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Abstract: The discovery of novel antibacterial drugs against infectious diseases has decreased 

over the last few decades because of their poor cost performance. In this study, we report that the 

nano-assembly of a short-peptide hydrogelator (P1) endowed novel antifungal selectivity to a 

conventional antifungal drug, amphotericin B (AmB), which expands its application spectrum. 

Clinical use of AmB is limited because of poor water solubility and poor selectivity in its toxicity, 

which often causes harmful effects on tissues. P1 was the low-molecular weight hydrogelator 

(LMWHg) that showed low cytotoxicity and was enzymatically degraded. In general, an LMWHg 

entraps foreign hydrophobic molecules inside the hydrophobic space in the self-assembled body. 

P1 successfully solubilized AmB in water as a form of a nanocomplex (NC) that had a chain-like 

structure. The NCs showed remarkably low toxicity toward Saccharomyces cerevisiae as a model 

fungus when compared with free AmB, meaning that P1 suppressed the antifungal activity of AmB 

via co-assembly. The suppressed antifungal activity of AmB recovered when P1 in the NCs was 

degraded by a protease to liberate AmB from the co-assembly with P1. P1 at a high concentration 

formed a hydrogel incorporating AmB (AmB-P1 gel), in which the antifungal activity of AmB 

was suppressed as well as that in the NC. The co-assembly with AmB affected the morphology of 

the P1 self-assembly. While S. cerevisiae that did not secrete proteases formed a colony on the 

AmB-P1 gel, Aspergillus oryzae that secreted proteases did not grow on the AmB-P1 gel at all, 

resulting in the selective killing of the fungus. Because some of malignant, infectious fungi secrete 

proteases, the co-assembly strategy of conventional antifungal drugs with self-assembling 

molecules should lead to “drug repositioning” of approved drugs in the health and medical fields. 

KEYWORDS: Antifungal drug, drug repositioning, low-molecular-weight gelator, peptide, self-

assembly 
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1. INTRODUCTION 

Since the discovery of penicillin in 1928, antimicrobial drugs have saved many humans from 

infectious diseases.1–3 Although antimicrobial drugs have contributed enormously to human 

health, the discovery of novel antimicrobial agents has decreased.4,5 Pharmaceutical companies 

have withdrawn from developing new antimicrobials because of the repeated emergence of drug-

resistant bacteria and the limited duration of approved treatment, leading to a low profit-to-

development cost ratio. Therefore, there is an emerging trend that conventional drugs approved 

for a specific disease are used to treat other diseases, requiring no regulatory approval.6 This 

concept is called “drug repositioning,”7,8 which has been used to treat coronavirus infections.9 

Amphotericin B (AmB) is a conventional antifungal drug belonging to the macrolide class. 

AmB was approved 50 years ago and is still in active medical use because of its broad antifungal 

spectrum and no emergence of resistant bacteria in clinical practice.10–12 However, AmB has two 

drawbacks. First, AmB is barely soluble in water. A dispersant such as deoxycholic acid or 

liposomes is currently required to formulate AmB. Second, AmB has non-specific toxicity 

toward fungi and normal tissues.13,14 AmB binds preferably to ergosterol, which exists only in 

cell membranes of fungi, and forms a channel in the cell membrane to disrupt the ion balance of 

fungus cells.15,16 AmB exhibits a weak affinity to cholesterol in mammalian cell membranes,17 

which results in side effects in the tissues of treated patients. Additionally, treatment with AmB 

poses a potential health risk because this drug may completely eradicate indigenous fungi in 

patients because of a lack of specificity toward fungal species.  

Infectious fungi, such as Aspergillus,18 Candida,19 Cryptococcus,20 and Trichophyton21 were 

reported to infect host tissues by secreting proteases.22,23 Strains that secrete large amounts of 
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proteases were found in infected tissues of malignant, infectious cases.24 Thus, developing 

antifungal drugs specific to strains that secrete proteases is of great significance. 

A low-molecular-weight hydrogelator (LMWHg) gelates water by self-assembly.25–28 The 

gelator molecules self-assemble via non-covalent bonds (e.g., hydrogen bond, electrostatic 

interaction, coordination, dispersion force) to form a three-dimensional fibrous structure. We 

previously reported several short-peptide-type LMWHg for a medical application.29–31 Among 

them, acetyl-Phe-Phe-Phe-Gly-Lys (P1) was obtained as a novel LMWHg. P1 can gelate an 

aqueous solution in a low concentration. P1 showed low toxicity to mammalian cells and 

microorganisms and was enzymatically degraded,32 while a peptide with the similar sequence to 

P1 was reported as an antimicrobial peptide.33 In general, an LMWHg entraps foreign 

hydrophobic molecules inside the hydrophobic space in the self-assembled body, which can be 

used for a drug delivery system.34–37 We hypothesized that AmB can also be entrapped (co-

assembled) in micelles or the fibrous structures of P1 (Fig. 1). 

