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ABSTRACT: Antifungal drug resistance is an increasingly significant Healthy fungal cells Damaged fungal cells
threat to humans, livestock, and crops. Recent studies have shown
nanomaterials as promising alternatives in combating drug-resistant
pathogens. Here, we show that molybdenum diselenide (MoSe,)
nanosheets dispersed in the cationic polymer chitosan (CS) exhibit
exceptional antifungal activity. The MoSe,/CS nanosheets provide
minimum inhibitory concentrations (MICs) between 0.78 and 37.5 ug
ml™! against a variety of unicellular fungal strains and demonstrate
minimum fungicidal concentrations (MFCs) from 0.5 to 75 ug ml™" for
diverse unicellular and filamentous strains. Furthermore, we demonstrate
the ability of MoSe,/CS to eradicate increasingly prevalent and highly multi-drug-resistant (MDR) fungi Candida auris strains with
MICs of 25 to S0 um ml™" and MFCs of 37.5 to 150 ym ml™". The effective antifungal activity of MoSe,/CS was observed after an
incubation time of 3 h, which is faster than the time needed for other nanomaterial-based antifungal agents incorporating graphene,
two-dimensional (2D) nanomaterials, or silver nanoparticles. MoSe,/CS also showed high biocompatibility and was benign toward
human red blood cells and human embryonic kidney cells. Electron microscopy and confocal optical microscopy show that fungal
cells treated with MoSe,/CS nanosheets exhibit morphological deformities, ruptured cell walls and interior voids, and metabolic
inactivation. Mechanistic investigations revealed that treatment with MoSe,/CS triggers complete membrane depolarization and
membrane disintegration within 3 h. Hence, this work demonstrates that the biocompatible nanomaterial MoSe,/CS is a highly
effective alternative antifungal agent against many kinds of pathogenic fungi including MDR strains.
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B INTRODUCTION and is increasingly resistant to common antifungal drugs with
higher minimum inhibitory concentrations (MICs) than
usual,'? leading to its designation as multi-drug-resistant
(MDR).">'*"> Current therapeutics to treat fungal diseases
have significant limitations against MDR fungi, and novel
therapeutic alternatives are promptly needed.'®

Currently, the primary drugs available to treat fungal
infections are limited to amphotericin B, azoles, echinocandins,
and S-flucytosine. However, pathogenic fungi have several well-
characterized resistance mechanisms, leading to the gradual
inefficacy of these drugs.'®™*° Although researchers are
investigating novel ways to target these resistant fungal
pathogens, they are evolving and growing new resistant genes
at a much faster rate." Hence, alternative approaches are needed
to strengthen the antifungal pipeline.' In recent years,
nanomaterials have been used to form novel antimicrobial
agents with distinctive chemical and physical properties.'®”'
Nanomaterials like silver (Ag),m‘22 zinc oxide (ZnO),”

Fungal diseases have emerged as one of the major global threats
to human health and can lead to considerable economic losses.”
The treatment of fungal diseases is increasingly challenging due
to growing antifungal drug resistance,’ resulting in high
mortality rates.* Recently, fungal diseases have infected more
than a billion patients per year worldwide, leading to more than
1.5 million fatalities."””* Recent estimates have found worldwide
annual case counts of ~3 million for chronic pulmonary
aspergillosis, ~223,100 for cryptococcal meningitis complicat-
ing HIV/AIDS, ~700,000 for invasive candidiasis, ~250,000 for
invasive aspergillosis, and over 10 million for fungal asthma.’
Fungal diseases that attack plants lead to significant harm to
agriculture and farming,’ while those that attack animals
threaten many species.” Overall, it is estimated that approx-
imately 65% of pathogen-driven host loss is caused by fungi that
threaten animal-host and plant-host species.” Furthermore,
climate change has accelerated the growth of fungal diseases.”
Candida auris (C. auris) is a new species of yeast that has been
associated with outbreaks in hospitals around the world,*°
although it was only first discovered in Japan in 2009."" It is
causing substantial alarm due to its worldwide spread, its
propensity for outbreaks in hospitals and clinics, and its
resistance toward enhanced infection prevention and control
(IPC) measures.'” C. auris tends to infect critically ill patients
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titanium dioxide (TiO,),”” iron oxide (Fe;0,),”* copper oxide
(Cu0),” magnesium oxide (MgO),”® and nitric oxide (NO)
nanoparticles”” have displayed antibacterial activity. However,
their toxicity has proven to be challenging for applications in the
biomedical field.”*

There have been numerous studies in the literature on using a
variety of nanostructured materials as antifungal agents. One-
dimensional (1D) single-walled carbon nanotubes (SWCNTs)
were able to kill Fusarium graminearum and Fusarium poae but at
very high concentrations of 500 yug ml™" with less than 96%
killing efficiency.”” However, SWCNTSs conjugated with
antifungal drugs like amphotericin B showed relatively good
killing efficiency at 80 yg ml™" against Candida albicans.”® Two-
dimensional (2D) nanomaterials have been studied by many
groups for their antimicrobial effects over the past decade.’!
Carbon-based nanomaterials (CBNs), which include graphene
and graphene oxide, have been studied extensively for their
antimicrobial properties.””*® They exhibit high mechanical
strengths, large surface-to-volume ratios, and prominent
physicochemical properties when bacteria are treated by
them.>* Recently, transition-metal dichalcogenides (TMDCs)
have also shown unique potential in biomedical applica-
tions.”>*® In particular, they have exhibited great promise in
antimicrobial activity due to their large surface area, hydro-
phobicity, and high biocompatibility, which are attributed to
their 2D structure and better biocompatibility compared to
CBNs, %307 Molybdenum disulfide (MoS,) modified with
chitosan (CS) and silver nanoparticles (MoS,-CS-AgNPs) was
able to inhibit the growth of plant fungi Saccharomyces uvarum
and Aspergillus niger at low concentrations of 6.8 and 4.2 ug ml ™",
respectively, but only after long incubation times of 72 h.*® A
nanocomposite of AgNPs coupled with zinc oxide (Ag@ZnO)
showed complete killing (MFC) of Candida krusei at 250 ug
ml ™! after 18 h of incubation.* Recently, our group conducted a
detailed study of liquid exfoliated TMDC nanosheets
encapsulated in synthetic single-stranded DNA and found that
molybdenum diselenide (MoSe,) showed excellent antibacterial
efficiency against many strains of MDR bacteria.*’

However, there have been relatively few studies on the
antifungal potential of TMDCs.****™*® At the same time,
developing and using biological materials against increasingly
drug-resistant microbes is gaining in interest.*”*° Chitosan (CS)
is a cationic polysaccharide that is nontoxic, biocompatible, and
biodegradable since it is derived from the shells of crustaceans
and has diverse therapeutic properties including antimicrobial
activity.*****! CS has been known to inhibit mRNA synthesis
once it enters the cell cytoplasm, thus triggering cell death and
making it an effective antifungal agent. Because CS is positively
charged, it can interact electrostatically with the negatively
charged fungal cell wall, making it highly target-specific, and it
can increase the permeability of cell membranes, causing leakage
of the cytoplasm. Chitosan is also able to bind with trace
elements as a chelating agent, thereby inhibiting fungal cell
growth.>”>’ Previous studies have shown that adding nano-
particles to a CS matrix can enhance antimicrobial activity while
maintaining biocompatibility.****** Thus, the combination of
CS and 2D materials has excellent potential to form antifungal
agents to combat pathogenic fungi.

