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ABSTRACT: Fungal proliferation can lead to adverse effects for human health, due to the
production of pathogenic and allergenic toxins and also through the creation of fungal biofilms
on sensitive surfaces (i.e., medical equipment). On top of that, food spoilage from fungal activity
is a major issue, with food losses exceeding 30% annually. In this study, the effect of the surface
micro- and nanotopography, material (aluminum, Al, and poly(methyl methacrylate), PMMA),
and wettability against Aspergillus awamori is investigated. The fungal activity is monitored using
dynamic conditions by immersing the surfaces inside fungal spore-containing suspensions and
measuring the fungal biomass growth, while the surfaces with the optimum antifungal properties
are also evaluated by placing them near spore suspensions of A. awamori on agar plates. Al- and
PMMA-based superhydrophobic surfaces demonstrate a passive-like antifungal profile, and the
fungal growth is significantly reduced (1.6−2.2 times lower biomass). On the other hand,
superhydrophilic PMMA surfaces enhance fungal proliferation, resulting in a 2.6 times higher
fungal total dry weight. In addition, superhydrophobic surfaces of both materials exhibit
antifouling and antiadhesive properties, whereas both superhydrophobic surfaces also create an “inhibition” zone against the growth
of A. awamori when tested on agar plates.
KEYWORDS: antifungal surfaces, Aspergillus awamori, superhydrophobic surfaces, superhydrophilic surfaces, plasma treatment,
chemical etching, fungal proliferation control

1. INTRODUCTION
Fungi hold significant ecological, agricultural, and biotechno-
logical value. There are around 5 million species on Earth after
extensive evolution, with about 300 identified as pathogens,
endophytes, saprobionts, or epiphytes for a variety of hosts in
terrestrial and aquatic habitats.1−3 Fungi can contaminate air
flow and air filtration systems, hospital facilities, buildings,
ships, and food products.4 They colonize under different
environmental conditions due to their adaptability on various
surfaces, while their growth can be favored at 25−30 °C, in
moist environments. The Food and Agriculture Organization
(FAO) reports that 1/3 of the global food production annually
results in waste or losses.5 The metabolic products of fungi
such as organic acids, e.g., gluconic, citric, and oxalic acid,
result in food contamination, and furthermore, these bio-
products can cause corrosion of the materials, especially of
metals and their alloys, leading to severe corrosion failures in
stone monuments, buildings, automobiles, ships, and aircrafts.6

It is also impressive that species of Aspergillus have been
reported to secrete organic acids capable of hydrolyzing
powdered stone and chelate minerals and further convert them
into glucose-based media, which underscore the metabolic
versatility of fungi and their capacity to exploit diverse

environmental resources for growth and survival.7 In order
to limit the proliferation of the fungi in as many environments
as possible, many early and accurate pathogen detection
methods have been proposed.8 However, along with successful
detection, it is also vital to prevent pathogen (i.e., fungi)
attachment and proliferation. To do so, advanced materials and
surfaces with appropriate topography, wetting, and material
properties should be realized.
Superhydrophobic surfaces enable liquids to move on them

with reduced friction, which can be translated to low adhesion
and interactions with liquids on such surfaces.9−12 Therefore, it
is expected that wetting control can either significantly reduce
the adhesion of microorganisms and remove any humidity,
which favors microbial growth (superhydrophobic state), or
promote it (superhydrophilic state).13 To this end, some first
research efforts have been presented in the literature. For
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example, Lee and Hwang developed a micro/nanostructured,
superhydrophobic coating for a brazed aluminum heat
exchanger (BAHE).14 The coating enables self-cleaning from
the developed fungus Penicillium implicatum with a small
amount of water. Kim and Hwang reported the extent of fungal
growth on superhydrophobic, superhydrophilic, weakly hydro-
phobic, and hydrophobic aluminum surfaces, chemically
treated, using three common airborne fungi: P. implicatum,
Cladosporium cladosporioides, and Aspergillus fumigatus.15 They
implemented a direct (on the surface) and an indirect (near
the surface) protocol and showed that superhydrophobic
surfaces can prevent the adhesion and spread of fungal
contamination on the air conditioning evaporator. In other
work, a thin superhydrophobic film was used to coat goose
feathers that serve as an insulator material.16 The coating
involved a thin superhydrophobic layer created by organo-
silicon precursors, specifically, hexamethyldisiloxane
(HMDSO) and hexamethyl disilazane (HMDSN), using
plasma chemical gas-phase deposition, and the authors
reported that the coating exhibited high resistance against
the fungal species Aspergillus flavus, Aspergillus niger, and A.
fumigatus.
Examples of artificial surfaces to fight other microorganisms

