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Candida albicans infections are a global health thread and challenge healthcare environments due 
to acquired resistances against prominent antifungals like amphotericin B and fluconazole, which 
additionally have severe adverse effects. The peptide Pom-1 originally isolated from the freshwater 
mollusk Pomacea poeyana, and its derivatives Pom-1 A-F have proven their potential against biofilms 
of clinical C. albicans isolates and were suspected to act without candidolytic pore-formation. Here, 
Pom-1 and its derivatives were shown to act as neutralizing antimicrobial peptides (nAMPs) inhibiting 
cell-cell interactions and hence biofilm formation. Combining Pom-1 nAMPs with fluconazole and 
amphotericin B restored their efficacy against resistant C. albicans isolates. Addition of Pom-1 nAMPs 
allowed to reduce required concentrations to 10–50% below their described effective therapeutic 
doses. This opens doors not only to mitigate adverse effects of fluconazole and amphotericin B 
therapies, but also towards novel combination therapies against C. albicans as a severe re-emerging 
pathogen.
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Systemic infections by pathogenic yeasts, especially by Candida albicans, have been highlighted already in 
2018 as one of the most common bloodstream infections worldwide and in the United States1. In this time, 
candidemia affected on average approximately 9 per 100,000 individuals, with the number of cases varying 
with the population and the geographic region the patients live in. In 2017 the Centers for Disease Control 
and Prevention (CDC) estimated the burden of candidemia for the US health system and suspected that 
approximately 25,000 cases of this invasive infection occur nationwide each year2. Based on CDC’s surveillance 
data it has been suggested that the in-hospital all-cause (crude) mortality among people with candidemia is up to 
25%3,4. In addition, an alarming number of 75% of all women are confronted with a fungal infection by species of 
the pathogenic genus Candida, including Candida parapsilosis, C. glabrata, or C. tropicalis, during their lifetime, 
with 5–8% of adult women developing recurrent vulvovaginal candidiasis, which is defined as four or more 
episodes every year5,6. In 85–95% of cases, however, these infections are in fact caused by C. albicans7. Effective 
drugs exist to treat fungal infections with echinocandins, azoles, and polyenes, as well as established examples8,9. 
Among them fluconazole, as a fungistatic agent, represents the first-line treatment option for diseases like 
endophthalmitis, meningitis, for infections of oral or vaginal mucosa10, whereas amphotericin B with its great 
antifungal/fungicidal activity is favored for severe systemic or invasive infections11.

In addition to the sheer infection numbers, prophylactic prescriptions and resulting overuse of classical 
medications have forced the development of different resistance mechanisms, hence qualifying candidiasis as 
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an infection of truly re-emerging severity and a dramatically increasing problem for healthcare systems4,10,12–14. 
Moreover, a severe limitation for administration of amphotericin B has been summarized to reside in its 
(infusion-related) toxicity, divided into acute and chronic toxicity resulting in nausea, vomiting, rigors, fever, 
hypertension or hypotension, and hypoxia and chronic nephrotoxicity as a consequence of different renal 
injury mechanisms15. Although during fluconazole treatment, intestinal indisposition and skin affection have 
been observed as side effects for more than 1% of the volunteers in an early clinical study, with additionally 
occurring occasional hepatic, hematologic and renal abnormalities, these abnormalities were considered low 
compared to other systemically administered drugs like amphotericin B16. Nevertheless, a potential therapeutic 
option allowing a significant reduction of the needed dose for such classical antimycotics appears to be generally 
desirable.

A potent class of drug molecules with a wide range of activity against various pathogens includes fungi, are 
natural and synthetic antimicrobial peptides (AMPs)17–19. Conventional AMPs have two major principle modes 
of action and can either be membrane-active by integrating the peptide into the fungal membrane thereby forming 
different types of pores20,21, or they exert intracellular effects like the inhibition of key metabolic pathways22,23. 
A “classical” AMP is membrane-active and the functional and structural integrity of the cell membrane is 
disturbed during its action by pores that are formed in the pathogenic membrane, thereby simply affecting 
the viability of cells. Diverse mechanistic models have been developed to describe the productive binding and 
membrane integration events of AMPs to bio-membranes24,25. Mollusks have proven their enormous potential 
as biological resources for the identification of potent AMPs as their natural anti-infective protection concept 
exclusively relies on an innate immune system involving an arsenal of AMPs26,27. We have introduced peptides 
from this class of organisms, which were first isolated from the Cuban freshwater snail Pomacea poeyana and 
then chemically resynthesized. These Pom-1 and Pom-2 peptides and their derivatives had antimicrobial 
activity not only against the different bacteria, but also against biofilm formation of various Candida species, 
and in addition, were characterized by a remarkably low cytotoxicity against human cells28,29. Based on their 
pronounced dedication towards biofilm inhibition, Pom-1 derivatives (Fig.  1) and other snail-derived28,30–32 
peptides have been discussed to possess a different mechanism of action, which rather involves a simple binding 
of surface epitopes thereby shielding those structures from exerting their physiological roles in cell-cell or cell-
substrate contacts than classical pore formation28,29,33,34.

Here, we show that Pom-1 and its derivatives have aggregation-inhibiting activities of C. albicans cells in 
the planktonic phase (Fig. 2). A permeabilization assay measuring the uptake of fluorescent marker molecules 
revealed that, compared to a known classical AMP, the Pom-1 peptides do not exhibit pore-forming abilities. 
Moreover, we show that the Pom-1 derivatives either as individual peptides or finally as mixtures of all six 
peptides in combination with fluconazole or amphotericin B, drastically increased the efficacy of the traditional 
antifungals resulting in the total killing of 96% of clinical isolates from invasive infections, including strains 
resistant against one of the drugs or both. The required doses of fluconazole and amphotericin B could be 
reduced by 50% compared to the traditional concentrations used in C. albicans therapy. This demonstrates 
that their combination with Pom-1 peptides could help to restore the efficacy of antifungal drugs that would 
otherwise be ineffective due to pathogen resistance.

Results
The peptides Pom-1 and its derivatives Pom-1 A-F have previously been described as being not directly cytotoxic 
and deadly for C. albicans cells in the planktonic phase and have therefore been discussed as probably not 
belonging to the class of pore-forming AMPs33,34. However, the failure to form pores in Candida cell membranes 
has so far never been verified experimentally. Classical pore-forming AMPs possess the intrinsic capability to 
establish interactions with membrane phospholipids which then initiate a cascade of molecular events leading 
to productive immersion and final generation of a permeable pore.

In general, Pom-1 and its derivatives showed low affinity for C. albicans membranes (Fig. 3). As it can be 
observed in Fig. 3A, the peptides did not bind stably to the membrane, and there was a relatively wide fluctuation 
in the distance between the protein and the membrane. Some peptides remain close to the membrane as Pom-
1B, Pom-1 C, Pom-1E, and at the last 20 ns Pom-1 F. However, these peptides also present high fluctuations in 
the surface interaction area. Although short-term interactions of the peptides with the membrane appeared to 
occur, the interactions were characterized by instant dissociation indicating their presumably extremely weak 
stability (Fig. 3B). In consequence, the analysis of the peptide positions at 20, 40, 60, 80, and 100 ns, revealed that 
all the Pom-1 derivative peptides as well as the superordinate wild type Pom-1 do not adopt a stable conformation 
over the membrane and hence no pore-forming capability (Fig. 3C).

Based on the molecular modeling in silico results, we wanted to verify this finding particularly with the 
superordinate wild type Pom-1 as the relevant lead structure and applied a membrane permeabilization assay 
based on fluorescent dyes of increasing molecular size to evaluate pore formation in the presence of the known 
antimicrobial peptide Cm-p5, which is known for its membrane disruptive activity31,32,35 as a peptide positive 
control and Triton X-100 as a physicochemical detergent positive control. Triton X-100 permeabilized Candida 
cells for all dyes and Cm-p5 was permissive only for FITC, propidium iodide and partly for ATTO 488 alkyne 
but excluded the largest dye rhodamine phalloidin, whereas the original Pom-1 peptide completely failed to 
permeabilize the Candida cells (Fig. 4).

Their simple physical mode of action to form harmful pores in bio-membranes is generally a severe drawback 
of classical AMPs and the major reason for considerable cytotoxicity also for human cells36. Fortunately, Pom-
1 and its derivatives have been proven to be non-toxic for human cells, which was the original reason for us 
to postulate a mode of action different from simple pore-forming28,33,34. A reasonable pharmaceutical use of 
synergistic effects of combinations of the classical anti-Candida drugs fluconazole and amphotericin B with 
the Pom-1 derivative peptides strictly requires that the cytotoxicity, as one of the major criteria for potential 
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combination therapy, does not increase and exceed a tolerable threshold, which is generally accepted as 
≥ 70% viability of the remaining cells, according to the EN ISO 10993-5 guideline for biological evaluation of 
medical devices37. The benchmark in our study were final concentrations of fluconazole and amphotericin B at 
maxima of 8 µg/mL and 2 µg/mL, respectively. These thresholds represent the accepted maximal therapeutic 
concentrations (i.e. the maximally used effective dose (ED)) in humans of these classical and worldwide broadly 
used antimycotics with activities against Candida albicans10,11,14. Biofilms are not only a typical type of lifestyle 
for C. albicans but also represent a crucial property of these pathogenic yeasts to express their full virulence 
potential. The Pom-1 derivative peptides have shown convincing and distinct activities against C. albicans and 
have been suggested as novel biofilm-dedicated drugs with minimal biofilm inhibitory concentrations (MBIC) of 
2.5 µg/mL for the reference laboratory strain C. albicans ATCC 90,02828,29,33,34. In a previous study we have used 
a set of 27 invasive clinical isolates collected in a sampling campaign in the Ulm Hospital. We showed that using 
the 1x MBIC the single peptides failed to completely inhibit biofilm formation, which was also the case when 10x 
MBIC was applied in the experiments33. However, in combination, i.e. when the peptides were used in mixtures, 
the anti-biofilm activity was drastically enhanced33. Consequently, in the follow-up study presented here, we 
intended to evaluate whether synergistic effects can also be observed when the individual Pom-1 peptides are 
used in mixtures with the classical pharmaceutic antifungals amphotericin B and fluconazole. Main questions 
were if it was possible to reduce amphotericin B and fluconazole concentrations as they are normally applied 
in therapies and whether in turn the peptides can rescue their efficacies with special respect to fluconazole 
and/or amphotericin B resistant clinical isolates. As antifungal concentrations of interest for the evaluation of 
cytotoxicity caused by this possible combination therapy, we used 50% and 10% in comparison to 500% of each 

