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Fungal mycelium-based materials harness the full potential of lignocellulosic resources in a sustainable
way. Additive manufacturing can enhance design flexibility and reduce the use of plastic moulds in
producing fungal mycelium-based materials. Here, we explored additive manufacturing of living Fomes
fomentarius for precise fabrication of fungal mycelium-based materials. Using a 1.6 mm nozzle, we
extruded a paste containing living fungal mycelium, rapeseed straw, and sodium alginate into various
sizes and shapes. The aerial mycelium (consisting of fungal hyphae that grow away from the substrate
surface into the air) formed was manually compressed during growth to maintain the desired shapes.
For inactivation, freeze drying was found to maintain the original dimensions and shapes of the printed
structures more effectively than convection oven drying. In addition to the printed composite materials,
pure three-dimensional fungal mycelium skins could also be produced. Electron scanning microscopy,
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Fourier transform infrared spectroscopy, X-ray microtomography, hydrophobicity testing, compressive
and tensile testing were used to investigate the morphological, physical and mechanical characteristics
DOI: 10.1039/d5ma00320b of the printed structures. Our results demonstrate that living F. fomentarius mycelium can be
successfully used to manufacture lignocellulose—fungal mycelium-based materials with defined growth

rsc.li/materials-advances and hydrophobicity, which further expands its potential for future application as renewable biomaterials.

packaging,”® thermal or acoustic insulation,”"? and construction
materials.”® State-of-the-art methods for producing such materials
typically begin by utilizing moulding techniques to form compo-
sites from a lignocellulosic substrate'* or by obtaining pure fungal

Introduction

Agricultural and forestry side streams account for a significant
portion of global lignocellulosic biomass and have huge eco-

logical and environmental impact in the absence of effective
interventions." Filamentous fungi, a group of multicellular and
thus mycelium-forming fungi, can be cultivated in such low-cost
residual streams and, whilst forming their mycelial networks,
produce pure or composite materials.>™ Fungal mycelium-based
materials have therefore recently attracted significant attention as
sustainable alternatives to animal- or petroleum-based products
for a variety of applications, including leather-like materials,>®
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mycelium either from liquid cultivations or from aerial mycelium
formed on top of solid-state cultivations."

In recent years, extrusion-based additive manufacturing
(AM) has emerged as a promising approach to produce fungal
mycelium-based materials. This can be achieved by printing
a plastic mould from polylactic acid using fused deposition
modelling (also named fused filament fabrication), which is
then filled with a lignocellulose-fungal mycelium mixture.
An incubation period of 1-4 weeks allows the fungal mycelium
to grow around and into the lignocellulosic substrate particles,
eventually forming a composite.’®*® An alternative AM approach
harnesses direct ink writing (also called robocasting) to directly
extrude a fungal mycelium-based paste that contains living or
inactive fungal mycelium to produce objects with a desired shape
layer by layer. AM with viable fungal mycelium can be used to
generate living composites that show self-healing and self-
regenerating capabilities."®*° In general, the paste has to be
homogenous and has to meet certain rheological requirements
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regarding shear thinning properties and sufficient yield stress,
whilst maintaining the viability of the fungal mycelium after
extrusion. This can be achieved by the addition of hydrogels as
thickening agents (water soluble component or agar) but can
also contain lignocellulosic substrates (so called composite
hydrogels) to sustain fungal growth after the printing process
has been finished. While pure fungal hydrogel pastes lead
to higher resolution,’®>' they become more expensive when
upscaled. Fungal composite hydrogel pastes offer sustainable
opportunities because they upcycle lignocellulosic side streams.
A recent review gave an excellent overview on AM of living
fungal mycelium and current applications for fungal composite
hydrogels.”” It can be seen that the current nozzle sizes used for
fungal composite hydrogel pastes AM are relatively large (greater
than 3 mm),”>>* which makes it difficult to achieve higher
resolution prints. Also, the desired shapes are difficult to maintain
due to poor or overactive fungal hyphae growth, as well as
deformations and shrinkage caused by the drying process.*>*