(i.e., bacteria) have also been reported in the literature.17,18 In
most cases, the studies deal with the incorporation of a biocide
agent usually in the form of particles or nanoparticles
incorporated in paints or coatings,7,19,20 but recently,
biomimetic approaches taking advantage of the beneficial
role of nanoscale topography in the antibacterial action and
studies related to passive and “green” concepts (without
biocides) have been proposed.13,21−24

However, most of the studies on passive approaches that
address microorganisms’ proliferation on surfaces have been
conducted with bacteria. Very few studies have investigated the
proliferation of fungi, while reports on the effect of different
factors, such as surface topography, surface chemistry, or the
choice of material on fungal growth, are scarce. Herein, we
investigated the effect and the possible synergy among surface
micro/nanotopography, wettability, and material type on the
proliferation control of Aspergillus awamori (a relatively
understudied fungal food pathogen), using two different
protocols; the first is done under dynamic conditions by
immersing the target surfaces inside a fungal spore suspension,
while in the second, which can be termed as indirect, surfaces
were also evaluated by placing them and spore suspensions on
agar plates (conditions which favor fungal proliferation). It is
demonstrated that superhydrophobic surfaces of both materials
tested (Al and PMMA) significantly reduced the production of
fungal biomass total dry weight compared to untreated surfaces
(0.3 mg instead of 0.65 mg for the untreated Al surfaces and
0.68 mg instead of 1.11 mg for the untreated PMMA surfaces),
acting as passive antifungal surfaces (1.6−2.2 times lower
fungal biomass). On the contrary, when the other extreme
wetting state (superhydrophilicity) was realized, superhydro-
philic PMMA surfaces significantly promoted fungal prolifer-
ation, resulting in a 2.6 times higher biomass (2.9 mg total dry
weight instead of 1.11 mg for the untreated PMMA surfaces).
In addition, superhydrophobic surfaces of both materials
showed excellent antifouling and antiadhesive properties,
whereas superhydrophobic surfaces and particularly those
made from aluminum created an “inhibition” zone against the
growth of A. awamori when tested on agar plates. It is therefore
demonstrated that on-demand and passive fungal proliferation

control can be achieved after careful design of the surface
wetting, material, and micro/nanotopography properties.

2. EXPERIMENTAL SECTION
2.1. Materials. Aluminum (alloy 1015) and PMMA (IRPEN,

Spain) surfaces with dimensions of 20 mm × 20 mm × 2 mm were
used as specimens. For both materials, untreated (flat) and micro/
nanotextured surfaces were used as described below. The selection of
these commonly used materials (i.e., aluminum (Al) and poly(methyl
methacrylate) (PMMA)) was made because both have been
extensively studied in the past and, therefore, the fabrication methods
as well as their performance could be reproducible and repeatable
from others.
2.2. Surface Micro/Nanostructuring and Chemistry Mod-

ification. For the preparation of the hierarchical (micro/nano)-
structured Al samples, a simple and commonly used two-step wet
etching method was used; this method can be easily repeated by
others, and it has been shown in our previous work to achieve a
superhydrophobic state; at least 7 min of wet etching in HCl is
required to create microscale features on Al, whereas longer durations
can provide deeper structures appropriate for superhydrophobicity.25

In more detail, the aluminum surfaces were first immersed into a
9.25% v/v aqueous solution of hydrochloric acid for 12 min to create
a first-step microscale topography on the aluminum substrate. Then,
nanotopography was created on top of the microstructures by
immersing the microtextured surfaces inside boiling water following
the bohemitage process, which is a really environmental friendly wet
method (only water is used).26 Following this two-step wetting
method, the hierarchical micro/nanostructured surfaces were coated
with a hydrophobic film of ∼30 nm through C4F8 plasma deposition
inside an inductively coupled plasma (ICP) reactor (plasma
deposition conditions: 900 W power, 25 sccm gas flow rate, and 40
mTorr pressure for 1 min) to render them superhydrophobic or were
used as superhydrophilic without the addition of the extra coating.
For the PMMA surfaces, plasma micro- and nanotexturing was