In this study, we aimed to “drug reposition” AmB using an LMWHg via their co-assembly. The 

co-assembly formation created the antimicrobial selectivity in AmB, which would expand its 

application in the medical and sanitary fields. The present strategy is as follows: (1) to suppress 

the non-specific toxicity of AmB via co-assembly with P1; and (2) to recover the antifungal 

activity of AmB by release from the co-assembly in the presence of a protease secreted by 

infectious fungi. This strategy is the first trial to re-use a conventional drug already marketed by 

combining it with an LMWHg. 
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Figure 1. Schematic illustration of the co-assembly of an amphiphilic short-peptide hydrogelator 

(P1) and amphotericin B to produce a nanocomplex and a hydrogel. 

2. EXPERIMENTAL SECTION 

2.1. Materials  

 Fmoc-amino acids, amino acid pre-loaded resins, 2-(1H-benzotriazole-1-yl)-1,1,3,3-

tetramethyluronium hexafluorophosphate (HBTU), 1-hydroxybenzotriazole∙H2O (HOBT∙H2O), 

triisopropylsilane (TIPS) and N,N-dimethylformamide (DMF) were purchased from Watanabe 

Chemical Industry (Hiroshima, Japan). Trifluoroacetic acid (TFA), dichloromethane (DCM), 

methanol, diethyl ether, acetonitrile, magnesium sulfate heptahydrate (MgSO4ꞏ7H2O), potassium 

dihydrogen phosphate (KH2PO4), dimethyl sulfoxide (DMSO) and 12 tungsto (VI) phosphoric 

acid n-hydrate were purchased from FUJIFILM Wako Pure Chemical Corporation (Osaka, Japan). 

Piperidine, N,N-diisopropylethylamine (DIEA), and 2,5-dihydroxybenzoic acid (DHB) were 

purchased from Tokyo Chemical Industry (Tokyo, Japan). Dulbecco’s phosphate-buffered saline 

(PBS), yeast extract, tryptone, kanamycin, skim milk, purified agar, D-glucose, and alpha-
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chymotrypsin was purchased from Nacalai Tesque (Kyoto, Japan). A phosphorylated peptide 

amphiphile was purchased from Cosmo Bio (Tokyo, Japan). Amphotericin B (AmB) was 

purchased from Chem-Impex International (Wood Dale, IL, USA). Tween 20 was purchased from 

Calbiochem (La Jolla, CA, USA). Potato Dextrose Agar "Nissui" was purchased from Nissui 

Pharmaceutical (Tokyo, Japan). Bacto peptone was purchased from Becton, Dickinson and 

Company (Franklin Lakes, NJ, USA). 

2.2. Solid-phase synthesis of peptides  

 Peptides were synthesized on Fmoc-Lys(Boc)-Alko resin using the standard Fmoc solid-phase 

peptide synthesis method. A Fmoc-protected amino acid (3 equivalents) was coupled to 0.3 mmol 

amino-acid-pre-loaded Alko resin using HBTU and HOBT as the coupling agents in the presence 

of DIEA in DMF. The crude peptides were cleaved manually from the solid support, and the side 

chains were deprotected using a TFA/TIPS/water (95:2.5:2.5 in volume) mixture at room 

temperature for 2 h. The crude peptides were precipitated and washed three times in diethyl ether 

and centrifuged at 10000 × g for 5 min. The precipitates were lyophilized overnight. A high-

performance liquid chromatography (HPLC) system, Shimadzu LC-20AT, equipped with a UV-

vis detector SPD-20A was used to purify all crude peptides. The settings were: eluent A, 0.1% 

TFA in water; eluent B, 0.1% TFA in acetonitrile; gradient, 0–100% eluent B over 20 min; 

detection wavelength, 230 nm. The final compound was characterized by matrix-assisted laser 

desorption ionization-time of flight mass spectrometer (MALDI-TOF/MS) measurements using 

an UltrafleXtreme mass spectrometer (Bruker, Billerica, MA, USA). The purified peptides were 

obtained after lyophilization of the collected HPLC fractions. The obtained peptides were stored 

at –16 °C until use. 
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2.3. Preparation of nanocomplexes of AmB and P1 (AmB-NCs) 

Unless otherwise stated, 0.2 mg mL–1 AmB and 0.2% P1 were added to 10 mM phosphate buffer 

(pH 6.8). The solution was heated on a hot stirrer at 100 °C for 5 min with stirring, followed by 

cooling at room temperature for 2 h. The supernatant was centrifuged at 1600 × g for 15 min to 

remove undissolved AmB, and the supernatant was obtained as a dispersion of AmB-NCs. AmB-

NCs were used for experiments on the same day of preparation. AmB in the dispersion of AmB-

NCs was quantified using HPLC with the same settings as those for the peptide purification, except 

the detection wavelength was 405 nm.  

