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ing of a superamphiphilic, self-
growing fibrous Janus membrane prepared from
mycelium†

Joyce Cavalcante ab and Gyorgy Szekely *abc

The increasing demand for effective oil–water separation materials has encouraged the exploration of

sustainable and ecofriendly solutions. In this study, we investigate the surface engineering of

a superamphiphilic, self-growing fibrous membrane derived from the Pleurotus ostreatus mycelium. A

nanoporous membrane contactor facilitated the harvest of a fibrous Janus membrane by blocking the

contact between the mycelium and the growth medium yet allowing nutrient transport to the mycelium.

The analysis of the hydrophilicity of the membrane surface and at the mycelium–membrane interface

revealed improved wettability and surface fine-tuning. The hydrophilic side was observed at the

membrane–mycelium interface, whereas the hydrophobic side displayed a dense layer of closely packed

fibrous hyphae. A gradient in the hypha density was revealed through Z-stack fluorescence confocal

microscopy and two-dimensional segmentation analysis. The selectivity in oil–water separation was fine-

tuned, which provided a sustainable and ecofriendly approach for addressing environmental challenges.

The findings of this study emphasize the significance of harnessing natural compounds and self-growing

fibrous mycelium as an innovative approach to surface engineering for advanced separation

technologies. For the first time, we have successfully demonstrated a new application of membrane

contactors for developing superamphiphilic mycelium materials.
1. Introduction

Bioinspired materials have drawn attention recently owing to
their potential in improving membrane sustainability. Such
materials replicate the functionality or structure of natural
systems. Compared with conventional materials, bioinspired
materials have the advantage of being sustainable and environ-
mentally friendly because they frequently use renewable
resources and are biodegradable. This factor is essential for
addressing environmental challenges and reducing our ecolog-
ical footprint. Nature has evolved over billions of years, leading to
the development of highly optimized and effective materials. By
mimicking these natural designs, scientists and engineers can
create materials with enhanced properties such as
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hydrophobicity1 and/or amphiphilicity.2 In particular, biomimetic
membranes have been inspired by aquaporins,3 lotus leaves,4 self-
assembly,5 and sharkskin.6

Janus membranes are materials used for separation that
have distinct characteristics on their two opposite sides. These
materials have contrasting physical, chemical, or functional
attributes on their surfaces, such as amphiphilicity.7 Amphi-
philicity refers to the dual affinity of a molecule or material
toward both polar and nonpolar liquids. Superamphiphilic
materials exhibit an extremely high contact angle with water
(equal to or greater than 140°) on one side while having an
extremely low contact angle with water (equal to or smaller than
10°) on the other side.8,9 An important alternative to oil–water
separation systems is the ne-tuning of a membrane surface
toward superhydrophobicity and/or superhydrophilicity.10

Hydrophobic biomaterials have gained attention for their
potential use in oil separation applications11,12 due to their
capacity to repel water while selectively adsorbing and retaining
oils. Superhydrophobic biomaterials have an inherent affinity
toward hydrophobic substances such as oils and hydrocarbons.
They can selectively sorb and retain oils while repelling water,
making them effective in oil spill remediation. The Sustainable
Development Goals of the United Nations—Goal #6 on Clean
Water and Sanitation, Goal #11 on Sustainable Cities and
Communities, and Goal #13 on Climate Action—are all sup-
ported by adopting sustainable alternatives for oil cleanup
This journal is © The Royal Society of Chemistry 2023
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Table 1 Membrane designations and definitions according to their
composition

Membrane Denition

Mycelium Pleurotus ostreatus mycelium
PBI Nanoporous 16-wt% PBI membrane contactor
PBIM Mycelium on top of PBI (composite)
PP Macroporous nonwoven PP membrane contactor
PPM Mycelium on top of PP (composite)
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materials. Fungi mycelium (Fig. 1), which is a network of
thread-like structures called hyphae, has begun to attract
interest as a biomaterial in recent years. Fungi mycelium can be
grown into various shapes and forms, making it highly versatile
for different applications. It can be molded into packaging
materials,13 building insulation,14 and furniture.15 Moreover, it
can even be used as a substitute for leather.16 The characteris-
tics of fungi mycelium-based materials can be altered by
adjusting their growth conditions, substrate composition, and
environmental factors. As a result, its properties can be modi-
ed and tailored to t particular requirements and applications.
Mycelium materials align with the principles of the circular
economy by utilizing waste streams as inputs, leaving a small
environmental footprint and being compostable at the end of
their life cycle.

