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Abstract

Invasive fungal infections remain difficult to treat because of limited antifungal diversity,
toxicity, resistance, and biofilm-associated tolerance. Here, an Al-assisted generation-and
screening workflow nominated five candidate antifungal peptides, from which Mycendin-1
(MCD-1) was selected for experimental evaluation. MCD-1 showed antifungal activity against
five of six fungal isolates, with marked species- and strain-dependent differences. Against
Candida albicans SC5314, MCD-1 suppressed planktonic growth, reduced viable-cell counts,
strongly inhibited biofilm formation, and decreased mature-biofilm metabolic activity by up to
86%. Checkerboard analysis with amphotericin B yielded a minimum fractional inhibitory
concentration index of 0.125, providing evidence of synergy.-In a Galleria mellonella infection
model, MCD-1-treated larvae showed 95% survival at day"7, compared with 50% in the infected
control group. Circular-dichroism spectroscopy, electron microscopy, and molecular-dynamics
simulation were consistent with environment-dependent conformational adaptation, fungal-
envelope perturbation, and persistent association-at the membrane-water interface. These
findings identify MCD-1 as a promising antifungal-peptide candidate and support further
investigation of its molecular target, mammalian safety, in vivo stability, and efficacy in
mammalian infection models.

Keywords: antifungal peptide; Candida albicans; artificial intelligence; fungal biofilm;
molecular dynamics
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1. Introduction

Fungal infections impose a substantial global public health burden. Recent epidemiological
estimates indicate that invasive fungal diseases afflict roughly 6.5 million individuals each year,
contributing to 3.8 million deaths, of which 2.5 million are directly attributable to fungal
etiology.! Clinical outcomes are especially poor in immunocompromised populations, critically
ill patients, and transplant recipients, where invasive infections may exhibit rapid disease
progression.' In response to this growing threat, the World Health Organization (WHO) released
its inaugural Fungal Priority Pathogens List in 2022.? This report categorized Candida albicans,
Candida auris, Cryptococcus neoformans, and Aspergillus fumigatus into the critical-priority
group and underscored an urgent demand for accelerated research and development of novel
antifungal therapeutics.” Of these high-risk pathogens, Candida albicans stands as a leading
etiological agent of invasive candidiasis.? It can switch between planktonic and biofilm-
associated lifestyles, enabling persistent colonization and sustained infection across
heterogeneous host microenvironments.*

Despite the heavy clinical burden imposed by fungal diseases,available antifungal therapies are
markedly more limited than bacterial treatments. Accordingly, invasive fungal infections are
primarily managed with a handful of conventional antifungal families, including azoles,
echinocandins, and polyenes.’ These agents interfere with-ergosterol biosynthesis, fungal cell-
wall synthesis, and membrane sterols, respectively, yet each drug class bears notable drawbacks.
Amphotericin B possesses potent broad-spectrum-antifungal activity but exhibits severe toxicity;
azoles readily develop resistance via target-site'modification and efflux pump overexpression;
and echinocandins, despite lower resistance prevalence, are not exempt from resistance
emergences.>® As highlighted by the CDC (Centers for Disease Control and Prevention, USA),
toxicity, poor drug accessibility, high cost, together with complexities in dosing and treatment
regimens, constitute major barriers to current antifungal therapy.’

Antifungal resistance represents an additional clinical challenge, yet its prevalence varies
markedly across fungal species and drug classes.®® In the case of Candida albicans, recent global
surveillance covering 6,342 clinical isolates from 41 countries demonstrated that susceptibility to
echinocandins and amphetericin B remained higher than 99%, whereas azole susceptibility
exhibited substantial.inter-strain variability together with gradual temporal shifts.® Consequently,
clinical management becomes highly constrained when standard therapy fails, given
compounding obstacles including drug-related toxicity, biofilm-associated phenotypic
recalcitrance, and the risk 0f emerging or geographically localized resistance, which drastically
narrows therapeutic options.®® The rising threat of resistant WHO-priority fungal pathogens
further underscores the requirement for new antifungal agents that operate via mechanisms
distinct from existing-conventional therapeutics.*®

Antifungal peptides (AFPs) constitute a promising approach for realizing such mechanistic
diversity. AFPs are bioactive peptides that inhibit or kill fungal pathogens by targeting the fungal
cell wall, plasma membrane, or intracellular components. Their key physicochemical traits,
including net positive charge, hydrophobicity and amphipathic structure, promote interactions
with microbial outer envelopes and endow modes-of-action distinct from classical small-
molecule antifungals.'® Multiple pre-clinical studies have demonstrated the therapeutic potential
of AFPs. Li et al. constructed dendritic AFPs active against drug-resistant Candida albicans and



fungal biofilms; their lead peptide, C4-3RP, exhibited protease stability, low toxicity, and in-vivo
efficacy in a murine skin-infection model.!" Analogously, Agarwal et al. characterized the 15-
residue peptide SA-XV, which suppressed Fusarium and Candida, disrupted biofilms, targeted
fungal membranes, and mitigated in-vivo fungal burden.'? Cumulatively, these works illustrate
that peptide-derived antifungals can integrate direct antifungal potency and antibiofilm capacity,
by developing mechanisms that differ from established antifungal drug scaffolds.!!!:12

However, the vast combinatorial diversity of amino-acid sequences renders conventional peptide
discovery extremely inefficient, as only a tiny fraction of the entire sequence space is
experimentally tractable for synthesis and functional screening. Artificial intelligence (Al) offers
a powerful solution to constrain this immense search space by learning latent sequence-function
relationships and generating peptide candidates with predefined bioactive profiles prior to
experimental validation. A list of recent studies has validated the feasibility and superiority of
this Al-driven strategy. Wang et al. established a latent diffusion-based pipeline for the de novo
generation of antimicrobial peptides, wherein 40 computationally prioritized sequences were
subjected to experimental verification. Among these candidates,.25 exhibited potent antibacterial
or antifungal activity. Notably, the lead peptide AMP-29 displayed selective inhibitory activity
against Nakaseomyces glabratus and achieved robust therapeutic efficacy in a murine infection
model."* However, few Al-generated antifungal peptides have been evaluated against biofilms, in
combination with conventional antifungals, or in vivo.

Against this background, the present study experimentally evaluates an antifungal peptide
nominated through an Al-assisted screening workflow. We sought to determine whether MCD-1
exhibited reproducible activity across planktonic growth, biofilm formation, mature biofilms,
combination treatment, and an in vivo infeéction model, and whether its biological effects were
consistent with membrane-interfacial activity, rather than evaluating activity through a single
susceptibility endpoint.