 

2.4. Dynamic light scattering (DLS) analysis 

Diameter distributions of the P1 nano-assembly and AmB-NCs were measured using a ELSZ1000 

(Otsuka Electronics, Osaka, Japan). Measurements were performed using 1 mL sample solution in 

a plastic disposable cell. 

 

2.5. Confirmation of co-assembly of AmB and P1 

 A dispersion of AmB-NCs and a saturated AmB solution were passed through a DISMIC cellulose 

acetate membrane filter (Advantec, Tokyo, Japan) with a pore size of 0.20, 0.45, or 0.80 µm. The 

AmB in the filtrate was quantified using HPLC. 

 

2.6. Effect of Tween 20 on the solubility of AmB 

 AmB was added to 10 mM phosphate buffer containing Tween 20 to give a final AmB 

concentration of 0.2 mg mL–1. The solution was heated on a hot stirrer at 100 °C for 5 min with 
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stirring, followed by cooling at room temperature for 2 h. The supernatant was centrifuged at 1600 

× g for 15 min to remove undissolved AmB. The concentration of AmB was determined by HPLC. 

 

2.7. Strains 

 Aspergillus oryzae RIB40 (A. oryzae), Saccharomyces cerevisiae BY4741 (S. cerevisiae), and 

Escherichia coli MG1655 (E. coli) were used.  

 

2.8. Growth media 

Yeast extract/peptone/dextrose (YPD) medium: 1% yeast extract, 2% peptone, and 2% D-glucose 

Lysogeny broth (LB) medium: 0.5% yeast extract, 1% tryptone, and 1% NaCl 

Yeast extract/peptone/dextrose/agar (YPDA) medium: 1% yeast extract, 2% peptone, and 2% D-

glucose, and 1.5 % agarose 

Lysogeny broth/agar (LBA) medium: 0.5% yeast extract, 1% tryptone, and 1% NaCl, and 1.5 % 

agarose 

Potato/dextrose/agar (PDA) medium: 3.9% Potato Dextrose Agar “Nissui” 

Czapek-Dox medium modified for high protease-secretion by A. oryzae (MCD medium)38: 1% KCl, 

2% KH2PO4, 2% MgSO4ꞏ7H2O, 0.002% FeSO4ꞏ7H2O, 3.6% D-glucose, and 3% skim milk 

YPD medium and LB medium were sterilized by autoclaving. YPDA, LBA, and PDA media were 

solidified into plates after autoclaving. S. cerevisiae, E. coli, and A. oryzae were maintained on 

YPDA, LBA, and PDA plates, respectively. The MCD medium was autoclaved without skim milk 

and completed by adding skim milk just before use. 

 

2.9. Preparation of gels containing AmB 
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 P1 and AmB were added to 10 mM phosphate buffer (pH 6.8) at 1.0 wt% and 200 µg mL–1, 

respectively, and heated on a hot stirrer at 100 °C for 5 min with stirring. The hot solution was 

gelated by cooling at room temperature for at least 3 h (AmB-P1 gel). “P1 gel” was prepared from 

P1 without AmB using the same procedure. YPD medium and MCD medium were gelated using 

the same procedure as the AmB-P1 gel to prepare “AmB-P1/YPD solid medium” and “AmB-

P1/MCD solid medium”, respectively.  

AmB was dissolved in DMSO at 20 mg mL-1. The AmB-DMSO solution (10 µL) was added to 

10 mM phosphate buffer (pH 6.8) (1 mL) containing 1.5 wt% agarose (AmB-agar gel). YPD 

medium and MCD medium were gelated using the same procedure as the AmB-agar gel to prepare 

“AmB-agar/YPD solid medium” and “AmB-agar/MCD solid medium”. 

These gels were used for the antifungal activity assay after storage overnight at 4 °C. 

 

2.10. Microscopic observation 

2.10.1.  Transmission electron microscope (TEM) observation 

A P1 nano-assembly, AmB-NCs, P1 gel, and AmB-P1 gel were prepared as described above. A 

cupper grid supported by an elastic carbon film (ELW-C10; STEM, Tokyo, Japan) was modified 

to be hydrophilic using an ion cleaner (JEOL, Tokyo, Japan). A sample solution was mounted on 

the grid, followed by a negative staining using 2 wt% 12 tungsto (VI) phosphoric acid aqueous 

solution. A TEM observation was conducted using a JEM-2100F instrument (JEOL, Tokyo, Japan). 

