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ABSTRACT: WHO has identified several Candida species including
Candida albicans as critical priority fungal pathogens due to greater infection
prevalence and formation of recalcitrant biofilms. Novel antifungal agents
are urgently needed, and antimicrobial peptides (AMPs) are being
considered as potential alternatives, but inactivity in physiological salt
environments, serum, and plasma often limits further therapeutic develop-
ment. Tryptophan end-tagging is a strategy to overcome these limitations
and is thought to selectively enhance membrane permeabilization in both
fungal and bacterial plasma membranes. Here, we show that C-terminal
tryptophan end-tagging of the tick-derived peptide Os−C transforms an
inactive peptide into Os−C(W5), an antifungal peptide capable of
preventing the formation of C. albicans biofilms. Mechanistic insight is provided by circular dichroism spectroscopy and molecular
dynamics simulations, which demonstrate that tryptophan end-tagging alters the secondary structure of Os−C, while the latter
reveals that end-tagging reduces interactions with, and insertion into, a model C. albicans membrane but promotes peptide
aggregation on its surface. Interestingly, this leads to the induction of reactive oxygen species production rather than membrane
permeabilization, and consequently, oxidative stress leads to cell wall damage. Os−C(W5) does not induce the hemolysis of human
erythrocytes. Reduced cell adhesion and viability contribute to decreased biofilm extracellular matrix formation which, although
reduced, is retained in the serum-containing medium. In this study, tryptophan end-tagging was identified as a promising strategy for
enhancing the antifungal activity, including the biofilm inhibitory activity of Os−C against C. albicans in physiological salt
environments.

■ INTRODUCTION
In October 2022, the World Health Organization identified
Cryptococcus neoformans, Aspergillus fumigatus, Candida albi-
cans, and Candida auris as “critical” priority fungal pathogens.1

The presence of two Candida species indicates that this fungus
is a serious public health threat due to the formation of difficult
to treat biofilms associated with superficial mucosal or invasive
systemic infections such as candidemia, peritonitis, and
osteomyelitis.2

Three classes of antifungal drugs are currently used in
antifungal therapy: polyenes, azoles, and echinocandins;3

however, the emergence of resistant isolates is increasing and
is of concern. Several studies in Africa have identified resistant
isolates,4−6 and a study by the WHO noted that 49% of
Candida clinical isolates were resistant to fluconazole.7 The
development of drug resistance is associated with an increase
in efflux pumps or the modification of specific drug targets.8 In
addition, established biofilms are difficult to treat because of
the extracellular matrix (ECM) which acts as a physical barrier
that provides cellular protection, reduces the rate of drug
diffusion, and binds antifungal drugs.9 Increasing antifungal
resistance coupled with the toxic side effects associated with

antifungal drug treatment underscores the need for novel
antifungal agents.
Antimicrobial peptides (AMPs), key components of the

innate immune systems of living organisms,10 are considered as
potential alternatives or as leads for the development of new
antifungal drugs. Most AMPs are short (12−50 amino acids),
cationic, and amphipathic, have broad-spectrum activity, and
possess multiple modes of cell killing.11 To date, with varying
degrees of success, numerous AMPs are being evaluated in
clinical trials for various infections.12 Recently, the lipopeptide
rezafungin was approved by the United States Food and Drug
Administration for the treatment of candidemia and invasive
candidiasis.13

Despite their potential, major drawbacks to the further
development of many active AMPs are the susceptibility to
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proteases and inactivity in the presence of salt, serum, and
plasma.14 Strategies to increase activity in a physiological salt
environment include the incorporation of unnatural amino
acids such as β-naphtylalanine and β-(4,4′-biphenyl)alanine15
and end-tagging with hydrophobic amino acids such as
phenylalanine and tryptophan.16,17 Several studies have
shown that the latter strategy has led to increased antimicrobial
activity and selectivity for bacterial and fungal membrane
liposomes, with activity being retained in the presence of salts,
serum, and plasma.16−21 Addition of tryptophan end-tags led
to greater peptide-induced permeabilization of bacterial cell
membranes,16 bacterial liposomes,16−19 and fungal lip-
osomes19,21 compared with nontagged peptides. Furthermore,
tagged peptides retained their membrane and liposome
permeabilizing activity in the presence of 0.15 M NaCl.16−20

Tryptophan end-tagging of the peptide GKH17, with three
tryptophan residues either on the C- or N-terminal, led to
improved activity against Escherichia coli, Staphylococcus aureus,
and C. albicans , and activity against E. coli in the presence of
0.15 M NaCl was retained.17 Increased activity of the
tryptophan end-tagged GKH17 against C. parapsilosis was
also observed in 0.15 M NaCl, 50% human plasma, and 50%
human serum compared with the nontagged parent peptide.21

Although these studies16−21 investigated interactions between
tagged peptides and liposomes, it is not clear how end-tagging
affects peptide-membrane interactions. Therefore, using
molecular dynamics (MD) simulations, this interaction with
a model fungal membrane was investigated in this study.
Typically, assessment of the antimicrobial activity of
tryptophan end-tagged peptides is evaluated against planktonic
bacteria and fungi; however, there is a notable absence of
studies investigating whether the same antimicrobial effect
extends to biofilms.
Several studies have investigated the antibacterial22,23 and

antifungal24 activities of a synthetic peptide Os−C, a derivative
of a defensin OsDef2, identified in the midgut of the soft tick
Ornithodoros savignyi. Although Os−C possessed antiplank-
tonic activity, its activity could only be determined in sodium
phosphate buffer (NaP), pH 7.4. Under these conditions,
mode of action studies revealed that Os−C interacted with the
cell wall polysaccharides mannan and laminarin but did not
cause membrane permeabilization. Confocal microscopy
images showed that Os−C entered the cytoplasm via an
energy-dependent mechanism and induced reactive oxygen
species (ROS) production which was linked to its antiplank-
tonic activity.24 Further development of the use of Os−C as an
antifungal agent is limited due to the loss of activity in
physiological salt environments. To improve antifungal activity
in physiologically relevant salt environments, we have modified
Os−C by tagging the C-terminus with five tryptophan residues
to create Os−C(W5).
In this study, the effect of tryptophan tagging on the

secondary structure and the interaction of Os−C(W5) with a
model fungal membrane was compared with the parent peptide
Os−C. Activity of Os−C(W5) against planktonic C. albicans
was determined, the mode of action was elucidated, and the
effects of exposure on the C. albicans cell wall ultrastructure
was evaluated. Further, biofilm inhibitory and eradication
studies were undertaken, and activity in serum-containing
media was evaluated with the overall purpose being to further
develop this peptide for clinical applications.

■ RESULTS AND DISCUSSION
Tryptophan End-Tagging Alters the Secondary

Structure of Os−C. Circular dichroism (CD) spectroscopy
was performed to investigate the secondary structures of Os−C
and Os−C(W5) in either Tris buffer or sodium dodecyl sulfate
(SDS) (Figure 1).