The lead peptide was provisionally named Mycendin-1 (MCD-1), from Greek mykés, and -din,
defend. We hypothesized that MCD-1 would act as a membrane-interfacial antifungal peptide,
inhibit planktonic and biofilm growth, and show synergistic potential with amphotericin B. The
specific objectives were to (i) determine the antifungal spectrum and planktonic activity of
MCD-1, (ii) evaluate-its effects on biofilm formation and mature biofilms, (iii) assess its
interaction with amphotericin B, (iv) examine its in vivo activity in a Galleria mellonella
infection model;‘and (v) characterize its conformational plasticity and membrane-association
behavior.

This study primarily-addresses the limited diversity of antifungal scaffolds and the poor
antibiofilm performance of current agents, while providing a foundation for future toxicity and
resistance studies. By connecting computational peptide discovery with experimental and
mechanistic validation, this study demonstrates how Al-guided molecular design may help
expand the currently restricted antifungal-development pipeline and accelerate the identification
of structurally distinct therapeutic candidates against fungal pathogens.



2. Materials and Methods

2.1 Al-assisted peptide design and computational screening

An Al-assisted workflow integrating peptide-dataset curation, conditional sequence generation,
MIC prediction, physicochemical screening, and structural prediction was used to identify
candidate antifungal peptides. Reference antimicrobial-peptide sequences were collected from
established peptide databases and provided as input to the EvoGen-PepCondition model.'*~"°
Generated sequences were filtered and evaluated using an MIC-prediction model:?° The highest-
ranked candidates subsequently underwent pepADMET-based physicochemical and toxicity
screening, after which MCD-1 was selected as the lead peptide for structural-prediction and
experimental evaluation.?!

2.1.1 Dataset construction and candidate generation

Al-assisted sequence-generation workflow produced the AFP sequences. Before generating the
sequences, a target product profile of synthetically accessible peptides with a positive net charge,
moderate hydrophobicity, predicted aqueous solubility, low aggregation potential, and low
predicted hemolytic or cytotoxic activity was defined. Sequences were standardized using the
single-letter amino-acid code and AlphaFold 3 was used subsequently for structural prediction.?

2.1.2 In silico screening and lead selection

The predicted candidates were evaluated using pepADMET.?! Calculated descriptors included
sequence length, molecular weight, net charge, charge density, isoelectric point, instability index,
aromaticity, aliphatic index, Boman index.and hydrophobic-residue ratio. Predicted toxicity,
cytotoxicity, hemolysis, HCso and human-blood half-life were also considered where available.!
We took MCD-1 (FCRSLRKLATWLLPTTFCAISKKC) forward for experimental evaluation
following the prespecified review of these properties.

2.1.3 Structural prediction

The three-dimensional structure of the selected peptide was predicted using AlphaFold 3. Models
were ranked using the-confidence metrics provided by AlphaFold, including predicted local
distance difference test scores and predicted aligned error where applicable.?

2.2 Peptide synthesis and preparation

Mycendin-1 (MCD-1; FCRSLRKLATWLLPTTFCAISKKC) was chemically synthesized by
solid-phasepeptide synthesis by GenScript (Nanjing, China).” Analytical high-performance
liquid- chromatography assessed peptide purity, and mass spectrometry verified molecular mass
before biological testing.

2.3 Fungal strains and culture conditions

All fungal manipulations were performed in a class II biological safety cabinet (HFsafe-1200;
Heal Force). YPD broth contained 10 g/L yeast extract, 20 g/L peptone, and 20 g/L glucose; 20
g/L agar was added for solid YPD. Sabouraud dextrose agar was prepared at 64 g/L and solid
media were sterilized at 121 °C for 21 min. A BPH-9042 constant-temperature incubator
(Shanghai Yiheng Technology) performed incubation.



The primary experimental strain was Candida albicans SC5314. The secondary susceptibility
panel comprised Candida tropicalis 93, Candida tropicalis 305, Nakaseomyces glabratus 310,
Cryptococcus sp. 909, and Cryptococcus sp. 994. All strains were obtained from the host
laboratory collection and handled in an institutionally approved biosafety level 2 laboratory.

Frozen stocks were streaked onto yeast extract—peptone—dextrose agar and incubated at 30 °C for
approximately 48 h to obtain isolated colonies. For each experiment, a single colony‘was
inoculated into 5 mL YPD broth and cultured at 30 °C with shaking at 200 rpm for
approximately 16 h.

For long-term storage, 900 uL of an overnight culture was mixed with 900-uL.of sterile 50%
glycerol and stored at =80 °C in a Panasonic MDF-U539-C medical freezer..Cultures were
pelleted when required using an Eppendorf 5810R centrifuge or a Himac CT15RE refrigerated
high-speed centrifuge.

2.4 Antifungal susceptibility testing

Fluconazole (PHR1160-1G; Sigma-Aldrich) and amphotericin B(HY-B0221;
MedChemExpress) were referenced antifungal agents. MCD-1 was dissolved in sterile ultrapure
water, whereas amphotericin B and fluconazole stock solutions were prepared in DMSO. The
final DMSO concentration was maintained at 0.3% in all relevant wells, including the vehicle
controls.

The antifungal activity of MCD-1 and amphotericin B was evaluated using a broth-microdilution
procedure aligned with CLSI M27.% Twofold serial dilutions of each test agent were prepared in
RPMI 1640 medium in sterile 96-well microplates. Each well contained 100 pL of the drug or
peptide dilution and 100 pL of standardized fungal suspension.

Each plate included an untreated growth control, a medium-only sterility control and an
appropriate vehicle control. Candida albicans SC5314 was used as the primary strain, while the
remaining five strains were tested to determine the activity spectrum of MCD-1. Plates were
incubated at 30 °C for 24 hours, using species-specific conditions validated by the host
laboratory. The fungal suspension was prepared at approximately 2x10* CFU/mL and mixed in
equal volume with the twofold-concentrated test-agent solutions, producing a final inoculum
density of 1x10* CFU/mL and a final assay volume of 200 uL per well.

After incubation; fungal growth was quantified by measuring absorbance at 600 nm using an
SH1M-SN microplate reader (Agilent Technologies), with medium-only wells used for
background-correction.

MICy was defined as the lowest concentration producing at least a 90% reduction in growth
relative to the untreated control.>* To determine the minimum fungicidal concentration, aliquots
from wells at and above the MIC were plated onto drug-free Sabouraud dextrose agar.”

2.5 Growth-kinetics and Time-Kill assays

An overnight Candida albicans SC5314 culture was standardized and dispensed into sterile 96-
well plates containing either the untreated control or MCD-1 at 1xMIC. Plates were incubated at



30 °C, and growth was monitored for approximately 47 h by repeated measurement of OD600
using the SH1M-SN microplate reader. Growth curves and area-under-the-curve values were
generated in GraphPad Prism 10.3.1.%

The time-dependent fungicidal activity of MCD-1 was also evaluated against Candida albicans
SC5314 using a colony-counting assay. The starting fungal suspension contained approximately
1.9 x 10° CFU/mL, based on the viable counts recorded at time zero. Fungal suspensions were
exposed to MCD-1 or amphotericin B at 1x and 2x their respective MIC values. Aliquots were
collected at 0, 30, 60, 90, and 120 min, serially diluted, and plated onto drug-free YPD.
Following incubation at 30°C for 48 h, viable colonies were counted and expressed as logio
CFU/mL. Two recorded replicates were available for each condition, and the results are
presented as the mean + SD.