Fig. 1.  Derivatives of the naturally occurring Pomacea poeyana lead peptide known as Pom-1. Depiction of 
the original molecule Pom-1 and its six derivatives Pom-1 A to Pom-1 F represented as ribbon models with 
QUARK and SwissModel and schematic representation of the α-helical structures.
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substance as a control benchmarking extreme concentrations with no real practical use (i.e. 0.5x, 0.1x and 5x 
ED). The single peptides were used each at 0.5x, 0.1x and 5x of their MBIC. Besides human dermal fibroblasts 
(HDF) as a self-evident cell type for testing the effects of drugs often applied topically, we again chose A549 cells. 
This cell line can be regarded as “hypersensitive” towards (classical) AMPs, which in turn means that if a peptide 
cannot kill A549 cells non-cancer cells a fortiori will profit from the fact that the particular peptide is non-toxic 
for them and will survive its presence38. Whereas not a single peptide in combination with the amphotericin 
B concentrations reduced viability below the 70% threshold for HDF cells (Fig. 5A), the combination of the 
peptide Pom-1 C and amphotericin B in the highest concentrations significantly reduced the viability of A549 
cells to 60% (Fig.  5B). In contrast, also for A549 all other combinations proved to be non-cytotoxic in this 
assay even at these extreme control concentrations (Fig. 5B). For all assays the Triton X-100 detergent cell lysis 
controls reduced cell viabilities as expected to zero. Markedly, the combinations of peptides with fluconazole also 
proved to be perfectly non-toxic in every concentration applied in our assay system (Fig. 5C,D).

These initial but crucially important observations prompted us to evaluate our thesis that Pom-1 and its 
derivatives may generally act, via their known anti-biofilm activity, as pharmaceutical compounds neutralizing 
cell-cell interactions thereby reducing the intrinsic aggregation propensity of C. albicans, resulting in an increased 
maintenance of individual cells already in the planktonic phase. Subsequently, this modification or inhibition 
of normal aggregation behavior would be in consequence the reason for impaired biofilm formation of peptide-
treated cells (Fig. 2). In this context, this would then increase the accessibility and susceptibility of those cells for 
the classical antifungals and in consequence qualify the peptides as sensitizers for the increase of efficacy and, in 
the case of resistant strains, for restoration of their impact in future therapeutic strategies.

This idea was tested with the original Pom-1 peptide as the lead peptide, which was used to monitor cell 
aggregation and the influence on initial early steps of biofilm formation on the solid polystyrene-based surface 

Fig. 2.  Schematic illustration of proposed Pom-1 peptides mode of action with enhanced susceptibility of 
Pom-1 treated yeast cells to the classical antifungals amphotericin B and fluconazole. Planktonic yeast cells 
that are not subjected to Pom-1 treatment form aggregates (“aggregation”) and are therefore less vulnerable to 
antifungals amphotericin B and fluconazole and are able to attach to surfaces and form biofilms. C. albicans 
planktonic cells that are treated with Pom-1 are not able to aggregate and therefore last longer in the planktonic 
phase, which leads to them being more susceptible for treatment with fluconazole and amphotericin B and 
consequent killing of the cells and prevention of biofilm formation.
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of a microtiter plate. Cells of the reference laboratory strain C. albicans ATCC90028 as a model were cultivated 
in this biofilm formation kinetic experiment for 24 h with sampling after 0 h, 10 min, 30 min, 1 h, 2 h, 4 h and 
24 h, and addition of Pom-1 at the MBIC of 2.5 µg/mL34 at the beginning of cultivation (0 h). The planktonic 
phase was then removed from the remaining biofilm and both phases were analyzed by microscopy. After 24 h, 
the treated cells showed no biofilms which is in agreement with our previous findings28 and thus delivered the 
expected microscopic confirmation (Fig. 6A, “Biofilm”, upper panel), whereas untreated cells had formed regular 
biofilms (Fig.  6A, “Biofilm”, lower panel). In the planktonic phase (i.e. the culture supernatant), differences 
between treated and untreated cells became visible already after 30 min, culminating during the time course 
in drastic morphological alterations after 24  h. Treated cells kept their round-shaped morphology and their 
appearance as singular cells even at the end of the experiment (Fig. 6A, “Planktonic”, upper panel). In contrast 
the untreated control predominantly formed higher architectures of hyphae-like large cellular aggregates during 

Fig. 3.  Molecular dynamic simulations of interactions of Pom-1 and derivatives with C. albicans model 
phospholipid biomembranes. The analysis pipeline was based on the CHARMM-GUI input generator and 
the NAMD 2.14 package with the CHARMM36 force field. (A) Distance of the peptides (Pom-1 and Pom-
1 A-F) to the center of the membrane simulated for an interval of 0–100 ns. The peptide Cm-p5 as a known 
membrane-permeabilizing molecule served as a positive control. (B) Respective surface area of the peptides 
interacting with the membrane. (C) Position of the peptides (represented in cartoon) at 20, 40, 60, 80 and 100 
ns of the molecular dynamic simulations, membrane phospholipids are shown in gray with red head groups. In 
A, B and C the same color scheme was used for the peptides with blue, green, yellow, orange, red, purple, pink 
for Pom-1, Pom-1 A, Pom-1B, Pom-1 C, Pom-1D, Pom-1E, Pom-1 F and black for Cm-p5, respectively.
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the experiment (Fig. 6A, “Planktonic”, lower panel). For the Pom-1 derivatives Pom-1 A-F, the same analyses of 
planktonic cells and biofilms were performed and, consistently, the aggregation inhibitory effects of the Pom-1 
derivatives were indistinguishable from the lead peptide after 24 h (Fig. 6B).

To test the possibility that a combination of Pom-1 peptides and classical antimycotics may be more efficient 
than the established drugs alone and to evaluate whether the peptides may be suitable to increase fluconazole or 
amphotericin B efficacies thereby opening the option to reduce their required effective dose for the sake of the 
intended reduction of generally harmful side effects, three different concentrations of peptides and antifungals 
were used in the biofilm assay (“0.1x level”: 0.1x MBIC peptides + 0.1x ED antifungal; “0.5x level”: 0.5x MBIC 
peptides + 0.5x ED antifungal; “1.0x level”:1x ED antifungal as a reference). In this biofilm assay the 1x level 
amphotericin B achieved a complete inhibition of biofilms with 11 of 21 for 52% of the strains (Figs. 7A and S2A) 
(“death count” and the skull pictogram in figures S2 and S3). Compared to this the 0.1x level of peptides and 
antifungal reached inhibition ratio of 24% and the 0.5x level already resulted in a complete biofilm inhibition 
of 86% (18 of 21), which in turn indicates an improvement of 45% of these strains. amphotericin B alone at a 
concentration representing 0.5x ED in contrast allowed a complete biofilm inhibition for only 2 of 21 strains 
(9.5%) and 0.1x ED totally failed in biofilm inhibition for all strains. For the second traditional antifungal 
fluconazole the results were similar with also 18 of 21 strains inhibited in biofilm formation for the most potent 
combination (0.5x level) with the remarkable finding that the 0.1x level of peptides and fluconazole already 
inhibited 12 of 21 isolates (Figs. 7B and S2B).

The assessment of antifungal efficacies was done by comparison of the activities of amphotericin B and 
fluconazole either, alone or combination with the Pom-1 peptides against C. albicans cells in the planktonic 
lifestyle. The aim of the combination treatment was the reduction of fungal cultures to zero viability at the lowest 
concentrations possible. Compared to the traditional effective dose of amphotericin B (1x ED), which was fully 
active against only 25% of the isolates (7 of 28), the 0.1x level failed completely and was thus not an improvement 
to the pure antifungal (0.1x ED). In contrast, the 0.5x level represented a drastic improvement because in this 

Fig. 4.  Influence of Pom-1 on cell permeability. Depicted is the permeability of C. albicans cells treated with 
the known membrane-disruptive peptide Cm-p5, the detergent Triton X-100 and the original Pom-1 peptide. 
Structural representations of the fluorescent dyes FITC, Propidium Iodide, ATTO 488 alkyne and Rhodamine 
phalloidin are shown as well as their molecular sizes. Treated cells were stained with these dyes and the 
fluorescence signal was detected and represented as bars. All experiments were performed in triplicate, and 
the error bars depict the standard deviations. Statistical analysis was performed with a t-test; p-values < 0.05 
were considered significant (*p < 0.05; **p < 0.01; ***p < 0.001). The columns without specific labeling show no 
significant differences (ns).
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Fig. 5.  Effects of the Pom-1 derivatives in combination with amphotericin B (AMB) and fluconazole (FLZ) 
on the viability of HDF and A549 cell lines. (A) Cell viability of HDF cells after addition of 0.1x, 0.5x and 
5x MBIC peptide + ED amphotericin B. (B) Viability of A549 cells after treatment with 0.1x, 0.5x and 1x 
MBIC peptide + ED amphotericin B. (C) Cell viability of HDF cells after addition of 0.1x, 0.5x and 5x MBIC 
peptide + ED fluconazole. (D) Viability of A549 cells after treatment with 0.1x, 0.5x and 5x MBIC peptide and 
ED fluconazole. Triton X-100 was included as a control. All the experiments were performed in triplicate, and 
the error bars depict the standard deviations. Statistical analysis was performed with a t-test; p-values < 0.05 
were considered significant (*p < 0.05; **p < 0.01; ***p < 0.001). The columns without specific labeling show no 
significant differences (ns). A cell viability lower than 70% was considered cytotoxic and is marked as a dashed 
line.
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scenario 93% (26 of 28) of the strains were killed completely, whereas the pure antifungal control at the same 
0.5x ED alone only accomplished a 7% reduction (Fig. 8A and S3A). Remarkably, all of the known amphotericin 
B resistant isolates33 were among the strains completely eradicated in the presence of peptides and the 0.5x 
ED of amphotericin B (Fig. 8A), a result, which prompted us to interpret the peptide effect as a rescuing of the 

