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Fungal fermentation offers a promising approach for the development of engineered living materials
(ELMs). The design of the substrate materials to support and enhance fungal growth in both 2D and 3D
is essential to realize this potential. We evaluated the mycelium of seven edible mushroom-forming
fungi for growth vigor as a function of various abiotic factors. Growth assays using standard malt agar,
with varying concentrations of carbohydrates and proteins, revealed that the radial expansion of the
fungal is affected by the carbohydrate concentration, showing a maximum expansion rate at mid-low
concentrations and a diminishing expansion rate at higher concentrations. In contrast, higher
carbohydrate concentrations increased mycelium density. Different plant-based proteins also signifi-
cantly influenced growth vigor, ie. the mycelium's thickness and expansion rate. Beyond chemical
substrate conditions, we modified the substrate viscoelasticity by increasing agar concentration, which
resulted in higher growth proliferation. This was further confirmed using non-standard gelling agents
such as guar gum, corn starch, k-carrageenan, and bacterial cellulose. In a final step to enhance growth
for practical applications, we foamed an optimized substrate material for 3D growth, achieving
successful growth throughout the entire matrix. This work provides a framework to aid the selection of
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|. Introduction

Engineered living materials are partially or completely built by
microorganisms to create materials with biological features
such as biodegradability and adaptability.'”” Promising micro-
organisms, such as bacteria and fungi, have been shown to
create materials that are inherently biodegradable and exhibit
strong mechanical properties depending on the hybridization
with other materials. In particular, mycelium-forming fungi,
which colonize substrates have recently been explored to
develop mycelium-based composite materials. Mycelia of edible
fungi, for example Pleurotus ostreatus and Ganoderma lucidum
have been investigated for their use as living glue and their
potential application in packaging, insulation, construction,
fashion, and architecture.”**° Recently, mycelium composites
have been engineered by 3D printing to obtain thermally
insulating materials or other functional materials for buil-
dings,”''™? by fusing large-scale structures by bio-welding of
individual mycelium structures, to obtain packaging materials
or flexible textile-like composites,” or to reinforce the mechan-
ical properties of wood scaffolds and foams.”** The mycelium-
based composites possess a heterogeneous structure with the
mycelium’s hyphal network embedded in the initial substrate
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edible substrate materials for fungal growth, i.e. the design of engineered living materials.

material. The physical properties of these mycelium-based
composites have been reported to depend on various factors
such as fungal strain, initial substrate composition, and sub-
strate packing.">"” Regarding the mechanical properties of
pure mycelium, Islam et al'® indicated that they are deter-
mined by the arrangement of the hyphae within the network
and that mycelium can be treated as a foam material. The
mechanical properties of pure mycelium depend on the growth
substrate,'®' which could hold promise for controlled self-
grown mycelium-based materials with various functionalities.
Therefore, the physical and chemical environment must be
controlled to promote fungal growth.

The growth of mycelium into materials has been explained
as a combination of enzyme-catalyzed digestion of the material
and subsequent pressure-driven penetration.>>** Furthermore,
the mycelium can cross regions depleted with nutrients, which
gives most fungi the ability to translocate nutrients within their
mycelium networks.”* Fungi explore the available substrate
with rapidly growing sparse mycelium. Once expanding hyphae
discover rich nutrient sources, the expanding rate declines, and
hyphae branch to form an interwoven network and harness the
resource. While biomass formation and hyphae branching
occur throughout the mycelium,?® only the hyphal tip continu-
ously expands radially at a steady rate to reach new nutrient
sources.>>*” The rate of this linear extension has been shown
to depend on various conditions such as the growth substrate
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(carbon and nitrogen supply), temperature, humidity, pH,
illumination, and gas composition of the atmosphere.>*873?
Although the growth conditions of fungi are well-studied on
standard media such as malt extract and potato dextrose
media,**?> substrate additives and the viscoelastic properties
of the substrates are often overlooked, even though they show a
significant morphological effect on fungal growth.>"

Here, we study mycelium proliferation by modifying the
chemical and physical properties of the substrate. We investi-
gated how the substrate composition, such as carbohydrates
and proteins, affects growth proliferation and mycelium thick-
ness. The growth of fungi was monitored by measuring the
fungal growth diameter and the height of mycelium. Since
substrate alterations often lead to changes in the mechanical
properties, we modified the mechanical properties by increas-
ing the agar concentration or replacing the agar with other
polysaccharides and protein sources. By consolidating all
growth parameters, we demonstrate that we can grow fungi in
a designed porous matrix with a fine-tuned substrate composition.