 

2.10.2. Scanning probe microscope (SPM) observation 

An AmB-P1 gel, which was heated at 100 °C, was placed on a cover glass and vacuumed dried 

in a desiccator for three days at room temperature. A sample was observed in the dynamic force 
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microscope mode using a SPA-400/NanoNavi II equipped with an SI-DF20 cantilever (Hitachi 

High-Tech, Tokyo, Japan) in 512×512 pixels.  

 

2.11. Rheology measurement 

Rheology measurements were performed using an MCR301 (Anton Paar Physica, Graz, Austria) 

with a parallel plate with 25-mm diameter. For the sample preparation, P1 gel and AmB-P1 gel 

were prepared at room temperature on a 21-mm diameter glass dish. The gel disc was placed on 

the stage and a frequency sweep measurement was carried out at a strain of 0.1 % and a gap of 2.0 

mm. 

 

2.12. Pre-culture conditions 

S. cerevisiae was inoculated into 5 mL YPD medium in a glass tube and cultured for 16 h at 

30 °C with rotary shaking (150 rpm). E. coli was inoculated into 5 mL LB medium in a glass tube 

and cultured for 16 h at 37 °C with reciprocal shaking (200 rpm). A. oryzae was inoculated on a 

PDA plate and cultured for two weeks at 30 °C. A recovery solution for conidia of A. oryzae was 

prepared by dissolving 0.1 wt% Tween 80 and 0.8% NaCl in water. The conidia were collected 

using a scraper after adding 10 mL recovery solution. 

 

2.13. Antifungal activity assay of nanocomplexes 

 Nanocomplexes were diluted with a culture medium to give varied drug concentrations, and 95 

µL samples were pipetted into wells of a 96-well plate. Pre-cultured S. cerevisiae was diluted with 

medium to an OD660 = 0.01 and inoculated into a well with 5 µL. The OD660 was measured using 

a multi-plate reader (SH9000, Hitachi High-Technologies Corporation, Tokyo, Japan) after 
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incubation at 30 °C for 24 h statically. The cells were dispersed thoroughly by hand-shaking before 

measurements. A fungal viability was calculated using the following equation. 

% 𝑉𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 ൌ  
𝐷௦ െ 𝐷௦଴
𝐷௖ െ 𝐷௖଴

ൈ 100 

, where 𝐷௦଴ and 𝐷௦ were OD660 of fungus culturing media with drug samples 0 h and 24 h after 

incubation, respectively. 𝐷௖଴ and 𝐷௖ are OD660 of fungus culturing media without drug samples 

0 h and 24 h after incubation, respectively.  A fifty percent inhibition concentration (IC50) was 

calculated by interpolation linearly from the dose-growth curve.  

 

2.14. Antibacterial activity assay of kanamycin (KM) 

 KM and P1 were dissolved in 10 mM phosphate buffer (pH 6.8) at 100 µg mL–1 and 0.2 wt%, 

respectively, by heating at 100 °C for 5 min. The solution was diluted with an LB medium, and 95 

µL samples were pipetted into wells of a 96-well plate. The concentration of E. coli was measured 

as OD660.39,40 Pre-cultured E. coli was diluted with medium to an OD660 = 0.001 and 5 µL of this 

dilution was inoculated into a well. The OD660 was measured using the multi-plate reader after 

incubation at 37 °C for 24 h statically. 

 

2.15. Antifungal activity assay of solid media containing AmB 

 Three hundred microliters of AmB-P1/YPD solid medium and AmB-agar/YPD solid medium 

were prepared in wells of a 24-well plate. Pre-cultured S. cerevisiae was diluted to an OD660 = 1 × 

10–5 and 20 µL of this dilution plated onto the solid media. Colony formation was observed after 

incubation for three days at 30 °C. 

 

2.16. Inhibition of free AmB by P1 nano-assembly without heating 
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 AmB was dissolved in DMSO at 20 mg mL–1 as a stock solution of free AmB (AmB/DMSO). An 

AmB/DMSO solution was added to 3 mL YPD medium at 1 µg mL–1 in an L-type culture tube 

(TV100030; Advantec). Pre-cultured S. cerevisiae was inoculated into the medium to give an 

OD660 = 0.1, followed by the addition of the P1 solution. Cell growth was monitored using a 

rocking incubator equipped with a spectrophotometer (TVS062CA; Advantec). The OD660 was 

recorded every 10 min using the TVS062CA according to culturing at 30 °C with a rocking shake 

at 40 rpm. Data were averaged from duplicate experiments. 

 

2.17. Recovery of antifungal activity of AmB using ChT 

 ChT was dissolved in 20 mM HCl at 200 µg mL–1 to give the stock solution. AmB-NCs and ChT 

were added separately into 3 mL YPD medium at 1 µg mL–1 and 0.33 µg mL–1, respectively. Pre-

cultured S. cerevisiae was inoculated into the medium to give an OD660 = 0.1. Cell growth (OD660) 

was recorded every 10 min according to culturing at 30 °C with a rocking shake at 40 rpm using 

the TVS062CA. Data were averaged from duplicate experiments. 