used. Plasma micro/nanotexturing is a powerful method that can be
used in every organic polymer and transform it to superhydrophobic
featuring water static contact angles (WSCA) greater than 150° and
contact angle hysteresis lower than 10°, regardless of its initial nature.
In addition, the plasma method we use is a two-step, dry, green, and
environmentally friendly approach. The superhydrophilic surfaces
were created after treatment with oxygen plasma, using a custom-built
inductively coupled plasma (ICP) reactor, for 1 and 6 min (plasma
deposition conditions: 300 W power, 250 V bias voltage, 100 sccm
gas flow rate, and 6 mTorr pressure). The application of the bias
voltage during oxygen plasma treatment leads to anisotropic etching
of the polymeric sample. During etching, a very small number of
etching inhibitors (usually less than 1%) from the electrode are
sputtered on the surface, acting as micro- and nanomasks resulting in
nanograss−nanofilament formation, which grows to larger hierarchical
micro/nanostructures as etching time increases. More details about
the process can be found in some previous work,27,28 but the process
is highly reproducible, and it has been implemented for the fabrication
of micro/nanotextured surfaces focused on a plethora of applications
(i.e., atmospheric water collection,29 antifogging surfaces,30 repellency
of low-surface tension liquids,27 direct covalent immobilization of
protein molecules on organic polymers,31 functional microdevi-
ces,32,33 etc.). In order for the PMMA surfaces to become
superhydrophobic, after the plasma micro/nanotexturing step for 1
or 6 min, a thin hydrophobic coating (about 30 nm) was deposited
using plasma deposition of C4F8 gas for 1 min (plasma deposition
conditions: 900 W power, 25 sccm gas flow rate, and 40 mTorr
pressure).
2.3. Surface Morphology and Wetting Property Character-

ization. The characterization of the morphology induced on the
surfaces was done by scanning electron microscopy using a JEOL
JSM-7401F FEG, at 2 kV beam voltage. For the wetting property
characterization, both the water static contact angle and the contact
angle hysteresis were measured using a Kruss DSA 30 system. For the

ACS Applied Bio Materials www.acsabm.org Article

https://doi.org/10.1021/acsabm.4c00387
ACS Appl. Bio Mater. XXXX, XXX, XXX−XXX

B

www.acsabm.org?ref=pdf
https://doi.org/10.1021/acsabm.4c00387?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


water static contact angle measurements, 5 μL of deionized water
drops was used and the average value as well as the standard deviation
of three measurements was calculated. For the contact angle hysteresis
measurement, a 5 μL drop of deionized water is placed on the surface,
the volume of the droplet is increased up to 25 μL, and during the
increase of the droplet volume, the advancing contact angle is being
measured; likewise, the receding contact angle is being measured
during the decrease of the droplet volume. The difference between the
advancing and receding contact angles is the contact angle hysteresis
(CAH).
2.4. Microorganism Maintenance and Preculture Condi-

tions. The fungal strain A. awamori EXF-213 (Nakaz. 1907) was
kindly provided by the Infrastructural Mycosmo Centre and Microbial
Culture Collection Ex (University of Ljubljana, Slovenia). Aspergillus
is one of the three fungal strains (the other two are Fusarium and
Penicillium) that can spoil food by the production of mycotoxins.34

The strain was maintained in slopes at 4 °C, containing 5% (w/v)
wheat milling byproducts and 1.5% (w/v) agar. To prepare a more
concentrated spore suspension, A. awamori spores were freshly
prepared in 250 mL Erlenmeyer flasks (250) containing solid
medium, similar to the substrate used in the slopes. A volume of 10
mL of deionized water and Tween 80 (0.01%, v/v) was aseptically
added into each slope, and the surface of the slope was scratched with
a wire loop. Subsequently, 500 μL of this spore suspension was added
on the surface of the solid media of flasks. They were incubated at 30
°C for 3−4 days. Fungal spore suspensions were prepared by adding
100 mL of deionized water (supplemented with Tween 80, 0.01%, v/
v) followed by vigorous shaking using glass beads of 4 mm diameter.
A spore suspension of ∼2−3 × 107 spores/mL was obtained, which
was further properly diluted with deionized water to achieve a final
spore suspension of ∼0.5−0.8 × 106 spores/mL.
All materials and solutions used were previously autoclaved at 121

