations were
realized in Pymol v. 1.3.
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Hemolytic assay

The hemolytic activity of synthetic peptides, NYS, ITR, and combination by then was tested in A, B, and O-
types of human red blood cells (HRBC), according to Souza et al.12. The combined solutions of peptides
and either NYS or ITR were the same as used in synergism assays. The HRBCs from A, B, and O were
provided by the Ceará Hematology and Hemotherapy Center (Brazil).

The blood was collected in the presence of heparin (5 IU mL− 1), centrifuged at 300 g for 5 min at 4°C, and
gently dissolved in sterile 0.15 M NaCl. The blood was washed three times with 0.15 M NaCl and diluted
to a concentration of 2.5% in 0.15 M NaCl used in the assay. One hundred microliters of each blood type
were incubated, individually, with solutions of synthetic peptides (50 µg mL− 1), NYS (1000 µg mL− 1), ITR
(1000 µg mL− 1), the solution made by peptides and drugs, DMSO-NaCl, and 0.1% (v/v) Triton X-100 (the
positive control for hemolysis) for 30 min at 37°C, followed by centrifugation (300 g for 5 min at 4°C).
Then, the supernatants were collected and transferred to 96-well microtiter plates. Hemolysis (%) was
calculated by measuring the supernatant absorbance at 414 nm using an automated absorbance
microplate reader. Negative (0%) and positive (100%) hemolysis were determined by treating HRBCs with
5% DMSO in 0.15 M NaCl (vehicle for peptides) and 0.1% (v/v) Triton X-100, respectively. The hemolysis
was calculated by the equation: [(Abs414nm of HRBC treated with peptides-Abs414nm HRBCs treated with
0.15 M NaCl) / [(Abs414nm of HRBCs treated with 0.1% TritonX-100-Abs414nm of HRBCs treated with 0.15
M NaCl)] x 100.

Statistical analysis

All the experiments were performed three times, and the statistics were expressed as the mean ± standard
error. The data were submitted to ANOVA followed by the Tukey test, using GraphPad Prisma 5.01, with
the signi�cance of p < 0.05.

Results
Antibio�lm activity of peptides and synergistic effect with antifungal drugs

The peptides (50 µg. mL-1) presented different behaviors toward the bio�lm of Candida ssp (Fig. 1). Either
the peptides, antifungal drugs, or combinations had any activity against the bio�lm of C.
parapsilosis or C. tropicalis (data not shown). The �rst assay was done to evaluate the ability of peptides
to inhibit the bio�lm formation of C. krusei and C. albicans (Fig. 1A and B). To C. krusei both peptides
barely reach 10% of inhibition. ITR and NYS reached, respectively, 20 and 0% of inhibition of bio�lm
formation by C. krusei (Fig. 1A). In contrast, the combinations of both PepGAT (50 µg mL-1) + ITR (1000
µg mL-1) and PepKAA (50 µg mL-1) + ITR (1000 µg mL-1) led to an inhibition, respectively, of 80 and 76%
of C. krusei bio�lm (Fig. 1A). The combination of peptides with NYS was not effective. Regarding C.
albicans NYS, PepGAT, and PepKAA inhibited, respectively, 40, 10, and 20% of bio�lm formation. An
interesting result was the synergism found in the combinations made by PepGAT + ITR, PepGAT + NYS,
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and PepKAA + NYS that inhibited, respectively, 40%, 95%, and 98% the bio�lm formation of C. albicans
(Fig. 1B). 

Regarding the degradation of formed bio�lm, no results were found to C. albicans, C. parapsilosis, and C.
tropicalis (data not shown), only toward C. krusei (Fig. 1C). ITR, PepGAT, and PepKAA alone did reduce
biomass of preformed bio�lm of C. krusei (Fig. 1C). In contrast, NYS was able to reduce in 20% the
biomass of C. albicans preformed bio�lm (Fig. 1C). Except for the PepGAT + NYS combination that did
not show a signi�cant difference in biomass reduction, PepGAT + ITR, PepKAA + ITR, and PepKAA + NYS
reduced in, respectively, 50%, 30%, and 15% the preformed bio�lm of C. albicans (Fig. 1C).