2.6 Antibiofilm activity

2.6.1 Inhibition of biofilm formation

The effect of MCD-1 on biofilm establishment was quantified using crystal violet staining.?’
Standardized Candida albicans SC5314 suspensions were added to 96-well plates and exposed
to PBS, MCD-1, or fluconazole during adhesion and early biofilm development. MCD-1 and
fluconazole were tested at 1x and 2x their respective MIC values. Following incubation for 24
hours at 30 °C, nonadherent cells were removed by-standardized washing with PBS.

After removal of nonadherent cells, the remaining biofilms were stained with crystal violet,
washed to remove unbound dye, and the retained dye was solubilized.”” The SHIM-SN
microplate reader measured absorbance and normalized it to the untreated biofilm control.

2.6.2 Activity against mature biofilms

Nonadherent cells were removed, and the biofilms were exposed to PBS, MCD-1, or fluconazole
at 1x and 2x their respective MFC values. Biofilm metabolic activity was subsequently
quantified using an XTT reduction assay.?®

An XTT working solution containing electron-coupling reagent was added to the washed
biofilms. After incubation protected from light, the colored supernatant was transferred to a clean
microplate and.absorbance was measured using the SHIM-SN microplate reader.?®

2.7 Checkerboard interaction assay

Interactions‘between MCD-1 and conventional antifungal agents were evaluated using two-
dimensional broth-microdilution checkerboards.” Twofold serial dilutions of MCD-1 were
arranged along one axis of a 96-well plate, while twofold serial dilutions of amphotericin B were
arranged along the other. Each well contained 50 pL of peptide dilution, 50 pL of antifungal-drug
dilution, and 100 pL of standardized fungal inoculum (final volume, 200 pL). Inoculum
preparation, medium, incubation conditions, OD600 measurement using the SHIM-SN
microplate reader, and endpoint determination were consistent with the single-agent MIC assay.

The fractional inhibitory concentration of each agent was calculated as:



FIC,e, = MIC of MCD-1 in combination / MIC of MCD-1 alone
FICdrug = MIC of drug in combination / MIC of drug alone

The fractional inhibitory concentration index was calculated as FICI = FIC,¢p + FICarug.
Interactions were provisionally classified as synergistic when FICI < 0.5, additive when 0.5'<
FICI < 1, indifferent when 1 < FICI < 2 and antagonistic when FICI > 2.

2.8 In vivo activity in Galleria mellonella

Final-instar Galleria mellonella larvae were obtained from Tianjin Huiyu Biolegical Technology
Co., Ltd. (Tianjin, China). Healthy Galleria mellonella larvae weighing-approximately 250 mg
and showing no melanization or visible injury were randomly allocated to experimental groups
of 20 larvae.***! The groups comprised uninfected PBS control, uninfected peptide-only control,
infected PBS control, two infected MCD-1 treatment (75 and 150 ug/mL), infected amphotericin
B treatment and infected fluconazole treatment.

Candida albicans SC5314 cells were harvested from an overnight culture, washed three times
with sterile PBS, and adjusted to the required concentration. Each larva received a solution of
10-pL injection through the first left proleg using a microsyringe: 2x10° CFU of Candida
albicans SC5314 treated with PBS, MCD-1 (75 or' 150 pg/mL), amphotericin B (2 pg/mL), or
fluconazole (2 pg/mL), with the control receiving sterile PBS.*° The larvae were maintained at
30 °C and assessed every 24 h for 7 days.**3!

2.9 Circular-dichroism spectroscopy

The secondary structure of MCD-1 was examined using far-UV circular-dichroism spectroscopy
on an Applied Photophysics Chirascan'V100 spectrometer (Applied Photophysics, UK).3> MCD-
1 was prepared at 0.2 mg/mL in ultrapure water or 50% (v/v) 2,2,2-trifluoroethanol (TFE).
Spectra were recorded in a quartz cuvette with a path length of 0.5 mm at 25°C over a
wavelength range of 190-260 nm.

Three consecutive scans were collected for each condition and averaged. Solvent baselines
recorded under identical.conditions were subtracted from the corresponding peptide spectra.*

2.10 Morphological and ultrastructural characterization

Scanning-electron-microscopy (SEM) and transmission-electron-microscopy (TEM) sample
processing and imaging were performed by Servicebio Technology Co., Ltd. (China).

SEM images were acquired using a Hitachi SU8100 scanning electron microscope (Hitachi,
Japan)-at an accelerating voltage of 3.0 kV and a nominal magnification of 30,000x. TEM
images were obtained using a Hitachi transmission electron microscope at an accelerating
voltage of 80.0 kV and nominal magnifications of 12,000% and 40,000x.
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2.11 Molecular Dynamics Simulation of Peptide—Fungal Membrane Interactions

All-atom molecular dynamics (MD) simulations were performed to investigate the interaction of
MCD-1 with a Candida albicans-mimetic membrane (CAmem). The CAmem model consisted
of POPC, POPE, POPI, POPS, POPG, POPA, and DPP2 at a molar ratio of 40:27:18:7:1:6:1. All
lipid molecules and the peptide were parameterized using the CHARMMS36 force field.?* The
initial membrane structure and the corresponding topology files were generated using the
CHARMM-GUI Membrane Builder.** The initial three-dimensional structure of- MCD-1
(FCRSLRKLATWLLPTTFCAISKKC) was predicted using AlphaFold,** and its force-field
topology was generated using the pdb2gmx module in GROMACS.*

The peptide—membrane system was placed in a periodic simulation box-measuring 11 x 11 x 11
nm?. The membrane was oriented parallel to the xy plane, with sufficient solvent layers included
on both sides along the z axis. MCD-1 was initially positioned approximately 1.5 nm above the
membrane surface. The system was solvated using the TIP3P water model,*® and Na* or C1-
counterions were added to neutralize the total system charge:

MD simulations were performed using GROMACS 2025.1 under periodic boundary
conditions.*® The cutoff distance for short-range nonbonded interactions was set to 1.2 nm, and
long-range electrostatic interactions were calculated using the particle mesh Ewald method.*’
Following system construction, energy minimization.and position-restrained equilibration were
performed according to the default CHARMM-GUTL protocol.** A 200-ns production simulation
was subsequently conducted in the NPT ensemble: The temperature was maintained at 310 K
using the velocity-rescaling thermostat with a coupling time constant of 1.0 ps,*® whereas the
pressure was maintained at 1 bar using.the C-rescale barostat with a coupling time constant of
5.0 ps.* All bonds involving hydrogen‘atoms were constrained using the LINCS algorithm,* and
an integration time step of 2 fs was applied.