Naturally existing biological systems offer promising solu-
tions for developing smart surfaces with superamphiphilic
properties (Fig. 1). One such instance is lamentous fungi,
which generate hydrophobin, a specialized surface amphiphilic
protein.17 Hydrophobins play a crucial role in enabling fungi to
escape their aqueous environment and facilitate the dispersal of
spores through self-assembly mechanisms.18 As structural
elements of fungal growth, hydrophobins also play a part in
how fungi interact with their surroundings. They have, for
instance, been found to be crucial for aerial growth and for the
attachment of fungi to solid supports.19 This class of proteins
presents a characteristic sequence of eight cysteine residues
with conserved spacings in their primary sequence. Because of
this residue spacing pattern, hydrophobins are surface-active
proteins with a noncentrosymmetric arrangement of hydro-
philic and hydrophobic patches.20 Harnessing the properties of
hydrophobins enables us to explore new avenues for creating
intelligent surfaces with enhanced water-repellent
characteristics.

At present, fungal mycelium-based products have attracted
considerable research interest, leading to their commercializa-
tion. These remarkable materials have emerged as novel and
sustainable alternatives that can replace petroleum-based
products in various applications, ranging from leather
Fig. 1 Schematic illustration of the fabrication process of the super
mycelium. The mycelium master culture was isolated and then inocula
membranes to grow. Through surface engineering via precise hydroph
separation was created.

This journal is © The Royal Society of Chemistry 2023
making,21 packaging,22 to building construction.23 In this study,
mycelium was used for the rst time in nanotechnology to
create a superamphiphilic self-growing Janus membrane. The
membrane was inoculated on the surface of a membrane con-
tactor, and its physicochemical characteristics were examined
(Table 1). Traditionally, hydrophilic membranes have been
predominantly utilized for their water permeability24 and
separation capabilities.25 Our study, however, reveals a novel
strategy that uses the hydrophilic nature of the membrane
contactor to produce a unique biomembrane with exceptional
superamphiphilic properties. Oil sorption tests were per-
formed, and surface modications in terms of topography and
water–oil affinity were assessed.

This study presents a signicant advancement in membrane
technology by introducing the rst fully biobased and self-
growing Janus membrane, achieved without the use of addi-
tives or blending. We have developed an innovative interface
design that not only facilitates mycelium growth but also
enables easy harvesting of the resulting membrane. Further-
more, this research marks the pioneering use of hydrophobins
for the development of Janus membranes. Leveraging
a membrane contactor, we have successfully grown a super-
amphiphilic mycelium material, opening up new possibilities
for membrane engineering. Importantly, this work showcases
the rst-ever application of mycelium in the realm of oil–water
separation, offering a sustainable and efficient solution, and the
resulting self-growing membrane exhibits rapid sorption char-
acteristics. These achievements collectively highlight the
amphiphilic, self-growing fibrous membrane of Pleurotus ostreatus
ted on top of the membrane contactor, which allowed the mycelium
obin alignment, a superamphiphilic biomaterial suitable for oil–water

J. Mater. Chem. A, 2023, 11, 24598–24607 | 24599
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groundbreaking nature of our research and its potential to
revolutionize the eld of membrane technology.