Bio�lm integrity and ROS overproduction 

To evaluate how peptides alone and the combination with drugs affect the membrane of cells composing
the bio�lm, �uorescence microscopy was employed (Figs. 2-5). Propidium iodide (PI) is a �uorophore that
binds to DNA releasing red �uorescence. However, PI only crosses the damaged cell membrane, healthy
membrane blocks the movement of PI leading to no �uorescence at all. As expected, all controls made by
DMSO-NaCl solution (the vehicle of peptides) presented no �uorescence, suggesting the membranes
have no type of more formed (Figs. 2-5). Another interesting result was that, alone, none of the drugs
(NYS and ITR) produced any kind of �uorescence (Figs. 2-5). 

Regarding the synthetic peptides, PepGAT did induce �uorescence in all treatments either in the inhibition
of bio�lm formation although at different intensities (Figs. 2-4) and degradation of preformed bio�lm
(Fig. 5). The PepKAA peptides presented a different behavior. In the case of the inhibition of bio�lm
formation by C. krusei, PepKAA alone was not able to induce damage in the membrane to allow PI to
pass by the membrane and emits �uorescence (Fig. 2). In contrast, PepKAA induced the �uorescence in
the inhibition of bio�lm formation by C. albicans (Fig. 4). In the case of combinations made by peptides
and antifungals drugs, all of them presented �uorescence to some extent (Figs. 2-5). This is an
interesting result for three reasons: 1) drugs alone did not show any �uorescence (Figs. 2-5); 2) in the
case of PepKAA, which did not show �uorescence, the combination with ITR lead to a release of
�uorescence (Figs. 2 and 3) in some cases, such as PepGAT+ITR (Figs. 3 and 5) �uorescence produced
by the combination was higher than that produced by drugs alone, suggesting a bigger number of cell
damage in the combination.  

The experiments to evaluate the ROS overproduction in the bio�lms revealed a different pattern than PI
experiments. All controls either positive or negative did not produce any type of �uorescence indicating
no ROS production (Figs. 2-5). In the inhibition of bio�lm formation of C. krusei, both peptides induced
ROS production at different intensities, as revealed by �uorescence. In this case, the cells treated with
PepGAT were brighter than the ones produced by PepKAA. Following this pattern, the combinations made
to inhibit the bio�lm formation by C. krusei produced only a slight �uorescence, indicating a low level of
ROS was produced (Fig. 2). In the inhibition of bio�lm formation by C. albicans to ROS production, only a
slight production of ROS was indicated by a faint �uorescence in the treatment with PepKAA (Fig. 4). In
contrast, brighter �uorescence indicates a higher production of ROS in both PepGAT alone and
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combination with ITR in the degradation of preformed bio�lm of C. krusei (Fig. 5), suggesting that the
ROS overproduction is, indeed, an important mechanism to degrade the bio�lm.

Scanning electron microscopy (SEM) analyses of bio�lm

SEM images revealed severe that all control made with DMSO-NaCl solution the bio�lm was in a good
spherical shape, with no cracks or damage, and cells were seen with no visible damage to membrane or
cell wall (Figs. 6-8). The SEM analysis revealed that the cells involved in bio�lm formation (Figs. 6 and 7)
and preformed bio�lm (Fig. 8) were not affected by the treatment with either ITR or NYS both at 1000 µg
mL-1. 