Fig. 6.  Pom-1 and its derivatives influence C. albicans cell morphology and prevent aggregation and 
subsequent biofilm formation (A) Planktonic C. albicans cells and C. albicans biofilm with and without 
treatment with Pom-1 after incubation times of 0 min, 10 min, 30 min, 1 h, 2 h, 4 h and 24 h. (B) Biofilm and 
planktonic cells of C. albicans with and without treatment with Pom-1 A-F after 0 h and 24 h. Microscopic 
analyses were conducted using a Leica DMi8 coded (Leica Microsystems CMS GmbH, Wetzlar, Germany) 
microscope of C. albicans biofilm and planktonic cells with and without treatment with Pom-1 and its 
derivatives.
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previously lost killing ability of the antimycotic. The rescuing effect of the peptides was similar in combination 
with fluconazole resulting in a severereduction of fungal metabolic activity for 89% (25 of 28) isolates at the 
0.5x level. Here, the 0.1x level allowed a direct judgement of the rescuing effect because the presence of at least 
one of the Pom-1 derivatives improved the viability reduction of fluconazole from 3 to 10 isolates of 28. The 
main observation that the resistant strains were included in the affected group of isolates also holds true for the 
fluconazole peptide combinations (Fig. 8B and S3B). In summary, the otherwise most effective 0.5x level left 
behind only four isolates which could not be eliminated either by the combination of peptides with fluconazole 
or amphotericin B, with isolate 23 surviving both regimes (Fig. 8).

Häring et al. presented our initial finding that the combination of all Pom-1 derivative peptides with 
fluconazole could enhance the peptides’ anti-biofilm activity at one specific submaximal effective concentration, 
which hence laid the foundation for this comprehensive study33. With the proviso to reduce the dose of 
fluconazole and/or amphotericin B to at least 50% of the normal effective dose, each of the Pom-1 derivatives 
alone did not succeed to reduce biofilm formation and cell viability for six and five of the clinical isolates, 
respectively (Figs. 7 and 8). To evaluate whether this combination strategy could be an option to reduce biofilm 

Fig. 7.  Rescued anti-biofilm effect of amphotericin B and fluconazole against C. albicans clinical isolates when 
combined with Pom-1 and its derivatives. Average efficacies of the Pom-1 derivatives (0.1x and 0.5x MBIC) 
in combination with (A) amphotericin B (0.1x and 0.5x ED) as well as amphotericin B only (0.1x, 0.5x and 
1x ED) and (B) with 0.1x MBIC peptide and 0.1x ED fluconazole as well as 0.5x MBIC peptide and 0.5x ED 
fluconazole against biofilm formation. The number of Candida strains, for which no biofilm formation was 
detected, for at least one of the peptide derivatives is depicted as the “death count” and represented as pie 
charts. Error bars represent experiments conducted as triplicate.
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formation and viability of the remaining strains the Pom-1 peptides were used in mixtures but at the same final 
concentration as in the experiments presented before (0.1x MBIC and 0.5x MBIC) and again in combination 
with the same concentrations of the classical antifungals (0.1x ED and 0.5x ED). Whereas no effect was observed 
for the lower concentrations, at 0.5x MBIC and 0.5x ED biofilm formation of all strains was completely inhibited 
for both classical antifungals (Fig. 9A). The viability was reduced to zero by this combination for 27 of 28 isolates 
with only one single isolate surviving this combination of peptide mixtures with fluconazole or amphotericin B 
(Fig. 9B).

The isolate 23 was originally described to be impaired in the formation of regular biofilms in our biofilm 
assay on plastic surfaces33. Microscopic inspection of isolate 23 revealed that in addition the cells did not tend to 
aggregate or show regular hyphae (Figure S2A, untreated). Consequently, the application of Pom-1 (1x MBIC) 
did not result in obvious alterations of cell morphologies for this strain compared to the C. albicans control 
strain (Figure S2A, Pom-1). Moreover, isolate 23 was also unaffected by fluconazole and amphotericin B at1x 
ED whereas the lead peptide Pom-1 in combination improved the efficacy of amphotericin B and slightly for 
fluconazole, the derivatives delivered graded further improvements (Figure S2B). Although the derivative 

Fig. 8.  Enhanced efficacy against planktonic cell viability of amphotericin B and fluconazole when 
combined with Pom-1 and its derivatives. Average efficacies of the Pom-1 derivatives (0.1x and 0.5x MBIC) 
in combination with (A) amphotericin B (0.1x and 0.5x ED) as well as amphotericin B only (0.1x, 0.5x and 
1x ED) and (B) with 0.1x MBIC peptide and 0.1x ED fluconazole as well as 0.5x MBIC peptide and 0.5x ED 
fluconazole against planktonic cells. The number of Candida strains, for which no metabolic activity was 
detected, for at least one of the peptide derivatives is depicted as the “death count” and represented as pie 
charts. Error bars represent experiments conducted as triplicate.
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Pom-1E represented a significant improvement over the original Pom-1 peptide and the benchmark in this 
experiment with a reduction of viability to 25% in combination with both, fluconazole and amphotericin B, 
none of the individual peptides was suited to fully restore the efficacy of both traditional antimycotics and to 
completely eliminate viable cells. In this case the combination of all peptides in equal amounts reduced the 
peptide efficacy compared to the Pom-1E best performance suggesting that the de facto dilution of this peptide 
was critical in this experiment. Nevertheless, compared to the control experiments of this study using the 
traditional concentrations of 2 µg/mL amphotericin B and 8 µg/mL fluconazole (1x ED) which could not reduce 
viability to zero for 21 (amphotericin B) and 12 (fluconazole) of 28 strains, the combination strategy with the 
Pom-1 derivatives succeeded finally in 27 cases leaving only a single isolate behind. Remarkably, already 26 or 25 
of the 28-member set were completely killed when at least one of the derivatives was present in only half of the 
traditional effective doses used in therapies with amphotericin B and fluconazole alone (0.5x ED), respectively. 
Without overestimating the exception of the highly resistant isolate 23, the concept of using Pom-1 derivatives 
as sensitizers to enhance and rescue efficacies of classical antifungals even at reduced concentrations succeeded 
considerably and elevated the ratio of completely killed C. albicans isolates from 57% for fluconazole and 25% 
for amphotericin B to a final value of dead cells of 96% for both traditional antimycotics, while meeting our 
intention to reduce their required concentrations.

Discussion
The peptides Pom-1, and its designed derivatives Pom-1 A-F, have originally been isolated from the freshwater 
snail P. poeyana and were described as probable biofilm-dedicated antifungal compounds. They efficiently 
affected the establishment of elaborate biofilms of C. albicans, but this effect was less significant for other Candida 
species, and their influence on C. albicans cell viability was only marginal28,34. This led to the assumption that 

Fig. 9.  Further enhanced efficacy of standard antifungals in combination with all Pom-1 peptides in 
mixture against biofilm formation and cell viability. Pom-1 derivatives combined, as well as fluconazole and 
amphotericin B (0.1x MBIC peptides + 0.1x ED amphotericin B/fluconazole and 0.5x MBIC peptides + 0.5x 
ED amphotericin B/fluconazole. All experiments were performed in triplicate. (A) Biofilm formation of the C. 
albicans laboratory strain and clinical isolates after treatment with 0.1x MBIC of all Pom-1 derived peptides 
in mixtures combined with 0.1x ED amphotericin B (left panel) and fluconazole (right panel) as well as 0.5x 
MBIC peptides and 0.5x amphotericin B/fluconazole. (B) Cell viability of C. albicans laboratory strain and 
clinical isolates after treatment with 0.1x MBIC of all Pom-1 derived peptides in mixtures combined with 
0.1x ED amphotericin B (left panel) and fluconazole (right panel) as well as 0.5x MBIC peptides and 0.5x 
amphotericin B/fluconazole.
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the Pom-1 peptides may possess a mode of action notably different from that of classical AMPs, which in most 
cases eliminate cells by the formation of pores39–45. It was suggested that the Pom-1 derivatives probably act on 
effector epitopes of the target cell, a mode of action that was also identified for certain antiviral peptides, which 
affect the viral membrane fusion peptide of, e.g. HIV46, and for the most therapeutic neutralizing antibodies47–49. 
C. albicans possesses a complex architecture cell surface with an external protein coat ordered in a mosaic-
like structure, containing about 20 different protein species50. These cell wall proteins (CWPs) are mainly 
glycosylphosphatidylinositol proteins and/or covalently linked to the cell wall polysaccharides. They contribute 
to cell wall integrity, have been found to promote biofilm formation, mediate adherence to host cells and 
abiotic medical devices, promote invasion of epithelial layers, and offer protection against the immune system, 
thereby providing an important role in the fitness and virulence of C. albicans51–54. Agglutinin-like sequence 
proteins (Als) are prominent CWPs with known influence on biofilm formation and aggregation, which possess 
amyloid-forming propensity. In addition, CWPs like Csa1, Eap1, Hwp1, Pga10 and Rbt5 appear to have distinct 
functions in hyphae formation, aggregation and biofilm formation since upon loss of their deletion resulted in 
fragile biofilms or drastic reduction of biofilm formation55–59. Interestingly, Csa1p is not randomly distributed 
over the surface of yeast cells, but appears to be localized predominantly in the growing buds55. Thus it was 
suggested that the distribution of Csa1p may be restricted to sites of cell surface elongation55. Moreover, the 
N-terminal domain of Eap1 appeared to be responsible for yeast cell-cell adhesion and S/T-rich regions have 
been shown to mediate adhesion to abiotic polystyrene surfaces56,57,60. Here we focused on the anti-biofilm 
activity of the peptides during the early stages of biofilm development, applying the peptides directly at the 
start of cultivation to assess their ability to inhibit biofilm formation. We did not investigate their effects on 
mature/established biofilms or their potential to eradicate them, which remains to be investigated as prevention 
of biofilm formation is an important aspect of anti-biofilm strategies, but the ability to target and disrupt mature 
C. albicans biofilms remains a critical and particularly challenging goal, due to the high tolerance and complex 
architecture characteristic of these structures. To produce experimental evidence for both, the disability of Pom-
1 to form pores and the idea that the Pom-1 peptides affect cell wall-related physiological functions like the 
formation of regular hyphae and cell-cell adhesion events in addition to their biofilm inhibiting activities, the 
microscopic analyses and the fluorescent permeabilization assay were performed. In essence, cells treated with 
the Pom-1 lead peptide displaying the expected alterations in aggregational behavior and morphology proved 
this hypothesis supported by the end-point measurements for the individual Pom-1 derivatives suggested that 
the normal functions of the putative peptide receptor epitopes were disengaged already in very early phases of 
cellular development in this kinetic assay. In consequence, the yet still questionable possibility of classical pore-
formation activities could be excluded by the permeabilization assay. Whereas the known antimicrobial peptide 
control Cm-p5 from the marine mollusk Cenchritis muricatus31 as well as Triton X-100 mediated the uptake of 
fluorescent dyes into treated cells, Pom-1 treated cells remained completely unlabeled.