°C for 15 min. All processes were performed under sterile conditions
by using a laminar flow cabinet (BIOBASE, Biological Safety Cabinet,
BSC 1100IIA2-X).
2.5. Fungal Proliferation Assessment Protocol. For the fungal

proliferation assessment, we applied two protocols. In the first,
dynamic protocol, the modified surfaces were placed into the center
of 6-well tissue culture plates (growth area: 9.5 cm3, media volume:
1.9−2.9 mL) in sterile conditions. Subsequently, 2 mL of A. awamori
spore suspension (see Section 2.4) was added in each plate followed
by incubation for 2 weeks, at 30 °C, in static incubators (LabTech,

Daihan Labtech Co., LTD). Fungal biomass of each well was
recovered after 2 weeks by centrifugation (9000 rpm, 5 °C, 15 min),
dried at 85 °C for 24 h, and cooled in a desiccator to obtain the fungal
biomass total dry weight (TDW). For both types of material surfaces
(Al and PMMA), fungal proliferation was studied in three
independent experiments, with three replications for each surface.
In the second one, which is termed as “indirect”, spore suspensions

were placed away from the surfaces on agar, and the effect of the
surfaces on the fungal proliferation was studied. In more detail,
aluminum and PMMA surfaces (untreated and superhydrophobic)
were placed on sterile PDA (Condalab, Laboratorios Canada S.A.,
final pH at 25 °C: 5.6 ± 0.2) Petri dishes, and each surface was placed
on the agar (center). Spore suspensions with a concentration of 107
spores/mL and a volume of 10 μL were inoculated on four spots
around the square-shaped Al surfaces (untreated and super-
hydrophobic), each one placed 1 cm away from the surface edge.
These samples were placed inside a static incubator (LabTech,
Daihan Labtech Co., LTD) under conditions that favor fungal growth
(30 °C). Fungal proliferation was monitored by capturing images
every 2 days for a total duration of 7 days. Then, images were
analyzed using ImageJ software to accurately measure the distance of
the fungal colony from the edge of the surfaces. Four measurements in
each sample were made (one for each inoculation point), and the
average value of the distance, as well as its standard deviation, was
calculated.
Finally, the antifouling and antiadhesion performance of the

superhydrophobic Al and PMMA surfaces was also evaluated by
washing the samples with water followed by optical microscopy
observation (Olympus optical microscope CX21).

3. RESULTS AND DISCUSSION
3.1. Surface Morphology and Wetting Property

Characterization. Both materials (Al and PMMA) were
roughened, and their surface morphology was characterized
with scanning electron microscopy (SEM). Figure 1 shows the
SEM images of the Al surfaces before (Figure 1a) and after the
creation of microstructures (Figure 1b,c) as well as the micro-
and nanostructures (Figure 1d) using the two-step wet etching
process described in Section 2.2. The microscale features
created in Al are extremely high (height >20 μm, average width

Figure 1. SEM images of the Al surfaces (a) untreated (at 2.000× magnification), (b) microstructured (at 500× magnification), (c)
microstructured (at 10.000× magnification), and (d) microstructured and nanostructured (at 20.000× magnification). Images are tilted by 45°.
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>5 μm) as we have shown in our recent work,25 in which
Fourier analysis of SEM images of Al surfaces was performed.
Table 1 shows the wetting properties of untreated and

treated aluminum surfaces. Untreated aluminum exhibits an

intermediate wetting behavior (water static contact angle:
74°). The untreated aluminum surface becomes hydrophobic
with the water static contact angle exceeding 110° and high
contact angle hysteresis >20°, if a thin hydrophobic layer is
deposited by C4F8 plasma deposition. For the realization of the

superhydrophilic Al surface, wet etching using HCl is
combined with water boiling (bohemitage process), and Al
becomes superhydrophilic due to the formation of micro- and
nanoscale features (Figure 1d). In order to make it
superhydrophobic, a thin hydrophobic layer, by means of
C4F8 plasma deposition, is applied on the superhydrophilic Al
surfaces. Superhydrophobic Al surfaces exhibit a high water
static contact angle (>170°) and low contact angle hysteresis
(∼2°).
In Figure 2, the SEM images of the oxygen (O2) plasma-

treated surfaces are shown. It is clear that after O2 etching for 1
min, dense nanofilament formation takes place (filament height
<500 nm), which gradually grow and bundle together in larger
(height >1 μm) multiscale (micro- and nanoscale) structures
as etching time increases (6 min). However, in PMMA, the
topography features are significantly smaller compared to the
features of textured Al. The wetting properties of the PMMA
surfaces are controlled over roughness and proper surface
chemistry, through the oxygen plasma micro/nanotexturing
step. The oxygen plasma step creates functional groups such as
C�O, COOH, and OH groups; thus, the surfaces after the
plasma step will be hydrophilic and superhydrophilic. In
previous work, it has been shown that the longer the treatment
of the plasma step, the higher the content of functional