SEM analysis strength the damages revealed by �uorescence microscopy in Candida cells (Figs. 2-5),
which were con�rmed by SEM analysis (Fig. 6-8). To inhibit the formation of C. krusei PepGAT induced
several damages to cells. It was possible to see depression-like cavity on cells (Fig. 6, PepGAT and
PepKAA Panels, white dashed circle) indicating damage to the cell wall, small blebs, new buds, scars on
new buds and cells, and rings of truncated bud scars in the treatment with both peptides (Fig. 6, white
arrowheads). In both treatments with peptides, cells present high levels of wrinkles and scars all over the
structure. Additionally, in both treatment with peptides alone is possible to see a lack of constriction in the
solid point of the septum (Fig. 6, white open arrows). In contrast to what was seen in the treatment with
drugs alone, the combination of peptides and drugs lead to several damages to cells and thus inhibit
bio�lm formation. In both cases, many cells presented depression-like cavities (Fig. 6, PepGAT+ITR and
PepKAA+ITR panels, white dashed circle) indicating damage to the cell wall, in addition to alterations in
cell shape, wrinkles and scars all over the structure, small blebs, new buds, scars on new buds and cells,
and rings of truncated bud scars in the treatment with both peptides (Fig. 6, white arrowheads), and no
presence of a solid point in septum junction (Fig. 6, white open arrows).

SEM analysis revealed a different pattern in the inhibition of bio�lm formation of C. albicans (Fig. 7). The
controls DMSO-NaCl solution, ITR, and NYS at 1000 µg mL-1

 showed no signi�cant alteration on C.
albicans cells (Fig. 7). Treatment with PepGAT induced small blebs, new buds, scars on new buds and
cells (Fig. 7, white arrowheads). In contrast, the treatment with PepKAA is possible to damage all cells.
Cells stick together but all the present bad conformation and with pieces of other cells on the top of them
(Fig. 7, panel PepKAA). SEM analysis revealed that the combination of PepGAT + ITR killed almost all
cells (Fig. 7), and the leftovers are completely damaged unable to form bio�lm. The combination made of
PepKAA + ITR is far less effective than PepGAT + ITR causing scars and wrinkles on cells, abnormal
shape, and it is also possible to see the presence of small blebs, new buds, scars on new buds and cells,
and rings of truncated bud scars in the treatment with both peptides (Fig. 7, white arrowheads). The
combinations of both peptides + NYS were most e�cient than with combination with ITR. In both cases
all cells were dead, and it was only found isolated cell completely damaged, with the signal of loss of
internal content and with no ability to form bio�lm at all (Fig. 7, PepGAT and PepKAA panels). 
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In the degradation of C. krusei preformed bio�lm, SEM analysis of ITR-treated bio�lm revealed no
damage at all on the bio�lm (Fig. 8). In the treatment with peptides alone or combination with ITR the
bio�lm constituting cells presented damage to the cell wall, loss of internal content, small blebs, new
buds, many scars, and wrinkles on new buds and cells (Fig. 8 white arrowheads), and rings of truncated
bud scars in the treatment with both peptides (Fig. 8, white open arrows).    

Hemolytic Assay

            As shown in a previous study (Souza et al., 2020) the synthetic peptides had no hemolytic activity
against any human blood type tested (Table 1), even at 50 μg. mL-1. In contrast, NYS at 1000 μg. mL-1

caused 100% hemolysis in all human blood types and ITR at 1000 μg. mL-1 caused 80, 75, and 69% of
hemolysis, respectively, to Type-A, B, and O of red blood cells (Table 1). 

In general, the combination of synthetic peptides with antifungal drugs decreased their hemolytic effect
(Table 1). The combination of PepGAT with NYS resulted in a hemolytic effect of 54, 43, and 12%,
respectively, to Type-A, B, and O of red blood cells, and combination of PepGAT with ITR caused in 17, 45,
and 43% of hemolysis, respectively, to Type-A, B, and O of red blood cells (Table 1). The combination of
PepKAA with NYS hemolyzed 15, 10, and 21%, respectively, of Type-A, B, and O of red blood cells, whereas
the combination of PepKAA with ITR 21, 34, 12%, respectively, of Type-A, B, and O of red blood cells
(Table 1).