The introduction of classical natural AMPs in clinical trials faced several pharmacological challenges such 
as proteolytic digestion, short half-lives, increased levels of cytotoxicity upon systemic and oral application 
representing a crucial criterion of exclusion37,61. Although Pom-1 and its derivatives had been shown previously 
to be of very moderate cytotoxicity, which was also the case when they were applied in mixtures of the individual 
peptides, it was important to demonstrate that their combination with the aspired reduced doses of fluconazole 
and amphotericin B. According to the ISO norm ISO 10993-5 part 5 “Tests for in vitro cytotoxicity” a reduction 
of cell viability by more than 30% is considered a cytotoxic effect37. The relevant concentrations of peptides and 
classical antimycotics of 0.1x and 0.5x ED for the antifungals and MBIC for the peptides perfectly matched these 
criteria with toxicities not lower than 70% remaining viable cells. Considerable cytotoxicity was only detectable 
in the extreme concentration control containing 5x MBIC and 5x ED, and this was only for the combination 
of Pom-1 C with amphotericin B and solely for the A549 cell line. However, this exception appears to be not 
dramatic since A549 cells were chosen as a model because they can be regarded as ”hypersensitive” towards 
(classical) antimicrobial peptides, which in turn means that if a peptide is not harmful for A549 it is certainly 
not toxic for non-cancer cells38.

In summary, the key findings concerning efficacies against the formation of biofilms and, more importantly, 
for the reduction of metabolically active (planktonic) cells are that using half of the traditional concentrations 
(effective doses) of the established antimycotics fluconazole and amphotericin B were sufficient in combination 
with either one of the Pom-1 derivatives or in peptide mixtures to elevate the antifungal effects to a total of 96% 
killed cells (27 of 28 clinical isolates) and abolished biofilms (21 of 21 biofilm-forming isolates). Thus, the Pom-
1 peptides remarkably fulfilled their intended function to boost the efficacies of fluconazole and amphotericin 
B and complied with the key requirement of our combination strategy to significantly reduce the burden of 
classical antifungal drugs during C. albicans treatment. The second envisioned aim of this concept is to use this 
boosting or rescuing effect to embank fluconazole and amphotericin B adverse effects into limitations which 
reduce harmful health consequences for the patients to more tolerable and less dangerous levels. Although 
this strategy appears to be promising in these aspects, it has to be stated that at the moment, it is completely 
unproven whether fluconazole and amphotericin B side effects decrease with their concentrations also in the 
presence of additional pharmaceutical compounds like the Pom-1 peptides. This has certainly to be considered 
also for all concepts for the synergistic use of additional compounds. Synergistic effects of these gold-standard 
antimycotics have been described for a range of microbial or plant-derived metabolites including Deferoxamine 
and gypenosides62,63. Moreover, although they show only marginal cytotoxicity, whether the individual Pom-
1 derivative peptides or their mixture exhibit considerable adverse effects upon their use in animals and in 
the long-term in patients remains to be evaluated. Nevertheless, in our opinion, the unambiguous results 
presented here with only a limited collection of C. albicans strains isolated from invasive infections encourage 
us to proceed to these following developmental stages, including in-depth characterization of the combination 
strategy with larger sample numbers and more detailed immunological and toxicological evaluation also for the 
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Pom-1 derivatives alone. Due to their strong anti-biofilm activity they may also serve as uniquely advantageous 
constituents of next-generation anti-Candida albicans preparations for so-called lock therapies as a conservative 
treatment option for catheter-related bloodstream infection in long-term catheterized patients64. We believe 
that the combination of the anti-biofilm, or anti-aggregation peptides, respectively, with classical antifungal 
drugs like fluconazole and/or amphotericin B may not only pave the way for innovative treatment strategies 
also against extremely resistant C. albicans per se but may also inspire improvements of peptide-loaded next-
generation wound care materials which have already been developed as first defense lines against different 
pathogens including C. auris65,66.

Materials and methods
Materials
Acetic acid, agar-agar, crystal violet, 3-(N-morpholino)propanesulfonic acid (MOPS), peptone and yeast 
extract were acquired from Carl Roth GmbH (Karlsruhe, Germany). RPMI-1640 medium supplemented 
with L-glutamine was purchased from Thermo Fisher Scientific (Waltham, MA, USA) and resazurin sodium 
salt from Sigma-Aldrich Chemie GmbH (Steinheim, Germany). fluconazole was obtained from Merck KgaA 
(Darmstadt, Germany), and amphotericin B from Carl Roth GmbH (Karlsruhe, Germany). Propidium iodide 
was purchased from BD Biosciences (Franklin Lakes, NJ, USA), ATTO 488 alkyne from ATTO-TEC GmbH 
(Siegen, Germany), rhodamine phalloidin from Thermo Fisher Scientific (Waltham, MA, USA) and fluorescein 
(FITC) from Sigma-Aldrich Chemie GmbH (Steinheim, Germany). Each of Dulbecco’s modified Eagle’s medium 
(DMEM), fetal bovine serum (FBS) (10% (w/v)), and penicillin–streptomycin (100 U/mL, 1% (w/v)), as well as 
Accutase® and Eagle’s minimum essential medium non-essential amino acids (MEM NEAAs) were obtained 
from Life Technologies (Carlsbad, CA, USA), as well as phosphate-buffered saline (PBS).

Cell culture
Adenocarcinomic human alveolar basal epithelial cells (A549) (purchased from the ATCC, Manassas, VA, 
USA, CRM-CCL-185)67 and human dermal fibroblasts (HDFs) (purchased from tebu-bio GmbH, Offenbach, 
Germany) were used68 for the experiments. Cultivation was conducted in DMEM with FBS (10% (w/v), 15% 
(w/v)), MEM NEAAs (1% (w/v)), and penicillin–streptomycin (100 U/mL, 1% (w/v)) at 37 °C in an incubator 
containing 5% CO2.

Passaging adherent cell cultures
Prior to passaging, a suitable medium (DMEM supplemented with 10% (w/v) FBS for A549, DMEM supplemented 
with 15% (w/v) FBS for HDFs) was preheated to 37 °C. The medium was removed from the culture flask, and 
3 mL of Accutase® were added to the adherent cells. The cells with Accutase® were incubated for 5–10 min until 
they acquired a round morphology. To ensure complete cell detachment, the culture flask was slapped against 
the back of the hand. The desired number of cells was aliquoted into a new culture flask containing the preheated 
medium. The cells were then incubated at 37 °C with 5% CO2.

Cultivation of Candida spp.
C. albicans laboratory reference strain (ATCC 90028) was purchased from the IPK Medical Mycology Laboratory 
and C. albicans clinical isolates were provided from patient samples sent to the Microbiology Department for 
diagnostic purposes. Isolates were collected anonymously, and the accreditation number of the Microbiology 
Department is DIN EN ISO15189:2014 (DAkks). All strains were cultured on Sabouraud dextrose agar (40 g/L 
glucose, 10 g/L peptone, 20 g/L agar, pH 5.6) For suspension cultures, individual colonies were inoculated in 
test tubes in 5 mL of RPMI-1640 supplemented with L-glutamine and grown at 37 °C with orbital shaking at 
150 rpm for 16 h.

Viability assay for cell culture
To detect the viability of human cells, a resazurin reduction assay was performed. For this, 2 × 104 cells per well 
of a 96-well plate were incubated in 200 µL DMEM with additives at 37 °C and 5% CO2. After removing the 
medium, 100 µL of the medium and 100 µL of a peptide/antifungal solution (2.5 µg/mL, 25 µg/mL) were added. 
After incubation for 24 h at 37 °C and 5% CO2, 20 µL of a resazurin solution (0.15 mg/mL) were added into each 
well, and the cells were incubated again for 24 h at 37 °C and 5% CO2. Fluorescence measurement (excitation 
wavelength—535 nm, emission wavelength—595 nm) of the converted resorufin was then performed using a 
Tecan Infinite F200 microplate reader (Tecan Group Ltd., Männedorf, Switzerland).