2. Results and discussion

The peak at 3316 cm−1 in the FTIR spectrum ofMycelium can be
attributed to the N–H stretching vibration of the amide A band in
the proteins and nucleic acids and the O–H stretching vibration
in phenolic compounds and H2O (Fig. 2a). The peak at
1640 cm−1 indicates the C]O stretching vibration in the amide I
band, C]C and C]O stretching vibrations in amino acids, and
N–H bending in avonoids. The region at 1200–900 cm−1 could
be assigned to the C–O stretching vibration of the pyranose
compounds in carbohydrates.26 For the PBI membrane con-
tactor, a broad peak was observed at 3590–3200 cm−1, which
corresponded to the N–H stretching of the imidazole group. The
distinct peaks of the benzimidazole rings were detected at
1625 cm−1 (stretching of C]N) and 1291 cm−1 (breathing of
imidazole rings).27 The PP membrane contactor displayed
distinct peaks at 3000–2840 cm−1 corresponding to the C–H
stretching of the alkane backbone and distinct peaks at 1473 and
1375 cm−1 corresponding to the C–H bending of the methyl
group.28 In addition to polypropylene identity peaks, mycelium-
derived peaks at 3316 and 1640 cm−1 were also observed for PPM.

Thermogravimetric analysis (TGA) results revealed that the
rst zone of decomposition of theMycelium was in the range of
157–320 °C (Fig. 2b), where the decomposition of proteins,
lipids, chitin, and amino acids occurred.29 Above 320 °C,
a single decomposition step occurred, which indicated the
pyrolysis of cellulose and hemicellulose.30 A single decomposi-
tion step at ∼330 °C was observed in case of the PP membrane
Fig. 2 (a) FTIR of the investigated membrane systems. The {s} and {b}
bending modes, respectively. (b) TGA and (c) DSC spectra of the evaluate
rate following inoculation: after 3 days (1st stage), 7 days (2nd stage), and 21
membrane contactor and (f) 3rd stage of mycelium growth. Detachmen
membrane contactor.

24600 | J. Mater. Chem. A, 2023, 11, 24598–24607
contactor, attributed to the thermal degradation of the covalent
bonds within the polypropylene chains. The PBI membrane
contactor exhibited a double degradation step related, attrib-
uted to the presence of the polymer backbone. The double
degradation step observed in case of PBIM and PPM demon-
strated the presence of various decomposition compounds
originating from both the contactor and the mycelium. As
observed in other works, the TGA curves did not plateau, indi-
cating that the decomposition process was incomplete at the
investigated temperature range.27,31

Differential scanning calorimetry (DSC) analysis of the PBI
membrane contactor (Fig. 2c) revealed a single endothermic peak
associated with the polymer's glass transition temperature (Tg),
which was observed at 85 °C. Similarly, Mycelium exhibited
a single endothermic peak at 70 °C, which is its Tg. DSC analysis
of PBIM revealed the Tg endothermic peak of the composite
material at an intermediate temperature of 77 °C between the Tg
peaks of PBI andMycelium. PP, which serves as a casting support
for the PBI membrane contactor, showed a melting temperature
at 129 °C, where the second endothermic peak was observed.
Additionally, the exothermic peak during cooling at 118 °C could
be associated with the temperature at which PP crystallizes.28 PPM

exhibited distinctive transition peaks, which were attributed to
the constituents of both PP andmycelium. An exothermic peak at
118 °C and an endothermic peak at 129 °C were identied in case
of PP, along with an endothermic peak at 70 °C corresponding to
Mycelium, which reected the copresence of these materials.

The growth rate of mycelium was investigated from the day
of inoculation, and the results are presented in Fig. 2d. Three
stages of analysis were conducted: the rst stage spanned the
rst 3 days, the second stage encompassed the following 7 days,
designations correspond to the peaks caused by the stretching and
d polymeric systems used in this study. (d) Analysis of mycelium growth
days (3rd stage). Optical images displaying (e) mycelium inoculation on
t of mycelium membrane from with (g) and without (h) a nanoporous

This journal is © The Royal Society of Chemistry 2023
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and the third stage spanned the rst 21 days. Fig. S1† contains
additional images of mycelium development. PDA plays
a crucial role in the growth and cultivation of fungi mycelium. It
provides a nutrient-rich environment that supports the growth
of a variety of fungal species. At all stages of the experiment,
direct contact with the growth medium (PDA) led to the fastest
growth. However, when the microporous PP membrane con-
tactor was introduced, there was a slight reduction in growth,
which was primarily attributed to a decrease in nutrient trans-
port from the PDA to the mycelium. The use of the nanoporous
PBI membrane contactor resulted in the further reduction in
mycelium growth rate. The mycelium cycle of growth on the PBI
membrane contactor on the day of inoculation and aer the
third stage of growth is shown in Fig. 2e and f.