Molecular docking between peptides and drugs

            PepGAT interacts with ITR and NYS with a score of -4.7 kcal.mol-1 (Fig. 9A and B). The amino acid
residues Gly1, Ala2, and Asn8 of PepGAT establish Van der Walls interactions with ITR, while the Arg5

residue establishes 4 Pi-Alkyl interactions with the dichlorophenyl (4.3 Å), triazole (4.7 Å), methoxyphenyl
(4.9), and piperazine groups (4.2 Å). Ile4 and Ala6 residues of PepGAT interact through Pi-Alkyl
interactions with the chlorophenyl (3.6 Å) and phenyl (3.5 Å) groups of ITR, respectively (Fig. 9A and C).
The interaction of PepGAT with NYS is through hydrogen bonds with residues Asn8 (1.9 Å), Ser9 (2.7 Å),
and Arg10 (2.0 Å), as well as through van der Walls interactions with residues Gly1, Ile4, Arg5, and Val7

(Fig. 9B and D).

PepKAA showed a docking score of -5.8 and -5.4 kcal.mol-1 with the drugs ITR and NYS, respectively (Fig.
9E and F). PepKAA-ITR complex is supported by Pi-Alkyl interaction of Arg5 and Lys1 interactions with the
dichlorophenyl and triazole groups of ITR. Lys7 from PepKAA performs three Pi-Cation interactions with
piperazine (5.0 Å), phenyl (3.8 Å), and triazolone (3.7 Å) groups from ITR. PepKAA residues Asn4, Tyr8,
and Phe9 interact with ITR through Pi-Sigma (2.5 Å), Pi-Pi stacked (4.1 Å) and van der Walls interactions,
respectively (Fig. 9E and G). In turn, the interaction of PepKAA with NYS is supported by hydrogen bonds
of residues Arg5 (2.0 Å) and Tyr8 (2.9 Å) of PepKAA, as well as van der Walls interactions with residues
Asn4 and Phe9. It was also noted 2 Pi-Alkyl interactions between the residues Lys1 (4.8 Å) and Ala2 (4.3 Å)
of the peptide with NYS (Fig. 9F and H).
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Discussion
Fungal infection caused by yeast from Candida species poses a critical problem in the healthcare �eld
worldwide leading to elevated mortality rates and high costs with medical care for hospitalized patients
and governments13,14. High mortalities rates caused by Candida species are associated with
opportunistic invasive systemic infections, septicemia, and nosocomial bloodstream infections10,15.

Even though new antifungal drugs have been developed, mortality rates continue to increase suggesting
these new drugs have not improved the treatment of infection caused by Candida species due to high
resistance levels they acquired as a result of long-term use by patients10,16. The drug-resistant C. albicans
is the most serious threat to human health worldwide. It is responsible for a higher number of infections
caused by Candida species in patients that are immunocompromised, HIV positive, and intensive care
unit patients9,17. Aware of C. albicans infection, there was an increase of infection caused by non-
albicans yeasts. Among those, C krusei have gained attention because of two reasons: 1) increase of
infection caused by C. krusei; and 2) the development by C. krusei of multiple resistance to antifungal
drugs18–20.

Both C. albicans and C. krusei have developed resistance to many antifungal drugs such as azoles (ITR),
echinocandins, polyenes (NYS), among others18. Overall, the mechanisms of resistance developed by
yeasts involve, overexpression or alteration of the target, development of e�ux pumps to remove the
excess of drugs of cytoplasm, modi�cation of the drug, and bio�lm production1,18,21,22.

Bio�lm is a great resistance structure. However, not all yeasts on Candida genera could produce it but C.
albicans and C. krusei8. The bio�lm production by Candida provides a different behavior compared to
planktonic life. For example, cells living in the bio�lm community can attach irreversibly to any surface,
inert material, living tissue, medical devices (e.i., protheses and cardioverter de�brillators), in addition, to
increase the expression of virulent factors, and higher resistance to antifungal drugs1,8. Based on that,
bio�lm formation is a serious threat to overcome.