Molecular dynamics simulations
In order to explore the ability of Pom-1 derivative peptides with the C. albicans membrane, seven membrane 
systems were modelled. In all cases the membrane was prepared using a lipid composition mimicking 
the C. albicans ones: palmitoyloleylphosphatidylcholine, palmitoyloleylphosphatidylethanolamine, 
palmitoyloleylphosphatidylserine, palmitoyloleylphosphatidylinositol, and ergosterol (POPC/POPE/POPS/
POPI/Erg) in a ratio 59:21:3:4:1369,70. The membrane was generated using the input generator from the Web 
site of CHARMM-GUI (https://www.charmm-gui.org, accessed: 03.05.2023)71–74. On the other hand, the 3D 
coordinates for the Pom-1 derivatives were taken from previous work33. Peptide molecules were added to one 
side of the membrane with its center of mass (COM) at 30 Å from the COM of the membrane, mimicking 
in vitro experiments in which peptide molecules are initially added to the yeast culture. All simulations were 
performed using the NAMD 2.14 package75 with the CHARMM36 force field76–78. The TIP3P water model 
was used to generate explicit solvation conditions79 and Newton’s equations of motion were integrated using 
the Verlet (leapfrog) algorithm80. Periodic boundary conditions were applied in all directions, and the cutoff 
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of short-range van der Waals interactions was 1.2 nm. The particle mesh Ewald method81 was applied to treat 
long-range electrostatic interactions, with a 1.2 nm real-space contribution cutoff for Coulombic interactions. 
A temperature of 310 K° and a pressure of 1 atm were maintained by the Langevin thermostat82 and barostat83 
respectively. In all systems, the protonation states of peptides were assigned based on calculations at pH 7 and 
with 150 mM NaCl. The systems were equilibrated in two steps. In the first place, a 1000 steps minimization 
followed by 0.5 ns of equilibration with the protein constraint was performed to guide the system to the nearest 
local energy minimum in configuration space. Secondly, the peptide was released from the harmonic constraints 
and the whole system was further equilibrated by another 0.5 ns. After the equilibration process, all simulations 
were performed for 100 ns under an isothermal − isobaric (NPT) ensemble without any restraints.

Permeabilization assay
To demonstrate that Pom-1 does not form pores into the C. albicans membrane, a permeabilization assay was 
carried out. For this, 2.5 × 104 cells/mL of the C. albicans reference strain were incubated in 200 µL of RPMI-1640 
medium supplemented with either Pom-1 or Cm-p5 at final concentrations of 2.5 µg/mL and 10 µg/mL and 
incubated for 2 h at 37 °C. For the positive control, 100 µL of a 0.2% (w/v) solution of Triton X-100 was added 
10 min prior to the end of the 2 h incubation time and for the negative control, no agent was added (untreated). 
After incubation, the tubes were centrifuged at 11,000 ×g and the supernatant was discarded. Afterwards, the 
cells were washed with once with PBS and after addition of 5 µL dye and 195 µL PBS (final concentration of dye: 
5 µL/mL) the cell suspension was centrifuged at 11,000 ×g for 2 min. The supernatant was discarded, and the 
cells were resuspended in a 4% (w/v) solution of paraformaldehyde and incubated for 10 min in order to fixate 
the cells. Subsequently the yeast cells were washed 3x with PBS, resuspended in 200 µL of PBS and pipetted into 
flat-bottomed polystyrene microtiter plates with 96 wells (Sarstedt AG and Co. KG, Nümbrecht, Germany) and 
fluorescence measurements were conducted at an excitation wavelength of 498 nm (FITC), 535 nm (propidium 
iodide), 500 nm (Atto488), and 540 nm (rhodamine phalloidin) and an emission of 517 nm (FITC), 617 nm 
(propidium iodide), 520 nm (Atto488), 565 nm (rhodamine phalloidin) with a Tecan infinite F200 microplate 
reader (Tecan Group Ltd., Männedorf, Switzerland). Additionally, microscopic images were taken at 630x 
magnification.

Biofilm formation and crystal violet assay
In order to evaluate the antifungal effects of the Pom-1 derivatives combined with amphotericin B or fluconazole 
on biofilm formation, a crystal violet assay was performed84,85. For this, 2.5 × 104 yeast cells/mL were incubated 
in 200 µL of RPMI-1640 medium supplemented with amphotericin B, fluconazole and Pom-1 to Pom-1 F in 
flat-bottomed polystyrene microtiter plates with 96 wells for 24  h at 37  °C without agitation. Subsequently, 
the planktonic phase was removed, the remaining cells attached to the wells were washed twice with 200 µL of 
demineralized water and exposed to 200 µL of 0.1% (w/v) crystal violet solution for 15 min. Afterwards, the 
solution was removed and the cells were washed again twice with 200 µL of demineralized water and the plates 
were left to dry for 24 h at 25 °C. To dissolve the stain, 200 µL of 30% acetic acid was added and transferred to a 
new plate after 15 min. The absorbance was measured at 560 nm using a Tecan Infinite F200 microplate reader 
(Tecan Group Ltd., Männedorf, Switzerland). By comparing the resulting data against the untreated controls, the 
efficacy of the agents could be assessed.

Resazurin-reduction-assay/viability-assay
The viability of C. albicans cells was assessed following the guidelines of the Clinical and Laboratory Standards 
Institute (M27-A3)86. Accordingly, 2.5 × 104 yeast cells/mL were cultured in 200 µL of RPMI-1640 medium in 
the presence of peptide (Pom-1 to Pom-1 F) and amphotericin B or fluconazole in different concentrations (0.1x 
ED/MBIC and 0.5x ED/MBIC) in flat-bottomed polystyrene microtiter plates with 96 wells (Sarstedt AG and 
Co. KG, Nümbrecht, Germany) at 37 °C with shaking at 900 rpm on an Eppendorf shaker. The quantification 
of viable yeast cells was carried out using a Resazurin-Reduction-Assay86. Accordingly, the cells were exposed 
to 20 µL of a 0.15 mg/mL resazurin solution for 2 h and subsequently the amount of converted resorufin was 
determined with fluorescence measurements at an excitation wavelength of 535 and an emission of 595 nm with 
a Tecan infinite F200 microplate reader (Tecan Group Ltd., Männedorf, Switzerland).

Data availability
Data is provided within the manuscript or supplementary information files.

Received: 19 July 2024; Accepted: 2 July 2025

References
	 1.	 Magill, S. S. et al. Changes in prevalence of health care-associated infections in U.S. Hospitals. N. Engl. J. Med.  379, 1732–1744. 

https://doi.org/10.1056/NEJMoa1801550 (2018).
	 2.	 Tsay, S. et al. National burden of candidemia, United States, 2017. Open. Forum Infect. Dis. 5, S142–S143. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​9​3​/​

o​f​i​d​/​o​f​y​2​1​0​.​3​7​4​​​​ (2018).
	 3.	 Morgan, J. et al. Excess mortality, hospital stay, and cost due to candidemia:A case-control study using data from population-based 

candidemia surveillance. Infect. Control Hosp. Epidemiol. 26, 540–547. https://doi.org/10.1086/502581 (2005).
	 4.	 Centers for Disease Control and Prevention. Invasive Candidiasis Statistics [updated 01-13-2023; cited 01-13-2023].
	 5.	 Hurley, R. & de Louvois, J. Candida vaginitis. Postgrad Med. J.  55, 645–647. https://doi.org/10.1136/pgmj.55.647.645 (1979).
	 6.	 Foxman, B., Marsh, J. V., Gillespie, B. & Sobel, J. D. Frequency and response to vaginal symptoms among white and African American 

women: Results of a random digit dialing survey. J .Womens Health 7, 1167–1174. https://doi.org/10.1089/jwh.1998.7.1167 (1998).
	 7.	 Sobel, J. D. Vulvovaginal candidosis Lancet 369, 1961–1971 (2007).

Scientific Reports |        (2025) 15:24593 14| https://doi.org/10.1038/s41598-025-10315-4

www.nature.com/scientificreports/

https://doi.org/10.1056/NEJMoa1801550
https://doi.org/10.1093/ofid/ofy210.374
https://doi.org/10.1093/ofid/ofy210.374
https://doi.org/10.1086/502581
https://doi.org/10.1136/pgmj.55.647.645
https://doi.org/10.1089/jwh.1998.7.1167
http://www.nature.com/scientificreports


	 8.	 Yang, Y. L. & Lo, H. J. Mechanisms of antifungal agent resistance. J. Microbiol. Immunol. Infect. 34, 79–86 (2001).
	 9.	 Fakhim, H. et al. Comparative virulence of Candida auris with Candida haemulonii, Candida glabrata and Candida albicans in a 

murine model. Mycoses 61, 377–382. https://doi.org/10.1111/myc.12754 (2018).
	10.	 Berkow, E. L. & Lockhart, S. R. fluconazole resistance in Candida species: A current perspective. Infect. Drug Resist. 10, 237–245. 

https://doi.org/10.2147/IDR.S118892 (2017).
	11.	 Grela, E. et al. Modes of the antibiotic activity of amphotericin B against Candida albicans. Sci. Rep.  9, 17029. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​

0​3​8​/​s​4​1​5​9​8​-​0​1​9​-​5​3​5​1​7​-​3​​​​ (2019).
	12.	 Lockhart, S. R. et al. Species identification and antifungal susceptibility testing of Candida bloodstream isolates from population-

based surveillance studies in two U.S. cities from 2008 to 2011. J. Clin. Microbiol. 50, 3435–3442. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​1​2​8​/​J​C​M​.​0​1​2​
8​3​-​1​2​​​​ (2012).