The resulting trajectory was analyzed to characterize the peptide conformation and its association
with the membrane. Analyses:included peptide root-mean-square deviation (RMSD), residue-
level root-mean-square fluctuation (RMSF), radius of gyration (Rg), solvent-accessible surface
area (SASA), peptide—membrane hydrogen bonding, residue—lipid contacts, density distribution
along the membrane-normal z axis, and the Gibbs free-energy landscape. A peptide residue was
considered to be in contact with a membrane component when its minimum distance from that
component was within 0:6.am. Density profiles were calculated using the equilibrated 180-200
ns portion of the'trajectory.. The free-energy landscape was constructed using RMSD and Rg as
reaction coordinates..Molecular structures and simulation snapshots were visualized using
VMD.#

2.12 Statistical analysis
Data were analyzed using GraphPad Prism version 10.3.1.%
MIC and MFC results are reported as modal values and ranges across independent experiments.

Differences exceeding one twofold dilution were repeated. Growth and time-kill data were
analyzed using a two-way ANOVA with treatment and time as factors, followed by multiplicity-
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adjusted post hoc comparisons. Crystal-violet and XTT results were analyzed using two-way
ANOVA with treatment and concentration as factors when model assumptions were satisfied.

Checkerboard results are reported as replicate-level FICI values and complete concentration—
response matrices. Larval survival was analyzed using Kaplan—Meier curves* and prespecified
log-rank tests with correction for multiple comparisons.*

3. Results

3.1 Al-Assisted screening identifies a promising AFP candidate

The Al-assisted generation and screening pipeline is summarized in Figure 1. Five candidate
peptides, designated peptides A—E, were evaluated using the pepADMET platform. Their
sequences ranged from 17 to 31 amino acids, with predicted molecular weights between 2,150.68
and 3,281.75 Da (Table 1). All five peptides were positively charged and had alkaline isoelectric
points, with predicted net charges ranging from +3.374 to +5.526 and pl values ranging from
9.074 to 11.750.

- Condition generation
DBAASP b
Peptide Sequence
DRAMP ~| Peptide Dataset 1
Filtration
YADAMP vl'
dbAMP ). - T'r"l‘i’:if"g —»|  MIC scoring model
1 v
Negative dataset Score ranking

Figure 1. Al-assisted workflow for the generation and selection of MCD-1. Reference
antimicrobial-peptide-sequences collected from APD, DBAASP, DRAMP, YADAMP, and
dbAMP were curated and supplied to the EvoGen-PepCondition model for candidate generation.
A peptide dataset.and-a corresponding negative dataset were used to train an MIC-prediction
model.?” Generated sequences underwent sequence filtering, activity scoring, candidate ranking,
and pepADMET evaluation.?! Five candidates were shortlisted, from which MCD-1 was selected
for AlphaFold.3 structural prediction and experimental validation.?

MCD-1 (Peptide A).exhibited the highest predicted net charge (+5.526) and hydrophobic-residue
ratio (0.500) among the five candidates. However, MCD-1 also had the highest instability index
(63.438), indicating a potential stability limitation that will require experimental evaluation.
Peptide D had the lowest instability index (16.594) and the highest aliphatic index (114.706),
whereas peptide E displayed the highest Boman index (3.602), suggesting a comparatively high
potential for nonspecific protein binding.

Table 1. Predicted physicochemical properties of the five candidate peptides.

12



Peptide Sequence MW  Char pl Insta Alipha Bom Hydrophob

(Da) ge bility tic an ic ratio
index index inde
X
A FCRSLRKLA 2786.4 5.526 1091 63.43 89.583 0.86 0.500
TWLLPTTFC 40 4 8 0
AISKKC
B STFGCCCCP 2457.8 3.374 9.136 40.02 52917 1.00 0.375
GWAIRRGLS 90 5 3
LGGTRG
C RHHNYTCLA  3281.7 3.497 9.074 29.53 56.774 ~1.54 0.355
GNFRGPCNR 50 9 0
HGCSLGLGL
CPAG
D YKYCLWVIK  2150.6 4.830 10.50 16.59 7114.70 0.88 0.412
IKLAEPRK 80 2 4 6 6
E GIRKFRLSLA  3093.6 5.031 11.75 26.08~ 82.000 3.60 0.320
QQHFQELDK 00 0 0 2
LRKERP

AlphaFold 3 predicted that MCD-1 adopts a partially a-helical conformation with comparatively
flexible terminal regions (Figure 2). This model was treated as an initial structural hypothesis for
subsequent CD characterization and molecular-dynamics simulation rather than as experimental
evidence of the peptide’s solution structure.

Figure 2. AlphaFold-predicted structure of MCD-1. The predicted model contains a central a-
helical region together-with less ordered terminal segments. The structure was used as the initial
model for molecular-dynamics.

3.2 MCD-1 exhibitsspecies- and strain-dependent antifungal activity
The antifungal activity of MCD-1 was evaluated against six fungal isolates using MICoso and
minimum fungicidal concentration assays. Amphotericin B was included as a reference

antifungal agent. MCD-1 exhibited measurable activity against five of the six tested isolates,
although its potency varied substantially among species and strains (Table 2).

The greatest susceptibility to MCD-1 was observed for Candida tropicalis 305, with an MICeo of
4.69 ug/mL and an MFC of 18.75 png/mL. Candida tropicalis 93 and Cryptococcus sp. 909 were
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also susceptible, with MICoo values of 9.38 pug/mL and MFC values of 18.75 pg/mL.
Intermediate activity was observed against Candida albicans SC5314, for which the MICoqo and
MFC were 75 and 150 pg/mL, respectively.

MCD-1 was less active against Cryptococcus sp. 994, with an MICeo of 150 pg/mL and an MFC
of 300 ug/mL. The lowest susceptibility was observed for Nakaseomyces glabratus 310, for
which the MICs was 300 pg/mL and the MFC exceeded the maximum concentration tested

(Figure 3).
Table 2. MICo and MFC values of MCD-1 and amphotericin B against the tested fungal
isolates.
Organism Isolate MCD-1 MICo0/MFC  Amphetericin B MICo0/MFC
number (pg/mL) (ng/mL)
Candida albicans SC5314 75/150 0.5/2
Candida tropicalis 93 9.38/18.75 0.5/1
Candida tropicalis 305 4.69/18.75 0.5/2
Nakaseomyces 310 300/>300 0.5/2
glabratus
Cryptococcus sp. 909 9.38/18.75 0.25/0.5
Cryptococcus sp. 994 150/300 2/>32
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Figure 3. Antifungal susceptibility profile of MCD-1. Heatmaps showing the MICoo values of
MCD-1 and amphotericin B against the tested fungal isolates.
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3.3 MCD-1 suppresses planktonic fungal growth

The effect of MCD-1 on fungal growth kinetics was assessed over approximately 47 h. In the
untreated control, the mean optical-density signal increased from approximately 0.083 at the
beginning of the experiment to 1.278 at 47.24 h. Treatment with MCD-1 at 1 xMIC reduced.the
increase in optical density, producing a mean final value of approximately 0.913.