In this paper, we report the antifungal activity of 2D MoSe,
nanosheets formed by liquid phase exfoliation in a 0.5% w/v
low-molecular weight (LMW) CS aqueous solution. The
resulting MoSe, nanosheets are encapsulated in CS (MoSe,/
CS) and exhibit exceptional antifungal activity. Moreover, they
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do so without any requiring any modifications such as surface
functionalization with complex Iigands,36 biocidal nanopar-
ticles,> photosensitizers,56 or antifungal drugs30 and without
needing external stimuli like near infrared (nIR) light,”” which
has been reported in the literature. Both unicellular and
filamentous fungi were successfully inhibited at low concen-
trations of MoSe,/CS between 37 and 75 pg ml™L

The physical and chemical influence of MoSe,/CS nano-
sheets on the cell membranes of fungal cells were investigated
through a series of mechanistic studies, which showed that more
than 95% of cells had membranes that were depolarized and
disintegrated. High-resolution imaging via confocal scanning
laser microscopy (CSLM), transmission electron microscopy
(TEM), and scanning electron microscopy (SEM) were used to
directly show that the outer lipid bilayers surrounding the fungal
cells are physically disrupted due to interaction with the MoSe,/
CS nanosheets. Overall, there is a combined effect of membrane
damage, membrane depolarization, and metabolic inactivation.
The MoSe,/CS nanosheets were also used to kill several strains
of the highly pathogenic and multi-drug-resistant fungus C. auris.
Biocompatibility experiments showed that the MoSe,/CS
nanosheets resulted in more than 90% viability of mammalian
cells and human red blood cells in up to 75 ug ml™" of MoSe,/
CS. These experiments combine to show that MoSe,/CS
nanosheets are highly effective at killing fungi while being very
biocompatible, which suggests that they may be broadly
applicable in a variety of applications where antifungal
performance is needed.

B EXPERIMENTAL SECTION

Materials. Molybdenum(IV) selenide (MoSe,, 325 mesh, 99.9%
trace metal basis, item number: 778087), low-molecular weight
chitosan (LMW CS) (50,000—190,000 Da, 75—85% deacetylated,
item number: 448869), phosphate-buffered saline solution (PBS, pH
7.4), Dulbecco’s phosphate-buffered saline (DPBS), potato dextrose
broth (PDB) medium, PDB agar, Dulbecco’s modified Eagle’s medium
(DMEM), poly-L-lysine, trypsin—EDTA, and propidium iodide (PI)
were purchased from Sigma-Aldrich. Glacial acetic acid, yeast malt
(YM) broth, YM agar, and glutaraldehyde solution (25% in H,O) were
purchased from Thomas Scientific Holdings LLC. Difco Sabouraud
dextrose broth (SDB) medium and Difco SDB agar were purchased
from Spectrum Chemical Mfg. Corp. Human embryonic kidney 293
cells (HEK293) were purchased from ATCC. Coomassie Brilliant Blue
G-250 was purchased from Bio-Rad. Whole red blood cells (RBCs)
from a single donor were purchased from Innovative Research. The
alamarBlue reagent cell proliferation assay was purchased from G-
Biosciences. Acetone and ethanol were purchased from VWR. Osmium
tetroxide (OsO,, 98% purity) was purchased from Combi-Blocks Inc.
Concavalin A, Alexa Fluor 488 conjugate (ConA), Invitrogen FUN 1
cell stain (Fun 1), and Invitrogen (bis-(1,3-dibutylbarbituric acid)
trimethine oxonol) (DiBaC,) were purchased from Thermo Fisher
Scientific.

Fungal Strains. Issatchenkia orientalis (L orientalis, ATCC 6258),
Saccharomyces cerevisiae (S. cerevisiae, ATCC 9763), Candida para-
psilosis (C. parapsilosis, ATCC 22019), Candida albicans (C. albicans,
ATCC 76485), Cryptococcus neoformans (C. neoformans, ATCC
208821), Cryptococcus gattii (C. gattii, ATCC MYA-4071), Aspergillus
fumigatus (A. fumigatus ATCC, MYA-4609), Fusarium verticillioides (F.
verticillioides, ATCC MYA-3629), and Fusarium falciforme (F. falciforme,
ATCC MYA-3636) were purchased from ATCC. The Candida auris
panel including Candida auris (C. auris, 0386), C. auris (0388), C. auris
(0389), Candida duobushaemulonii (C. duobushaemulonii, 0394),
Candida haemulonii (C. haemulonii, 0395), Krusei ohmeri (K. ohmeri,
0396), Candida krusei (C. krusei, 0397), Candida lusitaniae (C.
lusitaniae, 0398), and Saccharomyces cerevisiae (S. cerevisiae, 0399)
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were obtained from the CDC & FDA Antibiotic Resistance (AR)
Isolate Bank.

Preparation of MoSe,/Chitosan Dispersions. A 0.5% w/v
solution of chitosan (CS) was made by dissolving the solid polymer in
1% acetic acid. Five hundred milligrams of bulk MoSe, powder was
ultrasonicated in 20 mL of 0.5% CS solution for 2 h at 25 W power using
a 1/8” microtip probe in a Branson Digital Sonifier SFX 550. The
sonicated sample was centrifuged at 5000 rcf for 10 min followed by
centrifuging at 21,000 rcf for 5 min using an Eppendorf 5424
Microcentrifuge with a fixed angle (45°) rotor. The supernatant was
then collected for subsequent experiments. For control experiments, a
0.5% CS solution was sonicated and centrifuged following the same
protocol but without any MoSe,. The concentration of MoSe, was
obtained using inductively coupled plasma mass spectrometry (ICP-
MS). Liquid dispersions for ICP-MS analysis were first acidified in nitric
acid overnight and diluted to 2 wt % concentration of nitric acid. The
samples were then analyzed by a Thermo Fisher iCap Q quadrupole
instrument.

Characterization and Imaging. Absorbance (UV—Vis) spectra
for the dispersed 2D MoSe,/CS and CS alone were acquired using a
Jasco V-670 Spectrophotometer. The samples were loaded in a quartz
cell with a 1.0 cm path length. Samples for transmission electron
microscopy (TEM) imaging were prepared by drop-casting 10 uL of
the diluted MoSe,/CS dispersion on a holey carbon grid followed by
drying under ambient conditions. TEM imaging was conducted on a
Philips CM-12 TEM at 80 kV using a Gatan model 791 CCD camera.
Atomic force microscopy (AFM) imaging was conducted on a Bruker
Multimode V system in ScanAsyst noncontact mode using ScanAsyst-
Air tips (2 nm tip diameter). Processing of the AFM images was done
using Gwyddion software package version 2.52. Raman spectra of the
MoSe,/CS nanosheets and CS alone were obtained using a WITec
alpha300R confocal Raman microscope system. The excitation laser
wavelength was 532 nm, and the objective lens was 50X to prevent the
solution from having direct contact with the lens. The total laser power
was limited to 1 mW to prevent damage to the samples. X-ray
diffraction (XRD) of MoSe,/CS nanosheets and CS alone was
measured with a Rigaku MiniFlex Benchtop XRD with a 600 W
anode X-ray diffractometer. Measurements of the Fourier transform
infrared (FT-IR) spectra of MoSe,/CS nanosheets and CS alone were
conducted using a PerkinElmer Spectrum GX. The thermal
decomposition profiles of MoSe,/CS nanosheets, CS alone, and bulk
MoSe, powder were obtained using a Setaram LABSYS EVO system
under a nitrogen atmosphere and running between 10 to 700 °C using a
heating rate of 10 °C/min. X-ray photoelectron spectroscopy (XPS)
was conducted on a Thermo Scientific ESCALAB 250Xi, and the data
was analyzed using CasaXPS.