The incorporation of a membrane contactor between the
growth media and the mycelium facilitates the harness of
mycelium hyphae via the detachment of hyphae from the so
gel-like growthmedium (Fig. 2g and h). We refer to the a surface
as the top side of the mycelium and the b surface as the bottom
side of the mycelium, which is at the mycelium–membrane
contactor interface. The top surface of the membrane contactor
aer the removal of the mycelium is designated as a g2 surface.
The membrane contactor facilitates the transfer of nutrients
Fig. 3 (a, d, g, j) SEM cross-section, (b, e, h, k) top surface images, and (c, f
(g, h, i) b, and (j, k, l) a surfaces. The WCA of each surface is presented in
each investigated surface.

This journal is © The Royal Society of Chemistry 2023
from the growth medium and prevents hyphae from pene-
trating it. This is the rst report on such an application of
membrane contactors, and we encourage the community to
learn more about how it can be utilized to control growth,
nutrient feeding, and hyphae diameter.

In the cross-section micrographs (Fig. 3a, d, g, and j), there
was no evidence of mycelium penetrating through the
membrane contactor, and only hyphae were found on its
surface (Fig. 3h–k). Interestingly, the surface property of the PBI
membrane contactor was altered when the Mycelium was
removed. The surface of the PBI became more hydrophilic, as
demonstrated by the change in its wettability, and its water
contact angle (WCA) decreased from 82° to 47° due to the
growth of mycelium on its surface (Fig. 3b and e). Moreover, the
Mycelium membrane exhibited remarkable duality in its
surface characteristics: it displayed superhydrophobic behavior
on its a surface with a WCA of 140°, while forming a contrasting
superhydrophilic b surface (WCA = 9°) at the interface.

Differences in surface texture were observed and quantied
through atomic force microscopy (AFM) topography measure-
ments (Fig. 3c, f, i and l). The roughness value (Ra) of the
membrane contactor's g1 surface was 0.038 mm. Upon myce-
lium growth, the g2 surface presented a roughness value of Ra =
, i, l) AFM three-dimensional (3D) projections of the (a, b, c) g1, (d, e, f) g2,
insets. (m) Surface definitions and schematic illustration of the WCA of

J. Mater. Chem. A, 2023, 11, 24598–24607 | 24601
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0.051 mm. The surface roughness values of both sides of the
mycelium membrane were measured: the hydrophilic a surface
displayed a roughness of Ra = 1.508 mm, while the hydrophobic
b side displayed a roughness of Ra = 0.962 mm. The roughness
values on the more hydrophilic surface were consistently
higher. This phenomenon is in accordance with previous nd-
ings, demonstrating that rough surfaces enhance hydrophilicity
in biolms.32 By applying the Wenzel33 and Cassie–Baxter
models,34 we were able to conduct a quantitative analysis and
obtain additional insights into these phenomena. Thesemodels
provide a deeper understanding on the surface roughness and
wetting characteristics of our unique mycelium–PBI. The
reasons for the observed surface behavior can be attributed to
two factors. First, the wetting of water onto the hydrophilic
surface is encouraged by the rough surface, which may increase
the effective contact area of the solid–liquid interface. Second,
the rough surface offers additional adsorption sites.35

The fact that Mycelium is extremely amphiphilic provides
evidence that our membrane surface modication method,
which was inspired by nature, improved wettability because of
the unique and rough brousmicrostructure of the hyphae. The
Fig. 4 (a–d) Z-stack two-dimensional and 3D hyphae distribution of th
interface with the PBI membrane contactor. (e) Optical and (f) fluorescen
(g) Oil removal performance ofMyceliummembrane as a function of tim
nature of our material. (h) Crude oil and water sorption after 1 min treat
process of crude oil spillage on water: (i) before, (j) during, and (k) after