 

2.18. Release of AmB from hydrogels 

 A ChT stock solution (100 µL) was diluted by 10 mM phosphate buffer (900 µL) and its pH was 

adjusted to 7.5 using 3% Na2CO3 aqueous solution. An AmB-P1 gel and an AmB-agar gel were 

prepared in glass vials in 1 mL each. The hydrogels were incubated at 37 °C after addition of the 

ChT solution or phosphate buffer. Aliquots (100 µL) were periodically taken from the liquid phase 

and analyzed by HPLC. 

 

2.19. Detection of proteases secreted by fungi 
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 Three hundred microliters of MCD (or YPD) media gelated with 1 wt% P1 or 1.5 wt% agarose 

were prepared in a 24-well plate. Pre-cultured S. cerevisiae was diluted to an OD660 = 1 × 10–5 and 

20 µL inoculated onto the two different media. A. oryzae was inoculated with 100 conidia onto the 

media. After incubating for five days at 30 °C, the secreted proteases were recovered by adding 1 

mL PBS to the culture medium with gentle pipetting. The liquid was centrifuged at 3800 × g to 

eliminate solid residues, and the proteases in the supernatant were detected using the Amplite 

Universal Fluorimetric Protease Activity Assay Kit Green (AAT Bioquest, Sunnyvale, CA, USA). 

The enzyme unit (U) was defined as the amount of the enzyme that catalyzes the conversion of 

one micromole of the substrate per minute.  

 

2.20. Degradation of P1 by proteases secreted by fungi 

A. oryzae was cultured on MCD solid medium gelated by 1.5 wt% agarose in a 24-well plate for 

5 days.  P1 was dissolved in PBS at 0.1 wt%. The P1 solution (200 µL) was added on the cell 

culturing medium. After incubation at 30 °C for 2 h, the supernatant (10 µL) was applied to a 

MALDI-TOF/MS analysis.  

 

2.21. Selective killing of a fungus secreting proteases 

 AmB-P1/MCD solid medium and AmB-agar/MCD solid medium (100 µL each) were prepared 

in a 96-well plate. Ten microliters of pre-cultured S. cerevisiae at an OD660 = 0.01 and 100 conidia 

of A. oryzae were inoculated onto the media. Colony formation was observed using a microscope 

after incubation for 48 h at 30 °C. As controls, AmB-agar/YPD solid medium and AmB-P1/YPD 

solid medium were prepared using the same procedure as the MCD solid medium, which were 

used for culturing A. oryzae. 
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2.22. Statistical analysis 

Results are presented as mean ± standard deviation. Data were analyzed statistically by Student’s 

t-test. All data were analyzed using Microsoft Excel 2016 (16.0.4266.1001). Statistical 

significance was set at *p < 0.05, **p < 0.01. 

 

 

3. RESULTS AND DISCUSSION 

P1 was prepared using Fmoc solid-phase synthesis and confirmed by MALDI-TOF/MS (Fig. 

S1). P1 was dissolved in 10 mM phosphate buffer (pH 6.8) at 0.2 wt% with heating. Subsequent 

cooling at room temperature yielded a P1 nano-assembly dispersion. The dynamic light 

scattering (DLS) analysis indicated that the diameter of the P1 nano-assembly ranged in 300-

1000 nm (Fig. 2a). TEM observation revealed a polymorph of the P1 nano-assembly, which 

contained spherical nanoparticles of 30-50 nm and short fibers (Fig. 2b(i)). Some of the 

nanoparticles were aggregated at several hundred nanometers in length, which agreed with the 

DLS measurements. We then investigated the co-assembly of P1 and AmB. P1 (0.2 wt%) and 

AmB (0.2 mg mL–1) were dissolved in phosphate buffer upon heating. The resultant dispersion 

was termed a nanocomplex consisting of AmB and P1 (AmB-NCs). The existence of the AmB-

NCs was demonstrated by Tyndall scattering, and their diameters ranged from 100 to 300 nm 

(Fig. 2a). TEM observation revealed that the AmB-NC had a chain-like structure. Nanoparticles 

less than 30 nm in diameter were continuously connected (Fig. 2b(ii)). Fibers were not found in 

the AmB-NCs dispersion. AmB would disturb the formation of a fiber by co-assembling with P1, 

leading to a decrease of the diameter comparing to that of P1 nano-assembly.  
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The co-assembly of AmB and P1 in the AmB-NCs was confirmed using membrane filtration. 

When a dispersion of the AmB-NCs was passed through a membrane filter, the AmB 

concentration in the filtrate was much lower than that of the AmB-saturated solution (Fig. 2c). 