The CD spectra of Os−C in Tris buffer and SDS in this
study are consistent with the spectra obtained by Prinsloo et al.
in water and SDS.22 In contrast, the CD spectra of Os−C(W5)
differ from those of Os−C in both Tris buffer and SDS (Figure
1A,B). The presence of a negative band in the CD spectra of
Os−C(W5) in Tris at 224 nm indicates that tryptophan
residues alter the CD signal of Os−C(W5) (Figure 1A).
Tryptophan end-tagging has been found to alter the CD
spectra of peptides in the 220−230 nm region.17,19,20 The
peptides KNK7W5, K7W5, and R7W5 all displayed identical
CD spectra in Tris buffer with a negative band observed at 225
nm.20 Likewise, a negative band between 220 and 230 nm in
Tris was observed for GRR10W4N.19

To mimic a membrane environment, the anionic detergent
SDS was used, and the negative band of the Os−C(W5)
spectrum shifts slightly from 224 to 226.5 nm and the minima
is diminished by 64% in the presence of SDS (Figure 1B).
Strömstedt et al. saw a similar, albeit relatively larger shift, in
the spectra of the peptides K7W5 and R7W5 (225 to 229 nm)
in the presence of E. coli liposomes.20 The difference in the
spectra of Os−C and Os−C(W5) indicates that interactions
between the tryptophan end-tag and the template sequence
change the environment around the indole side chains and
alter the CD signal. Clustering of tryptophan residues in the

Figure 1. CD spectra of Os−C and Os−C(W5). CD spectra were
determined in either (A) Tris buffer (5 mM) or (B) SDS (50 mM).
Mean residue ellipticity values of Os−C and Os−C(W5) were
determined between 180 and 260 nm. CD spectra shown start at 200
nm due to a high-tension voltage above 600 V which resulted in
significant background noise.
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sequence of Os−C(W5) may hinder the accurate determi-
nation of the secondary structure.25 Therefore, CD spectra of
Os−C and Os−C(W5) in SDS were further analyzed using
K2D3. Os−C and Os−C(W5) are predominantly disordered,
with Os−C(W5) having 13.5% more β-strand content (Table
1).

Prinsloo et al. analyzed the spectra of Os−C using
PSIPRED, a secondary structure prediction tool. In their
analysis, the authors observed a β-strand content of 21%,22

which is similar to the β-strand content of 19.3% obtained in
this study. Overall, tryptophan end-tagging induces significant
changes in the CD spectra in the presence of Tris buffer and
SDS, especially between 220 and 230 nm.

Tryptophan End-Tagging Promotes Peptide Aggre-
gation with Altered Membrane Penetration. MD
simulations reveal that tryptophan end-tagging causes an
increase in peptide aggregation and a change in membrane
penetration, associated with minor but important changes in
peptide conformation. Ramachandran plots of Os−C and Os−
C(W5) show that both peptides adopt a combination of a
polyproline II and β-turn conformation centered around phi =
−75° and psi = +150° (Figure 2A,B). Os−C(W5) also adopts a
β-sheet conformation centered around phi = −150° and psi =
+150° (Figure 2B). Circular variance is a measure of the
conformational flexibility of a peptide, and similarities in the
circular variance of Os−C and Os−C(W5) indicate that
tryptophan end-tagging does not alter the conformational
flexibility of Os−C (Figure 2C,D).
Snapshots of the simulation after 1 μs support the

Ramachandran contour plot data and show that Os−C
consists of segments with β-turns and disordered regions
(Figure 2E), while Os−C(W5) has the same segments as Os−
C and in addition a β-bridge region (Figure 2F). β-bridges are
short fragments that have similar binding patterns to β-sheet
structures.26 The presence of β-bridge regions in Figure 2F
supports the presence of the β-sheet region in the
Ramachandran plot of Os−C(W5).
Simulations were also used to characterize hydrogen bond

interactions between Os−C and Os−C(W5) and the model C.
albicans membrane. For Os−C, significant hydrogen bonding
contributions are seen for Lys1, Arg4, Lys7, and Lys11 with
some contributions from Tyr6, Tyr10, and Lys15 (Figure 3A).
Tryptophan end-tagging does not affect hydrogen bonding by
Lys1, Arg4, or Lys7, but while some hydrogen bonding by
Lys15 and Lys18 is observed, hydrogen bond contributions
from Tyr10 and Lys11 are substantially reduced (Figure 3B).
Tryptophan can form electrostatic, dipolar, hydrophobic,

and hydrogen bond interactions with lipid headgroups and
other molecules within the environment. The NH group in the
indole side chain can serve as a hydrogen bond donor, while
the aromatic ring can act as a hydrogen bond acceptor.27 Of
the five tryptophan residues, only Trp24 makes a substantial
hydrogen bonding contribution, indicating that the other
tryptophan residues could be involved in peptide aggregation.

Peptide penetration was measured by determining the depth
of insertion of each residue. For both peptides, insertion occurs
at approximately 100 ns and is initiated by residues at the N-
terminus. Os−C residues interact with the membrane up to a
depth of 0.25 nm up to Phe14, and minimal interaction is
observed from Lys15 to Tyr19 (Figure 4A). By the end of the
simulation, Tyr10 and Phe14 are inserted within the bilayer
(Figure 4C).
For Os−C(W5), insertion was restricted to the N-terminus,

with six residues (Lys1 to Tyr6) inserted approximately 0.25
nm below the upper leaflet of the bilayer (Figure 4B). A
snapshot of the simulation after 1 μs shows that Gly2, Ile3, and
Arg4 were inserted into the upper leaflet of the bilayer (Figure
4D).
Manzo et al. observed for temporin B and pleurocidin that

the initial insertion of AMPs into model Gram-negative and
Gram-positive bacterial membranes proceeded via the N-
terminus.28,29 These studies showed that minor modifications
to a peptide can fundamentally change the membrane
interactions. Here, adding tryptophan residues to the C-
terminus restricted membrane insertion by the N-terminal
residues. Lack of insertion by tryptophan residues indicates
that tryptophan residues may favor aggregation rather than
membrane penetration.30

Self-association between peptides is critical and may either
help or hinder activity.31 Os−C forms transient aggregates but
reverts to monomers for the majority of the simulation (Figure
5A). To investigate the interactions between individual
peptides, an aggregation matrix was created. Contacts between
Os−C peptides are mediated by Lys11 and Phe14 where the
most membrane insertion occurs (Figure 5B). A snapshot of
the simulation shows that the Os−C residues do not form
close contacts, with one dimer formed at 850 ns showing
Tyr19 (green) and Lys7 (blue) in close contact (Figure 5D,
highlighted by the yellow oval).
Tryptophan end-tagging leads to the formation of a stable

trimer throughout the simulation (Figure 5A) and increased
contact between the residues. Interactions between the head
(Lys1−Lys7) and tail regions (Tyr19−Trp24) and between
tryptophan residues are present following end-tagging (Figure
5C). Furthermore, tryptophan residues mediate the aggrega-
tion of the peptide Os−C(W5) (Figure 5E). Head-to-tail
interactions do not affect membrane insertion (Figure 4A) of
the head region (Lys1−Tyr6) and peptide-lipid hydrogen
bonds mediated by Lys1 and Arg4 (Figure 3B). However,
more interactions are mediated by residues 10−14 which insert
into the membrane in the absence of the end-tag (Figure 5C).
In the presence of the tryptophan end-tag, these residues do
not insert into the membrane (Figure 4B), and Lys11 has a
reduced hydrogen bond contribution (Figure 3B). These
results show that tryptophan end-tagging enhances peptide
aggregation, which inhibits membrane insertion and peptide-
lipid hydrogen bonding.
Zai et al. modified the frog peptide temporin-PF (TPF) by

removing Phe1 and replacing Phe9 and Phe13 with L- or D-
enantiomers of tryptophan. Simulations performed in water
indicated that TPF and its analogues formed dimers within 20
ns, and one of the tryptophan-containing analogues formed a
stable tetramer. Similar to the results obtained in the present
study, the addition of tryptophan resulted in stronger contacts
between peptides, especially at the C-terminus.30 Greater
aggregation may lead to decreased antimicrobial activity since
interpeptide interactions can prevent attachment to the cell