Table 1. Water Static Contact Angle (WSCA), Advancing
Contact Angle (ACA), Receding Contact Angle (RCA), and
Contact Angle Hysteresis (CAH) Measurements for the Al
Surfacesa

types of surfaces
WSCA
(deg) ACA (deg) RCA (deg)

CAH
(deg)

untreated Al 74 ± 1° N/A N/A N/A
hydrophobic flat Al 110 ± 2° 132 ± 1° 110 ± 2° 22°
12 min hierarchical
(micro/nano)
superhydrophilic Al

<10° N/A N/A N/A

12 min hierarchical
(micro/nano)
superhydrophobic Al

171 ± 2° 172 ± 1° 170 ± 2° 2 ± 1°

aN/A stands for not applicable.

Figure 2. SEM images of the PMMA surfaces (a) before treatment (at 10.000× magnification) and after 1 min of O2 plasma etching (b) at 10.000×
magnification and (c) at 25.000× magnification and after 6 min of O2 plasma etching (d) at 10.000× magnification and (e) at 25.000×
magnification. Images are tilted by 45°.
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groups.31 On the other hand, by adding a hydrophobic layer,
the surface chemistry changes and CFx groups are created.
Again, WSCA and CAH measurements show that the

topographies created after plasma etching in combination with
the deposition of a hydrophobic coating provide several
wetting states: hydrophilic (1 min of O2 plasma etching),
superhydrophilic (6 min of O2 plasma etching), super-
hydrophobic with high hysteresis (1 min of O2 + hydrophobic
coating), and superhydrophobic surfaces (6 min of O2 +
hydrophobic coating). Table 2 presents the wetting properties
of all of the different PMMA surfaces fabricated.
3.2. Fungal Proliferation Control: The Effect of

Surface Micro- and Nanotopography, Material, and
Wetting Properties. Four types of Al surfaces are used in the
fungal proliferation study: untreated surfaces, hydrophobic flat
surfaces, 12 min wet-etched hierarchical superhydrophilic
surfaces, and 12 min wet-etched hierarchical superhydrophobic
surfaces. The initial spore suspension’s total dry weight
(TDW) used to evaluate the properties of Al is 0.19 ± 0.1
mg. After 2 weeks of incubation, the total fungal dry weight is
measured for all aluminum surfaces and compared to the initial
value in order to investigate the effect of each surface in fungal
proliferation (Figure 3).
After 2 weeks of incubation, the TDW for the untreated

surfaces is 0.65 mg; it is 0.63 mg for the superhydrophilic, 0.55
mg for the superhydrophobic with high hysteresis (hydro-
phobic flat), and 0.30 mg for the superhydrophobic. It is

evident that fungal proliferation in the culture plate containing
the superhydrophobic surface with the hierarchical topography
is 2.2 times lower from the weight of the biomass when using
the untreated slightly hydrophilic surfaces, in which fungal
biomass becomes 3.6 times higher compared to the initial
biomass. It is therefore evident that the fungal growth on
superhydrophobic Al practically ceased and the fungus
development has been significantly delayed. This is also
evident by the images captured during the evaluation, which
are shown in Supporting Information Section S1. This effect
can be attributed to (a) the microscale as well as nanoscale
topography features which in combination with the low surface
energy and chemistry of the hydrophobic coating (mainly
containing CFx groups coming from the plasma processing gas
C4F8) prohibit the fungal spores from attaching and growing
on them (Supporting Information Figure S1) and (b) the
material properties of Al, which will be discussed in detail later
in this section.
The low adhesion behavior of superhydrophobic Al