Analysis of the complete growth curves produced an approximate area under the-curve of 33.79
for the untreated control and 17.05 for the peptide-treated group. This represented an
approximately 49.5% reduction in cumulative growth following MCD-1 treatment. Nevertheless,
the optical-density signal continued to increase in the peptide-treated cultures.
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Figure 4. Effects of MCD-1 on planktoni¢ growth and fungal viability. (A) Optical-density
growth kinetics of Candida albicans SC5314 cultured in the absence or presence of MCD-1 at
IxMIC over approximately 47 h. (B) CEU-based time-kill kinetics following exposure to MCD-
1 or amphotericin B at 1x and 2xMIC-for 120 min.

The CFU-based time-kill assay also.demonstrated a rapid and concentration-dependent reduction
in viable Candida albicans SC5314 following exposure to MCD-1 (Figure 4B). The mean
starting fungal density was 6.27 + 0.03 logio CFU/mL. At 1xMIC, MCD-1 progressively reduced
the viable count to 4.03 +.0.041ogi0 CFU/mL after 120 min, corresponding to a 2.24-logo
reduction from the initial inoculum.

MCD-1 at 2xMIC produced a more rapid decline, reducing the viable count to 3.55 + 0.07 logio
CFU/mL after 30 min and.3.21 £ 0.29 logio CFU/mL after 60 min. The latter represented an
approximately 3:07-logio reduction from the starting inoculum. Viable counts subsequently
increased.slightly, reaching 3.70 + 0.15 logio CFU/mL at 120 min, indicating partial regrowth
and demonstrating that the >3-logio reduction was not sustained throughout the observation
period.

Under the same conditions, amphotericin B produced smaller reductions over 120 min. Viable

counts reached 4.97 = 0.10 and 4.73 + 0.14 logio CFU/mL at 1xMIC and 2xMIC, respectively,
corresponding to reductions of approximately 1.30 and 1.55 logio.
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3.4 MCD-1 inhibits biofilm formation

The effect of MCD-1 on the formation of fungal biofilms was evaluated using crystal violet
staining, which measures total attached biofilm biomass. Untreated biofilm biomass was
normalized to approximately 100%. As shown in Figure 5, at 1xMIC, MCD-1 reduced the mean
relative biomass to 15.57 + 8.32%, corresponding to an approximately 84.4% reduction relative
to the untreated control. At 2xMIC, the remaining biomass was 11.64 + 1.48%, corrésponding to
an approximately 88.4% reduction.

Fluconazole produced mean relative biomass values of 15.25 + 1.18% and 14:25 + 3.87% at
I1xMIC and 2xMIC, respectively. Thus, under the tested conditions, both MCD-1 and
fluconazole strongly inhibited biofilm establishment. Increasing MCD-l-from 1xMIC to 2xMIC
produced a modest additional decrease in biomass, whereas the two fluconazole concentrations
generated similar responses.
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Figure 5. MCD-1 inhibits fungal biofilm formation. Biofilm formation by Candida albicans
SC5314 was evaluated following treatment with MCD-1 or fluconazole at 1x and 2xMIC.

3.5 MCD-1 reduces the metabolic activity of mature biofilms

The activity of MCD-1 against established biofilms was evaluated using the XTT reduction
assay. Unlike crystal violet staining, XTT reduction reflects the metabolic activity of viable cells
within the biofilm rather than total biofilm biomass.

The untreated control displayed a mean normalized metabolic activity of 101.03 £ 20.45%.

Treatment with MCD-1 at 1xMFC reduced metabolic activity to 45.29 + 4.21%, representing an
approximately 55.2% reduction relative to the control. Increasing the concentration to 2xMFC
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further reduced metabolic activity to 14.12 + 5.60%, corresponding to an approximately 86.0%
reduction.

Shown in Figure 6, fluconazole reduced metabolic activity to 61.32 + 15.57% at 1xMFC and
56.91 £ 7.87% at 2xMFC, corresponding to reductions of approximately 39.3% and 43.7%,
respectively. Unlike MCD-1, increasing the fluconazole concentration did not substantially
increase its activity against the mature biofilm.

The existing two-way ANOVA indicated a significant overall effect of MCD-1 treatment
compared with the untreated control, F(1,12) =91.89, p <0.0001. The concentration effect and
treatment-by-concentration interaction did not reach statistical significance«(p-= 0.058 for both).
Fluconazole also produced a significant overall treatment effect, F(1,12).=24.63, p = 0.0003,
whereas neither its concentration effect nor interaction was significant (p = 0.798 for both).
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Figure 6. MCD-1 reduces the metabolic activity of mature fungal biofilms. Mature biofilms
of Candida albicans SC5314 were treated with MCD-1 or fluconazole at 1x and 2xMFC.

3.6 Checkerboard analysis indicates a preliminary synergistic interaction between MCD-1
and amphotericin B

Checkerboard broth-microdilution analysis was used to examine the interaction between MCD-1
and amphotericin B against Candida albicans SC5314 (Figure 7). Within the checkerboard
experiment, the single-agent MICoo values were 18.75 pg/mL for MCD-1 and 1.0 pg/mL for
amphotericin B.

The lowest calculated FICI was obtained with 1.17 pg/mL MCD-1 combined with 0.0625 pg/mL
amphotericin B. The corresponding fractional inhibitory concentrations were 0.0625 for both

17



agents, producing a FICI of 0.125. This value satisfied the prespecified criterion for synergy
(FICI £0.5), indicating that substantially lower concentrations of both agents inhibited fungal
growth when used in combination than when used individually.

SC5314
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Relative growth
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Figure 7. Checkerboard interaction between MCD-1 and amphotericin B against Candida
albicans SC5314. The heatmap shows fungal growth across twofold concentration gradients of
MCD-1 and amphotericin B.

The single-agent MICoo of MCD-1 against SC5314 in the checkerboard experiment was 18.75
pg/mL, which was lower than the value reported in Table 2 (75 pg/mL). This inter-experiment
variation may reflect differences in inoculum preparation, plate batch, or incubation conditions.