Table 1. Secondary Structure Analysis of Os−C and Os−
C(W5) in SDS

peptide

secondary structure constituent (%)

α-helix β-strand disordered

Os−C 0 19.3 81.7
Os−C(W5) 0.6 32.8 66.6
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membrane and render the peptide inactive.31 However, for
some AMPs, aggregation is crucial for membrane permeabi-
lization, disruption, and translocation.32 MD simulations of
melittin in a zwitterionic bilayer by Sengupta et al. showed that
pore formation did not take place unless a cluster of at least

three peptides was present.33 Peptide activity is potentially
enhanced due to a high localized concentration of peptide on
the membrane surface prior to subsequent pore formation.31

For membrane translocation, the peptides can aggregate before
or during adsorption to the membrane surface and, if

Figure 2. Secondary structure analysis of Os−C and Os−C(W5). (A, B) Ramachandran contour plots were constructed for the first and last 20 ns
of the simulation. (C, D) Circular variance of psi and phi angles for individual peptide residues were averaged for three peptides and plotted as a
function of time. (E, F) Secondary structures of Os−C and Os−C(W5) upon interaction with a C. albicans membrane after 1 μs. β-bridges are
shown in orange, β-turns are shown in green, and coils are shown in blue. Images were created using Visual Molecular Dynamics (University of
Illinois, Urbana−Champaign).
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hydrophobic enough, can cross the bilayer without inducing
changes in permeability.33

Tryptophan End-Tagging Improves Anticandidal
Activity. The antifungal activity of Os−C and Os−C(W5)
against planktonic and biofilm forms of C. albicans was
investigated using microbroth dilution, biofilm prevention, and
biofilm eradication assays. Tryptophan end−tagging, which
doubles the hydrophobicity of Os−C (Materials and Methods,
Table 4), leads to improved antifungal activity (Table 2 and
Supplementary Figures 1−4).
No MIC and BIC50 values could be determined for Os−C,

while an MIC of 50 μM and respective viability and biomass
BIC50 values of 11.2 ± 3.69 and 10.6 ± 3.77 μM were
determined for Os−C(W5) (Table 2). Likewise, end-tagging
GKH17 and HKH17 with tryptophan residues improves the
antiplanktonic activity of the peptides against C. albicans.17

Enhanced biofilm preventing activity is confirmed by inverted
light microscopy images where treatment with 6.25 μM Os−
C(W5) or greater results in a decreased hyphal network, and
aggregates of microcolonies are visible following treatment
with 50 and 100 μM (Figure 6).
There are several studies on the effect of tryptophan end-

tagging on the antiplanktonic activity of AMPs,16−21 while to
the best of our knowledge, no studies have investigated the
effect of this modification on antibiofilm activity. Previously
reported antifungal activity for GKH17 was determined in the
presence of 0.01 M Tris buffer supplemented with 0.15 M
NaCl to simulate a physiological environment. Tagging the
peptide with five tryptophan residues led to improved activity
in 0.15 M NaCl.21 Previously, the antifungal activity of Os−C
was determined in 0.01 M NaP buffer,24 and although this
study provided information on the mode of action of Os−C,
further development for therapeutic applications was limited.
With subsequent tryptophan end-tagging, Os−C has enhanced
antiplanktonic and antibiofilm activities in a more complex
RPMI-1640 medium that is considered physiologically
relevant.

Os−C(W5) Retains Some Antifungal Activity in
Serum. Biofilms are clinically relevant and occur in
physiological environments containing serum or plasma
which often affects the activity of AMPs.34 Therefore, the
biofilm preventing activity of Os−C(W5) was further evaluated

in RPMI-1640 medium supplemented with 50% fetal bovine
serum (FBS) (RPMI-1640-50% FBS). At 200 μM, approx-
imately 20 times the BIC50, Os−C(W5) significantly reduces
the C. albicans biofilm viability and biomass to 45.7 and 52.2%,
respectively (Table 3). For biofilm eradication, 400 μM Os−
C(W5) is required to significantly reduce the viability of
preformed biofilms to 82.4%; however, no significant reduction
in biomass is observed (Table 3).
The data reveal that although reduced, Os−C(W5) retains

some antibiofilm activity in a serum-containing medium.
Similar inhibitory effects of serum were reported by Sonesson
et al. for 30 μM GHK17WWWWW against planktonic C.
parapsilosis with approximately 50% less activity in the
presence of 50% human serum than in physiological salt
conditions.21

Tryptophan tagging of Os−C increases peptide activity in
physiological salt solutions, such as RPMI-1640, but
antibiofilm activity is reduced upon the addition of FBS.
Given the complex composition of FBS, which contains
proteins, carbohydrates, hormones, fatty acids, lipids, cyto-
kines, inorganic compounds, vitamins, minerals, and growth
factors,35 it is probable that multiple components interfere with
AMP activity. The instability in serum could be due to the
binding of Os−C(W5) to serum components such as albumin,
proteolytic degradation by serum proteases, or the preferential
binding of serum components to the fungal membrane which
may prevent the peptide from interacting with the fungal
membrane.36 As a result, Os−C(W5) will not interact with
biofilm-associated cells, leading to diminished antibiofilm
activity. Future strategies to overcome this limitation include
noncovalent encapsulation of Os−C(W5) into carrier mole-
cules or conjugation of Os−C(W5) to nanoparticles to limit
nonspecific binding and/or the introduction of D-amino acids
in the Os−C(W5) sequence to increase resistance to
proteases.37

Os-C(W5) Retains Fungal Selectivity. For therapeutic
purposes, AMPs must have a high selectivity for fungi, with
limited toxicity toward host cells.38 Using the hemolysis assay,
the ability of Os−C(W5) to induce erythrocyte hemolysis was
investigated. Compared with the positive control (2% SDS)
that caused significant hemolysis, Os−C(W5) even at the
highest concentration of 100 μM does not cause hemolysis and

Figure 3. Hydrogen bonding between (A) Os−C and (B) Os−C(W5) and the model membrane. Peptide-lipid hydrogen bonds are shown as a
function of time for three peptides binding to a lipid bilayer.
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differences are not significant when compared with the
untreated control (Figure 7).
Likewise, in a previous study, Os−C at 100 μM did not

cause hemolysis, indicating that tryptophan end-tagging of
Os−C at the C-terminal did not increase cytotoxicity.22

Pasupuleti et al. reported low levels of hemolysis of 6 and 10%
for 60 μM of tagged KNK-7-WWWWW, and KNK-10-

WWWWW respectively, although compared with the
respective nontagged peptides, differences in hemolysis were
significant.16

Antiplanktonic Activity of Os−C(W5) Is due to ROS
Formation and Not Increased Membrane Permeability.
For further mode of action studies of Os−C(W5), the number
of cells used was increased from 1.5 × 105 to 2.5 × 106 CFU/