The treatment of infection by Candida ssp., in a planktonic lifestyle, is already hard, the production of
bio�lm makes this worse. What is known is that antifungal drugs are no longer that effective as expected
as showed here (Fig. 1). So, SAMPs are an alternative solution to this problem1. Bioinspired SAMPs using
carry the best features of the natural AMPS with very low or even no toxicity23,24. PepGAT and PepKAA
are both synthetic peptides designed by Souza et al.12 using a chitinase sequence from NCBI. During the
design, in silico analyses, it was predicted that both synthetic peptides could have antibio�lm activity12.
For both peptides, this was indeed con�rmed. PepGAT presented antibio�lm activity against the
Salmonella enterica bio�lm and PepKAA presented activity against C. krusei bio�lm12. In that study, we
have shown PepKAA reduced in 40% the preformed bio�lm of C. krusei, which resulted later con�rmed
here (Fig. 1C). This concentration is at least 1.5-fold lower concentration than other synthetic peptides.
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The effect of synthetic peptides has been already tested toward bio�lms. For instance, the synthetic
peptides KU4 (96 µg mL− 1), uperin 3.6 (96 µg mL− 1), upn-lys4 (96 µg mL− 1), upn-lys5 (192 µg mL− 1), and
upn-lys6 (96 µg mL− 1) reduced the viability of the bio�lm of C. albicans only in 20, 35, 15, 40, and 30%,
respectively25. In the case of C. krusei the synthetic peptide VLL-28 at 72 µg mL− 1 reduced the viability of
C. krusei bio�lms by 35%26. Paulone et al.27 reported a peptide that presented an IC50 value against C.

albicans bio�lm of 126 µg mL− 1 27, a concentration almost 3 times higher than that of PepKAA with the
same activity. In addition, to this result, here PepKAA has inhibition in 30% and 45% of the bio�lm
formation of C. krusei and C. albicans (Fig. 1). In our previous work, PepGAT was not effective towards
Candida bio�lms and this result was con�rmed here (Fig. 1).

Compared to above mentioned synthetic peptides, the antibio�lm activity presented by PepKAA is quite
interesting given the low concentration. However, for practical application, the results are not that
interesting. Based on the experience of our research group about the synergism of synthetic peptides with
antifungal drugs28,29, we reasoned these peptides could improve the activity of commercial antifungal
drugs that struggle to treat fungal infection supported by bio�lm formation.

In previous studies, our research group has acquired experience in the synergistic effect of synthetic
peptides with drugs presenting low effectiveness28,29. First, it was shown by Lima et al.28 that synthetic
peptides Mo-CBP3-PepI and Mo-CBP3-PepII enhance the activity of NYS in over 600 times its activity

towards planktonic cells of C. albicans. In a second study, Souza et al.29 reported that six synthetic
peptides presented synergistic effects with griseofulvin toward dermatophytes. It is important to notice
that griseofulvin alone has no activity against dermatophytes. Here, the interesting and pioneer point of
this study is the synergistic effect of synthetic peptides with two antifungal drugs from different groups,
ITR (azole) and NYS (polyene) toward Candida bio�lms.

The synergistic effect found here were: (1) PepGAT + ITR and PepKAA ITR inhibiting, respectively, 84 and
79% of the bio�lm formation of C. krusei (Fig. 1A); (2) the combination of NYS with PepGAT and PepKAA
that inhibit in 97 and 98% the bio�lm formation by C. albicans (Fig. 1B); (3) the synergism of PepGAT and
ITR that degraded in 55% the bio�lm of C. krusei (Fig. 1C). In addition, it was shown by SEM and
�uorescence microscopy how these combinations worked together to induce damages in the cells to
prevent or degrade bio�lm formation.

Fluorescence and SEM analysis brought to light the mechanisms behind revealed lethal damage of those
combinations to Candida bio�lms. The combinations lead to pore formation in both Candida cells
involved in the formation or already formed bio�lm. Souza et al.12 had shown PepGAT and PepKAA can
form pores on C. albicans and C. krusei membranes, the result later con�rmed here. Interestingly, in some
cases, the combinations of peptides with the drug (PepGAT + ITR, Fig. 3) lead to a higher level of
�uorescence than molecules alone. Fluorescence analyses revealed an interesting result. In some cases,
the combinations of peptides with antifungal drugs lead to an overproduction of ROS (Fig. 2 panels
PepGAT + ITR and PepKAA + ITR and Fig. 3 PepGAT + ITR). It is interesting that ROS overproduction was
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all in the combinations of either PepGAT or PepKAA with ITR and presented the best results even to
inhibit the formation of bio�lm (Fig. 1A) or degrade preformed bio�lm (Fig. 1C).