Membrane filters with pore sizes of 0.2 and 0.45 µm gave only less than 5% of the applied AmB 

to the filtrates, showing that the major portion of AmB in the AmB-NCs was rejected by the 

membranes. A membrane filter with a pore size of 0.8 µm also rejected approx. 78% AmB in a 

dispersion. The membrane filtration of an AmB-saturated solution (free AmB) resulted in AmB 

concentrations much higher than those for the AmB-NCs. These results indicated that a large 

portion of AmB-NCs were more than 0.45 µm in diameter and that free AmB in a saturated 

solution passed through the membrane filters. These results also suggest that AmB and P1 co-

assembled to form AmB-NCs.  

The solubility of AmB is only 2.0 µg mL–1 in phosphate buffer. The co-assembly with P1 

should solubilize AmB in the buffer. We quantified the solubilized AmB in the presence of P1. 

The concentration of the solubilized AmB increased as the P1 concentration increased (Fig. 2d). 

These investigations were conducted below the minimum gelation concentration (MGC) of P1. 

These results also support the co-assembly of AmB with P1. We also employed Tween 20 as a 

surfactant to prepare micelles co-assembled with AmB in phosphate buffer. Interestingly, Tween 

20 (1 wt%) did not increase the solubility of AmB in phosphate buffer. 
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Figure 2. (a) Size distribution of the P1 nano-assembly and the AmB-NCs prepared with 0.2 mg 

mL–1 AmB and 0.2 wt% P1 measured by the dynamic light scattering analysis. Inset image 

represents Tyndall scattering of the AmB-NCs. (b) Transmission electron microscope images of 

(i) the P1 nano-assembly and (ii) the AmB-NCs. (c) AmB concentrations in the filtrates of the 

AmB-NCs using membrane filtration. (d) AmB concentrations solubilized in phosphate buffer 

via co-assembly with P1. 

P1 produces a hydrogel (P1 gel) above the concentration of its MGC (Fig. 3a(i)). The effect of 

the co-assembly formation of AmB and P1 on the MGC was investigated (Table S1). P1 gelated 

10 mM phosphate buffer above 0.4 wt% within 1 h. When 0.2 mg mL-1 AmB was added to a P1 

solution, the MGC increased to 0.8 wt%. Then, we prepared a hydrogel with 1.0 wt% P1 and 200 

µg mL–1 AmB (AmB-P1 gel). The obtained hydrogel was yellowish and transparent (Fig. 3a(ii)). 

The morphology of the P1 assembly and the AmB-P1 co-assembly in the hydrogel was observed 
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using a scanning probe microscope. Figure 3b(i) and (ii) show nanofibers derived from P1 (and 

AmB) fibrous assembly. More magnified images were provided in Figure S2. The nanofibers 

composed of AmB and P1 were shorter and thinner than those of P1 only. These observations 

also suggested that AmB disturbed the formation of the well-ordered molecular assembly and of 

the bundled broad fiber, although AmB did not completely inhibit a gel formation.  

TEM observations were conducted to examine the effect of the co-assembly in detail. Fibers of 

the P1 gel were straight and uniformly 10-nm in width (Fig. 3c(i)). Fibers of the AmB-P1 gel had 

the same width as those of the P1 gel, but they were relatively short and branched (Fig. 3c(ii)). 

The fibers of the AmB-P1 gel seemed to be terminated with nano-sized spherical structures. The 

nano-sized spherical structure was similar to that in the AmB-NCs (Fig. 2b(ii)).  

Rheological properties of the P1 gel and the AmB-P1 gel were examined using a rheometer. 

The storage modulus (G’) and loss modulus (G’’) were measured in frequency sweep 

experiments at a fixed strain of 0.1% (Fig.  S3). G’ was higher than G’’ in both hydrogels, 

indicative of gel. Both G’ and G’’ of the AmB-P1 gel were lower than those of the P1 gel. The 

low moduli of the AmB-P1 gel would be due to in the co-assembly of AmB and P1.  
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Figure 3. (a) Appearance of (i) a hydrogel prepared with only 1.0 wt% P1 and (ii) a hydrogel with 

1.0 wt% P1 and 200 µg mL–1 AmB (AmB-P1 gel). (b) Scanning probe microscope images and (c) 

transmission electron microscope images of hydrogels. (i) a hydrogel prepared with only P1 and 

(ii) a hydrogel with P1 and AmB.  