Figure 4. Insertion of Os−C and Os−C(W5) into a C. albicans membrane. (A, B) Depth of insertion of the central carbon atom of each residue is
calculated and averaged over all three peptides relative to the phosphate group plane in the upper leaflet of the bilayer. Positive and negative values
indicate the peptides are above or below the phosphate group of the upper leaflet of the bilayer, respectively. (C, D) Basic residues are blue,
nonpolar residues are purple, polar residues are green, and gray spheres represent the phosphorus atom in the phosphate headgroup of the lipids in
the upper leaflet of the bilayer. Images were designed using Visual Molecular Dynamics (University of Illinois at Urbana−Champaign).
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Figure 5. Tryptophan end-tagging promotes peptide aggregation. (A) Formation of peptide oligomers was recorded for the duration of the
simulation. (B, C) Average distances between (B) Os−C and (C) Os−C(W5) residues. (D) Dimer formation by Os−C after 850 ns. (E) Trimer
formation by Os−C(W5) after 1 μs. For (D) and (E), basic residues are blue, nonpolar residues are white, and polar residues are green. Aggregation
caused by tryptophan residues is shown in red. The yellow oval highlights the interaction between Tyr19 (green) and Lys7 (blue). Images were
designed using Visual Molecular Dynamics (University of Illinois at Urbana−Champaign).
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mL to enable the direct comparison of results, irrespective of
the assay used. Isopropanol, the positive control for membrane
permeabilization, significantly reduces cell viability to 1.3%,
while 0.312 and 0.625 μM amphotericin B (AMB) significantly
reduces cell viability to 38 ± 10.4 and 26 ± 6.6%, respectively
(Figure 8). For 3.12−50 μM Os−C(W5), a dosage-dependent
decrease in viability is observed from 73 ± 2.1 to 4.3 ± 4.3%
compared with the untreated control. A similar effect was
reported by D’Auria et al., who evaluated the effect of the
peptide temporin G on C. albicans viability using methylene
blue dye.39

Antifungal peptides are known to kill cells by using multiple
modes of action including membrane permeabilization, ROS
production, ATP efflux, cell cycle impairment, disrupted cation
homeostasis, cell autophagy, and abnormal vacuole function.40

Previously, we showed that the parent peptide, Os, causes
membrane permeabilization, while the derivative Os−C
induces ROS production.24 Using the same conditions and
concentrations used for cell viability, cell permeability was
determined with the SYTOX Green assay. Isopropanol
increased the membrane permeability, while AMB and Os−
C(W5) have no membrane-permeabilizing activity at any of the
relevant concentrations (Figure 9).
Tryptophan end-tagging has been identified as an AMP

modification that promotes membrane permeabilization.16−20

In contrast, a novel finding in the present study is that
tryptophan end-tagging does not cause membrane permeabi-
lization but rather ROS production, further supported by MD
simulations where minimal membrane insertion is observed for
Os−C(W5) (Figure 4B).
In a study by Bellavita et al., the mode of action of several

cyclic temporin L isoforms was not liposome leakage but rather
membrane surface aggregation as the incubation of C. albicans

cells with these antifungal peptides caused a decrease in the
zeta potential. This mode of action was further evaluated using
liposomes with thioflavin T (ThT) as a probe, and the effects
on liposome topography were evaluated with atomic force
microscopy. The authors hypothesized that aggregation led to
a carpeting effect, but the consequence on cellular function was
not identified.41 Likewise, to further support the initial MD
simulation findings in the present study, in vitro based studies
can be undertaken to determine the effect of aggregation on
the zeta potential of C. albicans cells, further supported by ThT
fluorescence studies. Due to the higher resolution of field
electron scanning electron microscopy, this technique can be
used to identify the aggregates and to determine the effect on
liposome membranes.42

For several AMPs, including Os−C, ROS production plays a
key role in the antifungal activity43,44 and subsequent
mitochondrial damage,45 membrane lipid oxidation,46 and
formation of advanced glycation protein products47 that
contribute to cell death via apoptosis or necrosis. Using the
2′,7′-dichlorodihydrofluorescin diacetate (DCFH-DA) assay,
for 25 μM of Os−C(W5), there is a time-dependent increase in
ROS production (Figure 10A). A dosage effect in ROS
production is observed in the absence of 10 mM ascorbic acid,
which is significantly increased for 12.5 and 25 μM Os−C(W5)
after 3 h (Figure 10B). To confirm that increased ROS
production is linked to the antifungal activity of Os−C(W5)
resulting in cell death, cell viability was evaluated in the
presence and absence of 10 mM ascorbic acid. A significant
increase in cell viability in the presence of ascorbic acid and
Os−C(W5) is observed indicating that ascorbic acid protects
C. albicans from the antifungal ROS-mediated activity of Os−
C(W5) (Figure 10C). Similar findings were reported in a
recent study on the peptide AMP-17 derived from the
domestic housefly Musca domestica where the MIC of the
peptide against C. albicans increased from 20 to 40 μg/mL in
the presence of 5 mM ascorbic acid and increased from 20 to
160 μg/mL in the presence of 50 mM ascorbic acid.48

The present study shows that tryptophan end-tagging of the
peptide Os−C does not alter the mode of action as the
antifungal activity of Os−C(W5) is also linked to ROS
production. Peptides such as HsAFP149,50 and NaD151,52 are
known to enter fungal cells and induce ROS production.
Thevissen et al. observed that the plant defensin RsAFP2 does
not enter the cell but interacts with the glycosphingolipid
glucosylceramide and induces membrane permeabilization,
ROS production, cell wall stress, septin mislocalization, and
metacaspase-independent apoptosis.53

For Os−C(W5), MD simulations reveal that Os−C(W5) has
reduced peptide-membrane interactions and insertion into a C.

Table 2. Antifungal Activity of Amphotericin B, Os−C, and
Os−C(W5)

MICa
(μM)

BIC50
b (μM) BEC50

c (μM)

viability biomass viability biomass

amphotericin B 0.625 0.06 ±
0.01

0.05 ±
0.02

0.08 ±
0.00

0.56 ±
0.20

Os−C >100 >100 >100 NDd ND
Os−C(W5) 50 11.2 ±

3.69
10.6 ±
3.77

69.3 ±
11.3

87.4 ±
11.8

aLowest concentration of antifungal that reduced planktonic cell
growth by ≥90%. bLowest concentration of antifungal that caused a
50% reduction in biofilm cell viability or biomass. cLowest
concentration of antifungal that reduced the viability or biomass of
a preformed biofilm by 50%. dND, not determined. All data
represents the mean ± SEM of three independent experiments.