3.7 Circular dichroism reveals solvent-dependent conformational plasticity

The far-UV circular-dichroism'spectrum of MCD-1 in water displayed a pronounced negative
minimum at approximately 198 nm and lacked the characteristic double minima associated with
a stable a-helical conformation (Figure 8). Secondary-structure estimation indicated that MCD-1
was predominantly unordered in water, comprising 52.7% random coil, 24.0% B-sheet, 17.6%
turn, and only 5.7% a-helix (Table 3).

In 50% TFE, the CD spectrum changed markedly, displaying a positive band near 192 nm and

negative bands at approximately 207 and 222 nm, consistent with increased a-helical character.
The estimated a-helical content increased from 5.7% in water to 44.0% in 50% TFE, while the

random-coil content decreased from 52.7% to 32.8%. The estimated B-sheet content decreased

from 24.0% to 8.0%, whereas the turn content changed more modestly from 17.6% to 15.2%.
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Figure 8. Solvent-dependent circular-dichroism spectra of MCD-1. A) Spectra of MCD-1 in
TFE. B) Spectra of MCD-1 in water. Far-UV circular-dichroism spectra of MCD-1 recorded at
0.2 mg/mL in ultrapure water and 50% (v/v) 2,2,2-trifluoroethanol (TFE) at 25°C over 190-260
nm. MRE, mean residue ellipticity.

Table 3. Estimated secondary-structure composition of MCD-1 in water and 50% (v/v)
TFE. The proportions of a-helix, B-sheet, turn, and random-coil conformations were estimated
by deconvolution of the far-UV circular-dichroism spectra. Values are expressed as percentages
of the total estimated secondary structure.

Secondary structure H:0 (%) 50% TFE (%)
a-Helix 5.7 44.0
p-Sheet 24.0 8.0

Turn 17.6 15.2
Random coil 52.7 32.8
Total 100.0 100.0

3.8 MCD-1 increases survival in a Galleria mellonella infection model

The in vivo antifungal activity of MCD-1 was examined using Galleria mellonella larvae
infected with Candida albicans SC5314. Kaplan—Meier analysis demonstrated a significant
overall difference:among the five survival curves (log-rank Mantel-Cox test, x*=17.63, df=4,
P=0.0015; Figure 9). Survival in the infected control group decreased to 55% by day 3 and
reached 50% at the end of'the seven-day observation period.

In comparison, both the 75 and 150 pg/mL MCD-1 groups maintained 95% survival from day 3
to day-7. The final survival rates in the amphotericin B and fluconazole groups were 75% and
70%, respectively. Thus, MCD-1 treatment was associated with higher larval survival under the
tested conditions.
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Figure 9. Effect of MCD-1 on the survival of Candida albicans-infected Galleria mellonella.
Kaplan—Meier survival curves of larvae infected with 2x10° CEU of Candida albicans SC5314
per larva and treated with PBS, MCD-1 at 75 or 150 pg/mL;amphotericin B (AmB) at 2 pg/mL,
or fluconazole (FLC) at 2 pg/mL. Each group contained 20 larvae, and survival was monitored
for 7 days. The survival distributions differed significantly among the five groups (log-rank
Mantel-Cox test, y*=17.63, df=4, P=0.0015).

3.9 Electron microscopy reveals peptide-induced cellular and membrane damage

Electron microscopy revealed marked morphological and ultrastructural differences between
untreated and MCD-1-treated fungal cells (Figure 10). Following peptide exposure, TEM
showed irregular and locally disrupted cell-envelope regions, surface-associated material, and
heterogeneous intracellular electron density in the overview and enlarged detail images (Figure
10C, D). By contrast, untreated cells displayed a comparatively continuous cell envelope and
preserved intracellular organization (Figure 10A, B). Consistent surface alterations were
observed by SEM: untreated cells retained a relatively regular external morphology (Figure

10E), whereas peptide-treated.cells showed pronounced surface depressions and irregular pit-like
defects (Figure 10F). These observations support peptide-associated perturbation of the fungal
cell envelope and cellular ultrastructure.
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Figure 10. MCD-1-associated morphological and ultrastructural alterations in Candida
albicans SC5314. (A) TEM overview of an untreated control cell (12,000x; scale bar, 1.0 pm).
(B) Higher-magnification TEM detail of an untreated cell envelope (40,000x; scale bar, 200 nm).
(C) TEM-overview after MCD-1 treatment (12,000x%; scale bar, 1.0 pm). (D) Higher-
magnification TEM detail after MCD-1 treatment (40,000%; scale bar, 200 nm). (E) SEM image

of an untreated control cell (30,000%; scale bar, 1.00 um). (F) SEM image after MCD-1
treatment (30,000%; scale bar, 1.00 um).

3.10 Molecular-dynamics simulations reveal persistent interfacial association of MCD-1
with a fungal-membrane model

Comparison of the initial and final configurations showed that MCD-1 approached the outer
membrane leaflet and remained associated with the phospholipid headgroup region throughout
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the 200-ns trajectory (Figure 11). The final configuration retained a partially helical central
segment, whereas both termini remained more flexible. The peptide was located mainly at the
membrane—water interface and did not undergo complete transmembrane insertion.

Figure 11. Initial and final configurations of MCD-1 in the Candida albicans-mimetic
membrane system. (A) Initial configuration. (B) Configuration at 200 ns.

The backbone RMSD of MCD-1 increased during the-first half of the trajectory and showed a
further transient rise near the end of the 200 ns before.decreasing toward the end of the
simulation (Figure 12). This nonmonotonic profile.indicates membrane-associated
conformational rearrangement.
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Figure 12. Backbone root-mean-square deviation (RMSD) during the 200-ns simulation.

Residue-level RMSE analysis showed that the largest fluctuations occurred at the N terminus
and,to-a lesser extent, at the C-terminal residues, while most residues in the central region
fluctuated less (Figure 13).
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Figure 13. Per-residue root-mean-square fluctuation (RMSF).

The radius of gyration of MCD-1 fluctuated within a relatively narrow range without a sustained
upward or downward trend (Figure 14). This shows that the peptide underwent local
rearrangement while retaining similar overall compactness during membrane association.
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Figure 14. Radius of gyration during the simulation.

The solvent-accessible surface area (SASA) of MCD-1 initially decreased as the peptide
approached the’'membrane,.consistent with partial shielding of solvent-exposed residues (Figure
15). The later increase-and-continued fluctuations indicate renewed exposure of some residues as
the peptide reorganized at'the interface. The SASA profile therefore supports dynamic structural
adaptation:
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Figure 15. Solvent-accessible surface area (SASA) during the simulation.

The number of hydrogen bonds between MCD-1 and the membrane fluctuated during the early
and intermediate phases and increased during the later portion of the trajectory (Figure 16). The
persistence of multiple hydrogen bonds shows the progressive stabilization of polar interactions
at the membrane interface.
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Figure 16.: Hydrogen bonds between the peptide and membrane during the simulation.