compared to the untreated and superhydrophilic Al is also
evident in the images provided in Supporting Information
Section S2. Superhydrophilic surfaces exhibit high adhesion
(low WSCA and high CAH) and increased surface roughness,
which is expected to increase the available surface area for
fungal growth with the development of hyphae and biofilms.
However, the results presented in Figure 3 show that the
fungal TDW on superhydrophilic surfaces (0.63 mg) is slightly
lower than that on the untreated surfaces (0.65 mg). This is
possibly due to the deep surface features (micro/nanosurface
topography) after wet etching, which in combination with the
surface material (Al) may enable mechanical “fungicidal”
effects instead of promoting proliferation (The same
observation has been reported by others for bacteria).21 In
particular, it is possible that the presence of high and multiscale
topography features in combination with the material proper-
ties possibly disrupts the formation of stable fungal biofilms or
alters the distribution of nutrients and signaling molecules
essential for fungal growth, contributing to the observed
decrease in TDW. Thus, the potential benefits of increased
surface area, which are expected to promote fungal
proliferation, are outweighed. Moreover, the wetting behavior
of the surface can further modulate fungal adhesion and
growth. In the case of the superhydrophilic Al surface, the
rapid spreading of water across the surface may create a barrier
that inhibits fungal attachment and colonization. The capillary
action of water within the rough surface structure could
prevent fungal spores from establishing firm contact with the
substrate, limiting their ability to proliferate effectively.
In PMMA surfaces, plasma micro/nanotexturing enables the

realization of more types of surfaces since the topography
geometry and scale can be controlled by controlling the

Table 2. Water Static Contact Angle (WSCA), Advancing Contact Angle (ACA), Receding Contact Angle (RCA), and Contact
Angle Hysteresis (CAH) Measurements for the PMMA Surfacesa

types of surfaces WSCA (deg) ACA (deg) RCA (deg) CAH (deg)

untreated PMMA 65 ± 1° N/A N/A N/A
hydrophobic flat PMMA 110 ± 2° 117 87 30 ± 2°
superhydrophobic 1 min (O2 plasma + hydrophobic coating) 150 ± 2° 160 145 15 ± 2°
superhydrophobic 6 min (O2 plasma + hydrophobic coating) 160 ± 2° 161 159 2 ± 1°
hydrophilic 1 min O2 plasma 25 ± 2° N/A N/A N/A
superhydrophilic 6 min O2 plasma 3 ± 1° N/A N/A N/A

aN/A stands for not applicable.

Figure 3. Fungal total dry weight (TDW) obtained from the
untreated Al surface, hydrophobic flat Al surface, superhydrophilic Al
surface, and 12 min hierarchical superhydrophobic Al surface. Initial
fungal biomass TDW is 0.19 mg. Representative images of the fungal
proliferation on the surfaces are also shown. On superhydrophobic Al
surfaces, no fungal spores are observed.
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etching processing parameters. Thus, in PMMA surfaces,
fungal growth is studied on six types of PMMA surfaces, which
are named as untreated, flat hydrophobic, hydrophilic,
superhydrophilic, superhydrophobic with relatively high
hysteresis, and superhydrophobic surfaces with low hysteresis.
In this study, the initial TDW spore suspension biomass was
0.18 ± 0.1 mg. Figure 4 shows that for the untreated surfaces,
the final fungal biomass TDW is 1.11 mg; for the flat
hydrophobic surfaces with a thin C4F8 coating, it is 1.46 mg,
for the hydrophilic surfaces, it is 1.16 mg, and for the
superhydrophilic surfaces, it is 2.9 mg. On the other hand, the
fungal biomass TDW for the 1 min O2 superhydrophobic
surface was found to be 1.14 mg and for the 6 min O2
superhydrophobic, it is 0.75 mg.

Similar to that observed with Al, the lowest TDW values are
recorded for the 6 min plasma micro/nanotextured super-
hydrophobic surfaces which exhibit hierarchical micro- and
nanoscale topography and the lowest CAH and thus adhesion.
It is also observed that 1 min superhydrophobic surfaces with
the higher hysteresis (15°) and significantly smaller, less
complex, yet denser filament-like topography (filament height
<500 nm) are not affecting fungal proliferation, as the TDW
for the untreated PMMA is 1.11 mg and for the 1 min
superhydrophobic PMMA surface with high hysteresis, TDW
is 1.14 mg. It is therefore clear that the topography scale and
height and CAH are highly affecting fungal growth, with the
presence of high and multiscale topography features possibly
disrupting the formation of stable fungal biofilms or the
distribution of nutrients. Another interesting observation is
that moisture is also observed at the lid of the plates that
contain the superhydrophilic surfaces, an indication that the
fungus is active and growing. The initial surface-attached
spores became filamentous and persisted with their cyclic
hyphal spore secretion. Once spherical fungal spores attach to
a surface, they exhibit germ tube development, hyphal growth,
and robust biofilm formation.3 Therefore, there is a significant
increase of the TDW at 2.9 mg (2.6 times higher fungal