24602 | J. Mater. Chem. A, 2023, 11, 24598–24607
enhanced water-repellent capability of the Mycelium–

membrane surface has great potential for various applications,
including self-cleaning surfaces,36 antifouling coatings,37 and
water-resistant textiles.38 Our study opens a path for utilizing
the intricate design principles found in nature, which include
patterns, structures, and processes that have developed over
millions of years to improve effectiveness, sustainability, and
adaptability in the natural world. By taking inspiration from
nature, we can develop useful and adaptable materials that
mimic the ingenuity of nature, which leads to more efficient
and sustainable solutions for various applications.

To gain a deeper understanding of the potential factors that
contribute to the increase in hydrophobicity, we investigated
the hydrophobin proteins in PBIM through optical uorescence
microscopy (Fig. 4). This analysis involved Z-stack two-
dimensional (2D) (Fig. 4a and d) and three-dimensional (3D)
(Fig. 4b and c) reconstructions of the top surface (a) and bottom
surface (b) of Mycelium. In a Z-stack optical uorescence
measurement, the optical path length varies according to
sample density.39 Greater 3D thickness and volume were
produced as a result of the identication of more focal planes
e Mycelium membrane: (a, b) a surface and (c, d) b surface, i.e., the
ce optical microscopy images of the a surface of the Mycelium fibers.
e. Water was used in a controlled experiment to show the hydrophobic
ment using PBI, PBIM, and Mycelium. Optical photos of the treatment
treatment of the crude oil spill.

This journal is © The Royal Society of Chemistry 2023
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due to the sparse hyphal arrangement. In contrast, a more
compact hyphae arrangement produced fewer focal planes and
a shorter optical path length, which produced a thinner three-
dimensional Z-stack.

We found a distinct correlation between the hydrophobicity
of the self-grown mycelium and the presentation of a dense and
thin layer (thickness = 35 mm and volume = 5.17 × 108 mm3) of
tightly packed brous hyphae on its a surface. The hydrophobic
a side of the Mycelium contrasted with its hydrophilic b side
because the Z-stack revealed a sparse arrangement of hyphae on
the interphase with the nanoporousmembrane contactor (which
led to a 3D thickness = 143 mm and volume = 8.66 × 108 mm3).
The microscopy results provided valuable visual evidence of the
structural differences between the hydrophobic and hydrophilic
sides of the Mycelium membrane, offering key insights into the
mechanisms behind the observed increase in hydrophobicity.

Images of PBIM captured via Z-stack optical microscopy and
labeled with Congo red uorescence dye revealed a distinct
accumulation of hydrophobin proteins on the exterior of the
hyphae bers (as shown in Fig. 4f). An optical image is also
provided to show the macroscopic perspective of the mycelium
bers (Fig. 4e). In previous studies on fungi, the same staining
agent was used to verify hydrophobin activity.40,41 Utilizing 2D
segmentation via Fiji (ImageJ), a gradient in the density of
hyphae between the a and b surfaces of the mycelium bers was
identied. The optical analysis (Fig. S5 and Table S2†) revealed
hyphae ber coverage of 48.2% on the a surface of theMycelium
membrane as opposed to 39.9% on the b surface. The presence
of surface-active hydrophobin proteins throughout the self-
grown hyphae arrangement can be directly attributed to the
observed gradient in ber density. These proteins were essential
in creating an amphiphilic surface, paving the way for novel
insights into the surface engineering of self-growing mycelium.