A typical AM process begins with emerse (solid) or submerse
(liquid) pre-cultivation of the fungus of interest to obtain
sufficient fungal biomass. Afterwards, the mycelial biomass is
mixed with the hydrogel to obtain a paste with an adjusted
specific viscosity suitable for AM. A second cultivation step
of the freshly printed structures allows outgrowth of fungal
mycelium and thus solidification of the objects. The overall
production process is terminated by the deactivation of the
fungal mycelium, when the products are not used with living
cells, typically through drying at higher temperature. Notably,
incorporating lignocellulosic substrates into fungal composites
results in a reduced or even a negative carbon footprint for
fungal mycelium-based composites.*® A current research line of
the fungal AM community aims to understand how to optimize
paste composition, printing parameters, and rheological pro-
perties to foster mycelial growth and much better rational
design of fungal mycelium-based materials. As substrates, hemp
shives, bamboo or even old paper are usually tested, whereas
thickeners such as xanthan gum,'**” sodium alginate,>® chito-
san’®* or agar’® are in the current focus of research. Less
understood so far is how to inactivate fungal mycelium without
affecting the final printed structure characteristics. Also, new
approaches are needed to improve print resolution but also to
avoid poor, irregular, or even uncontrolled fungal growth that
blurs the final structural object design at the end.

We report here a new generation of an AM-suitable paste
composition that contains living fungal mycelium from Fomes
fomentarius, milled rapeseed straw and sodium alginate, which
enables us to print 3D objects at high resolution. This study
builds on our previous findings that heat-inactivated mycelium
of the filamentous basidiomycete and vital fungus F. fomentar-
ius can be successfully harnessed for AM.*'*? Sodium alginate
is chosen as the thickening agent because it is bio-based,
biodegradable, can be ionically crosslinked, and has good
thickening performance.>**' To further develop and refine this
process, we investigated the feasibility of using living mycelium
of F. fomentarius in extrusion-based AM, focusing on key
process characteristics including fine-nozzle printability, shape
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preservation during mycelium growth, and structural integrity
retention. We can limit unintended outgrowth of aerial myce-
lium through repeated compression during cultivation which
allows us to preserve the designed object morphology. Our
comparison of three different inactivation steps reveals freeze-
drying as the optimum method able to preserve the structural
object design. Finally, we report here an innovative AM-driven
process that produces three-dimensional contoured skins out
of pure fungal mycelium.

Materials and methods

Fungal cultivation

F. fomentarius strain PaPF11 was cultivated at 27 + 2 °C (based
on our previous experiments and other studies**~°) on agar
plates containing malt extract as nutrient source for up to two
weeks, followed by submerged shake flask cultivation in malt
extract broth on an orbital benchtop shaker (Certomat U,
Sartorius, Germany) set to a speed of 130 min~" for another
two weeks. To prevent any bacterial contamination, both solid
and liquid media each contained 50 ug mL™* ampicillin and
streptomycin.*’

Paste preparation

The obtained fungal biomass was filtered through a stainless
tea strainer (Yoassi, China), and the wet biomass was dispersed
in deionized water (DIW) at a mass ratio of 1:4 (fungal
biomass : DIW). The fungal suspension was homogenized using
a sterile submersion blender (300 W, Siemens AG, Germany) at
which point it was ready to be mixed with rapeseed straw
powder. This powder was processed from rapeseed straw
(Optistraw, Leuven Futtermittel, Germany), milled using a
cutting mill (SM100, Retsch, Germany), then screened using
multiple sieves (Piccolo, Mogensen, Germany), until it passed
through the final mesh size of 0.63 mm as described earlier.*
The particle size distribution was characterised using a particle
size analyser (LS 13 320 XR, Beckman Coulter, Germany). The
powder was then autoclaved at 121 °C for 20 min (VX-150,
Systec GmbH, Germany). The rapeseed straw powder was then
manually mixed with the fungal mycelium homogenate and
sodium alginate (NaC¢HoO-, high viscosity, Alfa Aesar) in the
ratio of 11.0 wt% rapeseed straw powder, 86.5 wt% fungal
mycelium homogenate, and 2.5 wt% sodium alginate until a
homogeneous consistency was achieved. At this point, the paste
was considered ready for printing and transferred into sterile
syringes. The paste was either directly used or stored at 4 °C
before printing. For comparison, a control paste was prepared
that consisted of sodium alginate and fungal homogenate
(11.3 wt%: 88.7 wt%) only.