[I. Materials and methods
A. Fungal strains

Strains of six mushroom-forming fungi were selected: Pleurotus
djamor (salmoneo-stramineus) strain no. 101004 was obtained in
a living cell culture flask from Tyroler Gliickspilze (Innsbruck,
Austria). The mycelium of Ganoderma lucidum was purchased
from Grown.bio (Heerewaarden, Netherlands) on digested
Grow-It-Yourself Mushroom® material. The four remaining
fungi were obtained as liquid pure cultures from MycoGenetics
(Miinster, Germany): Grifola frondosa MG6110, Laetiporus
sulphurous MG14800, Lentinula edodes MG2500, and Pleurotus
ostreatus MG1005.

B. Growth media

The standard malt agar (SMA) consisted of 2 wt% malt extract
from barley (Morga, Ebnat-Kappel, Switzerland), 0.2 wt% yeast
extract (Sigma-Aldrich, Darmstadt, Germany), and 2 wt% agar
(Morga). The influence of carbon supply, protein supply, gelling
agents, and gel strength on the growth vigor of fungi was
investigated by modifying the SMA accordingly.

The effect of malt extract, glucose and yeast extract in SMA
was studied by varying their concentrations. The influence of
carbon supply was studied by replacing the 2 wt% malt extract
of the SMA with 0.1 or 5 wt% malt extract or 10 or 25 wt%
glucose. The effect of increasing gel strength was investigated
for SMA with 0.4, 2, 5 and 10 wt% agar. The role of alternative
gelling agents was investigated by using 20 wt% corn starch,
3 wt% k-carrageenan and 2.8 wt% guar gum (Unipektin,
vidogum G200 1, Switzerland) instead of agar. The influence
of plant-based protein concentrates as nutrient source was
investigated by adding 5 wt% protein concentrate to the SMA.
Protein concentrates of faba bean (Vitessence Pulse CT36002,
protein concentration ¢, = 58%), pea (Vitessence Pulse CT 1552,
¢p = 51%), and lentil (Vitessence Pulse 2550, ¢, = 52%) were
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obtained from Ingredion (Germany). Protein concentrates of
pumpkin seed (c, = 60%), sunflower seed heliaflor (¢, = 55%),
hempseed (¢, = 80%), oat (¢, = 55%), and rice (¢, = 80%) were
obtained by Kiindig (Switzerland). All protein samples were
concentrates, i.e., contain polysaccharides and lipids, and were
used as received to study the influence of widely available raw
materials. Polysaccharides were also used as received to simu-
late closely real-world conditions as possible. The influence of
the medium pH on the mycelium growth was investigated by
adjusting the pH of the SMA (pH = 6.7) by adding monohy-
drated crystalline citric acid (Amavita Pharmacy, Switzerland)
and sodium bicarbonate (baking soda Betty Bossi, Coop,
Switzerland).

C. Culture conditions

Only actively growing mycelium cultures without spores were
used for the inoculation procedure. All axenic stock mycelium
cultures were first inoculated and evenly spread on solid agar
plates using a sterile loop. After five days of incubation of the
stock mycelium cultures, single mycelium pre-colonies of each
fungal strain were isolated by using a scalpel and transferred to
the SMA using a spatula. The mycelium stock cultures were
maintained by subculturing mycelium colonies every two weeks
and incubating them at 24 °C and 85% RH. Mycelium pre-
cultures were incubated at 24 (G. frondosa, L. edodes) and 30 °C
(P. ostreatus, P. djamor, G. lucidum, L. sulphureus) with a relative
humidity of 85% RH. All mycelium cultures were incubated in
the absence of light since darkness promotes vegetative myce-
lium growth and prevents the initiation of the reproductive
growth phase.?®28:36