Fungal Cell Preparation. Overnight cultures of I orientalis, S.
cerevisiae, and C. parapsilosis were grown in YM broth at 30 °C. C.
albicans, C. neoformans, and C. gattii were grown in SDB medium at 30
°C for 16 h. A. fumigatus, F. falciforme, and F. verticillioides were grown in
PDB medium at 26 °C for 48 h. Fungal cells were cultured to the
midexponential growth phase with 0.4 optical density (OD) at 600 nm.
Cells were centrifuged at 2500 rpm for 5 min, followed by washing of
the pellets with 1X phosphate buffered saline (PBS). The final pellets
were resuspended in their respective growth media, and ODg;, was
measured. Cells were then diluted to 107 colony-forming units per
milliliter (CFU ml™"). All the experiments in this work involving fungal
cells were repeated in triplicate.

Measurement of Minimum Fungicidal Concentration. Mini-
mum fungicidal concentration (MFC) values for different fungal strains
were determined using varying concentrations of MoSe,/CS. The
fungal cell samples were diluted 100-fold in their respective growth
media and allowed to grow until they reached ODgyy = 0.4 while
shaking at 250 rpm. After washing and redispersion, fungal cultures
were incubated with varying concentrations of MoSe,/CS ranging from
1.56 to 150 ug ml™" for 3 h each. After the incubation step, the treated
fungi were then deposited in in agar plates using the serial dilution
method. The fungal cells then grew overnight before the surviving
colonies were counted. All experiments were done in triplicate.
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Measurement of Minimum Inhibitory Concentration. Mini-
mum inhibitory concentrations (MIC) values were determined by
treating the fungal strains with varying concentrations of MoSe,/CS,
including the MFC value for each respective strain. One hundred
microliters of the fungal cell culture at a concentration of 10° CFU ml ™
and 100 uL of MoSe,/CS were incubated together at 30 °C in a 96-well
plate in their respective growth media while shaking at 250 rpm. The
OD values at 600 nm of each well in the plate were measured and
recorded for 24 h at 30 min intervals using a BioTek Synergy Neo2
microplate spectrophotometer. Negative controls containing cells
without MoSe,/CS were measured in parallel. OD measurements
were plotted for each MoSe,/CS concentration to find the lowest value
where the optical density stayed the same, indicating full inhibition of
cell growth over time. This concentration is defined as the MIC. All
experiments were performed in triplicate.

Biocompatibility of MoSe,/CS. The cytotoxicity of MoSe,/CS
toward human embryonic kidney 293 cells (HEK293) cells was
evaluated by alamarBlue and cell counting assays (CCK-8). The
HEK293 cells were deposited in 96-well microplates with DMEM at a
density of 1 X 10° cells ml™" in a 200 4L volume. The cells grew for 24 h
at 37 °C in 5% CO,, followed by washing of the plates with DPBS.
Then, the MoSe,/CS at different concentrations was incubated with the
HEK293 cells for 3 h at 37 °C in 5% CO,, followed by washing of the
wells three times with 1X DPBS to remove any cells that are not
attached. The remaining attached cells were then incubated with 200
uL of 10% (vol %) alamarBlue solution in DMEM at 37 °C in 5% CO,
for S h to check their viability. The fluorescence intensity (FI $90) was
measured at 530 nm (excitation) and 590 nm (emission) using a
BioTek Synergy Neo2 microplate spectrophotometer. Cell damage was
expressed as the fluorescence relative to that of DMEM alone as a
control sample.

Similarly, XTT assays were also performed to check the
biocompatibility of MoSe,/CS against HEK293 cells. A 10 vol %
CCK-8 solution was introduced to the treated and washed mammalian
cells to reach a 200 uL total volume, followed by 2 h of incubation at 37
°Cin 5% CO,. After incubation with the CCK-8 solution, 180 uL of the
supernatant was collected and deposited in a 96-well microplate so that
the absorbance at 450 nm could be measured using a BioTek Synergy
Neo2 microplate spectrophotometer. Control samples of HEK293 cells
treated with just DMEM without any MoSe,/CS were also measured.
The absorbance of DMEM was also measured and subtracted from all
the above values. All the measurements were conducted in triplicate.

The percentage difference in reduction between treated and control
cells in the alamarBlue cytotoxicity assay was calculated using the
formula

FI 590(treated sample)

100
FI 590(control sample)

% biocompatibility =

(1)

where FI 590(treated sample) and FI $90(control sample) are the
fluorescence intensity obtained at 590 nm emission and 530 nm
excitation for the treated and control samples, respectively.

The percentage of viable cells in the cell counting proliferation assay
was calculated using the formula

abs(treated sample)

% cell viability = X 100

abs(control sample)

()

where abs(treated sample) and abs(control sample) are the absorbance
at 450 nm of the treated and control samples, respectively.
Hemolysis Assay. Fresh single-donor human red blood cells
(RBCs) were diluted to a ratio of 1:20 in PBS solution at a pH of 7.4,
centrifuged to form a pellet (1000 rcf, 10 min), and washed in PBS three
times. The RBCs were counted using a cell counter and diluted to 2 X
107 cells ml™" as the final concentration. Equal volumes of RBCs were
incubated in a 96-well plate for 3 h at 37 °C with varying concentrations
of MoSe,/CS in a humidified atmosphere with 5% CO,. Subsequently,
the 96-well plate was centrifuged (1000 rcf, 10 min), and 100 uL of the
supernatant was extracted and moved to a fresh black 96-well plate. The
amount of hemoglobin released by the RBCs that undergo lysis was
measured as the optical absorbance at 405 nm (abs) using a BioTek
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Figure 1. Preparation and characterization of MoSe,/CS nanosheets. (A) Schematic illustration of exfoliation of bulk MoSe, in 0.5% CS solution to
form MoSe, nanosheets encapsulated in CS (MoSe,/CS). In the MoSe, structure, yellow spheres are Se atoms, and purple spheres are Mo atoms. (B)
Glass vial containing a dark brown MoSe,/CS dispersion. (C) Representative transmission electron microscopy (TEM) image showing dispersed
MoSe,/CS nanosheets used for measuring surface area distribution. (D) Representative atomic force microscopy (AFM) image showing dispersed
MoSe,/CS nanosheets of varying thicknesses deposited on a substrate used for measuring thickness distribution. (E) Height profile of six different
individual flakes marked in (D). (F) Surface area distribution of nanosheets from TEM images, with an average area of 2449 nm? (G) Thickness
distribution of MoSe,/CS nanosheets, with an average thickness of 8.7 nm.

Synergy Neo2 microplate spectrophotometer. RBCs treated by 1%
Triton X-100 (1:1 vol/vol) were used as the positive control, while
RBCs suspended in PBS were taken as the negative control. The
percent hemolysis was plotted against the MoSe,/CS concentration,
and the experiment was performed in triplicate.

The formula to calculate the percentage of hemolysis was

abs(treated sample) — abs(negative control)

% hemolysis =
abs(positive control) — abs(negative control)

()

Electron Microscopy of Fungal Cell Morphology. Fungal
strains were treated with 75 ug ml™"' of MoSe,/CS followed by further
treatment to prepare them for electron microscopy. For transmission
electron microscopy (TEM) imaging, samples treated by MoSe,/CS
and control samples were fixed in a suspension with 2.5%
glutaraldehyde in Dulbecco’s phosphate-buffered saline (DPBS) at 4
°C overnight followed by washing in DPBS. Cells were then placed into
a drop of 1% agarose on a glass slide and treated with 1% osmium
tetroxide (OsO,) in DPBS for 1 h, thoroughly washed with ultrapure
water, and dehydrated in a graded acetone series (20, 40, 60, 80, and