Figure 6. Biofilm preventing activity of Os−C(W5). Biofilms were grown in the presence of Os−C or Os−C(W5) for 24 h and then stained with
0.1% crystal violet. Images are representative of three independent experiments and taken at 10× magnification. Scale bar = 100 μm.
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albicans membrane and enhanced peptide aggregation.
Although MD simulations provide important information on
how AMPs induce pore formation, findings showing reduced
membrane interaction allude to alternative mechanisms
associated with AMP-mediated growth inhibition or cell
death. The cell wall of C. albicans, besides containing
polysaccharide components, also contains many proteins
involved in adhesion, hyphal development, and biofilm
formation such as enzymes, morphology-associated proteins,
adhesins, and binding (receptor) proteins. Disruption of the
cell wall integrity and/or protein function leads to oxidative

stress and associated ROS formation and, when in excess,
inhibits the cell wall integrity pathway leading to growth
inhibition or cell death.54 Interestingly, for both Os−C and
Os−C(W5), ROS formation is the identified mode of action,
and although MD simulations clearly show differences in
membrane insertion, the production of ROS is associated with
residues in the Os−C sequence rather than the presence of
terminal tryptophan residues or a change in the secondary
structure of the peptide. It would also be interesting to
ascertain if Os−C(W5) aggregation leads to increased ROS
production when compared with Os−C. Therefore, further
studies should focus on the interaction with other cell wall
components as well as the identification of key amino acids or
sequences associated with ROS production.

Os−C(W5) Induces Morphological Changes. ROS-
mediated oxidative stress in Candida species causes cellular
dysfunction and associated changes to morphology that can be
evaluated with scanning electron microscopy.55 Untreated cells
are oval-shaped, with a smooth surface and an intact cell wall
with cell buds and bud scars (Figure 11A). Treatment with
6.25 μM Os−C(W5) induces cell rounding, surface roughness,
bleb formation (Figure 10B, arrowheads), and leakage of
intracellular content (Figure 11B, thick arrow). At 12.5 μM
Os−C(W5) (Figure 11C), these effects are more pronounced,
and in addition, cracks on the cell surface (Figure 11C,
chevrons) and the presence of cellular debris (Figure 11C,
star) are observed.
Increased surface roughness, blebbing, and leakage of

cytoplasmic content are commonly seen after treatment with

Table 3. Antibiofilm Activity of Ampotericin B (AMB) and Os−C(W5) in FBSa

biofilm prevention biofilm eradication

viability (%) biomass (%) viability (%) biomass (%)

2.5 μM AMB 0.40 ± 0.10**** 0.92 ± 0.49**** 21.2 ± 0.81**** 55.7 ± 15.1*
200 μM Os−C(W5) 45.7 ± 6.24**** 52.2 ± 3.91**** NDb ND
400 μM Os−C(W5) ND ND 82.4 ± 1.41**** 95.5 ± 2.97

aData represent mean ± SEM (n = 3). One-way ANOVA was performed followed by a posthoc Dunnett’s multiple comparisons test. Asterisks (*p
< 0.05; ****p < 0.0001) represent a significant difference compared with the untreated control which represents 100% viability or biomass. bND,
not determined.

Figure 7. Hemolytic activity of Os−C(W5). Human erythrocytes
were exposed to Os−C(W5) (0.78−100 μM) for 30 min and then
absorbance was measured at 570 nm. SDS (2%) was used as a positive
control. Data represent the mean ± SEM (n = 3). One-way ANOVA
was performed followed by a posthoc Dunnett’s multiple comparisons
test. Asterisks (****p < 0.001) represent a significant difference
compared with the untreated control.

Figure 8. Effect of AMB and Os−C(W5) on planktonic cell viability.
C. albicans cells (2.5 × 106 CFU/mL) were incubated with
isopropanol (6.25%), AMB (0.312−0.625 μM), and Os−C(W5)
(3.12−50 μM) for 3 h, and cell viability was quantified using CellTiter
Blue. Data represent the mean ± SEM (n = 3). One-way ANOVA was
performed followed by a posthoc Dunnett’s multiple comparisons
test. Asterisks (*p < 0.05; ****p < 0.001) represent a significant
difference compared with the untreated control.

Figure 9. Membrane-permeabilizing activity of AMB and Os−C(W5).
C. albicans cells (2.5 × 106 CFU/mL) were exposed to isopropanol
(6.25%), AMB (0.312−0.625 μM), and Os−C(W5) (3.12−50 μM) in
the presence of SYTOX Green, and fluorescence was measured after 3
h. Data represent the mean ± SEM (n = 3). One-way ANOVA was
performed followed by a posthoc Dunnett’s multiple comparisons
test. Asterisks (****p < 0.001) represent a significant difference
compared with the untreated control.
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antifungal agents and are indicators of membrane damage.56,57

Since Os−C(W5) does not permeabilize the membrane, the
observed cellular damage is likely the consequence of excessive
ROS formation which may damage the membrane by oxidizing
membrane-associated lipids and proteins.

Os−C(W5) Inhibits Biofilm Formation by Reducing
Adhesion and Extracellular Matrix Production. Biofilm
formation occurs in four sequential steps: adhesion, initiation,
maturation, and dispersal.58 To further investigate the effect of
Os−C(W5) on this process, the effect of Os−C(W5) on critical
events such as adhesion and ECM production was investigated.
Inhibition of adhesion by Os−C(W5) was investigated, and a
significant decrease in adhesion of about 20% is observed for
both 0.078 μM AMB and 10 μM Os−C(W5) (Figure 12).
Exposure to 3, 10, and 64 μM LL-37 for 30 min reduced C.

albicans adhesion to polystyrene and silicone surfaces by 35,
59, and 80%, respectively.59,60 Likewise, 1 μM psoriasin
reduced the adhesion of C. albicans to polystyrene by 20%

within 30 min.61 Likewise, 10 μM of Os−C(W5) causes a
decrease in cell adhesion that is less than LL-37 but greater
than psoriasin, indicating that reduced adhesion contributes to
the prevention of biofilm formation.
The ECM serves as a protective barrier for cells within the

biofilm.9 Direct cell killing or inhibition of the ECM synthesis
pathways can prevent ECM formation. In this study, the
amount of carbohydrates, proteins, and nucleic acids in the
ECM following exposure to AMB and Os−C(W5) was
quantified using several biochemical analyses. This approach
to quantifying individual ECM components has been applied
to phytoactive compounds62 and the antifungal drug
fluconazole63 and serves as an initial indicator of the pathways
involved.
Carbohydrates are less abundant and make up approximately

25% of the C. albicans ECM and represent the most complex
fraction of the matrix. Monosaccharides such as glucose,
xylose, mannose, and arabinose are present in the highest

Figure 10. ROS production by Os−C(W5). (A) Cells (2.5 × 106 CFU/mL) were treated with 25 μM Os−C(W5). Then, fluorescence was
measured every hour for 3 h. Hydrogen peroxide (2 mM) was used as a positive control. Data represent the mean ± SEM (n = 3). One-way
ANOVA was performed followed by a posthoc Dunnett’s multiple comparisons test. Asterisks (**p < 0.01; ****p < 0.0001) represent a significant
difference compared with the untreated control. (B) ROS production in the presence and absence of 10 mM ascorbic acid was measured after 3 h.
Data represent the mean ± SEM (n = 3). (C) Cell viability in the presence and absence of 10 mM ascorbic acid was measured after 3 h. Data
represent the mean ± SEM (n = 3). For (B) and (C), two-way ANOVA was performed followed by a posthoc Tukey’s multiple comparisons test.
Asterisks (*p < 0.05; **p < 0.01 ****p < 0.0001) represent a significant difference compared with the untreated control, and hash symbols (##p <
0.01; ####p < 0.0001) represent a significant difference in fluorescence in the presence and absence of 10 mM ascorbic acid.