	13.	 Rybak, J. M. et al. In vivo emergence of high-level resistance during treatment reveals the first identified mechanism of amphotericin 
B resistance in Candida auris. Clin. Microbiol. Infect. 28, 838–843. https://doi.org/10.1016/j.cmi.2021.11.024 (2022).

	14.	 Ellis, D. Amphotericin B: spectrum and resistance. J. Antimicrob. Chemother. 49(Suppl 1), 7–10. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​9​3​/​j​a​c​/​4​9​.​s​u​
p​p​l​_​1​.​7​​​​ (2002).

	15.	 Laniado-Laborín, R. & Cabrales-Vargas, M. N. Amphotericin B: Side effects and toxicity. Rev. Iberoam Micol.  26, 223–227. ​h​t​t​p​s​:​/​
/​d​o​i​.​o​r​g​/​1​0​.​1​0​1​6​/​j​.​r​i​a​m​.​2​0​0​9​.​0​6​.​0​0​3​​​​ (2009).

	16.	 Zervos, M. & Meunier, F. Fluconazole (Diflucan): A review. Int. J. Antimicrob. Agents 3, 147–170 (1993).
	17.	 Hancock, R. E. W., Haney, E. F. & Gill, E. E. The immunology of host defence peptides: beyond antimicrobial activity. Nat. Rev. 

Immunol. 16, 321–334. https://doi.org/10.1038/nri.2016.29 (2016).
	18.	 Jenssen, H., Hamill, P. & Hancock, R. E. W. Peptide antimicrobial agents. Clin. Microbiol. Rev. 19, 491–511. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​1​2​

8​/​c​m​r​.​0​0​0​5​6​-​0​5​​​​ (2006).
	19.	 Rodríguez-Castaño, G. P., Rosenau, F., Ständker, L. & Firacative, C. Antimicrobial peptides: Avant-garde antifungal agents to fight 

against medically important Candida species. Pharmaceutics. https://doi.org/10.3390/pharmaceutics15030789 (2023).
	20.	 van der Weerden, N. L., Hancock, R. E. W. & Anderson, M. A. Permeabilization of fungal hyphae by the plant defensin NaD1 

occurs through a cell wall-dependent process. J. Biol. Chem. 285, 37513–20. https://doi.org/10.1074/jbc.M110.134882 (2010).
	21.	 Jean-François, F., Elezgaray, J., Berson, P., Vacher, P. & Dufourc, E. J. Pore formation induced by an antimicrobial peptide: 

Electrostatic effects. Biophys. J. 95, 5748–56. https://doi.org/10.1529/biophysj.108.136655 (2008).
	22.	 Peters, B. M., Shirtliff, M. E. & Jabra-Rizk, M. A. Antimicrobial peptides: primeval molecules or future drugs. PLoS Pathog. 6, 

1001067. https://doi.org/10.1371/journal.ppat.1001067 (2010).
	23.	 Nicolas, P. Multifunctional host defense peptides: intracellular-targeting antimicrobial peptides. FEBS J. 276, 6483–96. ​h​t​t​p​s​:​/​/​d​o​i​

.​o​r​g​/​1​0​.​1​1​1​1​/​j​.​1​7​4​2​-​4​6​5​8​.​2​0​0​9​.​0​7​3​5​9​.​x​​​​ (2009).
	24.	 Moerman, L. et al. Antibacterial and antifungal properties of alpha-helical, cationic peptides in the venom of scorpions from 

southern Africa. Eur. J. Biochem. 269, 4799–810. https://doi.org/10.1046/j.1432-1033.2002.03177.x (2002).
	25.	 Browne, K. et al. A new era of antibiotics: The clinical potential of antimicrobial peptides. Int. J. Mol. Sci. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​3​3​9​0​/​i​

j​m​s​2​1​1​9​7​0​4​7​​​​ (2020) (PMID: 32987946).
	26.	 Schauber, J. & Gallo, R. L. Antimicrobial peptides and the skin immune defense system. J. Allergy Clin. Immunol. 122, 261–6. 

https://doi.org/10.1016/j.jaci.2008.03.027 (2008).
	27.	 Mitta, G., Vandenbulcke, F. & Roch, P. Original involvement of antimicrobial peptides in mussel innate immunity. FEBS Lett. 486, 

185–190 (2000).
	28.	 Raber, H. F. et al. Antimicrobial peptides Pom-1 and Pom-2 from pomacea poeyana are active against Candida auris, C. parapsilosis 

and C. albicans Biofilms. Pathogens. https://doi.org/10.3390/pathogens10040496 (2021) (PMID: 33924039).
	29.	 González García, M. et al. New antibacterial peptides from the freshwater mollusk Pomacea poeyana (Pilsbry, 1927). Biomolecules. 

https://doi.org/10.3390/biom10111473 (2020).
	30.	 Kubiczek, D. et al. Derivates of the antifungal peptide Cm-p5 inhibit development of Candida auris biofilms in vitro. Antibiotics 

(Basel) https://doi.org/10.3390/antibiotics9070363 (2020).
	31.	 López-Abarrategui, C. et al. Cm-p5: an antifungal hydrophilic peptide derived from the coastal mollusk Cenchritis muricatus 

(Gastropoda: Littorinidae). FASEB J. 29, 3315–25. https://doi.org/10.1096/fj.14-269860 (2015).
	32.	 Vicente, F. E. M. et al. Design of a helical-stabilized, cyclic, and nontoxic analogue of the peptide Cm-p5 with improved antifungal 

activity. ACS Omega. 4, 19081–95. https://doi.org/10.1021/acsomega.9b02201 (2019).
	33.	 Häring, M. et al. Combination of six individual derivatives of the Pom-1 antibiofilm peptide doubles their efficacy against invasive 

and multi-resistant clinical isolates of the pathogenic yeast Candida albicans. Pharmaceutics. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​3​3​9​0​/​p​h​a​r​m​a​c​e​u​t​i​
c​s​1​4​0​7​1​3​3​2​​​​ (2022).

	34.	 Amann, V. et al. Increased activities against biofilms of the pathogenic yeast Candida albicans of optimized Pom-1 derivatives. 
Pharmaceutics. https://doi.org/10.3390/pharmaceutics14020318 (2022).

	35.	 González-García, M. et al. Antimicrobial activity of cyclic-monomeric and dimeric derivatives of the snail-derived peptide Cm-p5 
against viral and multidrug-resistant bacterial strains. Biomolecules. https://doi.org/10.3390/biom11050745 (2021).

	36.	 Huang, Y., Huang, J. & Chen, Y. Alpha-helical cationic antimicrobial peptides: relationships of structure and function. Protein Cell 
1, 143–52. https://doi.org/10.1007/s13238-010-0004-3 (2010).

	37.	 International Organization for Standardization. 10993-5. Biological evaluation of medical devices Part 5: Tests for in vitro 
cytotoxicity; 2009-06-01. ​h​t​t​p​s​:​​​/​​/​n​h​i​s​​o​.​c​o​​m​/​​w​p​-​c​​o​n​t​e​​n​​t​/​u​p​l​o​​​a​d​s​/​2​​​0​1​​8​/​0​​5​​/​I​S​O​-​​1​0​​9​9​3​-​​5​-​2​0​0​9​.​p​d​f [updated 2009 Jun 1].

	38.	 Schweizer, F. Cationic amphiphilic peptides with cancer-selective toxicity. Eur. J. Pharmacol. 625, 190–4. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​1​6​/​j​
.​e​j​p​h​a​r​.​2​0​0​9​.​0​8​.​0​4​3​​​​ (2009).

	39.	 Yang, L., Harroun, T. A., Weiss, T. M., Ding, L. & Huang, H. W. Barrel-stave model or toroidal model? A case study on Melittin 
pores. Biophys. J. 81, 1475–1485. https://doi.org/10.1016/S0006-3495 (2001).

	40.	 Ehrenstein, G. & Lecar, H. Electrically gated ionic channels in lipid bilayers. Q. Rev. Biophys. 10, 1–34. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​1​7​/​S​0​0​
3​3​5​8​3​5​0​0​0​0​0​1​2​3​​​​ (1977).

	41.	 Brogden, K. A. Antimicrobial peptides: Pore formers or metabolic inhibitors in bacteria. Nat. Rev. Microbiol. 3, 238–50. ​h​t​t​p​s​:​/​/​d​o​
i​.​o​r​g​/​1​0​.​1​0​3​8​/​n​r​m​i​c​r​o​1​0​9​8​​​​ (2005).

	42.	 Hallock, K. J., Lee, D-K. & Ramamoorthy, A. MSI-78, an analogue of the magainin antimicrobial peptides, disrupts lipid bilayer 
structure via positive curvature strain. Biophys. J. 84, 3052–3060 (2003).

	43.	 Nguyen, L. T., Haney, E. F. & Vogel, H. J. The expanding scope of antimicrobial peptide structures and their modes of action. Trends 
Biotechnol. 29, 464–72. https://doi.org/10.1016/j.tibtech.2011.05.001 (2011).

	44.	 Ciociola, T. et al. Natural and synthetic peptides with antifungal activity. Future Med. Chem. 8, 1413–33. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​4​1​5​5​/​f​
m​c​-​2​0​1​6​-​0​0​3​5​​​​ (2016).

	45.	 Rautenbach, M., Troskie, A. M. & Vosloo, J. A. Antifungal peptides: to be or not to be membrane active. Biochimie 130, 132–145. 
https://doi.org/10.1016/j.biochi.2016.05.013 (2016).

	46.	 Münch, J. et al. Discovery and optimization of a natural HIV-1 entry inhibitor targeting the gp41 fusion peptide. Cell. 129, 263–75. 
https://doi.org/10.1016/j.cell.2007.02.042 (2007).