D. Assessment of mycelium growth: radial extension

The growth kinetics of the mycelium cultures were determined
by measuring the radial extension over time. Mycelium discs
from the pre-cultures were obtained by punching out cylind-
rical discs with a truncated sterile pipette with a diameter of
7.0 mm (VWR International). Only mycelium discs obtained
from the edge of the fungal pre-culture colony were used as
inoculum. The mycelium discs were placed at the side of the
Petri dishes. Radial extension was measured from the inoculum
to the tips of the hyphal using a ruler. Measurements were
performed every 24 h until the test series were completed. The
mean radial extension was averaged from three independent
colonies and plotted as a function of time and fitted with a
linear model (Data Analysis Software, Origin2019). The exten-
sion rate was obtained from the slope of the linear function
considering the time interval of at least three days.

E. pH development during incubation

SMA with pH 6.7 and SMA with adjusted pH of 4.5 and 9.2 were
used to investigate transient changes in pH during fungal
growth. The pH values of the media were measured after seven
days of incubation at the bottom of the plates. The values at the
center and the edge of the plate were averaged from three
replicates. Non-inoculated plates operated as a negative con-
trol. The pH ranges of the autoclaved media were measured

This journal is © The Royal Society of Chemistry 2025
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by using a flat membrane glass electrode (780 pH Meter,
Metrohm, Switzerland).

F. Rheological properties

The rheological measurements were carried out using an
MCR702 twin drive rheometer with a rough plate geometry
PP25/S of 25 mm (Anton Paar) at 22 °C. Before the measure-
ment, a normal force of approximately 1 N was applied to avoid
slipping, and samples were allowed to relax for a few minutes.
Depending on the height of the sample, the gap ranged from
1.5 to 2.5 mm. Amplitude sweep tests were performed at a
constant frequency of 1 Hz and a logarithmic strain increase
from 0.01 to 100%. The frequency dependence of the samples
was tested in the range of 0.1 to 30 Hz. A constant strain of
0.1% was fixed within the linear viscoelastic range. Measure-
ments were carried out in duplicates or triplicates and the
calculated standard deviations are in the size of the data points.

G. Foam medium, foaming, inoculation, and incubation

The formulation of the chickpea-based foam is based on 15 wt%
chickpeas (Cirio, Coop), 5.5 wt% malt extract (Morga), and 3 wt%
agar (Morga). This formulation provided a higher malt concen-
tration than the standard SMA and resulted in a higher pH
of 5.9. To minimize any detrimental chemical reactions during
sterilization, chickpeas were autoclaved separately from the malt
and agar. Both liquids were autoclaved at 121 °C for 20 min.
Before sterilization, chickpeas were mixed in 200 ml of water
until a smooth viscous liquid was reached (WMF, Cult Pro).
Malt and agar as well as some droplets of red food dye
(Patissier, Migros) were blended with the remaining water. In
the foaming process, the 55 °C hot medium was pressure
aerated by using a Kisag whipper (Kisag whipper professional,
1 L, Kisag Bellach, Switzerland). For inoculation, the foams
were directly transferred to actively growing mycelium cultures
of P. ostreatus. Round microboxes were filled with SMA, onto
which subsequently mycelium discs were placed. The micro-
boxes were incubated at 30 °C for one week before the con-
structed foam was placed onto the colony. After inoculation, the
microboxes were closed again and incubated for another week.

H. Compression testing of the colonized foam

The mechanical properties of the pure foam matrix and the
colonized foam were investigated in compression tests using a
texture analyzer fitted with a 10 cm blade (Stable Micro Systems
TA.XT2i, United Kingdom). The test settings were uniaxial
compression with return to start, pre-test speed of 2.0 mm
s, test speed of 0.2 mm s~ ', and post-test speed of 10 mm s~ *
with trigger force of 0.049 N and deformation to 50%. Mechan-
ical parameters were obtained from stress-strain curves derived
from the force-distance profiles.’’*® The appropriate stress
was calculated by dividing the applied force by the initial
cross-sectional area. Young’s modulus was obtained from the
slope of the linear part of the stress-strain curve at low
deformation (below 10%). Following the method of Tacer-
Caba,” the compressive strength was obtained from the
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calculated stress at 35% strain. Values were averaged from five
replicates.