Extrusion-based additive manufacturing

Printing was conducted in a biological safety cabinet (LAMSYS-
TEMS GmbH, Germany) using a home-adapted Ultimaker 2 Go
printer (Ultimaker B.V., Netherlands). Here, the filament extru-
sion part was replaced by an additive manufactured syringe

© 2025 The Author(s). Published by the Royal Society of Chemistry
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holder.*>' A tapered dispensing tip with interior ¢ 1.60 mm
(Vieweg, Germany) was attached to the syringe, which was
connected to a nitrogen bottle with a 0.2 um filter to prevent
airborne contamination. A small piece of sealing film (Parafilm,
Amcor) was used on the printing bed for easier transportation,
and the areas that exceeded the print range by about 3 mm were
cut off to minimize their impact on fungal growth. Cylinders of
20 mm diameter by 10 mm height and 50% infill were printed
as the three-dimensional support system moved, driven by
2 bars of pneumatic pressure. In addition to cylinders, other
printed shapes such as cuboids, a pyramid, a snow man, and a
bear, the heraldic animal of Berlin were chosen. The freshly
printed objects were transferred to Petri dishes with a cap of
1 mL DIW to ensure high air humidity, and sealed with sealing
films (Parafilm, Amcor). All samples were incubated under 27 +
2 °C**** and dark conditions for three weeks to allow the
regrowth of F. fomentarius. For some printed objects, outgrowth
of aerial mycelium was manually compressed at the end of each
week to keep their original printed shape. A sterilized stainless-
steel spatula was used to apply compression. The movement of
the spatula was stopped as soon as a distinct increase in
resistance was felt, indicating closeness to the scaffold struc-
ture. These samples were named ‘compact mycelium compo-
sites (CMC). After 3 weeks of growth, fungal growth was
terminated and fungal biomass was inactivated using three
different methods: (i) convection-driven oven drying at 70 °C for
6 h, (ii) convection-driven oven drying at 150 °C for 2 h, and
(iii) freeze-drying. The latter involved freezing at —80 °C for 2 h
followed by vacuum drying at —50 °C, 0.100 mbar overnight in a
FreeZone 2.5 Liter Benchtop Freeze Dryer (Labconco, Kansas
City, U.S.). The shrinkage of a sample was calculated by divid-
ing the length or volume reduction after drying by the respec-
tive values before drying. In some samples, the aerial mycelium
layer was manually peeled off from the surface after drying to
obtain three-dimensional shaped pure fungal mycelium skins.

Mechanical testing

Compressive tests and uniaxial tensile tests were conducted for
freeze-dried CMC or pure fungal mycelium skin. Five printed
mycelium cylinders with designed dimensions (i.e., dimensions
right after extrusion) ¢f 20 mm x 10 mm were compressed in a
mechanical tester (Kammrath & Weiss GmbH, Dortmund,
Germany) with a compressive speed of 20 um s *. Tests ended
when the load reached 450 N, which was slightly lower than the
limits of a built-in load cell (500 N). Uniaxial tensile tests were
conducted to investigate the strength of pure aerial mycelium skins
obtained from the surface of printed mycelium composites.
In total, five specimens (20 mm x 10 mm) were cut from the
longer side of three printed mycelium cubes with designed dimen-
sion 25 mm X 15 mm X 15 mm. A mechanical tester (Kammrath &
Weiss GmbH, Dortmund, Germany) with a 10 mm width at
clamping ends and a 500 N load cell was used. The displacement
control was in the opposite direction compared to the compressive
test but at the same speed of 20 um s~ '. For strain calculation,
callipers were used for measuring the dimension of the specimens,
including the cross-section area as described earlier.*>*
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Hydrophobicity testing

Water contact angles were measured to determine the hydro-
phobicity of the printed objects before and after compaction.
Before testing, all samples were freeze-dried and stored in a
desiccator. 10 pL of deionized water was gently deposited onto
the top surface of the fungal mycelium layer using a 20 pL
pipette (Eppendorf) held approximately 1 cm above the surface.
The side-view images of the water droplets were taken at the
mid-height of the water drop with a Keyence VHX-7000 digital
microscope (Keyence Deutschland GmbH, Neu-Isenburg, Ger-
many) 90 s after of deposition. In total, six independent points
were measured for each sample series, and the results were
presented as mean =+ standard deviation. Image analysis was
carried out in ImageJ with the plugin Drop Analysis-167 LB-
ADSA.*°

Digital light microscopy

Images were taken from the top, side, and sections of the
printed fungal composites and stitched using Keyence VHX-
7000 (Keyence Deutschland GmbH, Neu-Isenburg, Germany).