A signicant WCA modication, in relation to the membrane
contactor, provided additional proof of the amphiphilic nature of
hydrophobins. The g1 surface of the pristine membrane con-
tactor presented a WCA value of 82°, whereas the g2 surface (PBI
surface aer mycelium growth) presented a WCA value of 47°.
The pronounced modication of the PBI surface using a natural
compound indicates that the surface can be ne-tuned through
the hydrophobin content of mycelium. The wettability
enhancement of the PBI surface was outstanding, as demon-
strated by a 42% decrease in the WCA (Fig. 3). The decrease in
WCA upon mycelium growth was a clear indication that the PBI
surface had become hydrophilic. These ndings provide addi-
tional evidence for the amphiphilic nature of the hydrophobin
protein, which includes both hydrophilic and hydrophobic
patches. The Mycelium membrane exhibited superhydrophobic
behavior (WCA = 140°) on its a surface, whereas it formed
a superhydrophilic b surface (WCA= 9°) at the interface with the
PBI membrane contactor (Fig. 3b and c). During the mycelium
growth, the hydrophilic patches of the hydrophobin protein were
able to attach to the surface of the membrane contactor, which
oriented the hydrophobic patches of the protein in the opposite
direction. The precise alignment of hydrophobins was instru-
mental in the creation of a superamphiphilic Janus membrane
from mycelium. This alignment mechanism resulted in the
This journal is © The Royal Society of Chemistry 2023
formation of a membrane with distinct hydrophobic and
hydrophilic surfaces. Our ndings support previous observations
on hydrophobins and their application as stabilizing agents for
foams and emulsions.42 We showed how the unique and versatile
properties of mycelium can be used as effective surface engi-
neering tools, offering exciting opportunities for designing
innovative materials with tailored wetting behavior.

Our developed composite materials are not well-suited for
high-pressure applications, which led us to emphasize its
potential for oil sorption and conduct relevant sorption tests. In
a qualitative assessment, we found that the material exhibits
excellent foldability; however, it lacks the necessary stability for
tension pulling. These ndings underscore its unique attri-
butes, making it a promising candidate for specic applications
where its mechanical limitations are less critical, such as in oil
sorption and related environmental remediation tasks.

Amphiphilic materials have demonstrated considerable
potential for efficient oil–water separation.43–45 These materials
possess both hydrophobic (water-repelling) and hydrophilic
(water-attracting) surfaces, allowing them to selectively adsorb or
repel oil and separate it from water. Janus structures enhance the
efficiency of the oil-water separation processes since super-
amphiphilic materials create a stable interface between the oil
and water phases. This selective affinity enables the material to
adsorb oil onto its hydrophobic surfaces while repelling water
away from these surfaces. For all oil types, including olive oil,
soybean oil, diesel, gasoline, and crude oil, the sorption kinetics
of our materials showed rapid oil-uptake behavior (Fig. 4g), with
no discernible variation in oil sorption aer the rst minute of
treatment. In particular, within the rst minute of water treat-
ment, the Mycelium membrane reached its maximum sorption
capacity. According to Fig. 4h, the presence of Mycelium caused
a 152% increase in the sorption of crude oil and a 67%decrease in
water-uptake behavior in case of PBIM when compared with the
pristine PBI. Oil–water selectivity (S) values, which measure the
material's preference for adsorbing oil molecules over water
molecules, provide a more precise quantication of this behavior.
PBI demonstrated an S of 2.6, while PBIM achieved S of 20.1.
Remarkably, Mycelium displayed a remarkable S of 622.5,
demonstrating a considerably higher affinity for oil adsorption
over water adsorption. Janus membranes previously reported in
the literature displayed a considerably lower selectivity coefficient
of 4.05.46 The optical photos depict the conditions before, during,
and aer the treatment process, showing the sequential stages of
treating crude oil spillage on water (Fig. 4i–k). Our ndings
present new opportunities for the use of mycelium-based mate-
rials in oil–water separation.We created the rst Janusmembrane
for oil–water separation owing to the amphiphilic properties of
hydrophobins. This membrane has a superhydrophobic surface
on one side and a superhydrophilic surface on the other.