X 100
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100%). The samples were then infiltrated and embedded using Spurr’s
epoxy resin. Sections were then cut to 70 nm thickness using a Leica
Ultracut-R microtome and then stained by uranyl acetate and lead
citrate. The TEM microscope was a Philips CM-12 operating at 80 kV,
and the camera was Gatan model 791 CCD. For scanning electron
microscopy (SEM) imaging, the same fixing and washing procedure
used for TEM samples was used. Washed cells were then concentrated
into a small volume of DPBS and applied to poly-L-lysine (PLL)-coated
coverslips. After 10 min, excess cells were removed by briefly rinsing in
DPBS, and the coverslips were transferred to a solution of 1% OsO, in
DPBS at room temperature for 1 h, followed by thorough washing with
deionized water. Samples were dehydrated in a graded ethanol series
(20, 40, 60, 75, 90, and 100%) and critical point dried in a Balzers-
Union CPD-020 unit using carbon dioxide as the transition fluid. After
routine mounting on aluminum stubs, the samples were coated with
10—12 nm of gold—palladium by sputtering in a Technics Hummer-II
system. The SEM system was a JEOL JSM6300 with 15 kV acceleration
voltage, and the digital processor for acquiring images was an IXRF
model 500.
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Figure 2. Chemical characterization of MoSe,/CS nanosheets. (A) UV—Vis absorbance spectra of MoSe,/CS nanosheets (red) and CS solution
(gray). The MoSe, characteristic excitonic peaks are marked by asterisks at ~700 and ~800 nm. (B) Raman spectra of MoSe,/CS nanosheets (red)
and CS solution (gray). The characteristic A,, peak of MoSe, is shown. (C) X-ray diffraction (XRD) pattern of MoSe,/CS nanosheets (red) and CS
(gray). Characteristic peaks are labeled. (D) Fourier transform infrared (FTIR) spectra of MoSe,/CS nanosheets (red) and CS (gray). (E)
Thermogravimetric analysis (TGA) curves of bulk MoSe, (blue), MoSe,/CS nanosheets (red), and CS (gray). (F—I) X-ray photoelectron
spectroscopy (XPS) analysis of MoSe,/CS nanosheets, showing high-resolution spectra in the (F) Mo 3d region, (G) N 1s region, (H) Se 3d region,

and (I) C Is region.

Confocal Scanning Laser Microscopy (CSLM). For fungal cell
visualization by CSLM, fungal cells of C. albicans (unicellular) and A.
fumigatus (filamentous) were grown overnight and then diluted in SDB
medium to 3 X 10’ CFU ml™! and transferred to four-well yi-slides from
ibidi. They were incubated with 0, 25, 50, and 100 ug ml™’
concentrations of MoSe,/CS for 3 h at 30 °C. Following the incubation
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step, each sample was further incubated for 30—35 min at 30 °C in a
fluorescent stain mixture containing 1 #L ml™" of FUN-1 cell stain (Fun
1, excitation at $43 nm and emission at 560 nm) and S uL ml™* solution
of concavalin A—Alexa Fluor 488 conjugate (ConA, excitation at 488
nm and emission at 505 nm) in PBS. The stained cells were then
imaged. In metabolically active cells, the FUN 1 dye is converted into

https://doi.org/10.1021/acsanm.1c01013
ACS Appl. Nano Mater. 2022, 5, 133—148


https://pubs.acs.org/doi/10.1021/acsanm.1c01013?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c01013?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c01013?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c01013?fig=fig2&ref=pdf
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.1c01013?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Nano Materials

www.acsanm.org

red-emitting intravacuolar structures so that live cells appear to have a
red interior in CSLM images. The ConA fluorescent green dye binds to
the glucose and mannose residues of cell walls so that cells appear to
have a green exterior in CSLM images. The CSLM instrument was a
Nikon C2 system mounted on a Zeiss Axiovert100 M microscope (Carl
Zeiss, Inc.), and the excitation lasers were Ar and He lasers.

Antifungal Mechanism Studies. Evaluation of the antifungal
mechanism of MoSe,/CS was determined using flow cytometric assays.
For the analysis of membrane permeabilization, C. albicans was cultured
overnight and then diluted in the SDB medium to 3 X 10’ CFU ml™".
Aliquots of the fungal suspension were incubated with 0, 25, 50, and 100
ug ml™! concentrations of MoSe,/CS nanosheets at 37 °C for 3 h. The
fungal suspensions were then incubated at 37 °C in the dark for 60 min
in a solution of bis-(1,3-dibutylbarbituric acid) trimethine oxonol
(DiBAC,) at a final concentration of 1 uM to assess changes in the
transmembrane potential.

Changes in membrane integrity due to treatment of fungi with
MoSe,/CS were measured by incubating each fungal sample with a
filtered solution of propidium iodide (PI) at a final concentration of 10
ug ml™" at 37 °C for 60 min. The positive control was a suspension of
fungal cells that were not treated by MoSe,/CS and then pelleted and
suspended in absolute ethanol at —20 °C for 30 min. The positive
control sample was centrifuged at 1000g for 10 min, aspiration was used
to remove the ethanol, and the resulting pellet was then suspended in
SDB medium before adding PI dye in the same manner as described for
the treated samples. To quantify the changes in membrane permeability
due to MoSe,/CS, the fluorescence intensity of the cells was measured
using a Stratedigm A600 HTAS cytometer with an argon laser as
excitation source (488 nm, S mW). Green (525 nm) or red (610 nm)
filtered light was detected using a photomultiplier tube fluorescence
detector set to logarithmic amplification. An electronic gating threshold
was set on the forward scattering detector to remove both optical and
electronic noise. The flow rate of the system was limited to 200 events/s
so that only one cell is measured at a time. A minimum of 20,000
detection events were acquired for each sample. All experiments
described here were conducted in triplicate. The percentage of
depolarized and disintegrated cells were calculated by comparing the
number of events in the positive control sample to that in the treated
and negative control samples.

The percentage of cytoplasmic protein leakage was analyzed using
the Bradford assay. C. albicans was cultured overnight and then diluted
in SDB medium to a concentration of 3 X 107 CFU ml™". Aliquots of the
fungal suspension were extracted and incubated with 0, 25, 50, and 100
ug ml™! concentrations of MoSe,/CS nanosheets at 37 °C for 3 h. After
incubation, each sample was centrifuged at 5000g for 5 min. For each
sample, 0.1 mg ml™" of Coomassie Brilliant Blue G-250 was added to
the collected supernatant and allowed to incubate at room temperature
for 10 min. Upon reaction with the leaked cytoplasmic protein, the
color changes from red to blue. The absorbance at 595 nm was
measured using a BioTek Synergy Neo2 microplate spectrophotom-
eter. Calculations were done using 1% BSA as the positive control.

B RESULTS

Preparation and Characterization of 2D MoSe,/CS.
Chitosan (CS) is a naturally occurring linear polymer consisting
of randomly ordered p-glucosamine and N-acetyl-p-glucos-
amine units. Acetyl moieties within the N-acetyl-p-glucosamine
units provide a bulky group keeping the nanosheets from
aggregating due to steric repulsion, whereas the amine groups
(-NH,) in D-glucosamine act as a hydrophilic outer layer to
interface with the surrounding aqueous solution. Bulk MoSe,
powder was dispersed in 0.5% w/v low-molecular weight CS in
1% acetic acid using ultrasonication (Figure 1A) to form CS-
wrapped MoSe, nanosheets. The MoSe,/CS dispersion appears
dark brown (Figure 1B) and has a maximum concentration of
~0.32 mg ml™". Transmission electron microscopy (TEM)
images (Figure 1C) and atomic force microscopy (AFM)
images (Figure 1D) showed the 2D nature of the dispersed
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nanosheets, with some example height profiles shown in Figure
1E. The nanosheets produced by exfoliation in CS have a
distribution of areas and thicknesses. We used TEM imaging to
obtain a histogram of nanosheet areas (Figure 1F) and AFM
imaging to obtain a histogram of nanosheet thicknesses (Figure
1G). Over 200 individual nanosheets were analyzed to obtain
each histogram. The average area obtained from the TEM
images was about 2449 nm”. The vast majority of nanosheets
were about 2—7 nm thick, corresponding to few-layered sheets,
but could be as thick as ~40 nm. The average thickness was
about 8.7 nm.