Scanning electron microscopy

Fungal mycelium composites were sputtered at 30 mA with gold
for 15 s in a sputter system (Sputter coater 108auto, Cressing-
ton, Germany) and subjected to scanning electron microscopy
(SEM) as described earlier."®*> A Quanta 400 ESEM (FEI, USA)
was used, detecting backscattered electrons (BSE) in a low
vacuum mode. The SEM images obtained were used to deter-
mine the hyphal projected density, which we defined as the
complement of the pore area ratio. The latter was calculated by
applying a threshold to distinguish the mycelium from the
background in the SEM images. Using Image] (1.53 K), the
upper threshold was set to 65535 (white), which is also
the upper limit of pixel values for a 16-bit image. The lower
threshold was set to 13 041 for the same 16-bit image, i.e. any
pixel with an intensity below this value was excluded from the
analysis. A pore area ratio was calculated by determining the
proportion of pixels within the threshold range relative to
the total area of the image. The hyphal projected density was
calculated using the following formula:

Hyphal projected density = 1 — pore area ratio (1)

Microcomputed tomography

A representative freeze-dried ¢J 22 mm x 11 mm cylinder
sample was analysed via microcomputed tomography (nLCT)
using a microfocus X-ray source at 80 kV and a CsI flat panel
detector (Hamamatsu Photonics K.K, Japan) as described
earlier’” with a magnifying geometry of 5x resulting in an
effective pixel size of 10 um. 2000 projections were acquired
with an exposure time of 3 x 1.5 s for each angle. Reconstruc-
tion was done with X-Aid (MITOS GmbH, Germany) using the
Feldkamp-Davis-Kress (FDK) algorithm and 3d rendering with
Dragonfly 3D World (Comet AG, Switzerland).
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Results and discussion

Living mycelium of F. fomentarius can be printed into complex
3D-shaped composites

To develop an optimum paste composition that allows printing of
living mycelium of F. fomentarius, we decided to use rapeseed
straw as both a nutrient supply and structural component, as we
could previously show that the fungus grows well on this ligno-
cellulosic substrate.>> Sodium alginate was used as a thickening
agent, as it performed very well in forming a printable formula-
tion for AM with inactive F. fomentarius.*' Up to 30 mm tall
structures with various shapes were extruded using a 1.6 mm
nozzle, and the fungal mycelium was alive after extrusion with
sufficient nutrients for growing into thick three-dimensional skin
on the surface of the supporting scaffold (Fig. 1 and Fig. S1, ESIY).
When no rapeseed straw powder was present in the paste, the
fungus could only grow a very short period after which growth
ceased (likely because of the lack of nutrient supply) and the
extruded shape collapsed (Fig. 1a). Another problem with pure
alginate hydrogel paste was its high-water volume content, known
to induce extra spikes on the surface (Fig. 1a, after drying),*®
although the overall shape was maintained after freeze-drying.
This effect became mitigated when rapeseed straw powder
was included in the paste formula. Its presence increased the
stability of the extruded filaments and the void volume of the
printed structures and allowed ice to form more evenly without
destroying the printed object design (Fig. 1). Thus, rapeseed
straw powder is a key to provide sufficient nutrients to the
fungal mycelium and maintain the stability of the paste.

After extrusion week 1 week 2

CMC - Snowman

Fig. 1 Images of fungal mycelium growth recorded over three weeks on
different extruded pastes, shapes and interference means: (a) rapeseed
straw-free paste extruded in a cylindrical shape but deformed, (b)-(d)
paste containing rapeseed straw and sodium alginate was extruded
in cylindrical or snowman-like form while (b) was incubated without
compression and (c) and (d) were compressed at the end of each week
of cultivation. The dashed lines in (b) and (c) indicate the contours of the
original printed shapes. The pictures were taken before every week's
compression. All samples were freeze dried and are shown in the last
column.

5152 | Mater. Adv,, 2025, 6, 5149-5158

View Article Online

Materials Advances

After 3 weeks of cultivation, fungal mycelium completely
covered the surface of the printed shapes and grew into a thick
skin-like layer. Due to the generally very expansive nature of
radial and aerial growth of filamentous fungi, the printed
object morphology changed into a bell shape (Fig. 1b). Notably,
the bell shape shows a pronounced outward growth from the
bottom of the structure, greater than the height from the top of
the structure. The exact driving forces behind such an extensive
aerial growth are not known yet, but we speculate that they
might be due to carbon dioxide gradients caused by cellular
respiration in the closed Petri dish,*® gravitropism,*® or other
environmental factors. We noticed however, that any uncontrolled
expansion of the aerial mycelium could be easily prevented by
manually compressing the fungal mycelium. By doing so at the
end of each cultivation week, we ensured that the mycelial growth
became restricted to the surface of the printed scaffold and were
thus able to preserve the desired shapes (Fig. 1c and d). As more
complex and even larger object morphologies will be very difficult
to be controlled by manual compression, we envision robot arms
in the near future that e.g. apply compressed air or change locally
the cultivation atmosphere or any other conditions to limit
unintended growth of the fungus along the supporting plane.