As PP is widely used in oil spill remediation,47,48 we investi-
gated its surface modication and potential oil-uptake
enhancement using mycelium. Compared with the original
PP, PPM showed a signicant change in oil and water sorption
(Fig. S7†). When compared with the results obtained using the
microporous PP membrane contactor, mycelium was found to
be responsible for an unprecedented 445% increase in crude oil
J. Mater. Chem. A, 2023, 11, 24598–24607 | 24603
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sorption and a 99.6% decrease in water sorption. We took
advantage of the unique wetting behavior of mycelium, which
allows for the selective repulsion of water while attracting and
retaining oil. The coated PPM demonstrated a remarkable
selectivity of 388.6, compared to PP's selectivity of 0.2. The
reason for the remarkably higher selectivity of the composite
PPM compared to PP lies in the presence of a superamphiphilic
mycelium Janus membrane in PPM. The superhydrophobic
component of the Janus coating attracts and adsorbs oil mole-
cules effectively due to their similar nature. The presence of the
Janus mycelium membrane creates a stable interface between
the oil and water phases. This interface minimizes the possi-
bility of oil droplets coalescing and re-entering the water phase,
thus maintaining effective separation. The high selectivity that
was achieved can be used to create cutting-edge separation
materials for various oil–water mixtures, such as those used for
wastewater treatment, oil spill cleanup, or industrial processes
that require oil–water separation. In addition to offering a more
environmentally friendly and sustainable approach, the
improved performance of this material in oil–water separation
also demonstrates the potential of using natural substances
such as Pleurotus ostreatus fungi mycelium to address urgent
environmental challenges. Thus, this material holds promise
for contributing to the development of more efficient and
environmentally friendly oil–water separation technologies.

3. Conclusions

Our study offers a pioneering understanding of how to use a PBI
membrane contactor material for harnessing its inherent
hydrophilic properties to promote the self-growth of a super-
amphiphilic membrane. The mycelium material exhibited
a superhydrophilic contact angle of 9° on its a surface and
a superhydrophobic contact angle of 140° on its b surface,
leading to an oil–water selectivity value of 622.5 and oil sorption
capacity of 5.3 g g−1. This is the rst instance in which the
hydrophilic properties of a membrane material have been
successfully used to obtain superamphiphilic brous membrane
made of mycelium. The hydrophilicity of the PBI membrane was
also ne-tuned upon mycelium growth, ranging from a WCA of
82° on its g1 surface to 47° on its g2 surface. Overall, our study
demonstrates the untapped potential of using the hydrophilicity
of a membrane contactor as a useful tool in creating separation
materials. This nding advances our understanding of interfa-
cial science and paves the way for innovative applications in
various industries, including coatings, materials science, and
biomimetics. Even though the eld of fungi mycelium-based
biomaterials is still developing, it holds great promise for inno-
vative and sustainable solutions across a range of industries,
including packaging, construction, textiles, and liquid separa-
tion systems. A promising avenue for future studies lies in the
potential regulation of pore size and porosity within mycelium-
based Janus membranes. This critical aspect of membrane
engineering can be nely tuned through various methods and
factors, including pressing techniques, thermopressing, inocu-
lation parameters, and the selection of specic fungal mycelium
strains as well as membrane contactors. By strategically
24604 | J. Mater. Chem. A, 2023, 11, 24598–24607
manipulating these variables, researchers can tailor the
membrane's structural characteristics to align with the specic
demands of various applications. This ability to control pore size
and porosity holds great promise for optimizing the performance
of mycelium-based Janus membranes in diverse elds such as
ltration, separation, and environmental remediation. Exploring
these avenues further can signicantly enhance the versatility
and efficiency of these innovative biomaterials. The properties
and performance of Pleurotus ostreatus mycelium materials can
be enhanced through further research and development.

4. Experimental
4.1. Membrane contactor fabrication

A commercial 26-wt% polybenzimidazole (PBI) solution was
diluted in N,N-dimethylacetamide (DMAc) using a Stovall Low
Prole Roller by Stovall Life Science until a homogeneous 16-wt%
dope solution was obtained. To eliminate air bubbles, the solu-
tion was shaken inside an IKA KS 3000 I control incubator for 1
day at 40 °C. Using an Elcometer 4340 lm applicator and a 200
mm-thick casting knife, the dope solution was cast on a porous
nonwoven Novatexx 2471 polypropylene (PP) at sheet at a casting
speed of 3 cm s−1. Phase inversion was conducted in a coagula-
tion bath with deionized water at 20 °C for 24 h. The resulting
membrane contactors were stored in water that contained 1-vol%
ethanol to prevent microbial and fungal growth. The contractors
were later used as a nanoporous interlayer to aid in the growth of
mycelium. Although the membrane described above has been
widely utilized as a nanoltration membrane, this is the rst
instance of it being employed as a membrane contactor.49–51