The ultraviolet—visible light (UV—Vis) absorption spectrum
in Figure 2A shows the characteristic excitonic peaks at ~700
and ~800 nm found in single- or few-layered 2D MoSe,; these
peaks are not present in the spectrum from CS solution alone.*’
Raman spectroscopy of MoSe,/CS (Figure 2B) showed the
characteristic A;; peak of MoSe, at ~241 cm™’, which is not
present in the CS spectrum.’® Next, X-ray diffraction (XRD)
analysis shows further confirmation of exfoliated MoSe,
nanosheets from bulk MoSe, (Figure 2C). For MoSe,/CS, we
observe XRD peaks at ~14.08, 30.64, 36.6, 46.72, 50.1, and
56.06° corresponding to the (002), (100), (103), (10S), and
(110) planes of 2H-MoSe,.*”*® Exfoliated nanosheets tend to
have decreased XRD peak intensities and increased peak widths,
as is observed here.”® The broad feature between 20—25° for
MoSe,/CS is attributed to the intense XRD peak seen in the
same diffraction angle range for CS alone.®® Thus, these
measurements provide further evidence of the presence of CS.

The presence of chitosan was probed using Fourier transform
infrared spectroscopy (FTIR) and thermogravimetric analysis
(TGA) (see Figure 2D,E). The FTIR spectra of both MoSe,/CS
and CS (Figure 2D) clearly show several peaks in common:
peaks around ~3600—3300 cm™" originating from —OH and
—NH stretching, peaks around ~3000 to 2800 cm™! from —CH
stretching, and peaks at ~1590 and ~1700 cm™" from the —C=
O bond of the CS polymer. The slight shift in the —C=0 peak
may be due to polymer coating on top of the MoSe, nanosheets.
Additionally, sharp peaks around ~1050 and 1200 cm™" due to
stretching vibrations of —C—O—C bonds appear in the spectra
of both MoSe,/CS and CS.* Finally, the MoSe,/CS spectrum
shows peaks at ~1065, ~927, and ~750 cm™! due to the
presence of —Se—O, Mo=0, and —Mo—O bonds, which are
absent in the CS spectrum.”’ These particular peaks may
indicate some degree of oxidation on the MoSe, surface and
bonding with the CS structure. Thus, both the CS and MoSe,/
CS spectra have several peaks in common due to the CS
structure, but in the MoSe,/CS spectrum alone, we have Mo-
and Se-based peaks that correspond to surface interactions.

TGA curves of the MoSe,/CS nanosheets (Figure 2E) further
supported the FTIR results. For bulk MoSe,, there was minimal
weight loss across the measured temperature range, while the
thermal decomposition profile of CS had a gradual loss in weight
from 250 to 700 °C. For MoSe,/CS, the thermal degradation
curve had a comparable shape to that of CS, which is consistent
with the presence of CS. From the thermal mass loss, we
calculate that ~94% of CS by weight was present in the sample.
The decrease in weight occurring below 150 °C is likely due to
the evaporation of the water content.*”

X-ray photoelectron spectroscopy (XPS) was used to
investigate the surface composition and bonding of the
MoSe,/CS nanosheets compared with CS alone.”*®® The
spectrum of both MoSe,/CS nanosheets and CS alone indicated
the presence of Mo, Se, N 1s, C 1s, and O 1s (Figure 2F—I and
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Figure 3. Antifungal activity of MoSe,/CS against unicellular and filamentous fungi. (A—C) The microdilution method was used to determine the
minimum fungicidal concentration (MFC) values of BSL-1 fungi S. cerevisiae (A), C. parapsilosis (B), and L. orientalis (C), which were found to be 12.5,
6.25, and 6.25 ug ml™", respectively. (D—F) MFC values of BSL-2 fungi C. albicans (D), C. gatti (E), and C. neoformans (F) were determined to be 75
ug ml™". (G—I) Minimum inhibitory concentration (MIC) values were measured by optical absorbance over time for unicellular fungi S. cerevisiae
(BSL-1) (G), C. albicans (BSL-2) (H), and filamentous A. fumigatus (BSL-2) (I) and were determined to be 3.125, 37.5, and 12.5 ug ml ™, respectively.
Asterisks indicate complete eradication of fungal cells at those concentrations.

Figure S1). The wide-scan spectra are shown in Figure S1. The
high-resolution spectra for MoSe,/CS nanosheets show Mo
3ds,, and Mo 3d;, peaks (Figure 2F), N 1s peaks (Figure 2G),
Se 3d;,, and Se 3d;, peaks (Figure 2H), and C 1s peaks (Figure
2I). Corresponding spectra for CS alone (Figure S1) for C 1s, O
1s, and N 1s show similar features, verifying the presence of CS
on the surface of MoSe, nanosheets.

Antifungal Activity of MoSe,/CS. Fungi can be classified
into two categories: (1) unicellular fungi, which includes S.
cerevisiae, C. parapsilosis, I. orientalis, C. albicans, C. neoformans,
and C. gattii; and (2) filamentous fungi, which include A.
fumigatus. The minimum fungicidal concentration (MFC)
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values of MoSe,/CS were determined for both categories
using the microdilution method (see the Experimental Section
for more details) as shown in Figure 3. The MFC values of
biosafety level 1 (BSL-1) strains S. cerevisiae, C. parapsilosis, and
L orientalis were determined to be 12.5, 6.25, and 6.25 ug ml™/,
respectively, of MoSe, dispersed in S mg ml™"of CS (Figure 3A—
C and Table 1). The more resistant pathogenic BSL-2 fungi C.
albicans, C. gattii, and C. neoformans required higher
concentrations, with MECs at 75 ug ml™' (Figure 3D—F and
Table 1).

The minimum inhibitory concentration (MIC) values for the
unicellular fungi S. cerevisiae, C. albicans, and filamentous fungi A.
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Table 1. MIC and MFC Values of MoSe,/CS against Different
Fungal Strains

BSL  incubation MEC MIC

fungal strain type level  time (h) (ugml™) (ugml™)
S. cerevisiae unicellular 1 3 12.5 3.125
C. parapsilosis  unicellular 1 3 6.25 0.78
L orientalis unicellular 1 3 6.25 0.78
C. albicans unicellular 2 3 75 37.5
C. neoformans ~ unicellular 2 3 75 1.56
C. gattii unicellular 2 3 75 1.56
A. fumigatus filamentous 2 3 12.5

. filamentous 2 3 0.5

verticillioides
F. falciforme filamentous 2 3 0.5

fumigatus were measured following the procedure described in
the Experimental Section and were found to be 3.125, 37.5, and
12.5 pug ml™, respectively (Figure 3G—I). The microdilution
test for MFC determination was not performed on A. fumigatus
due to its filamentous nature and lack of individual colonies. The
MICs of other strains including C. parapsilosis, 1. orientalis, C.
neoformans, C. gattii, F. verticillioides, and F. falciforme were
determined to be 0.78, 0.78, 1.56, 1.56, 0.5, and 0.5 ug ml™,
respectively (Figure S2 and Table 1).

The killing efficiency of MoSe,/CS was compared to 0.5% CS
as a control. The 0.5% CS solution alone managed to kill only
95.75% of S. cerevisiae, 80.68% of C. parapsilo, and 79.0% of L
orientalis at similar applied concentrations of MoSe, (Figure
3A—C). On the other hand, in the case of BSL-2 fungi C.
albicans, C. gattii, and C. neoformans, the 0.5% CS could only
eliminate 58.6, 56.8, and 63.0% of these fungi strains,
respectively (Figure 3D—F). Hence, we can conclude that
0.5% CS was far less potent against these strains and that the
combined effect of MoSe, and CS results in the high killing
efficiency of MoSe,/CS at lower concentrations.