Figure 11. Effect of Os−C(W5) on the morphology of planktonic C. albicans. Cells (2.5 × 106 CFU/mL) were (A) untreated or treated with (B)
6.25 μM or (C) 12.5 μM Os−C(W5) for 3 h; then, samples were prepared and viewed using scanning electron microscopy. Effects on cells include
extracellular debris (star), leakage of intracellular content (thick arrows), blebs (arrowheads), and cracking (chevrons). Images were taken at
20,000× magnification. Scale bar: 1 μm.
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quantities.64 A significant reduction in carbohydrate content is
observed at the two highest concentrations of AMB (Figure
13A) and Os−C(W5) (Figure 13D) with the absence of
carbohydrates at 10 μMOs−C(W5). The most abundant ECM
components are proteins which account for 55% of the dry
weight of C. albicans ECM.9 Exposure to AMB and Os−C(W5)
leads to a significant decrease of protein associated with the
ECM at 0.039−0.156 μM AMB (Figure 13B) and 2.5−10 μM
Os−C(W5) (Figure 13E). Extracellular nucleic acids are the
least abundant and comprise 5% of the ECM, maintaining the
structural integrity of the biofilm and playing an additional role
in linking matrix components.65 A significant decrease in

biofilm-associated nucleic acids is observed for 0.078 and 0.156
μM AMB (Figure 13C) and 2.5−10 μM Os−C(W5) (Figure
13F).

■ CONCLUSIONS
Inactivity of AMPs in physiological salt environments, serum,
and plasma often limits further therapeutic development.
Tryptophan end-tagging of Os−C, an inactive peptide, leads to
enhanced antifungal activity against C. albicans. In silico and
steady-state analyses using MD simulations and CD demon-
strate that this modification alters the secondary structure of
Os−C. Furthermore, MD simulations show that end-tagging
leads to reduced membrane insertion and enhanced peptide
aggregation which is corroborated by a lack of membrane
permeabilization and hemolysis in vitro. Instead of membrane
permeabilization, the induction of ROS is linked to the
antifungal activity of Os−C(W5) and leads to reduced cell
viability and morphological changes. The antibiofilm activity of
Os−C(W5) is characterized by reduced cell adhesion and
viability, which leads to reduced ECM production. Finally,
although reduced, antibiofilm activity is retained in a serum-
containing medium. Tryptophan end-tagging is a viable
strategy for improving the antifungal activity of Os−C against
C. albicans in a physiologically relevant salt environment.

■ MATERIALS AND METHODS
Antifungal Agents. All peptides (Table 4) were purchased

from GenScript (Piscataway, New Jersey, USA). The purity
(>95%) and molecular mass of the peptides Os−C and Os−
C(W5) were determined by the vendor using reverse-phase
HPLC and mass spectrometry, respectively (Supplementary

Figure 12. Effect of Os−C(W5) on C. albicans adhesion. C. albicans
(1 × 106 CFU/mL) was incubated in the presence of 0.078 μM AMB
or Os−C(W5) (0.625−10 μM) for 1 h; then, adhesion was quantified
by solubilizing bound crystal violet with 30% acetic acid and then
measuring the absorbance. Data represent the mean ± SEM (n = 3).
One-way ANOVA was performed followed by a posthoc Dunnett’s
multiple comparisons test. Asterisks (*p < 0.05) represent a
significant difference compared with the untreated control.

Figure 13. Effect of (A−C) AMB and (D−F) Os−C(W5) on the formation of carbohydrates, proteins, and nucleic acids in the ECM of C. albicans
biofilms. Cells (1 × 106 CFU/mL) were exposed to AMB (0.009−0.156 μM) and Os−C(W5) (0.625−10 μM) for 24 h; then, soluble ECM was
extracted from treated and untreated samples. Carbohydrates, proteins, and nucleic acids were quantified. Data represent the mean ± SEM of three
independent experiments. One-way ANOVA was performed followed by a posthoc Dunnett’s multiple comparisons test. Asterisks (*p < 0.05; **p
< 0.01; ***p < 0.001) represent a significant difference compared with the untreated control.
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Figures 5−8). The peptide concentration was determined
using the formula:

c
A

n n
df MW

( ) ( )
280

Tyr Tyr Trp Trp
=

× ×
+

where c is the concentration in mg/mL, A280 is the absorbance
at 280 nm, df is the dilution factor, MW is the molecular
weight in mg/mmol, and nTyr/Trp(ΕTYR/ΕTRP) is the number of
tyrosine or tryptophan residues and their corresponding
extinction coefficients (tyrosine = 1200 AU/mmol/mL;
tryptophan = 5560 AU/mmol/mL). Once the peptide
concentration was determined, stocks were prepared in
double-distilled water (ddH2O), and aliquots were stored at
−20 °C. AMB (Sigma-Aldrich, St Louis, Missouri, USA) was
used as the control drug, and stocks were prepared in dimethyl
sulfoxide (DMSO; Sigma-Aldrich, St Louis, Missouri, USA)
and then stored at −80 °C.

Secondary Structure Analysis. The secondary structure
of the peptides was analyzed using CD spectroscopy. Os−C
and Os−C(W5) (both 50 μM) were dissolved in 5 mM Tris
(Sigma-Aldrich; St Louis, Missouri, USA) or 50 mM SDS
(Sigma-Aldrich, St Louis, Missouri, USA). Spectra were
obtained using a J-1500 CD spectrophotometer (Jasco; Easton,
Maryland, USA). Scans were performed at 20 °C over the
180−260 nm range, with a path length of 0.2 cm, a scan speed
of 100 nm/min, a data pitch of 0.5 nm, and a bandwidth of 2
nm. High-tension voltage values above 600 V were excluded.
Samples were scanned ten times and then corrected for solvent
effects. The CD spectra of Os−C and Os−C(W5) were further
analyzed using K2D3, an online secondary structure estimation
tool.66

Molecular Dynamics Simulations. Simulations were
carried out using GROMACS.67 The CHARMM36m all-
atom force-field was used in all simulations,68,69 and the initial
bilayer configuration was designed in a water box measuring 90
× 90 × 110 nm using CHARMM-GUI.70 Membranes
contained 256 lipids composed of 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine, 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphoethanolamine, 1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
pho-L-serine, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoinosi-
tol, and ergosterol (in a 59:21:3:4:13 ratio) to reflect the
composition of the C. albicans membrane.71,72

Peptides were designed using Avogadro software, and then
the starting structures were obtained by running a simulation
of the peptides in water for 1 ns. In order to investigate the
collective behavior of these AMPs, three peptides were inserted
9.7 Å above the lipid bilayer in random positions and
orientations at least 5 Å apart from each other to identify
possible peptide−peptide interactions. The system was
solvated with TIP3P water and neutralized by sodium and
chloride ions. Energy minimization was carried out using the
steepest descent algorithm until the maximum force was less
than 1000 kJ/mL/nm. Equilibration was run using the NVT
ensemble for 250 ps with a target temperature of 310 K and

then the NPT ensemble for 1625 ps with a target temperature
and pressure of 310 K and 1 bar, respectively, with position
restraints on the peptides at a temperature of 310 K and a
pressure of 1 bar. Production simulations were run for 1 μs
using a semi-isotropic NPT ensemble using 2 fs timesteps. All
production simulations were performed at a temperature of
310 K which was controlled by a Nose-Hoover thermostat and
a pressure of 1 bar, which was controlled by a Parrinello−
Rahman barostat.
The conformation of the peptides was quantified by