biomass compared to the untreated PMMA surface and 16
times higher than the initial biomass) when 6 min super-
hydrophilic surfaces are used.
Interestingly, surface chemistry by itself also affects fungal

proliferation and flat hydrophobic PMMA surfaces also slightly
enhanced fungal growth (TDW = 1.46 mg), which is 1.3 times
higher biomass TDW compared to the untreated ones, which
are hydrophilic with WSCA 65°. Possibly, the surface
chemistry of this surface containing mainly CFx groups (x =
1, 2, 3) due to the plasma processing gas used for the
hydrophobization of the surface is acting beneficial for fungal
proliferation in comparison with untreated PMMA. It can be
therefore concluded that flat surfaces with intermediate wetting
properties will not exhibit strong antifungal properties, and
surface chemistry and adhesion (macroscopically evaluated by
CAH measurements) are a critical factor for fungal
proliferation on flat as well as rough surfaces with micro/
nanostructures. Interestingly, WSCA by itself is not signifi-
cantly affecting fungal growth, but the synergistic effect of
topography and surface chemistry, which can provide surfaces
with low and high hysteresis, which is the metric for adhesion,
can decrease or promote the growth of the fungus.
After comparing the results of the fungal biomass TDW for

the two types of materials tested (Al and PMMA), one can
easily observe that Al even when it is untreated exhibits lower
biomass TDW compared to PMMA. This can be explained by
taking into consideration that Al has been reported to act
opposite to mycelial growth.35−38 Aluminum has been
reported to be able to release metal ions (Al3+) under an
acidic environment (commonly observed under the fungal
proliferation period); these ions are toxic for fungi when
absorbed, preventing the growth of the fungus and limiting its
biomass.39

It is also demonstrated that if Al is transformed to
superhydrophobic, the most effective antifungal concept is
realized, almost eliminating fungal proliferation (0.30 ± 0.05
mg). Thus, the combination of the appropriate material choice
and topography and chemistry characteristics (high and
probably multiscale topography and low hysteresis) is essential
when designing a “passive” antifungal surface. The interplay
among roughness, wetting behavior, and fungal morphology
can lead to complex effects on fungal proliferation. In the case
of the superhydrophilic Al surface, the mechanical barrier
imposed by surface roughness, combined with the rapid
wetting dynamics, resulted in the observed decrease in TDW.
Another interesting observation is that all the super-

hydrophobic surfaces exhibited excellent antiadhesive perform-
ance. When washing all the surfaces with water, all spores or
hyphae from the superhydrophobic surfaces were washed away
easily, so they all became immediately free of fungi leftovers
(see Supporting Information Section S2). On the contrary,
untreated, superhydrophilic, and hydrophobic surfaces have
several spores or hyphae which could not be removed,
indicating their strong attachment on the surfaces (see
Supporting Information Section S2), a fact that also confirms
the fungal TDW increase shown in Figure 4.
3.3. Fungal Inhibition Zone. The antifungal properties of

the superhydrophobic surfaces that exhibited the lowest TDW
value from all surfaces tested are also probed by a second
protocol, which involves the evaluation of the development of
the fungus A. awamori near the surface when placed on agar
containing Petri dishes. After 7 days (168 h) of incubation, the
Petri dishes containing the superhydrophobic Al (12 min