Biocompatibility of MoSe,/CS. To test the effect of
MoSe,/CS on mammalian cells, we performed several
biocompatibility assays (see the Experimental Section for
more details). The hemolysis assay was performed by incubating
human red blood cells (RBCs) with different concentrations of
MoSe,/CS. The same volume of 0.5% CS solution in separate

samples were used as controls (Figure 4A). After incubation for
3 h, only ~1.5 to 9% lysis of RBCs was observed for MoSe,/CS
for concentrations as high as 150 g ml™" (marked by the red
dashed line). Materials that induce up to 5% hemolysis of RBC
(marked by the red dashed line in Figure 4A) are considered to
be biocompatible. Therefore, we can conclude that MoSe,/CS
can be considered as fairly biocompatible up to 150 pg ml~.%*
Meanwhile, the 0.5% CS had a much stronger effect, causing
lysis of ~7 to 50% when added at the same volumes as the
MoSe,/CS preparations (Figure 4A). The surfactant Triton X is
also used as a positive control for the complete lysis of RBCs.

The viability of human embryonic kidney cells (HEK 293)
was tested using the XTT and alamarBlue viability assays with
MoSe,/CS dispersions at different concentrations (Figure
4B,C). The colorimetric XTT assay results indicate that after
incubation for 3 h with MoSe,/CS at concentrations from 0 to
75 ug ml™!, more than 90% of cells were viable, which is
considered to be biocompatible (marked by the red dashed line
in Figure 4B,C). In fact, the MoSe,/CS nanosheets were more
biocompatible than the CS alone. We also used the fluorescence-
based alamarBlue assay. When treated by MoSe,/CS at all the
concentrations we tested, the portion of viable cells is above
~90% (indicated by the red line) compared to the ~70—98%
biocompatibility of 0.5% CS alone (Figure 4C). Hence, the
abovementioned results all demonstrate the biocompatibility of
MoSe,/CS at concentrations above the MFC level, and the XTT
assay further shows that the viability of cells in 0.5% CS solution
is actually lower than in MoSe,/CS at concentrations ranging
from 37.5 to 100 g ml™".

Confocal Scanning Laser Microscopy. Fluorescence
imaging using confocal scanning laser microscopy (CSLM)
was conducted on the unicellular fungi C. albicans and the
filamentous fungi A. fumigatus to visualize the fungal cells and
their viability after treatment with MoSe,/CS (Figure S). The
detailed sample preparation steps are described in the
Experimental Section. In these CSLM images, intense green
fluorescence results from the ConA dye binding to poly-
saccharides in the cell walls of the fungi, while the bright red
fluorescence arises from the FUN 1 cell stain coming from the
cytoplasm of metabolically active cells, where they form dense
aggregates (red arrows). Cells that are metabolically inactive and
likely dead are indicated by the absence of bright red aggregates
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Figure 4. Biocompatibility test for MoSe,/CS solution. (A) Hemolysis assay to determine the toxicity of MoSe,/CS and 0.5% CS alone against RBCs.
Percent hemolysis below the red dashed line (5% lysis) is considered nontoxic.’ (B) Percent cell viability of HEK293 cells when treated with different
concentrations of MoSe,/CS and 0.5% CS alone. Percent viability above the red dashed line at 90% is considered biocompatible. (C) Percent
biocompatibility of HEK293 mammalian cells tested with the alamarBlue assay in the presence of MoSe,/CS and 0.5% CS alone. Percent viability
above the red dashed line at 90% is considered biocompatible.
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Figure S. Fluorescence imaging of fungal cells by confocal scanning laser microscopy (CSLM). The structures appearing green (Con A stain) are the
fungal cell walls and those appearing red (FUN 1 stain) are metabolically active cytoplasm. The viable cells are marked with cyan arrows. The absence
of red aggregates in the cells signifies loss of viability or dead cells (red arrows). (A) C. albicans (unicellular) cells after treatment with MoSe,/CS at 0
(negative control), 25, 50, and 100 ug ml™" for 3 h of incubation. The two rows of images are at different magnification levels. (B) A. fumigatus
(filamentous) cells after treatment with MoSe,/CS at 0 (negative control), 25, 50, and 100 pg ml™" for 3 h incubation.

(white arrows). Fungal cells were treated with MoSe,/CS at
concentrations of 0 (negative control), 25, S0, and 100 pg ml™"
with 3 h incubation. A stark difference is observed between
samples that were treated with 0 sg ml™" and those treated with
50 and 100 pug ml™" of MoSe,/CS. The negative control sample
has substantially more red fluorescent aggregates, indicating
many active cells, unlike samples treated with 25 pg ml™' of
MoSe,/CS, clearly indicating that there is some antifungal
activity at that concentration. Samples treated with 50 and 100
ug ml™" show close to no red fluorescence, indicating dead cells
due to the MoSe,/CS treatment.

Changes in Fungal Cell Morphology. To observe changes
in fungal cell morphology after treatment with MoSe,/CS at the
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MFC, TEM and SEM imaging were performed on C. albicans
and A. fumigatus (Figure 6). Cells were prepared for electron
microscopy as described in the Experimental Section. Fungi
treated with MoSe,/CS were compared to untreated control
samples of fungi that were subjected to the same sample
preparation conditions in the absence of MoSe,/CS. A stark
difference was observed between the treated and untreated
fungi. SEM imaging showed that the untreated C. albicans had
intact unicellular cells and the untreated A. fumigatus had healthy
filaments (Figure 6A,C). In contrast, the treated cells showed
distinct membrane damage, breaking of filaments, and deformed
cells (Figure 6B,D). The cross-sectional views in TEM images of
the control samples reveal healthy cells with unbroken cell
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Figure 6. Morphology of cells and multimodal killing mechanism of MoSe,/CS against C. albicans and A. fumigatus. (A, C) SEM images of healthy
control cells of C. albicans (A) and A. fumigatus (C). (B, D) SEM images showing the disruptive features (red arrows), morphological deformation
(cyan arrows), and broken outer membrane (green arrows) of C. albicans (B) and A. fumigatus (D) in the presence of MoSe,/CS. (E, G) TEM images
of control cells of C. albicans (E) and A. fumigatus (G) with intact cytoplasm. (F, H) TEM images of C. albicans (F) and A. fumigatus (H) in the
presence of MoSe,/CS showing MoSe, flakes interacting with the cell wall (pink arrows), leading to the rupturing of the cell wall (green arrows) and

cytoplasmic leakage (orange arrows).