4.2. Mycelium–membrane fabrication

Fresh oyster mushrooms were purchased from the local super-
market and used as the source for isolated colonies of Pleurotus
ostreatus. To create master cultures, conidia (5 mm-diameter
spores) from internal tissue were directly plated onto commer-
cial PDA in 90 mm Petri dishes purchased from VWR Chemicals.
Paralm was used to seal Petri dishes, and master cultures were
grown for 7 days at 25 °C in the dark. The absence of light
maintained vegetative growth, which prevented the emergence of
asexual reproduction structures,52 thereby preserving a mycelium
made up only of intertwined hyphae. The mycelium in the plate
showed radial development under these conditions. With the
help of an inoculation needle and 5 mm2 of mycelium from the
plate's margins, the isolated colonies were reproduced into
subcultures. Mycelia were placed inversely on a membrane con-
tactor made of either a microporous nonwoven PP or a nano-
porous PBI (Table 1). The membrane contactors were positioned
on top of the PDA before the inoculation. Petri plates were
paralm-sealed and incubated for 21 days at 25 °C in the dark.

4.3. Characterization

A TA Instruments Q5000 SA Dynamic Vapor Sorption Analyzer
was used for TGA, which involved heating the sample at a rate of
10 °C min−1 up to 100 °C, an isotherm at 100 °C for 20 min, and
then a gradient of 10 °C min−1 up to 900 °C. For purging,
This journal is © The Royal Society of Chemistry 2023
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nitrogen was employed as a protective gas. Using a DSC250
equipment from TA Instruments, DSC was conducted at
a nitrogen ow rate of 50 mL min−1, at a heating rate of 5 °
Cmin−1 from 50 °C to 200 °C, and at a cooling rate of 5 °Cmin−1

from 200 °C to 50 °C. TRIOS soware from TA Instruments was
utilized for DSC data processing. Using a Thermo Scientic
Nicolet iS10 Fourier-transform infrared (FTIR) spectrometer, the
FTIR spectra of each sample were recorded.

The morphology of the fabricated membranes was examined
using a scanning electron microscope (SEM) (Magellan SEM,
FEI). Samples were placed in the Electron Microscopy Vacuum
Cryo Manipulation System (EM VCM, Leica Microsystems) and
plunge frozen in liquid nitrogen prior to analysis. They were then
transferred via the Leica VCT500 shuttle under cryogenic
temperature into the Leica ACE900, where they were automati-
cally fractured, etched at−100 °C for 2min, and then coated with
4 nm Pt. Fluorescence microscopy images were acquired using
the Zeiss LSM 710 Confocal Microscope. Before analysis, mate-
rials were stained with a 1 mM Congo Red (SunYoung Chemical
Ltd.) aqueous solution. WCA measurements were performed in
triplicate on the membranes using the Young Laplace method
and a KRÜSS Scientic Drop Shape Analyzer DSA100E. Tapping-
mode AFM was used to describe the surface topographies of the
membranes (Dimension Icon SPM, Bruker, RTESPA-300 probe).
4.4. Oil separation

Themembranes were divided into squares of 100 mm2 size, and
their dry weights were then measured. The membranes were
immersed in 10 mL of oil–water mixtures containing crude oil,
soybean oil, gasoline, olive oil, or diesel for 1, 10, 30, 60, or
720 min. Aer the membranes were taken out, their weight was
once more measured in duplicate. The following equation was
used to compute the oil sorption capacity:

csorp
�
g g�1

� ¼ mt � m0

m0

; (1)

where m0 and mt are the masses of the sample before and aer
sorption, respectively. The oil–water selectivity (S) for the sorp-
tion process was calculated using the following equation:

S ¼ moil

mwater

; (2)

where moil is the mass (in grams) of oil adsorbed by the
membrane and mwater is the mass (in grams) of water adsorbed
by the membrane.
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