	47.	 Di Mambro, T. et al. A new humanized antibody is effective against pathogenic fungi in vitro. Sci. Rep. 11, 19500. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​
0​.​1​0​3​8​/​s​4​1​5​9​8​-​0​2​1​-​9​8​6​5​9​-​5​​​​ (2021).

	48.	 Matthews, R. C. et al. Preclinical assessment of the efficacy of mycograb, a human recombinant antibody against fungal HSP90. 
Antimicrob. Agents Chemother. 47, 2208–16. https://doi.org/10.1128/aac.47.7.2208-2216.2003 (2003).

Scientific Reports |        (2025) 15:24593 15| https://doi.org/10.1038/s41598-025-10315-4

www.nature.com/scientificreports/

https://doi.org/10.1111/myc.12754
https://doi.org/10.2147/IDR.S118892
https://doi.org/10.1038/s41598-019-53517-3
https://doi.org/10.1038/s41598-019-53517-3
https://doi.org/10.1128/JCM.01283-12
https://doi.org/10.1128/JCM.01283-12
https://doi.org/10.1016/j.cmi.2021.11.024
https://doi.org/10.1093/jac/49.suppl_1.7
https://doi.org/10.1093/jac/49.suppl_1.7
https://doi.org/10.1016/j.riam.2009.06.003
https://doi.org/10.1016/j.riam.2009.06.003
https://doi.org/10.1038/nri.2016.29
https://doi.org/10.1128/cmr.00056-05
https://doi.org/10.1128/cmr.00056-05
https://doi.org/10.3390/pharmaceutics15030789
https://doi.org/10.1074/jbc.M110.134882
https://doi.org/10.1529/biophysj.108.136655
https://doi.org/10.1371/journal.ppat.1001067
https://doi.org/10.1111/j.1742-4658.2009.07359.x
https://doi.org/10.1111/j.1742-4658.2009.07359.x
https://doi.org/10.1046/j.1432-1033.2002.03177.x
https://doi.org/10.3390/ijms21197047
https://doi.org/10.3390/ijms21197047
https://doi.org/10.1016/j.jaci.2008.03.027
https://doi.org/10.3390/pathogens10040496
https://doi.org/10.3390/biom10111473
https://doi.org/10.3390/antibiotics9070363
https://doi.org/10.1096/fj.14-269860
https://doi.org/10.1021/acsomega.9b02201
https://doi.org/10.3390/pharmaceutics14071332
https://doi.org/10.3390/pharmaceutics14071332
https://doi.org/10.3390/pharmaceutics14020318
https://doi.org/10.3390/biom11050745
https://doi.org/10.1007/s13238-010-0004-3
https://nhiso.com/wp-content/uploads/2018/05/ISO-10993-5-2009.pdf
https://doi.org/10.1016/j.ejphar.2009.08.043
https://doi.org/10.1016/j.ejphar.2009.08.043
https://doi.org/10.1016/S0006-3495
https://doi.org/10.1017/S0033583500000123
https://doi.org/10.1017/S0033583500000123
https://doi.org/10.1038/nrmicro1098
https://doi.org/10.1038/nrmicro1098
https://doi.org/10.1016/j.tibtech.2011.05.001
https://doi.org/10.4155/fmc-2016-0035
https://doi.org/10.4155/fmc-2016-0035
https://doi.org/10.1016/j.biochi.2016.05.013
https://doi.org/10.1016/j.cell.2007.02.042
https://doi.org/10.1038/s41598-021-98659-5
https://doi.org/10.1038/s41598-021-98659-5
https://doi.org/10.1128/aac.47.7.2208-2216.2003
http://www.nature.com/scientificreports


	49.	 Bugli, F. et al. Human monoclonal antibody-based therapy in the treatment of invasive candidiasis. Clin. Dev. Immunol. ​h​t​t​p​s​:​/​/​d​o​
i​.​o​r​g​/​1​0​.​1​1​5​5​/​2​0​1​3​/​4​0​3​1​2​1​​​​ (2013).

	50.	 Klis, F. M., Sosinska, G. J., de Groot, P. W. J. & Brul, S. Covalently linked cell wall proteins of Candida albicans and their role in 
fitness and virulence. FEMS Yeast Res. 9, 1013–28. https://doi.org/10.1111/j.1567-1364.2009.00541.x (2009).

	51.	 Richard, M. L. & Plaine, A. Comprehensive analysis of glycosylphosphatidylinositol-anchored proteins in Candida albicans. 
Eukaryot Cell. 6, 119–33. https://doi.org/10.1128/EC.00297-06 (2007).

	52.	 Chaffin, W. L. Candida albicans cell wall proteins. Microbiol. Mol. Biol. Rev. 72, 495–544. https://doi.org/10.1128/mmbr.00032-07 
(2008).

	53.	 Hoyer, L. L., Green, C. B., Oh, S-H. & Zhao, X. Discovering the secrets of the Candida albicans agglutinin-like sequence (ALS) gene 
family–a sticky pursuit. Med. Mycol. 46, 1–15 (2008).

	54.	 Nather, K. & Munro, C. A. Generating cell surface diversity in Candida albicans and other fungal pathogens. FEMS Microbiol. Lett. 
285, 137–45. https://doi.org/10.1111/j.1574-6968.2008.01263.x (2008).

	55.	 Lamarre, C., Deslauriers, N. & Bourbonnais, Y. Expression cloning of the Candida albicans CSA1 gene encoding a mycelial surface 
antigen by sorting of Saccharomyces cerevisiae transformants with monoclonal antibody-coated magnetic beads. Mol. Microbiol. 
35, 444–53. https://doi.org/10.1046/j.1365-2958.2000.01715.x (2000).

	56.	 Li, F. & Palecek, S. P. EAP1, a Candida albicans gene involved in binding human epithelial cells. Eukaryot Cell. 2, 1266–73. ​h​t​t​p​s​:​/​
/​d​o​i​.​o​r​g​/​1​0​.​1​1​2​8​/​E​C​.​2​.​6​.​1​2​6​6​-​1​2​7​3​.​2​0​0​3​​​​ (2003).

	57.	 Li, F. et al. Eap1p, an adhesin that mediates Candida albicans biofilm formation in vitro and in vivo. Eukaryot Cell. 6, 931–9. ​h​t​t​p​s​
:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​1​2​8​/​E​C​.​0​0​0​4​9​-​0​7​​​​ (2007).

	58.	 Nobile, C. J. et al. Complementary adhesin function in C. albicans biofilm formation. Curr Biol. 18, 1017–24. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​
0​1​6​/​j​.​c​u​b​.​2​0​0​8​.​0​6​.​0​3​4​​​​ (2008).

	59.	 Pérez, A. et al. Biofilm formation by Candida albicans mutants for genes coding fungal proteins exhibiting the eight-cysteine-
containing CFEM domain. FEMS Yeast Res. 6, 1074–84. https://doi.org/10.1111/j.1567-1364.2006.00131.x (2006).

	60.	 Fu, Y. et al. Candida albicans Als1p: an adhesin that is a downstream effector of the EFG1 filamentation pathway. Mol. Microbiol. 
44, 61–72. https://doi.org/10.1046/j.1365-2958.2002.02873.x (2002).

	61.	 Rodríguez, A. A., Otero-González, A., Ghattas, M. & Ständker, L. Discovery, optimization, and clinical application of natural 
antimicrobial peptides. Biomedicines https://doi.org/10.3390/biomedicines9101381 (2021).

	62.	 Liu, Y. et al. The synergistic antifungal effects of gypenosides combined with fluconazole against resistant Candida albicans via 
inhibiting the drug efflux and biofilm formation. Biomed. Pharmacother. https://doi.org/10.1016/j.biopha.2020.110580 (2020).

	63.	 An, L. et al. Synergistic effect of the combination of deferoxamine and fluconazole in vitro and in vivo against fluconazole-resistant 
Candida Spp. Antimicrob Agents Chemother. 66, e0072522 (2022).

	64.	 Fernández-Hidalgo, N. & Almirante, B. Antibiotic-lock therapy: a clinical viewpoint. Expert Rev. Anti Infect. Ther. 12, 117–29. 
https://doi.org/10.1586/14787210.2014.863148 (2014).

	65.	 Kubiczek, D. et al. A Cerberus-inspired anti-infective multicomponent gatekeeper hydrogel against infections with the emerging 
superbug yeast Candida auris. Macromol. Biosci. 20, 2000005. https://doi.org/10.1002/mabi.202000005 (2020).

	66.	 Bodenberger, N. et al. Lectin-functionalized composite hydrogels for capture-and-killing of carbapenem-resistant Pseudomonas 
aeruginosa. Biomacromolecules 19, 2472–2782. https://doi.org/10.1021/acs.biomac.8b00089 (2018).

	67.	 Lieber, M., Smith, B., Szakal, A., Nelson-Rees, W. & Todaro, G. A continuous tumor-cell line from a human lung carcinoma with 
properties of type II alveolar epithelial cells. Int. J. Cancer 7, 62–70. https://doi.org/10.1002/ijc.2910170110 (1976).

	68.	 Okita, K. et al. A more efficient method to generate integration-free human iPS cells. Nat. Methods 8, 409–12. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​
0​3​8​/​n​m​e​t​h​.​1​5​9​1​​​​ (2011).

	69.	 Warschawski, D. E. et al. Choosing membrane mimetics for NMR structural studies of transmembrane proteins. Biochim. Biophys. 
Acta. 1808, 1957–74. https://doi.org/10.1016/j.bbamem.2011.03.016 (2011).

	70.	 de Aguiar, F. L. L. et al. Antibiofilm Activity on Candida albicans and Mechanism of Action on Biomembrane Models of the 
Antimicrobial Peptide Ctn15-34. Int. J. Mol. Sci. https://doi.org/10.3390/ijms21218339 (2020).

	71.	 Jo, S., Kim, T. & Im, W. Automated builder and database of protein/membrane complexes for molecular dynamics simulations. 
PLoS ONE 2, e880. https://doi.org/10.1371/journal.pone.0000880 (2007).