ROS are important signaling molecules to any type of life. This is statement is not different from bio�lm
formation. ROS is important to bio�lm biogenesis, development, formation, the genetic variability of
cells30. However, the line of bene�ts and lethal effects of ROS is tiny and easy to cross. A slight
unbalance in ROS levels could lead to ROS accumulation, which is lethal because they inactivate vital
molecules such as carbohydrates, nucleic acids, proteins, and lipids, triggering programmed cell death
(PCD)31. Overall, the mechanism behind the overproduction of ROS by peptides is hard to describe.
Nevertheless, here it was shown the high level of ROS on bio�lms was induced by combinations made of
peptides and antifungal drugs, which promotes an unbalance in ROS levels on bio�lms and consequently
death.

Supporting the results of �uorescence microscopy, SEM analysis revealed the combinations of peptides
and drugs lead to several damages such as depression-like cavity indicating damage to the cell wall, in
addition to alterations in cell shape, wrinkles and scars all over the structure, small blebs, new buds, scars
on new buds and cells, and rings of truncated bud scars in the treatment with both peptides, and no
presence of a solid point in septum junction (Figs. 6–8). Souza et al.12 have proved experimentally
PepGAT and PepKAA are chitin-binding peptides, which is expected since peptides are designed from a
chitinase sequence. So, chitin is the main component of the Candida cell wall, by interacting with it,
peptides could lead to damages on the cell wall (Figs. 6–8) and somehow enhance the effect of
antifungal drugs.

There are two hypotheses to explain the improvement of antifungal drugs by peptides. The �rst one is
directly related to the mechanism of action ITR and NYS. Although being of different classes ITR and
NYS have the same target. ITR interacts with the enzyme lanosterol 14α-demethylase to inhibit the
ergosterol biosynthesis, and NYS interacts with the ergosterol in the membrane causing an unbalance in
the membrane32,33. By interacting with chitin in the cell wall, both PepGAT and PepKAA, cause a rupture
in the cell wall (Figs. 6–8) facilitating the access of lanosterol 14α-demethylase and ergosterol,
respectively, by ITR and NYS and thus enhancing their activity. The second explanation is based on the
peptides attacking directly the membrane, as revealed by �uorescence microscopy (Figs. 2–5). During the
treatment of candida with combinations made by peptides and antifungal drugs, membranes are double
attacked. Peptides attack the membrane to form pores and drugs attack their target in the membranes.

In addition, our pioneer work showed by molecular docking, both peptides interact with both drugs with a
low score (Fig. 9). Very likely, this lower interaction allowed the better synergistic effect between
molecules favoring the action of both on the membranes29. The complexes made by peptides and drugs
were supported by polar interactions (hydrogen bonds) and hydrophobic interactions (mainly aromatic-
aromatic interactions).
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Both ITR and NYS have many collateral effects. ITR may cause vomiting, diarrhea, headache, and
dizziness. Besides these collateral effects, cardiotoxicity and hypertension were attributed to ITR use34.
Regarding NYS the collateral effects are poor taste (the incidence was 61.5% in one study)28 and
gastrointestinal adverse reactions, including vomiting, nausea, diarrhea, anorexia, and abdominal
pain35,36. Here, it was showed the toxicity of ITR and NYS to human erythrocytes (Table 1). The
interesting result was that the association of peptides with antifungal drugs reduced their toxicity in
human erythrocytes. For example, NYS alone caused hemolysis of 100% on type-O blood. The solution
made by PepGAT + NYS and PepKAA + NYS caused hemolysis, respectively, of 12 and 21% in type-O
blood. This is a reduction of 8.3- and 4.7-fold in the toxicity of NYS to type-O blood cells. In all treatments
made with combinations, were found a reduction in toxicity of antifungal drugs, at least 2-fold. The
reduction of drugs´ toxicity by interaction with peptides makes them great for application as adjuvants of
these drugs because peptides enhanced their activity toward bio�lm and, at the same, reduce their
toxicity.