measuring torsion angles, which are circular quantities, and
the circular mean of psi or phi angles was calculated as follows:
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Circular variance is calculated as the spread of angles across
all peptides and timesteps for each residue and was determined
using the equation:
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The average psi and phi dihedral angles were used to create
a Ramachandran contour plot, with contours representing all
the dihedral angles for the first and last 20 ns of the simulation.
Hydrogen bond analysis measured the number of hydrogen

bonds formed between all hydrogen bond donors and
acceptors between each residue and membrane lipids. The
distance and angle cutoff values for identifying hydrogen bonds
were 3 Å and 150°, respectively. Peptide insertion into the lipid
bilayer was determined by the z-position analysis which
measured the z-position of the central carbon atom of each
residue relative to the average z-position of the phosphate
group plane in the upper leaflet of the lipid bilayer. A negative
value indicated the insertion of a residue into the membrane.
Peptide aggregation was evaluated by a cluster analysis, which
measured the number of peptide oligomers formed during the
simulation, and an aggregation matrix, which investigated
interactions between individual residues. If the peptides were
within 6 Å of each other, they were considered to be in the
same oligomer.

Antiplanktonic Activity. C. albicans ATCC 90028 cells
were obtained from the American Type Culture Collection
(Manassas, Virginia, USA). Cells were prepared as described in
the EUCAST Definitive Document EDef 7.1.73 Briefly, cells
were streaked on a yeast peptone dextrose (YPD) agar plate
and incubated for 18−24 h at 37 °C. Single colonies were
suspended in ddH2O and then diluted in ddH2O to the
required cell density. For all antifungal assays, for the AMB and
relevant controls, the final DMSO concentration was 0.5%.

Table 4. Physicochemical Properties of Peptides Used in the Study

peptide sequence molecular weighta (g/mol) chargea pIa hydrophobicityb (%)

Os−C KGIRGYKGGYKGAFKQTKY 2150.49 +6 10.8 15.8
Os−C(W5) KGIRGYKGGYKGAFKQTKYWWWWW 3081.55 +6 10.8 33.3

aCalculated using GenScript peptide-molecular-weight-calculator (https://www.genscript.com/tools/peptide-molecular-weight-calculator).
bCalculated using peptide 2.0 (https://www.peptide2.com/N_peptide_hydrophobicity_hydrophilicity.php).
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Antiplanktonic activity was determined according to the
EUCAST Definitive Document EDef 7.1.73 AMB (0.009−2.5
μM) and Os−C and Os−C(W5) (0.78−200 μM) were
prepared in double-strength RPMI-1640 supplemented with
2% glucose (2× RPMI-1640-2% G). A 50 μL aliquot of each
antifungal was added to a 96-well polypropylene plate (Greiner
Bio-One; Kremsmünster, Austria). Then, 50 μL of C. albicans
cells suspended in ddH2O at a density of 3 × 105 CFU/mL
was added. The final concentration range of AMB was 0.004−
1.25 μM and that of Os−C and Os−C(W5) was 0.39−100
μM. Following 24 h incubation at 37 °C, cell growth was
determined by measuring the optical density at 530 nm. The
MIC was defined as the lowest concentration of antifungal that
inhibited fungal growth by at least 90%.73

For the mode of action studies, the effect of AMB and Os−
C(W5) on the metabolic activity of planktonic cells was
determined using the CellTiter Blue (CTB, Promega,
Madison, Wisconsin, USA) cell viability assay. AMB (0.625
and 1.25 μM) and 6.25−100 μM of Os−C(W5) in a volume of
50 μL were added to the wells of a 96-well polypropylene plate.
Then, 50 μL of a cell suspension, at a cell density of 5 × 106
CFU/mL, was added to AMB or Os−C(W5). The final
concentrations of AMB and Os−C(W5) were 0.312−0.625 μM
and 3.12−50 μM, respectively. After 3 h incubation, the cell
viability was determined by adding CTB (11 μL) to each well,
and after 1 h at 37 °C incubation in the dark, the fluorescence
was measured at an excitation wavelength (Ex) of 535 nm and
emission wavelength (Em) of 590 nm.

Antibiofilm Activity. For both the biofilm prevention
(including mode of action studies) and eradication studies,
single colonies were placed in YPD broth and incubated for 18
h at 30 °C. The overnight culture was centrifuged, the
supernatant was discarded, and the pellet was washed and
resuspended in RPMI-1640 to a cell density of 2 × 106 CFU/
mL for biofilm prevention, adhesion, and ECM analysis assays.
For biofilm eradication assays, the cell density was adjusted to
1 × 106 CFU/mL.
Biofilm preventing activity was investigated by adding 50 μL

of the cell suspension as described above (2 × 106 CFU/mL)
to 50 μL of AMB (0.019−5 μM), Os−C, or Os−C(W5) (both
0.78−200 μM) in the wells of a sterile, 96-well polystyrene
plate (Greiner Bio-One; Kremsmünster, Austria). The final
concentration range of AMB was 0.004−2.5 μM and those of
Os−C and Os−C(W5) was 0.39−100 μM. Cells were
incubated for 24 h at 37 °C without shaking; then, the
medium was removed, and cells were washed with 100 μL of
PBS.
To determine activity against preformed biofilms, 100 μL of

the cell suspension (1 × 106 CFU/mL) was added to the wells
of a sterile, 96-well polystyrene plate and then incubated for 24
h at 37 °C without shaking. After 24 h, the biofilms were
washed with 100 μL of PBS, and then, 100 μL of AMB
(0.009−2.5 μM) or Os−C(W5) (0.39−100 μM) was added
followed by further incubation for 24 h at 37 °C without
shaking. The medium was then removed, and the biofilm was
washed with 100 μL of PBS.
Biofilm preventing and eradicating activity of Os−C(W5) in

serum was then further investigated in RPMI-1640−50% FBS.
For biofilm prevention, to a cell suspension of 4 × 106 CFU/
mL in RPMI-1640 an equal volume of 100% FBS was added
and the final cell density was 2 × 106 CFU/mL. To the wells of
a 96-well polystyrene plate, 50 μL of 5 μM AMB and 400 μM
Os−C(W5) in RPMI-1640-50% FBS were added. Then, 50 μL

of the cell suspension was added followed by incubation for 24
h at 37 °C without shaking. The final concentrations of AMB
and Os−C(W5) were 2.5 μM and 200 μM, respectively.
Likewise, for biofilm eradication, the cell density was 2 × 106

CFU/mL in RPMI-1640 and following the addition of FBS
was reduced to 1 × 106 CFU/mL in RPMI-1640-50% FBS. A
100 μL volume of the cell suspension was added to the wells of
a 96-well polystyrene plate, and the cells were incubated for 24
h at 37 °C without shaking. The medium was removed, and
the established biofilms were rinsed with 100 μL of PBS. Then,
100 μL of AMB (2.5 μM) and 400 μMOs−C(W5) prepared in
RPMI-1640-50% FBS were added to biofilms followed by
incubation for another 24 h at 37 °C without shaking.
For both biofilm prevention and eradication studies, the

viability and biomass were quantified using CTB and crystal
violet (CV), respectively. Biofilm viability was determined by
adding 100 μL of a 1/10 dilution of CTB to each well,
followed by incubation for 1 h in the dark. Fluorescence was
measured at an Ex of 535 nm and an Em of 590 nm. Biofilm
biomass was quantified by using CV staining. Biofilms were
fixed with 100 μL of 20% (v/v) formaldehyde for 15 min at
room temperature. The fixative was removed, and the biofilms
were left to dry for a few minutes before 200 μL of 0.1% (w/v)
CV was added for 15 min at room temperature. The CV was
then removed, and the biofilms were rinsed with 200 μL of
ddH2O to remove unbound CV. The plates were dried
overnight, and then the biofilms were viewed using an inverted
light microscope equipped with a camera (Optika; Ponter-
anica, Italy). To quantify staining, the CV was solubilized with
125 μL of a 30% (v/v) acetic acid solution for 15 min. Biomass
was quantified by measuring the absorbance of the solubilized
CV at 550 nm.