Remarkably, the fungal mycelium remained viable after
storing the ready-to-use printing paste at 4 °C for 4 weeks and
colonized the printed structures as expected (Fig. Sic, ESIY),
which could be interesting from an industrial manufacturing
point of view, as it can increase production flexibility and
reduce costs in the future.

Freeze-drying preserves printed object morphology

When it comes to using printed fungal mycelium-based mate-
rials in everyday life, complete inactivation of fungal growth
will likely be required by regulation. However, it is not trivial to
preserve the morphology and stability of the printed structural
design by drying as such a process usually causes shrinkage of
biological matter. Indeed, Fig. 2a shows various shrinkage or
deformation phenomena of the manually compacted mycelium
objects under different conditions. When drying at 70 °C for 6 h
in a convection oven, the average diameter, height, and volume
of the cylinders were reduced by 13.7 & 1.7%, 35.0 £ 2.4%, and
51.6 &+ 1.9%, respectively. Also, the dried samples were not only
shrunken but also deformed, resulting in volcano-like shapes
with a wider lower part, a narrower upper part and a distinct
depression in the centre of the upper surface (Fig. 2a). This can
be explained by the fact that the viscosity of the sodium
alginate gel decreases when the temperature increases;*" hence
it failed to maintain its original shape and started to collapse
when there was not enough support. At the same time, the
structure of a 50% infill grid pattern enclosed by a continuous
wall, coupled with the evaporation of water, resulted in the
volcano-like shape by a combination of gravitational and capil-
lary forces. When the drying temperature was increased to
150 °C, the liquification of the alginate gel was even higher,
resulted in a higher height shrinkage of 43.3 + 4.1%, while the
shrinkage of diameter and volume were 10.9 + 3.6% and 54.8 +
5.9% (Fig. 2a). In addition, in both hot air-drying methods,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Effect of different drying methods on the dimensions and chemical
composition of mycelium composites from Fig. 1c. (a) Shrinking and
deforming on diameter, height, and volume of the printed CMC cylinders
after drying in a convection oven at 70 °C or 150 °C, or after freeze-drying.
(b) ATR-FTIR spectra for aerial fungal mycelium layer with or without
compression during the growth after freeze-drying, as well the com-
pressed layer after drying in a convection oven at different temperatures.
The spectra were normalized by 0 to 1.

the colour of the supporting scaffold changed from light brown
to dark brown, supposedly because of Maillard reactions of F.
fomentarius.*>

Remarkably, the shape of the printed cylinder was very well
preserved after freeze drying, with shrinking in diameter,
height and volume limited to only 6.8 £ 1.9%, 14.1 £+ 1.8%,
and 25.4 + 4.7%, respectively. However, some fine wrinkles
appeared on the surface and the increased thickness due to the
aerial mycelium made it slightly larger than the designed
structure. The final height, diameter, and volume were 11.7 +
2.4%, 13.3 £+ 2.4%, and 43.6 £ 7.9% larger than the design
values, respectively. Additional viability tests showed that freeze-
drying effectively inactivated the fungal mycelium, whereas brief
freezing at —20 °C or —80 °C did not completely eliminate fungal
growth (Fig. S2, ESIY).

Attenuated total reflection Fourier transform infrared (ATR-
FTIR) spectra of the fungal mycelium cultivated on the printed
scaffold methods are shown in Fig. 2b. Independently of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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manual compression during cultivation and the drying methods
after cultivation, all spectra showed similar results in the corres-
ponding absorption bands, ie., a broad stretching band of O-H
and N-H at 3328 cm ', a stretching vibration band of C-H at
2916 cm™ ', an amide I (C=O stretching) band at 1640 cm™,
amide IT (N-H bending and C-N stretching) bands at 1556 cm™ %,
an amide III band around 1373 cm ™, and a strong stretching C-O
band at 1046 cm'. The relative intensities of the absorption
bands are very similar to the spectrum of the F. fomentarius fruiting
body that we observed earlier.**

Fig. 3 displays in more detail the changes in 3D morpho-
logies of the printed objects after applying different drying
methods that we could observe via light microscopy. Drying in a
convection oven at 70 °C or 150 °C maintained in general the
grid structures of the samples but led to shrinkage of the
internal filaments from the designed 1.6 mm to ~0.5 mm
and deformation of the fungal mycelium layers (Fig. 3a and b).
In contrast, the structure of the samples remained very well
preserved after freeze-drying with respect to both the shape of
the individual filaments (~ 1.5 mm) and the internal grid layers
(Fig. 3c). Compared to the outer surface, the internal volume
between the scaffold had only a small number of loose hyphae
in all observed samples, resembling pure gel paste printing as
reported earlier for the fungus Ganoderma lucidum."® Additionally,
as illustrated in Fig. 3d, the section view of non-compressed
composite confirmed the bell shape originated from the extensive
radial and aerial growth of fungal mycelium.