Souza et al. 12 suggested that the hydrophobic interactions, revealed by docking between peptides and
griseofulvin, may be involved in the reduction of its toxicity erythrocytes. That is simple. Hemolytic
activity of drugs is driven by hydrophobic interaction between drug and membrane of erythrocytes. The
establishment of hydrophobic interactions with drugs, peptides prevent the hemolytic effect of the drug12.
If we think in the same way. Here was shown that PepGAT and PepKAA establish many hydrophobic
interactions with both ITR and NYS, and this is associated with a reduction of both drugs’ toxicity to
human erythrocytes (Table 1).

Conclusion
Here is a pioneer study showing the activity, action mechanism, and synergistic effects of two synthetic
peptides (PepGAT and PepKAA) with NYS and ITR against bio�lms of C. albicans and C. krusei. In the
best combinations, peptides enhanced the antibio�lm activity of both drugs at least �ve-fold and reduced
up to ten-fold their toxic effect against red blood cells. Altogether, our results strongly suggest that
PepGAT and PepKAA have a high potential to be adjuvants to enhance the activity of antifungal drugs
that are almost useless toward bio�lms.
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Tables
Table 1. Hemolytic activity of synthetic peptides, antifungal drugs, and their combination toward human
red blood cells

Peptides/Combinations % Hemolysis

Type-A Blood Type-B Blood Type-O Blood

0.1% Triton X-100 100 100 100

DMSO-NaCl Solution 0 0 0

NYS (1000 µg mL-1) 100 100 100

ITR (1000 µg mL-1) 80 75 69

PepGAT (50 µg mL-1) 0 0 0

PepKAA (50 µg mL-1) 0 0 0

PepGAT (50 µg mL-1) + 

NYS (1000 µg mL-1)

54 43 12

PepGAT (50 µg mL-1) + 

ITR (1000 µg mL-1)

17 45 43

PepKAA (50 µg mL-1) + 

NYS (1000 µg mL-1)

15 10 21

PepKAA (50 µg mL-1) + 

ITR (1000 µg mL-1)

21 34 12

Figures
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Figure 1

Antibio�lm activity and synergistic effect with Nystatin and Itraconazole of synthetic peptides PepGAT
and PepKAA. (A and B) Inhibition of bio�lm formation, respectively, of C. krusei and C. albicans. (B)
Bio�lm degradation of C. krusei. All peptides were used at 50 μg mL-1. Nystatin and Itraconazole at 1000
μg mL-1. DMSO-NaCl as a negative control.
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Figure 2

Fluorescence images showing membrane pore formation and ROS overproduction as mechanism of
action to inhibit bio�lm formation of C. krusei. Control solution of DMSO-NaCl, treated with ITR alone at
1000 μg mL-1, PepGAT and PepKAA both alone at 50 μg mL-1 and synergistic activity of PepGAT and
PepKAA with Itraconazole. Membrane pore formation was measured my propidium iodide uptake assay
and ROS overproduction was detected using 2’, 7’ dichloro�uorescein diacetate (DCFH-DA).
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Figure 3

Fluorescence images showing membrane pore formation and ROS overproduction as mechanisms of
action to inhibit bio�lm formation of C. albicans. Control solution of DMSO-NaCl, treated with ITR alone
at 1000 μg mL-1, PepGAT and PepKAA both alone at 50 μg mL-1, and synergistic activity of PepGAT and
PepKAA with ITR. Membrane pore formation was measured by propidium iodide uptake assay and ROS
overproduction was detected using 2’, 7’ dichloro�uorescein diacetate (DCFH-DA).
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Figure 4