Minimum-distance maps demonstrated that MCD-1 established membrane contacts early and
retained multiple contacts over the complete trajectory (Figure 17). The interaction pattern shows
adistributed and time-dependent interface.
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Figure 17. Minimum-distance maps for MCD-1-membrane contacts. (A) Early phase, 0-10
ns. (B) Complete trajectory, 0-200 ns.

Representative configurations identified contacts involving Phel, Arg3, Arg6, Ser21, Lys22, and
Lys23 (Figure 18). Arg3 contacted POPA, POPC, and POPE; Lys23 contacted POPS and POPC;
and Arg6 and Lys22 also interacted with DPP2. The involvement of cationic Arg and Lys
residues with polar or anionic lipid headgroups is consistent with an electrostatic contribution to
membrane adsorption, whereas Phel may contribute hydrophobic anchoring at the interface.
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Figure18. Representative residue-lipid interactions formed by MCD-1 during the
simulation.

The density profile calculated over the final 20 ns placed MCD-1 mainly within the outer
interfacial region, where its distribution overlapped with the outer phospholipid headgroups but
not the complete hydrophobic core or the opposite leaflet (Figure 19). This spatial distribution
supports surface adsorption and shallow interfacial association.
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Figure 19. Number-density profile of MCD-1 and membrane components over the final 20
ns.

The Gibbs free-energy landscape contained a broad low-energy basin (Figure 20A, B). The
representative low-energy configuration contained a partially helical segment together with
flexible terminal regions. In combination with the RMSD, RMSF, and SASA profiles, this
landscape indicates that membrane-associated MCD-1 sampled a family of related
conformations.
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Figure 20. Free-energy landscape of membrane-associated MCD-1. (A) Two-dimensional
Gibbs free-energy landscape. (B) Three-dimensional representation of the same landscape. (C)
Representative conformation from a low-energy basin.

Collectively, the MD results support persistent adsorption and shallow insertion of MCD-1 at the
membrane—water interface, mediated by a distributed set of cationic, polar, and hydrophobic
contacts.

4. Discussion

4.1 Principal Findings

To our knowledge, this is among the first studies to combine Al-assisted antifungal peptide
generation with experimental validation across planktonic growth, biofilm formation, mature
biofilms, combination therapy, and an in vivo infection model, while linking phenotypic findings
to membrane-interfacial mechanism.

MCD-1 (ECRSLRKLATWLLPTTFCAISKKC), designated Mycendin-1, was selected as the
lead candidate because it combined the highest predicted positive charge (+5.526) and
hydrophobic-residue ratio (0.500) among the five candidates. These properties are compatible
with those of many membrane-interacting antimicrobial peptides.'”

Experimental testing demonstrated that MCD-1 possessed antifungal activity, but its potency
differed substantially among fungal species and strains. The peptide was most active against the
two Candida tropicalis isolates and Cryptococcus sp. 909, displayed intermediate activity against
Candida albicans SC5314, and was markedly less active against Nakaseomyces glabratus and
Cryptococcus sp. 994. The results therefore support a species- and strain-dependent activity.
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MCD-1 also inhibited planktonic growth and displayed activity at two distinct stages of biofilm
development. It strongly reduced the establishment of new biofilms and produced a
concentration-associated trend toward reduced metabolic activity in mature biofilms. Mature
fungal biofilms frequently exhibit substantially reduced susceptibility to conventional antifungal
treatment.’

The Galleria mellonella experiment provides preliminary in vivo support for the antifungal
activity of MCD-1. Both tested MCD-1 concentrations were associated with 95% survival at day
7, compared with 50% in the infected control group. The absence of separation between the 75
and 150 pg/mL curves suggests that the protective response may have reached a plateau within
the tested concentration range, although additional doses and larger independently replicated
experiments would be required to establish a dose-response relationship.

The amphotericin B and fluconazole groups reached final survival rates of 75% and 70%,
respectively. Overall, the findings justify further evaluation of MCD=1 in vivo, including fungal-
burden measurements, toxicity controls, pharmacokinetic studies, and testing in mammalian
infection models.*!

Finally, CD spectroscopy, electron microscopy, and molecular-dynamics simulation provided
complementary evidence. MCD-1 showed a marked increase in a-helical content in 50% TFE,
indicating environment-dependent conformational plasticity. The molecular simulation likewise
showed a dynamic peptide that remained associated.with the membrane headgroup region
through distributed residue—lipid contacts and hydrogen bonding. SEM and TEM revealed
surface depressions, pit-like defects, irregular envelope regions, and altered intracellular electron
density after treatment. Together, these findings support a model in which MCD-1 associates
with and perturbs the fungal cell envelope:.

4.2 Antifungal and Antibiofilm Potential of the Lead Peptide

MCD-1 demonstrated measurablé.activity against five of the six fungal isolates included in the
current susceptibility dataset. Its greatest activity was observed against Candida tropicalis 305,
with an MICoo of 4.69 pg/mL and an MFC of 18.75 pg/mL. Candida tropicalis 93 and
Cryptococcus sp. 909 were-also susceptible, with MICoo values of 9.38 pg/mL. In contrast, the
MICoo against Candida albicans SC5314 was 75 ng/mL, while values of 150 and 300 pg/mL
were obtained against.Cryptococcus sp. 994 and Nakaseomyces glabratus, respectively. These
differences suggest that the cellular-envelope composition, membrane-lipid organization, capsule
production, peptide uptake, or stress responses of individual fungi may influence susceptibility to
MCD-1."°

The growth-kinetic-experiment further showed that MCD-1 suppressed planktonic fungal
growth. Treatment at 1xMIC reduced the approximate area under the optical-density growth
curve-from 33.79 in the untreated control to 17.05, representing an approximately 49.5%
reduction in cumulative growth. However, the optical-density signal continued to increase in the
treated culture. The result demonstrates delayed or reduced growth of fungi.

MCD-1 exhibited particularly encouraging activity against fungal biofilms. During biofilm
formation, treatment at 1x and 2xMIC reduced normalized biomass to 15.57 + 8.32% and 11.64
+ 1.48%, respectively. These values corresponded to reductions of approximately 84.4% and
88.4% relative to the untreated control. Fluconazole produced similarly low biomass values
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under the tested conditions. Because crystal violet measures attached cells together with
extracellular matrix, these results demonstrate reduced total biofilm biomass.?’

MCD-1 also retained activity after biofilms had matured. Treatment at 1 xMFC reduced
normalized XTT activity to 45.29 +4.21%, while 2xMFC reduced it to 14.12 = 5.60%. In
comparison, fluconazole produced normalized activities of 61.32 + 15.57% and 56.91 +7.87% at
the corresponding concentrations. Thus, MCD-1 produced a greater numerical reduction in
metabolic activity than fluconazole across the tested concentrations.