Microstructural analyses reveal differences in the three-
dimensional architecture of fungal materials

3D-reconstructed pCT images of the manually compacted fun-
gal objects showed that the printed grid structure remained
well preserved and thus remained unaffected due to fungal
growth (Fig. 4a). Hyphae of F. fomentarius have a diameter of
about 3 pm and were unfortunately not detectable using the
UCT approach used in this study (effective pixel size of 10 um)
but can be detected when higher resolutions are used.'?
However, the microstructural consequences of the drying
method could be analysed by the puCT resolution used in this
study. Freeze-drying of the compacted mycelium composites
resulted in the typical ice-crack pattern, with embedded rape-
seed straw fragments. At the bottom-layer cross-section, the
external layer of densified hyphae was visible at the structure’s
periphery. The slight inward collapse of the structure makes the
bottom cross-section slightly larger than the top (Fig. 4a).
Scanning electron microscopy (SEM) was used to character-
ize the internal morphologies of the printed fungal objects.
A division between sparse and dense hyphal regions became
clearly visible - sparse hyphae connected the dry sodium
alginate and rapeseed straw particles, and grew into a dense
layer of fungal mycelium in the outer zone (Fig. 4b). A section
view of the aerial fungal mycelium layer uncovered that the
hyphae in uncompressed sample appeared to be more stretched
out (Fig. 4e), while those from manually compacted mycelium
composite were more twisted and appeared to be more branched
(Fig. 4d). Another noticeable difference between them was the
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Uncompressed — Freeze drying

Fig. 3 Morphological images of mycelium composites dried under different conditions. From top to bottom: the top view, bottom view, and section
view of the additively manufactured fungal mycelium samples dried in a convection oven at (a) 70 °C, (b) 150 °C, or (c) and (d) freeze-dried. The sample in
(d) was naturally grown without other interference while (a)-(c) were compressed during cultivation. The arrows at the bottom view images indicated the
viewing direction for the section view. A partially enlarged area was attached in the section view with a separate scale bar.

hyphal projected density. By adjusting the threshold of the pixel
intensity in the SEM images, we selected those hyphae that were
clearly observed at the same depth (see the Materials and methods
section) and uncovered that the hyphal projected density in
CMC was higher than the uncompressed mycelium samples
(~89% versus ~76% at x2000 magnification, Fig. 4d and e)
(more results at different magnifications can be found in Fig. S3,
ESIt). This suggested that manual compression does not have a
significant inhibitory effect on fungal growth; rather, it resulted
only in a denser mycelial network. The higher projected density
may be associated with more curled and branching structures as
well (Fig. 4e), which might be related to the cellular response of
the fungus to the mechanical stress applied.

The printed fungal objects are ultra-lightweight and
water-repellent

Several tests were performed to gain deeper insights into
the physical characteristics of the printed and manually com-
pacted fungal composites. Most intriguingly, a bulk density of
~0.06 g cm® of the (J 22 mm x 11 mm cylinder made the
object light enough to be carried by the stigmas of a Helleborus
niger flower (Fig. 5a), which demonstrated its lightweight
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property. We also noticed that it was very easy to peel off the
compacted surface from the printed objects in their entirety,
so that completely intact three-dimensional shaped fungal
mycelium skin was obtained (Fig. 5b and Fig. 6c). This,
remarkably, opens new avenues of manufacturing complex
shapes of mycelial mats, whereby 3D-printed fungal mycelium
shapes or moulds serve as carriers or substrate beds for the
designed shapes. The presence of sodium alginate anchored
the lignocellulosic particles in the scaffold very well, making
for a clean peel without excess substrate material attached.
We therefore printed and cultivated several other and more
complex shapes for AM of F. fomentarius, all of which resulted
in well-designed objects including a 10 mm x 10 mm X 10 mm
pyramid (Fig. 5¢), a & 20 mm column up to 30 mm in height
(Fig. S1a, ESIT), and an 83 mm x 50 mm X 10 mm Berlin bear
(Fig. S1b, ESI¥).