Hemolytic Activity. For the hemolysis assay, blood (single
donor per assay) was collected from healthy, consenting
donors (ethical clearance; protocol no. 367/2021, Research
Ethics Committee, Faculty of Health Sciences, University of
Pretoria). The hemolytic activity of Os−C(W5) was
determined as detailed by Nakajima et al.74 Briefly, from
whole blood, erythrocytes were collected by centrifugation,
washed, and diluted in PBS, pH 7.4. A 5% erythrocyte
suspension was incubated with Os−C(W5) (0.78−100 μM)
for 30 min at 37 °C and 5% CO2. After incubation,
erythrocytes were pelleted via centrifugation, the supernatants
were transferred to a 96-well plate, and the absorbance was
measured at 570 nm. Sodium dodecyl sulfate (2%) was used as
a positive control.

Planktonic: Mode of Action Studies. SYTOX Green
Uptake Assay.Membrane permeabilization was investigated as
described by Merlino et al.,75 with some modifications. Briefly,
cells were resuspended in ddH2O and then diluted to a cell
density of 1 × 107 CFU/mL. An equal volume of SYTOX
Green (Invitrogen; Waltham, Massachusetts, USA) prepared
in 0.02 M NaP buffer, pH 7.4, was added to the cells to obtain
a cell density of 5 × 106 CFU/mL and a SYTOX Green
concentration of 1 μM. The suspension was incubated in the
dark for 50 min at 30 °C with shaking at 150 rpm to allow for
dye equilibration followed by the addition of 50 μL of the
suspension to 50 μL of 0.625 μM and 1.25 μM AMB or 6.25−
100 μM Os−C(W5) in the wells of a black 96-well plate
(Nunc; Roskilde, Denmark). The final concentrations of AMB
and Os−C(W5) were 0.312−0.625 μM and 3.12−50 μM,
respectively. After 3 h of incubation at 37 °C, the fluorescence
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was measured at Ex and Em of 485 and 535 nm, respectively.
Isopropanol (6.25%) was used as a positive control.
2′,7′-Dichlorodihydrofluorescin Diacetate Assay. Reactive

oxygen species production was investigated using the
fluorescent dye DCFH-DA and was performed under the
same conditions as those described for the SYTOX Green
assay with some modifications. Briefly, C. albicans cells were
resuspended and then diluted to a cell density of 1 × 107
CFU/mL. Equal volumes of the cell suspension and 40 μM
DCFH-DA were mixed and then incubated in the dark for 30
min at 37 °C with shaking at 150 rpm. Os−C(W5) (6.25−50
μM) with and without 10 mM ascorbic acid (Sigma-Aldrich; St
Louis, Missouri, USA) was prepared and added to the wells of
a black 96-well plate. Cells (50 μL) were added to 50 μL of
Os−C(W5) to give a final peptide concentration range of
3.12−25 μM, and fluorescence was measured every hour for 3
h at an Ex and Em of 485 and 535 nm, respectively. Hydrogen
peroxide (2 mM) was used as a positive control. To determine
whether ROS production was linked to antifungal activity, cells
were exposed to Os−C and Os−C(W5) (final concentration:
3.12−25 μM) for 3 h in the absence and presence of 10 mM
ascorbic acid. Cell viability was determined using CTB as
described for antiplanktonic assays.
Scanning Electron Microscopy. Cells were treated for 3 h

with 6.25−12.5 μM Os−C(W5) in 96-well polypropylene
plates before being transferred to poly-L-lysine coated cover-
slips. Samples were fixed with 2.5% glutaraldehyde/form-
aldehyde and then underwent post fixation with 1% osmium
tetroxide. Using 30, 50, 70, 90, and 100% ethanol, the samples
were dehydrated and then dried overnight in hexamethyldisi-
lane. Samples were mounted with carbon tape onto aluminum
stubs, carbon coated, and viewed with an Ultra plus field
emission gun scanning electron microscope (Zeiss; Oberko-
chen, Germany).

Biofilm: Mode of Action Studies. Adhesion Assay. The
adhesion assay was performed by adding 50 μL of the cell
suspension (2 × 106 CFU/mL) to 50 μL of 0.156 μM AMB or
1.25−20 μM Os−C(W5) in the wells of a sterile, 96-well
polystyrene plate. The final concentration of AMB was 0.078
μM, while the final concentration of Os−C(W5) ranged from
0.625−10 μM. After 1 h incubation at 37 °C without shaking,
the nonadherent cells were removed by washing with PBS.
Adherent cells were quantified using the CV assay as described
for antibiofilm assays.
Biochemical Analysis of ECM Carbohydrates, Proteins,

and Nucleic Acids. Changes in the ECM composition induced
by AMB and Os−C(W5) were determined by performing
biofilm prevention assays for 24 h. PBS (200 μL) was added to
each well, and then the biofilms were dislodged from the plate
surface with a sterile pipet tip. To further disrupt the biofilm,
the plate was vortexed for 30 s and then was subjected to a
further 15 min of sonication using a Bransonic42 water bath
sonicator (Branson Ultrasonics; Brookfield, Connecticut,
USA) followed by a final vortexing for 30 s. The suspensions
were transferred to microcentrifuge tubes and then centrifuged
for 10 min at 13,800 × g, and the collected supernatants were
used to determine the carbohydrate, protein, and nucleic acid
contents.
Carbohydrates were measured using the phenol-sulfuric acid

method by Masuko et al.76 The supernatant was added to a 96-
well plate followed by the addition of 150 μL of concentrated
sulfuric acid and 30 μL of 5% phenol. After incubation for 5
min at 90 °C in a water bath, the samples were cooled to room

temperature before the absorbance was measured at 490 nm.
The carbohydrate content was calculated using a glucose
standard curve. The protein content was measured using the
bicinchoninic acid assay (Thermo Fisher Scientific; Waltham,
Massachusetts, USA) according to the manufacturer’s
instructions, with bovine serum albumin used to generate a
standard curve. Finally, the nucleic acid content was
determined as described by Hammer et al.77 by measuring
the absorbance of the supernatant at 260 nm, except the
samples were not filtered prior to measuring the absorbance.

Statistical Analysis. Three biological repeats were
performed in triplicate for all assays, and the results were
expressed as the mean ± SEM. Statistical analysis was
performed using GraphPad Prism 7 (San Diego, California,
USA). ANOVA was performed followed by a posthoc multiple
comparisons test. A p-value of <0.05 was used to indicate
significance: *p < 0.05; **p < 0.01; ***p < 0.001; ****p <
0.0001.
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