Figure 4. Fungal total dry weight (TDW) obtained from untreated
PMMA surfaces, hydrophobic flat PMMA surfaces, hydrophilic 1 min
O2 plasma surfaces, superhydrophilic 6 min O2 plasma surfaces,
superhydrophobic with high hysteresis 1 min (O2 plasma +
hydrophobic coating) surfaces, and superhydrophobic 6 min (O2
plasma + hydrophobic coating) surfaces. Initial fungal TDW is 0.17
mg. Representative images of the fungal proliferation on the surfaces
are also shown.
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hierarchical with micro/nano topography) and PMMA (6 min
O2 plasma + hydrophobic coating) surfaces showed signifi-
cantly slower growth of the fungus and an “inhibition” zone
around the surface was also observed, compared to the
untreated Al in which the fungus penetrated inside the surface
outline as well as in the untreated and PMMA surfaces (all the
experiment images are provided in Section S3 of the
Supporting Information). In Figure 5, we can see the results
from image analysis in both untreated and superhydrophobic
surfaces.
Our results indicate that starting from fungal colonies which

are inoculated 1 cm away from the sample, they gradually reach
and penetrate the surface area of untreated Al and PMMA
samples within 72 h, while in the superhydrophobic surfaces,
this does not happen even after 168 h (7 days). The fact that
the fungus does not penetrate on the surface (i.e., colonies 1
and 2 are on the edge of the sample and colonies 3 and 4 are
approximately 0.03 cm away from the superhydrophobic Al
surface) highlights the highly effective antifungal properties of
the superhydrophobic Al surfaces and the creation of an
“inhibition” zone. This inhibition zone is probably created by
the synergy of the material properties, with metal ions released
from the surface, and the strong superhydrophobic properties,
of the surface (i.e., the micro- and nanoroughness and the low
surface energy serve as a mechanical barrier against the
expansion of the fungus). In particular, it is commonly
accepted that metal ions can disrupt essential cellular processes
in fungi such as enzyme activity and protein synthesis, leading
to growth inhibition. Additionally, they may induce oxidative
stress within fungal cells, damaging cellular components and
thus inhibiting growth. Moreover, metal ions can interfere with
the integrity of fungal cell membranes, compromising their
permeability.40−43 Last but not least, in the superhydrophobic
PMMA surfaces, the fungus does not penetrate the surface

similarly to Al, but some fungal spores can be observed around
the sample as there is no effect such as metal ions to affect its
development, so this also constitutes evidence that the choice
of the material plays a crucial part in the control of fungal
proliferation.

4. CONCLUSIONS
A complete investigation of the effect, as well as the synergy
among different factors, namely, surface micro/nanotopog-
raphy, material, and wettability on the proliferation control of
the fungus A. awamori is presented. The evaluation was done
using two protocols which probe different factors. Using the
first protocol (under dynamic conditions), which is performed
by immersing the surfaces inside a fungus spore-containing
solution, it is demonstrated that superhydrophobic surfaces of
both materials tested (aluminum and PMMA) significantly
reduced the production of fungal TDW compared to untreated
surfaces. On the other hand, micro/nanotextured super-
hydrophilic PMMA surfaces significantly increased the fungal
proliferation resulting in 2.6 times higher fungal TDW. In
addition to the aforementioned results, superhydrophobic
surfaces of both materials showed excellent antifouling as well
as antiadhesive properties after being washed with water. The
second protocol (indirect method) is dedicated to study the
growth of A. awamori when tested inside agar plates using
conditions that normally favor fungal proliferation. These
experiments revealed that superhydrophobic surfaces created
an “inhibition” zone against A. awamori, but again, some spores
were observed around the PMMA sample as there is no effect
such as metal ions to affect its development. In conclusion, to
realize a truly “passive” antifungal concept, (a) an appropriate
material choice should be made and our data show that metals
(in our case, Al) are more suitable for such applications and
(b) this material should be transformed to superhydrophobic

Figure 5. Distance of the A. awamori colony from untreated and superhydrophobic Al and PMMA surfaces. We consider the boundary of the
surface as zero and when the fungus has not reached the surface, measurements have a minus (−) sign, while when fungus has penetrated the
surface outline plus (+) sign is used. The four inoculations around the sample are marked with 1, 2, 3, and 4. On the superhydrophobic Al and
PMMA surfaces, A. awamori is not penetrating the surface even after 168 h (7 days), whereas on the untreated (control) Al and PMMA samples, A.
awamori penetrates inside the sample area from the first 72 h (3 days).
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with low hysteresis (<10° or even <5°) and high multiscale
topography features (several microns deep and covered with
nanoscale features). The results of this study can pave the road
for the integration of such functional surfaces in critical
applications (i.e., food storage, medical equipment protection)
in which antifungal properties are required or in fermentation
applications in which accelerated fungal growth is necessary in
order to increase the production yield.
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