As it is well known that the water resistance of fungal
mycelium-based composites is mainly dependent on the cell
surface composition of fungal mycelia,**** we tested the water-
related properties of composites obtained with F. fomentarius.
Indeed, the printed objects were able to float on water, demon-
strating a hydrophobic behaviour of the composites (Fig. 5d).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Microstructure and tomographic imaging of the printed mycelium composites. (a) 3D reconstruction of X-ray microtomography images (middle)
of the CMC, and the 2D slices from the top layer of printed scaffold (left) or the bottom layer (right). In the 2D images, white regions represent the solid
components of rapeseed straw powder and sodium alginate, while black regions indicate voids or materials with low X-ray attenuation including hyphae.
Scanning electron microscopy images of (b) the cross-section of a compacted mycelium composite and an enlarged view at the fungal mycelium skin-
printed scaffold border. For clarification, three representative location of each of the major components were labelled, with fungal mycelium by a tilde
(~), sodium alginate by a pound sign (#), and rapeseed straw powder by an asterisk (*); (c) a fragment of rapeseed straw being partially wrapped by
sodium alginate, (d) the cross-section of the pure fungal mycelium from a non-compressed composite at x500 and x2000 magnifications, and the
image of the latter after adjusting the thresholds, and (e) the cross-section of the pure fungal mycelium from a CMC at x500 and x2000 magnifications,
and the image of the latter after adjusting the thresholds.

Notably, the manual compression during cultivation did contact angle of 150.32 &+ 7.03° (Fig. 5¢), which was higher than
not prevent or significantly alter hydrophobic properties. In that of uncompressed aerial mycelium (136.42 + 9.81°, Fig. 5f)
contrast, the aerial mycelium surface on CMC showed water after 90 s of water drop deposition. We note, however, that the

© 2025 The Author(s). Published by the Royal Society of Chemistry Mater. Adv., 2025, 6, 5149-5158 | 5155
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Fig. 5 The ultra-lightweight compact mycelium composite and three-
dimensional pure mycelium skin can be made into different shapes and
kept hydrophobic. (a) A super lightweight CMC (& 22 mm x 11 mm,
0.25 g) was held up by the stigmas of a Helleborus niger flower. (b) The
aerial mycelium layer being peeled off from a CMC without destroying its
3D shape. (c) A CMC in the shape of a 10 mm x 10 mm x 10 mm pyramid
just printed and freeze-dried after three weeks of growth. (d) A @& 22 mm
x 11 mm cylinder floated on the surface of distilled water with mycelium-
covered side in contact with water. (e) and (f) water contact angles of 10 pL
of distilled water deposited on the surface of the fungal mycelium layer
with (e) or without (f) compression during the cultivation. The pictures
were taken 90 s after placing the water drop. Representative samples are
shown here.

water contact angles were not precisely measured microscopi-
cally as the water droplets created indentations on the surface
of aerial mycelium, thus making the droplets appear to be
embedded. The aerial mycelium appeared to be fluffier and
softer on uncompressed surface, thus making it easier to trap
water droplets, further reducing its hydrophobicity.

The printed fungal objects show elastic-plastic behaviours

We finally performed several mechanical tests to determine
the elasticity and tensile strength of the 3D printed objects.
In compressive testing of CMC cylinders, the stress-strain curve
underwent three phases (Fig. 6a and b): at low deformation,
the pure fungal mycelium layer was compressed in a relatively
linear elastic manner. As the deformation increased, the slope
of the curve also increased, indicating the onset of deformation
of the printed scaffold and an increase in stiffness of the
composite material as compared to the pure fungal mycelium
layer. Compared to e.g., expanded polystyrene foam (EPS) with
a density of 13.5 kg m >, which has a compressive stress of
0.089 MPa at 10% strain,*®> our printed sample exhibited a
lower compressive stress of 0.013 + 0.006 MPa at 10%, primar-
ily due to the soft fungal mycelium layer on the top. In the
second phase, the slope of the curve decreased due to the onset
of plastic deformation and microstructural changes. In the
third phase, the slope of the curve increased again, reflecting
the densification of the composite until the load reached the
limit of the load cell. Having reached the limit of compression
to 20%-30% of their original height, the samples were perma-
nently deformed. Remarkably, the structure of the printed
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Fig. 6 Compression testing of the compact mycelium composites and
tensile testing of the pure mycelium skin. (a) Mean stress—strain curve of
the compressive test on printed fungal mycelium composites (n = 5),
where the side view and bottom view of a representative specimen before
and after the compression are shown, (b) an enlarged view of (a) in the
strain range 0—0.45; (c) a schematic diagram of the pure fungal mycelium
tensile testing sample obtained from the surface of a CMC cuboid, (d) the
mean stress—strain curve of the tensile test of pure fungal mycelium sheet
(n = 5) with the schematics of the straightening and failure of the hyphae.
(e) The compressive modulus of CMC is compared with that of EPS foams
at different densities,*® moulded F. fomentarius-rapeseed straw foams,>®
and other printed composite.?® The tensile modulus of pure fungal
mycelium skin/mat obtained in this work is compared with that of EPS
foams*® and other fungal mycelium-based composites, including
plasticizer-treated mats*® and printed composites.?®44