The results are consistent with emerging evidence that antifungal peptides can act against both
planktonic fungi and biofilms.'’ The Al-generated AMP-29 was previously shown to possess
selective activity against Nakaseomyces glabratus and efficacy in a murine infection model,
demonstrating that computational generation can yield experimentally active antifungal
sequences.'? The dendritic peptide C4-3RP demonstrated activity against drug-resistant Candida
albicans and biofilms, together with protease stability and in vivo efficacy.!! SA-XV, a 15-
residue fragment of SI00A 12, also acted against Candida and Fusarium through membrane
interaction and intracellular effects on fungal DNA and mitochondria.'?

Compared with these optimized peptides, MCD-1 shows hoew an Al-assisted screening process
produced a peptide with experimentally confirmed planktonic and antibiofilm activity that can
now be improved through rational sequence optimization.*®

4.3 Potential for Combination Antifungal Therapy

The preliminary checkerboard analysis suggested that MCD-1 may enhance the activity of
amphotericin B against Candida albicans. The lowest observed FICI was 0.125, meeting the
prespecified criterion for synergy and indicating that fungal growth could be inhibited using
substantially lower concentrations of both agents than were required individually. Such dose
reduction may be therapeutically relevant because the clinical utility of amphotericin B is
constrained by dose-dependent toxicity.>

The interaction could reflect complementary effects on the fungal membrane: amphotericin B
binds membrane ergosterol,** whereas the CD, electron-microscopy, and molecular-dynamics
results suggest that MCD-1 associates with the membrane interface and perturbs envelope
organization.

4.4 Proposed Membrane-Disruption Mechanism

The combined structural/data support an environment-responsive, membrane-associated model
for MCD-1. In water, the peptide was predominantly disordered, whereas 50% TFE increased its
a-helical content. TEE is a helix-promoting cosolvent rather than a complete fungal-membrane
mimic,*¥ sothis transition demonstrates conformational propensity. The result is compatible with
the partially helical, dynamically rearranging conformations observed in the membrane
simulation.

In the simulation, MCD-1 approached the outer leaflet and remained near the phospholipid
headgroup region. Contacts involving Arg3, Arg6, Lys22, and Lys23 support electrostatic
attraction between the cationic peptide and polar or anionic lipids, while Phel may contribute
hydrophobic anchoring.*® The increasing peptide—membrane hydrogen-bond count further
supports stabilization at the interface. RMSD, RMSF, radius of gyration, SASA, and free-energy
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analyses showed that this membrane-bound state remained conformationally dynamic,
particularly at the termini.

The density profile placed MCD-1 primarily at the membrane—water interface and did not show
complete bilayer crossing. These observations are compatible with an interfacial perturbation
mechanism: the peptide first accumulates at the fungal surface, reorganizes its conformation, and
forms distributed lipid contacts that could disturb local packing. The surface depressions, pit-like
defects, envelope irregularities, and intracellular electron-density changes seen by SEM and
TEM are consistent with downstream cell-envelope stress.

Overall, the CD, molecular-dynamics, and electron-microscopy findings support a proposed
model in which MCD-1 undergoes environment-dependent conformational adaptation,
accumulates at the fungal membrane interface, and perturbs local membrane organization, which
may contribute to increased permeability, growth inhibition, and antibiofilm activity (Figure 21).

1. Surface asociation 2. Interfacial binding 3. Antifungal effects
? . .
{1: (\‘, .
¢ . Cellwall °
® o - J ® ®
Cationic - L VITN o
MCD-1 i ® Disordered a-helix # . @
o L e L]
- ‘ Insertion . - ®
1 ezete -’JJ“”J‘ ‘
o « Membrane disorganization
o N L ]
Candida * Growth inhibition
albicans
Cell membrane * Biofilm inhibition

Figure 21. Proposed membrane-interaction mechanism of MCD-1. Cationic MCD-1 is
proposed to associate with the fungal cell surface through electrostatic attraction, followed by
environment-dependent conformational adaptation and persistent interaction with phospholipid
headgroups. Surface accumulation and shallow interfacial insertion may perturb local membrane
organization and increase permeability, contributing to growth and biofilm inhibition.

4.5 In Vivo Relevance

The Galleria mellonella experiment provides preliminary in vivo support for the antifungal
activity of MCD-1. Both tested MCD-1 concentrations were associated with 95% survival at day
7, compared with 50%in the infected control group. The absence of separation between the 75
and 150 pg/mL curves suggests that the protective response may have reached a plateau within
the tested concentration range.

The amphotericin B and fluconazole groups reached final survival rates of 75% and 70%,
respectively. Overall, these findings provide preliminary in vivo evidence of MCD-1 activity and
support its further evaluation in mammalian infection models.*!

30



4.6 Limitations and Future Directions

Several limitations should be considered. First, due to the limited time-span of this research, only
one out of five candidates was experimentally tested. It is therefore not yet possible to determine
whether the Al-assisted procedure enriched for active peptides relative to random, scrambled;.or
conventionally designed sequences. Future studies should synthesize additional high- and low-
ranked candidates and include a composition-matched scrambled MCD-1 control.

Second, the precise molecular target of MCD-1 remains unknown, and its mechanism of action
has not been fully resolved. CD spectroscopy demonstrated environment-dependent
conformational adaptation, electron microscopy revealed cell-envelope and ultrastructural
alterations, and molecular-dynamics simulation supported persistent association with the
membrane-headgroup region. However, these findings are indirect and do not identify a specific
lipid, protein, or cell-wall component as the molecular target of MCD-1. They also do not
independently demonstrate pore formation, complete membrane translocation, or direct
membrane permeabilization. Additional biochemical and biophysical target-validation
experiments will therefore be required to distinguish direct membrane disruption from other
membrane-associated or intracellular mechanisms.

Third, the in vivo evaluation was restricted to a single Galleria mellonella infection experiment.
Although MCD-1 treatment was associated with improved-larval survival, this invertebrate
model cannot reproduce mammalian pharmacokinetics, immune responses, tissue distribution, or
organ-specific toxicity.3! The overlapping survival curves obtained with the two MCD-1
concentrations also precluded establishment of @ dose-response relationship. These findings
should therefore be interpreted as preliminary-in vivo evidence rather than confirmation of
therapeutic efficacy. Future studies should evaluate fungal burden, histopathology, dose-response
relationships, pharmacokinetic behavior, and efficacy in an appropriate murine model of
candidiasis.

Finally, the stability and mammalian safety of MCD-1 have not been established. Its cationic and
hydrophobic properties may promote fungal-envelope interactions but may also increase
nonspecific interactions with‘mammalian-cell membranes.*” Hemolytic activity, mammalian-cell
cytotoxicity, serum and protease stability, plasma half-life, salt sensitivity, maximum tolerated
dose, and therapeutic index should be determined before MCD-1 can be considered for
preclinical development:
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