The effect of the co-assembly on the antimicrobial activity of drugs was investigated. AmB was 

used as a hydrophobic drug, and kanamycin (KM) was as a hydrophilic drug. The antimicrobial 

activity was assayed using Saccharomyces cerevisiae and Escherichia coli as models of a fungus 

and bacterium, respectively. S. cerevisiae was cultured in a liquid YPD medium with additives for 

one day. Free AmB showed remarkable antifungal activity at low concentrations (Fig. 4a). The 

AmB-NCs showed minimal antifungal activity toward S. cerevisiae. The antibacterial activity of 
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KM dissolved in LB medium with P1 was not significantly different from that of a free KM 

solution (Fig. S4). Consequently, P1 was able to suppress the antimicrobial activity of only AmB. 

The suppression of the antifungal activity of AmB is attributed to the co-assembly of AmB and 

P1 and the strong interaction between them. Inhibition of AmB was also observed when free AmB 

was added to a P1 nano-assembly dispersion without heating (Fig. S5). The results indicated that 

the P1 nano-assembly formed interactions with AmB to suppress the antifungal activity. The 

suppression efficiency observed here was lower than that of the AmB-NCs. This would be 

explained as follows. When free AmB was added to a P1 nano-assembly dispersion without 

heating, AmB was supposed to be adsorbed to the surface of the P1 nano-assembly, not 

encapsulated in the nano-assembly. The adsorption equilibrium would result in the low 

suppression efficiency.  

As described above, the co-assembly of P1 and AmB produced a hydrogel above the MGC of 

P1. The antifungal activity of AmB was also tested on a gelated medium using S. cerevisiae. We 

prepared a 1.5 wt% agar hydrogel containing YPD and AmB (AmB-agar YPD gel) and a 1 wt% 

P1 hydrogel containing YPD and AmB (AmB-P1 YPD gel). After three days of incubation, the 

growth of S. cerevisiae was inhibited completely on the AmB-agar YPD gel with AmB 

concentrations above 10 µg mL–1 (Fig. 4b(i)). In contrast, the growth of S. cerevisiae was not 

inhibited fully on the AmB-P1 YPD gel at all AmB concentrations tested (Fig. 4b(ii)). The P1 

hydrogel suppressed the antifungal activity of AmB via co-assembly, which is consistent with that 

of the AmB-NCs in a liquid YPD medium.  
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Figure 4. (a) Antifungal activity assay of AmB-NCs and free AmB using Saccharomyces 

cerevisiae. S. cerevisiae was cultured in a liquid YPD medium. (b) Antifungal activity of AmB 

toward S. cerevisiae cultured on gelated YPD media. (i) YPD medium containing AmB gelated 

with agar (AmB agar-YPD). (ii) YPD medium containing AmB gelated with P1 (AmB P1-YPD). 

S. cerevisiae was cultured for three days.  
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In our previous study, we prepared the co-assembly of a hydrophobic drug with P1 and 

succeeded in releasing the drug by degrading P1 with α-chymotrypsin (ChT).32 In the present study, 

we also tried to release AmB from the AmB-NCs using ChT. The growth of S. cerevisiae was 

monitored over time in a liquid YPD medium (Fig. 5a). In the medium containing free AmB, the 

growth of S. cerevisiae was inhibited for a while and then rose after more than 20 h. In contrast, 

the growth in the medium containing AmB-NCs (1 µg mL–1) started within a few hours, which 

was the same as the control (without additives). The induction times until the logarithmic growth 

phase started can be compared directly each other in a set of the culturing experiments at the same 

time. When S. cerevisiae was cultured in the medium containing 3.3 µg mL–1 ChT and 1 µg mL–1 

AmB-NCs, the cell growth was delayed by approximately 7 h but was earlier than that of free 

AmB. The delay was caused by the degradation of P1 by ChT, i.e., degradation of P1 by ChT takes 

some time but leads to the release of AmB from the AmB-NCs into the medium. Figure 5b 

summarizes the antifungal activity (IC50) of free AmB, AmB-NCs, and AmB-NCs with ChT. The 

IC50 values for free AmB, AmB-P1 NCs, and AmB-P1 NCs degraded by ChT were determined to 

be 0.25, 5.1, and 0.40 µg mL–1, respectively. The antifungal activity of AmB was suppressed to 

approx. 1/20 by co-assembly with P1 and recovered to a value close to that of free AmB following 

degradation of P1 by ChT.  

The release of AmB from hydrogels was examined. A phosphate buffer solution containing ChT 

was added on the AmB-P1 gel and the AmB-agar gel. AmB released to the liquid phase was 

periodically monitored using HPLC (Fig. 5c). In the absence of ChT, the release of AmB from the 

AmB-P1 gel was very low and a small amount of AmB continued to be released for at least 24 h. 