membranes and intact cytoplasms (Figure 6E,G). The treated
samples showed sharp-edged MoSe,/CS nanosheets assembling
around the fungal cells and filaments, broken outer cell walls,
and leaking of cytoplasm, leading to the deformation of cells
(Figure 6F,H). These observations indicate that the positively
charged MoSe,/CS complexes localize around the negative
outer membranes due to electrostatic interactions. The presence
of these complexes weakens the cell wall, destabilizing and
reducing its rigidity, leading to disruption and membrane
damage. The high turgor pressure inside the cell combined with
these disturbances to the membrane enables the breaking of the
cell wall and cytoplasmic leakage. Results from TEM and SEM
images strongly support the membrane disintegration and
physical damage of the fungal cells after treatment with MoSe,/
CS similar to previous studies.”®* In our previous work, we
have also studied the dose-dependent effect (1X MBC and 0.5X
MBC) of MoSe,/ssDNA in killing bacteria using TEM and SEM
imaging. The resulting images showed no significant difference
in types of morphological changes at various concentrations of
the material. We expect a similar trend with MoSe,/CS in this
work. These results indicate that MoSe,/CS weakens, damages,
inhibits, and kills both unicellular and filamentous fungi.
Fungal Membrane Potential and Membrane Integrity.
The influence of MoSe,/CS on fungal cell membranes was
investigated by flow cytometry experiments to measure the
transmembrane potential and membrane integrity of the fungi.
Previous studies of other antifungal agents have shown that
fungicidal effects occur by destabilizing the transmembrane
potential, which then leads to the lipid bilayer being disrupted or
damaged.”® The molecular probe DiBAC, was used to
investigate membrane potential because it preferentially enters
cells whose membrane potential has collapsed to fluorescently
label them. The amount of depolarization was indicated by the
degree of fluorescence: the higher the fluorescence, the higher
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the depolarization. Cell counts are shown as a function of the
DiBAC, fluorescence in Figure 7A for the following conditions:
a negative control (no MoSe,/CS), cells that have been treated
with 50 and 100 g ml™' of MoSe,/CS, and a positive control
(cold absolute ethanol). The calculated proportion of damaged
and intact cells are shown in the bar plots in Figure 7C. The cells
in the negative control sample having a DiBAC, fluorescence
peak at ~1.4 were healthy cells with normal transmembrane
potential. After incubation for 3 h with MoSe,/CS at
concentrations of 25, 50, and 100 #g ml™" and positive control
(cold absolute ethanol), the percentages of depolarized cells are
83.7, 99, 98.8, and 98.6%, respectively.

Next, fungal membrane integrity for fungal cells treated by
MoSe,/CS nanosheets was investigated by introducing fungal
cells to propidium iodide (PI), a dye that enters damaged cell
membranes and binds to nucleic acids to emit a bright red
fluorescence. C. albicans was treated with MoSe,/CS nanosheets
at concentrations of 25, 50, and 100 ug ml™" and with positive
control (cold absolute ethanol) for 3 h (Figure 7B). The higher
the PI fluorescence, the higher the disintegration of the
membrane. The calculated proportion of cells with damage to
the membrane integrity were 76.1, 99, 99.2, and 98.7%,
respectively, as shown in the bar plots in Figure 7D. Again, the
negative control without any MoSe,/CS has fully intact cells.
This experiment clearly demonstrated that the MoSe,/CS
nanosheets damage the fungal cell membranes, leading to
subsequent cytoplasmic leakage as investigated further below.

Cytoplasmic Protein Leakage. When the lipid bilayer of a
fungal cell is physically disrupted, cytoplasmic leakage is
expected. We used the Bradford assay™ to assess proteins
leaking from C. albicans cells treated with MoSe,/CS nanosheets
due to membrane damage. The results shown in Figure 7E
indicate that the protein leakage from fungal cells increases with
increasing concentration of MoSe,/CS nanosheets and is much
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Figure 7. Mode of action of MoSe,/Cs against C. albicans. (A) Plot of normalized event number in flow cytometry as a function of DiBAC, (green)
fluorescence intensity corresponding to the extent of depolarization of C. albicans cells upon treatment with negative control, 25, 50, and 100 yg ml™* of
MoSe,/CS and cold absolute ethanol (positive control) after 3 h incubation. (B) Plot of normalized event number in flow cytometry as a function of P
(red) fluorescence intensity showing the extent of depolarization of C. albicans cells upon treatment with negative control, 25, 50, and 100 g ml™" of
MoSe,/CS and cold absolute ethanol (positive control) after 3 h incubation. (C) Bar plots of the proportion of cells with depolarization for the samples
shown in panel (A). (D) Bar plots of the proportion of disintegrated cells for the samples shown in panel (C). (E) Percentage leakage of cytoplasm
from C. albicans after 3 h treatment of with MoSe,/CS nanosheets at different concentrations and compared with CS solution with 1% BSA as a positive
control. (F) Bar plot showing the generation of reactive oxygen species (ROS) as a function of concentration of MoSe,/CS with 0.1% H,O, as a

positive control after 3 h of incubation.

higher than the leakage when the cells are treated with CS
solution alone. Protein leakage was observed to be around 77.9%
for MoSe,/CS nanosheets at 100 pg ml™' compared to just
42.7% for CS solution alone. The leakage for the positive
control, 1% bovine serum albumin (BSA), was 100%.
Reactive Oxygen Species (ROS) Generation. Previous
studies in the literature have suggested that the antifungal
activity of many nanomaterials involves intracellular oxidative
stress due to the formation of reactive oxygen species (ROS)
that can cause oxidative damage to proteins and nucleic acids in
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cells.” In order to determine whether the membrane damage
caused by MoSe,/CS nanosheets also leads to oxidative stress,
we used the CellROX green reagent assay*° to quantify the
levels of intracellular ROS in fungal cells that have been treated
with MoSe2/CS and compare them to cells that are untreated.
We observed that treatment of C. albicans with MoSe,/CS
nanosheets produced substantial intracellular ROS that
increased with increasing nanosheet concentration (Figure
7F). At MoSe,/CS concentrations of 25, 50, and 100 ug ml™,
ROS generation was 65.1, 75.3, and 97.7%, respectively, of the
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value from the positive control (0.1% H,O, solution). This
result is in accordance with the membrane disintegration and
cytoplasmic leakage showing a correlation between membrane
damage and intracellular oxidative stress, which contribute to
the antifungal efficacy of MoSe,/CS.

Treatment of C. auris. C. auris is a newly emerging
pathogenic fungus that is resistant to multiple antifungal drugs
and persists particularly in healthcare settings. In this study,
MoSe,/CS was used to treat nine different strains from the C.
auris panel identified by the CDC with the most resistance
against all three classes of antifungal drugs. The MFC of MoSe,/
CS was determined using the microdilution method against
three different C. auris isolates (0386, 0388, and 0389), C.
duobushaemulonii (0394), C. haemulonii (0395), K. ohmeri
(0396), C. krusei (0397), C. lusitaniae (0398), and S. cerevisiae
(0399). The MFCs of the C. auris strains and C. krusei were all
found to be between 100 and 150 g ml™", as shown in Figure
8A—D and summarized in Table 2. The MFC for more
susceptible isolates C. duobushaemulonii, C. haemulonii, K.
ohmeri, C. lusitaniae, and S. cerevisiae were determined to be
between 25 and SO ug ml ™", respectively, as shown in Figure S7
and summarized in Table 2. MIC measurements for C. auris
(0389) and C. krusei strains revealed that they were inhibited at
50 and 25 pg ml™", respectively (Figure 8E,F). Each experiment
was done in triplicate and compared with 0.5% CS in the
absence of MoSe,. The results show excellent efficacy of MoSe,/
CS against all the isolates.