	72.	 Jo, S., Kim, T., Iyer, V. G. & Im, W. CHARMM-GUI: a web-based graphical user interface for CHARMM. J. Comput. Chem. 29, 
1859–65. https://doi.org/10.1002/jcc.20945 (2008).

	73.	 Jo, S., Lim, J. B., Klauda, J. B. & Im, W. CHARMM-GUI membrane builder for mixed bilayers and its application to yeast 
membranes. Biophys. J. 97, 50–58. https://doi.org/10.1016/j.bpj.2009.04.013 (2009).

	74.	 Wu, E. L. et al. CHARMM-GUI Membrane Builder toward realistic biological membrane simulations. J. Comput. Chem. 35, 1997–
2004. https://doi.org/10.1002/jcc.23702 (2014).

	75.	 Phillips, J. C. et al. Scalable molecular dynamics with NAMD. J. Comput. Chem. 26, 1781–802. https://doi.org/10.1002/jcc.20289 
(2005).

	76.	 Vanommeslaeghe, K. et al. CHARMM general force field: A force field for drug-like molecules compatible with the CHARMM 
all-atom additive biological force fields. J. Comput. Chem. 31, 671–90. https://doi.org/10.1002/jcc.21367 (2010).

	77.	 Best, R. B. et al. Optimization of the additive CHARMM all-atom protein force field targeting improved sampling of the backbone 
φ, ψ and side-chain χ(1) and χ(2) dihedral angles. J. Chem. Theory Comput. 8, 3257–73. https://doi.org/10.1021/ct300400x (2012).

	78.	 Klauda, J. B. et al. Update of the CHARMM all-atom additive force field for lipids: validation on six lipid types. J. Phys. Chem. B. 
114, 7830–7843. https://doi.org/10.1021/jp101759q (2010).

	79.	 Jorgensen, W. L., Chandrasekhar, J., Madura, J. D., Impey, R. W. & Klein, M. L. Comparison of simple potential functions for 
simulating liquid water. J. Chem. Phys. 79, 926–935. https://doi.org/10.1063/1.445869 (1983).

	80.	 Cuendet, M. A. & van Gunsteren, W. F. On the calculation of velocity-dependent properties in molecular dynamics simulations 
using the leapfrog integration algorithm. J. Chem. Phys. 127, 184102. https://doi.org/10.1063/1.2779878 (2007).

	81.	 Darden, T., York, D. & Pedersen, L. Particle mesh ewald: an N ⋅log(N) method for Ewald sums in large systems. J. Chem. Phys. 98, 
10089–10092. https://doi.org/10.1063/1.464397 (1993).

	82.	 Davidchack, R. L., Handel, R. & Tretyakov, M. V. Langevin thermostat for rigid body dynamics. J. Chem. Phys. 130, 234101. ​h​t​t​p​s​:​
/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​6​3​/​1​.​3​1​4​9​7​8​8​​​​ (2009).

	83.	 Feller, S. E., Zhang, Y., Pastor, R. W. & Brooks, B. R. Constant pressure molecular dynamics simulation: the Langevin piston 
method. J. Chem. Phys. 103, 4613–4621. https://doi.org/10.1063/1.470648 (1995).

	84.	 Negri, M. et al. Crystal violet staining to quantify Candida adhesion to epithelial cells. Br. J. Biomed. Sci. 67, 120–125. ​h​t​t​p​s​:​/​/​d​o​i​.​
o​r​g​/​1​0​.​1​0​8​0​/​0​9​6​7​4​8​4​5​.​2​0​1​0​.​1​1​7​3​0​3​0​8​​​​ (2010).

	85.	 O’Toole, G. A. Microtiter dish biofilm formation assay. J. Vis. Exp. https://doi.org/10.3791/2437 (2011).
	86.	 Fai, P. B. & Grant, A. A rapid resazurin bioassay for assessing the toxicity of antifungals. Chemosphere. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​1​6​/​j​.​c​h​

e​m​o​s​p​h​e​r​e​.​2​0​0​8​.​1​1​.​0​7​8​​​​ (2009).

Acknowledgements
This work was supported by grants from the German Research Society (DFG) project 465229237 and project 
CRC1279 (Ex-ploiting the Human Peptidome for Novel Antimicrobial and Anticancer Agents). The financial 
support from National Science Centre, Poland is gratefully acknowledged (Grant UMO-2020/39/I/ST5/02108). 

Scientific Reports |        (2025) 15:24593 16| https://doi.org/10.1038/s41598-025-10315-4

www.nature.com/scientificreports/

https://doi.org/10.1155/2013/403121
https://doi.org/10.1155/2013/403121
https://doi.org/10.1111/j.1567-1364.2009.00541.x
https://doi.org/10.1128/EC.00297-06
https://doi.org/10.1128/mmbr.00032-07
https://doi.org/10.1111/j.1574-6968.2008.01263.x
https://doi.org/10.1046/j.1365-2958.2000.01715.x
https://doi.org/10.1128/EC.2.6.1266-1273.2003
https://doi.org/10.1128/EC.2.6.1266-1273.2003
https://doi.org/10.1128/EC.00049-07
https://doi.org/10.1128/EC.00049-07
https://doi.org/10.1016/j.cub.2008.06.034
https://doi.org/10.1016/j.cub.2008.06.034
https://doi.org/10.1111/j.1567-1364.2006.00131.x
https://doi.org/10.1046/j.1365-2958.2002.02873.x
https://doi.org/10.3390/biomedicines9101381
https://doi.org/10.1016/j.biopha.2020.110580
https://doi.org/10.1586/14787210.2014.863148
https://doi.org/10.1002/mabi.202000005
https://doi.org/10.1021/acs.biomac.8b00089
https://doi.org/10.1002/ijc.2910170110
https://doi.org/10.1038/nmeth.1591
https://doi.org/10.1038/nmeth.1591
https://doi.org/10.1016/j.bbamem.2011.03.016
https://doi.org/10.3390/ijms21218339
https://doi.org/10.1371/journal.pone.0000880
https://doi.org/10.1002/jcc.20945
https://doi.org/10.1016/j.bpj.2009.04.013
https://doi.org/10.1002/jcc.23702
https://doi.org/10.1002/jcc.20289
https://doi.org/10.1002/jcc.21367
https://doi.org/10.1021/ct300400x
https://doi.org/10.1021/jp101759q
https://doi.org/10.1063/1.445869
https://doi.org/10.1063/1.2779878
https://doi.org/10.1063/1.464397
https://doi.org/10.1063/1.3149788
https://doi.org/10.1063/1.3149788
https://doi.org/10.1063/1.470648
https://doi.org/10.1080/09674845.2010.11730308
https://doi.org/10.1080/09674845.2010.11730308
https://doi.org/10.3791/2437
https://doi.org/10.1016/j.chemosphere.2008.11.078
https://doi.org/10.1016/j.chemosphere.2008.11.078
http://www.nature.com/scientificreports


For the purpose of Open Access, the authors have applied a CC-BY public copyright license to any Author 
Accepted Manuscript (AAM) version arising from this submission. The Alexander von Humboldt-Stiftung, Re-
search Group Linkage Program (No. 1160914-COL-IP). We are also grateful to DAAD-Germany for facilitating 
the financial support of the German Ministry for Foreign Affairs via the program Global Health and Pandemic 
Prevention Centers (project 57592717-GLACIER). The authors thankfully acknowledge the computer resources 
and the technical support provided by “Empresa de Tecnologías de la InformaciÓn ETI-BioCubaFarma”. Also, 
this research was partially supported by the supercomputing infrastructure of the NLHPC (ECM-02). The au-
thors gratefully thank Merve Karacan and Nico Preising for their work in the synthesis process.

Author contributions
Conceptualization, F.R. and A.-K.K.; methodology, V.M., D.A.-P., E.M.M.-H. and M.K.; software, J.A.P.-E., 
D.A.-P.; validation, V.M., D.A.-P. and M.K.; investigation, V.M., D.A.-P., E.M.M.-H., M.K. and A.-K.K.; resourc-
es, T.W., L.S., A.J.O.-G. and F.R.; data curation, V.M., D.A.-P., E.M.M.-H. and M.K.; writing—original draft 
preparation, V.M., D.A.-P., F.R. and A.-K.K.; writing—review and editing, V.M., D.A.-P., T.W., C.F., A.R.-A., 
A.C., J.P., L.S., A.J.O.-G., S.S., F.R. and A.-K.K.; supervision, F.R. and A.-K.K.; project administration, F.R.; fund-
ing acquisition, L.S., T.W. and F.R. All authors have read and agreed to the published version of the manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Declarations

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​
0​.​1​0​3​8​/​s​4​1​5​9​8​-​0​2​5​-​1​0​3​1​5​-​4​​​​​.​​

Correspondence and requests for materials should be addressed to F.R.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give 
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and 
indicate if changes were made. The images or other third party material in this article are included in the article’s 
Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included 
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or 
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy 
of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025 

Scientific Reports |        (2025) 15:24593 17| https://doi.org/10.1038/s41598-025-10315-4

www.nature.com/scientificreports/

https://doi.org/10.1038/s41598-025-10315-4
https://doi.org/10.1038/s41598-025-10315-4
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/scientificreports

	﻿Anti-biofilm peptides can rescue fluconazole and amphotericin B efficacies against ﻿Candida albicans﻿
	﻿Results
	﻿Discussion
	﻿Materials and methods
	﻿Materials
	﻿Cell culture
	﻿Passaging adherent cell cultures
	﻿Cultivation of ﻿Candida﻿ spp.
	﻿Viability assay for cell culture
	﻿Molecular dynamics simulations
	﻿Permeabilization assay
	﻿Biofilm formation and crystal violet assay
	﻿Resazurin-reduction-assay/viability-assay

	﻿References