The AmB-agar gel released AmB faster than AmB-P1 gel. The amounts of AmB released from 

the AmB-agar gel and the AmB-P1 gel for 24 h were 23% and 3.8%, respectively. The difference 
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of releasing rate would be associated with the states of AmB molecules in the gels: AmB in the 

AmB-agar gel had a weak interaction with the agarose gel network and that in the AmB-P1 gel 

was bound to P1 via co-assembly. When ChT was added on the AmB-P1 gel, the release of AmB 

was remarkably accelerated. The release rate from the AmB-P1 gel with ChT was much faster than 

that of the AmB-agar gel. The enzymatic degradation of P1 in the AmB-P1 gel released free AmB, 

which led to the recovered antibacterial property observed in Fig. 5a & b.  

 

Figure 5. (a) Growth of S. cerevisiae in liquid YPD medium containing AmB or AmB-NCs. The 

AmB concentration was set at 1 µg mL–1, except for the control. The P1 concentration was 0.2 

wt%. ChT was used at 3.3 µg mL–1. (b) Calculated IC50 values of AmB, the AmB-NCs, and the 

AmB-NCs with ChT for S. cerevisiae. (c) AmB-releasing profiles from hydrogels containing AmB. 
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A ChT solution (or a phosphate buffer solution) was added on hydrogels and the AmB 

concentration in the liquid phase was periodically monitored using HPLC. 

We investigated the antifungal activity of the AmB-NCs to a fungus that secretes proteases. A. 

oryzae was used as a model fungus secreting proteases, and S. cerevisiae was used as a control 

fungus that does not secrete proteases. It was reported that A. oryzae secreted proteases in a 

modified Czapek-Dox medium (MCD medium).38 The proteases cleaved protein at hydrophobic 

amino acids. We gelated MCD media with agar and P1. A. oryzae secreted proteases on the gelated 

MCD media (Fig. 6a). It was reported that the proteases cleaved peptide bonds at hydrophobic 

amino acids including phenylalanine.38 After culturing, the MADI-TOF/MS analysis of the 

medium gelated with P1 revealed that P1 was degraded to several sort of peptide fragments (Fig. 

S6).  

S. cerevisiae and A. oryzae were cultured on gelated MCD media containing 100 µg mL–1 AmB. 

Both S. cerevisiae and A. oryzae did not form any colonies on the MCD medium gelated with agar, 

indicating that 100 µg mL–1 AmB was sufficient to inhibit their growth (Fig. 6b(i), (ii)). On the 

MCD medium gelated with P1, S. cerevisiae formed colonies, indicating that the antifungal 

activity of AmB was suppressed by co-assembly with P1 (Fig. 6b(iii)). However, A. oryzae did not 

grow on the MCD medium gelated with P1. This observation indicated that proteases secreted 

from A. oryzae degraded P1 and released AmB from the gel (Fig. 6b(iv)). Indeed, when a YPD 

medium gelated by P1 was used for A. oryzae growth, A. oryzae grew on the medium because of 

negligible secretion of proteases (Fig. S7). These results demonstrated that the co-assembly of 

AmB with P1 endowed selective AmB activity. 



  24 

 

Figure 6. (a) Protease secretion from S. cerevisiae and A. oryzae cultured on modified Czapek-

Dox (MCD) media gelated with agar and P1. (b) Antifungal activity assay of media containing 

100 µg mL–1 AmB gelated with (i, ii) agar and (iii, iv) P1. (i, iii) S. cerevisiae and (ii, iv) A. oryzae. 

Image: 1 x 1 mm. Yellow arrows indicate colonies.  

 

4. CONCLUSIONS 

We successfully prepared the co-assembly of a short-peptide hydrogelator and a conventional 

antifungal drug. P1 and AmB were co-assembled into nanofibrous complexes whose length 

changed along the P1 concentration, which led to control the gelation properties of P1. The 

formation of the co-assembly masked the antifungal activity of AmB, and this activity was 

recovered by enzymatic degradation of this co-assembly. The co-assembly showed remarkable 

selective antifungal activity towards a fungus that secreted proteases but not towards a fungus that 

did not secrete proteases. Thus, this co-assembly should preserve indigenous fungi in humans. The 

present study proposed two different formulations for the antibacterial co-assembly: one was a gel 
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and the other is a dispersion solution. The gel formulation can be used as an ointment and the 

dispersion formulation can be used for administration by injection and inhalation. 

Because of the challenges associated with developing new drugs, there is high demand to 

reposition conventional drugs to target other diseases. The combination of conventional drugs with 

assembling molecules should have significant potential to expand the application spectrum of 

conventional drugs via “drug repositioning.” 
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Novel antifungal selectivity was created in a conventional antifungal drug, amphotericin B (AmB) 

via the co-assembly formation with a short-peptide hydrogelator (P1). The co-assembly complex 

suppressed the intrinsic antifungal activity. When P1 in the complex was degraded by a protease 

secreted from a fungus, the suppressed antifungal activity of AmB recovered, resulting in the 

selective killing of the fungus. 
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