B DISCUSSION

In this study, we prepared MoSe, nanosheets encapsulated in
chitosan that completely eradicated (i.e, 100% killing) both
unicellular and filamentous fungi within 3 h of incubation at a
various range of concentrations. Our results show superior
performance in terms of MFC and MIC values and a short
incubation duration compared to previous reports of various
nanomaterials and nanoparticles acting as antifungal agents (see
Table S2 for comparisons). Antifungal studies with carbon-
based nanomaterials like SWCNTs after incubation for 3 h
showed killing efficiency up to ~96% at a concentration of 500
ug ml™" against Fusarium graminearum and Fusarium poae. In
comparison, our MoSe,/CS nanosheets against C. albicans had
an MFC value of 75 ug ml™" over the same incubation time.*’
Reduced graphene oxide (rGO) manages to inhibit (MIC) only
50% of Aspergillus niger after 7 days of incubation at 50 ug
ml™.** In comparison, our MoSe,/CS inhibited the growth of A.
fumigatus at a far lower concentration of 12.5 ug ml™. GO
coupled with other nanomaterials like silver nanoparticles
(AgNPs) shows increased inhibition in terms of MIC against
C. albicans at 8 pug ml™" but only after a far longer incubation
period of 18 h. Low-molecular weight CS (LMWCS) has shown
good antifungal efficiency against C. albicans with an MIC of <40
pg ml™!, which is similar to the MoSe,/CS MIC of 37.5 ug ml™".
However, the incubation period for LMWCS was considerably
longer at 24 h instead of 3 h for our work.’” The antifungal
activity of another TMDC material, MoS,, has also been
reported previously but only when modified with both CS and
AgNPs (MoS,-CS-Ag), making it highly effective at just 6.8 ug
ml™" against Saccharomyces uvarum and 4.2 ug ml™" against
Aspergillus niger. However, both these organisms were less
virulent BSL-1 strains and were incubated for 72 h,>® which is a
far longer duration than our 3 h incubation time. Another study
showed that a synthetic polymer for potential use in medical
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Figure 8. Antifungal activity of MoSe,/CS against a C. auris panel. (A—
D) CFUs at different concentrations to determine the MFC values of a
BSL-2 C. auris panel including C. auris (0386), C. auris (0388), C. auris
(0389), and C. krusei (0387), which were found to be 150, 100, 150, and
125 pg ml™', respectively, using the microdilution method. (E—F)
Absorbance measured over time to determine MICs of C. auris (0389)
and C. krusei (0387) (BSL-2), which were found to be S0 and 25 ug
ml™!, respectively. Asterisks indicate complete eradication of fungal
cells at those concentrations.

devices had antimicrobial properties against several organisms
but was ineffective when treating C. auris.”’

Overall, the MoSe,/CS nanosheets here were tested against a
wide range of fungal strains from BSL-1 to BSL-2 and
demonstrated the capacity to completely eradicate them at
varying concentrations. With MoSe,/CS, we observe complete
eradication of various strains in the C. auris panel. In addition,
there seems to be a correlation between the susceptibility of
these C. auris isolates toward conventional antifungal drugs and
toward MoSe,/CS. The isolates that exhibit higher MIC values
when treated by known drugs like amphotericin B, fluconazole,
and flucytosine (i.e., C. auris (0389)) also exhibited higher MFC
when treated by MoSe,/CS, whereas C. duobushaemulonii or C.
haemulonii with lower MIC values were more susceptible toward
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Table 2. MIC and MFC Values of MoSe,/CS against Different Fungal Strains of C. auris

fungal strain type biosafety level
C. auris (0386) unicellular 2
C. auris (0388) unicellular 2
C. auris (0389) unicellular 2
C. krusei (0397) unicellular 2
C. duobushaemulonii (0394) unicellular 2
C. haemulonii (0395) unicellular 2
K. ohmeri (0396) unicellular 2
C. lusitaniae (0398) unicellular 2
S. cerevisiae (0399) unicellular 2

MEC (ug ml™")
150
100
150
12§
S50
37.5
37.5
37.5
37.5

incubation time (h) MIC (ug ml™")

w

N
25

W W W W W W W W

MoSe,/CS in the panel (Table S2). C. auris also showed higher
MFC and MIC as compared to the C. albicans we tested before.
Hence, MoSe,/CS was proven eflicient against a panel of drug-
resistant fungal strains, making them a potent antifungal agent
for potential use in healthcare settings.

To understand how MoSe,/CS inactivates fungal cells, we
evaluated the transmembrane potential and membrane integrity
of C. albicans under treatment with the nanosheets. MoSe,/CS
successfully depolarized 99.9% of cells at a concentration of only
50 pg ml™". Even the cold absolute ethanol (positive control)
was only able to depolarize 80.0% of the cells (Figure 7C). A
previous study on C. albicans to examine depolarization effects
due to carbon nanotubes functionalized with amphotericin B
(fCNTs-AMB)*® showed that effective depolarization was
achieved by incubating for a much longer period of 16 h at 10
ug ml™! concentration, with a depolarization of 92.7% of cells.
Similarly, the extent of membrane damage after 3 h of incubation
is significant, as shown by the shift in MoSe,/CS-treated cells
compared to the control cells. The fast rate of damage within 3 h
of incubation with C. albicans with MoSe,/CS shows a very high
level of membrane damage, with 99.4 and 99.1% of cells
disintegrated for S0 and 100 g ml™" of MoSe,/CS, respectively
(Figure 7D). In a previous work with carbon nanotubes, 10 yig
ml™! of f{CNTs-AMB incubated with C. albicans for 16 h led to
membrane damage in 80% of cells.*® MoSe,/CS acts even faster
than lytic antimicrobial peptides™® with a shorter exposure time
of 3 h, revealing evident depolarization and permeabilization
effects. Such rapid depolarization with MoSe,/CS-treated cells is
likely due to the electrostatic interaction of the cationic CS
polymer with the negatively charged chitin on the fungal cell
surface.

Other recent work in the literature on how bacterial
membranes interact with other types of 2D nanosheets can
offer insights into our MoSe,/CS system. In previous studies of
the antibacterial activity of MoS, nanosheets, they were shown
to first attach onto the outer surface of the cell membranes of
bacteria, form indentations in the membrane, and then insert
themselves into the cells.”® For CS-dispersed MoS, nanosheets
against bacteria, the positively charged CS attached electrostati-
cally to the surface of bacterial cells, which allowed the MoS,
nanosheets to be embedded into the membrane via the
formation of dents.”® For fungi exposed to our MoSe,/CS
system, the strong electrostatic interaction between MoSe,/CS
nanosheets and the combination of polyglucan and chitin
molecules in the fungal membrane initiates the antifungal
activity. This CS-driven interaction helps the thin 2D MoSe,
nanosheets puncture the cell membrane, which in turn
destabilizes the turgor pressure of the cell so that the cytoplasm
leaks out.’® This synergistic effect quickly leads to the
depolarization of the cell membrane, followed by changes in
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membrane permeability and then leading to the disintegration of
the cell membrane.

B CONCLUSIONS

MoSe, nanosheets dispersed in chitosan (MoSe,/CS) were
prepared by liquid phase exfoliation from bulk MoSe,, resulting
in a distribution of areas and thicknesses of nanosheets wrapped
in CS as shown by TEM and AFM imaging. Treatment of a range
of unicellular and filamentous fungi by the MoSe,/CS
nanosheets revealed exceptional antifungal activity, with
complete eradication with only a brief 3 h incubation period.
The MFC concentrations of MoSe,/CS required to eradicate
both unicellular and filamentous fungi ranged from 6.25 to 75 ug
ml™" of MoSe, dispersed in S mg ml™" of CS. The concentrations
at which these different strains were inhibited were between 0.5
and 37.5 ug ml™" of MoSe, in § mg ml™" of CS. Experiments with
fluorescent probes were undertaken to determine the likely
mechanisms of antifungal action. The MoSe,/CS nanosheets
likely cause the death of fungal cells by membrane damage,
membrane depolarization, metabolic inactivation, and cytoplas-
mic leakage. They were also highly potent against a panel of
MDR C. auris fungi at concentrations ranging from 37.5 to 150
ug ml™! within 3 h incubation time. Unlike other nanomaterial-
based antifungal agents in the literature, the MoSe,/CS
nanosheets in the current study are highly effective on their
own and do not require more complex modifications as well as
external nlR-assisted photothermal action. Aside from their
exceptional antifungal activity, the MoSe,/CS nanosheets were
also highly biocompatible toward mammalian cells. The
remarkable antifungal performance of the MoSe,/CS nano-
sheets suggests that they are a promising new antifungal agent
with potential uses in a variety of biomedical applications, which
are particularly important given the threat of fungal pathogens.
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