Fluorescence images showing membrane pore formation and ROS overproduction as mechanisms of
action to inhibit bio�lm formation of C. albicans. Control solution of DMSO-NaCl, treated with NYS alone
at 1000 μg mL-1, PepGAT and PepKAA both alone at 50 μg mL-1, and synergistic activity of PepGAT and
PepKAA with NYS. Membrane pore formation was measured by propidium iodide uptake assay and ROS
overproduction was detected using 2’,7’ dichloro�uorescein diacetate (DCFH-DA).
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Figure 5

Fluorescence images showing membrane pore formation and ROS overproduction as mechanisms of
action to degrade bio�lm formation of C. krusei. Control solution of DMSO-NaCl, treated with ITR alone at
1000 μg mL-1, PepGAT and PepKAA both alone at 50 μg mL-1, and synergistic activity of PepGAT and
PepKAA with ITR. Membrane pore formation was measured by propidium iodide uptake assay and ROS
overproduction was detected using 2’,7’ dichloro�uorescein diacetate (DCFH-DA).
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Figure 6

SEM images showing alterations in the bio�lm of C. krusei cells after incubation with synthetic peptides,
antifungal drugs, and combination by them. The surface of bio�lm control (DMSO-NaCl panel) cells is
covered by well-de�ned and organized structures. Bio�lm cells exposed to ITR, showing few alterations in
the cell surface. PepGAT and PepKAA-treated cells, showing some alterations in cell structure, such as
scars, buds scars, and distortion in the shape of the cells. Bio�lm cells were incubated with PepGAT and
PepKAA in contact with Itraconazole, resulting in strong alterations in the cell membrane, scars, bud
scars, and deformation of the cells.
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Figure 7

SEM images showing alterations in the bio�lm of C. albicans cells after incubation with synthetic
peptides, antifungal drugs, and combination by them. The surface of bio�lm control (DMSO-NaCl panel)
cells is covered by well-de�ned structures. No relevant changes were seen in the bio�lm exposed to ITR
and NYS. PepGAT and PepKAA-treated bio�lm, showing alterations in the cell membrane, scars, bud
scars, and distortion in the bio�lm structure. Bio�lm exposed to combinations made by PepGAT and
PepKAA in a synergistic action with ITR, showing strong alterations in the shape of cells, and buds scars.
Bio�lm incubated with PepGAT and PepKAA in contact with NYS, what is seen is no bio�lm anymore, are
only the remaining dead cells.
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Figure 8

SEM images showing alterations in the preformed bio�lm of C. krusei cells after incubation with synthetic
peptides, antifungal drugs, and combination by them. The surface of bio�lm control (DMSO-NaCl
solution) is well-de�ned and organized. Bio�lm exposed to ITR, showing few alterations in the cell
surface. PepGAT and PepKAA-treated bio�lm, showing alterations in cell structure, such as scars, bud
scars, and distortion in the shape of the cells. Bio�lm incubated with a combination of PepGAT or
PepKAA and ITR, resulting in strong alterations in the cell membrane, scars, bud scars, deformation of the
cells structures, and leakage of internal content.
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Figure 9

2D and 3D interaction representation between antimicrobial peptides PepGAT and PepKAA with
antifungal drugs Nystatin and Itraconazole. (A) 3D interaction representation between PepGAT and
Itraconazole. (B) 3D interaction representation between PepGAT and Nystatin. (C) 2D interaction
representation between PepGAT and Itraconazole. (D) 2D interaction representation between PepGAT and
Nystatin. (E) 3D interaction representation between PepKAA and Itraconazole. (F) 3D interaction
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representation between PepKAA and Nystatin. (G) 2D interaction representation between PepKAA and
Itraconazole. (H) 2D interaction representation between PepKAA and Nystatin. The peptides PepGAT and
PepKAA are represented in green and yellow, respectively, and the drugs itraconazole and nystatin are
represented in cyan and black, respectively. Hydrogen bonds, Pi-Sigma, Pi-Cation, van der Walls, Pi-alkyl,
and Pi-Pi Stacked interactions are represented by green, purple, brown, cyan, pink, and dark pink dashed
lines, respectively. DS is an abbreviation for Docking Score.