bottom layer remained intact, with the now compressed debris
confined by the bottom layer and the pure fungal mycelium
layer (Fig. 6a). At 50% compression, the CMC was able to
resist a compressive stress of 0.30 £ 0.04 MPa, which is similar
to the value for rapeseed straw-fungal mycelium composites
from F. fomentarius obtained by moulding, even though the
sizes of the lignocellulosic particles are different (Fig. 6e and
Fig. S4, ESIt).*®

For uniaxial tensile testing, we used pure fungal mycelium
skins peeled from manually compacted mycelium composites
(Fig. 6¢). In the beginning, we observed a toe region up to ~2%
strain (Fig. 6d) and the slope of the stress-strain curve
was nonlinearly increasing with loading. Based on the spatial
arrangement and hyphal morphology seen under SEM (Fig. 4d),
this was probably due to the straightening of the wave-like

© 2025 The Author(s). Published by the Royal Society of Chemistry
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hyphae. After the hyphae were completely straightened, an
elastic region started, where the stress and strain were linearly
related to a mean elastic modulus E = 6.31 &+ 1.24 MPa.

With increased stress, plastic deformation began and the
hyphae underwent destructive changes until reaching an
ultimate tensile strength at 1.16 4+ 0.30 MPa, which is slightly
higher than that for cold-pressed F. fomentarius mat obtained
from static liquid cultivation (0.65 + 0.2 MPa).**> Following
this plastic region, a long necking region appeared, possibly
due to the loose arrangement of hyphae which enabled them
to rearrange and slip. Hyphae were thus gradually moving
towards their final fracture in a process of constant restructur-
ing and fragmentation. Note that the mean cure in Fig. 6d was
calculated from five curves with different strains for the final
fracture point, which leads to the fluctuations in the final
stage of the curve. Compared with the Schizophyllum commune
fungal mycelium film produced from liquid shaken cultures
with added 32% glycerol (E = 3 MPa and ultimate tensile
strength 1.8 MPa),*® the fungal mycelium sheet obtained
in this study has a similar ultimate tensile strength but is
stiffer (Fig. 6e).

Conclusions

In this study, we used material extrusion-based additive manu-
facturing to convert rapeseed straw powders into sustainable
fungal mycelium composites and pure fungal mycelium skin.
Various shapes (e.g., cylinders, pyramids, snowman, bear, etc.)
with heights up to 30 mm were manufactured using a 1.6 mm
print nozzle. After three weeks of cultivation, the growth of
fungal mycelium in each printed object was successfully
restricted to its predefined shape using manual compression
and thus prevented uncontrolled expansion during cultivation.
Freeze-drying performed better than other fungal inactivation
methods such as convection oven drying and minimizing
shrinkage while retaining both the outer shapes and internal
structures of the printed objects. After drying, the three-
dimensional skin made of pure fungal mycelium could be
peeled off from the printed scaffold, resulting in structures
with complex shapes, optimized tensile strength, and high
elasticity. Rather than using the fungal paste immediately after
preparation, it can be stored at 4 °C for at least 4 weeks,
eliminating the need for repeated paste preparation, which
could potentially optimize efficiency of the overall process.
Finally, we have shown here that AM of fungal mycelia opens
more sustainable avenues as previously anticipated, e.g. for
application of fungal mycelium-based materials in packaging,
filtration, acoustic insulators, biodegradable structural compo-
nents, soft materials, etc. On the one hand, it can replace plastic
moulds often employed in traditional production schemes
of fungal mycelium-based composites. On the other, the ability
to produce complex three-dimensional fungal mycelium struc-
tures, both in their composite and pure mycelium variants,
unlocks new opportunities for the application of fungal myce-
lium materials in other fields.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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