[ll. Results and discussion
A. Fungal screening on malt agar as a function of temperature

Fungal mycelium proliferation across the surface largely
depends on the strain type and incubation temperature.
To screen for competitive and fast-growing fungi, we selected
six strains of filamentous fungi (P. djamor, P. ostreatus,
G. lucidum, Laetiporus sulphureus, Lentinula edodes, Grifola
frondosa). By exploring mycelium growth on standard malt agar
(SMA), various distinctive morphological features and consid-
erably different growth rates were observed among the studied
fungi (Fig. 1A). P. djamor, P. ostreatus and G. lucidum grew
relatively fast and revealed a thick mycelium surface density.
Their mycelium covered almost the whole plate of 9 cm
diameter after four days of incubation (Fig. 1B). In contrast,
L. edodes and G. frondosa showed rather slow and irregular
mycelium growth. Their colony radii were less than 1 cm after
four days of incubation. These findings align with previous
work reporting relatively fast mycelium spawning by Pleurotus
spp- and G. lucidum compared to the time needed for substrate
colonization by L. edodes and G. frondosa.*®3%3%*° To deter-
mine a suitable incubation temperature, P. ostreatus, G. luci-
dum, and P. djamor were grown at 22, 24, and 30 °C, while 85%
RH and dark light conditions were kept constant. All three
fungi grew well at these temperatures with the largest mycelium
colony radii at 30 °C (Fig. 1C).>****233 For the following experi-
ments, the oyster mushrooms P. djamor and P. ostreatus were
selected for their rapid radial expansion.

B. Influence of substrate composition on growth vigor

The impact of substrate composition on the growth vigor of
P. djamor and P. ostreatus was investigated in SMA with varying
concentrations of malt and sugar (Fig. 2A and B). With an
increase in malt extract concentration from 0.1 to 5 wt%, the
radial extension rate decreased while the growth height and
mycelium surface density increased. This trend was observed
for both fungi (Fig. 2C and F). Typically, fungi show rapid
growth but sparse mycelium when nutrients are scarce
(guerilla) and slower but denser growth when rich resources
are available (phalanx).>>?®*!' An overall increase in growth
vigor of both fungi could be achieved on the substrate with a
malt extract content of 5 wt% (Fig. 2A, B, D, and E). Taking the
example of P. ostreatus, the mycelium appeared about 1 mm
thick and expanded at a rate of approximately 0.9 cm per day.
Expressed as radial area, P. ostreatus occupied 22 cm” after only
four days of incubation, supporting its widely recognized fast
growth.”*?%%° 10 or 25 wt% glucose resulted in reduced or
inhibited growth vigor. At 10 wt% glucose concentrations,
P. djamor showed a considerably reduced extension rate,
growth height, and mycelium density while at 25 wt% glucose
growth was completely inhibited. This limited growth could be
related to a shift towards the phalanx growth strategy due to

Soft Matter, 2025, 21, 9323-9334 | 9325
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Fig. 1 Mycelium growth of selected fungi on SMA medium. (A) Morphological characteristics of fungal colonies once plate was fully covered by
mycelium. Incubation time varied from five days to three weeks. Plate diameter = 9 cm. (B) Colony radii after 4 days of incubation expressed as mean +
standard deviation (n = 3). P. djamor and P. ostreatus were incubated at 30 °C, 85% RH. G. lucidum, L. sulphureus, L. edodes and G. frondosa were
incubated at 24 °C, 85% RH. (C) Influence of temperature on mycelium growth of P. djamor, P. ostreatus and G. lucidum. Colony radii are expressed as
mean + standard deviation (n = 3). Fungi were incubated for four days at 22 °C with 55% RH and at 24 as well as 30 °C with 85% RH.

nutrient abundance or decreased water activity at 25 wt%
glucose (0.96) compared to SMA (0.99), even though glucose,
sucrose, and molasses are considered favorable carbon sources
for Pleurotus spp.>”> Whereas sugar is often used to preserve
food, much lower water activities (0.6-0.8) are needed to stop
fungal growth. To conclude, SMA supplemented with 5 wt%
malt extract increased the overall growth vigor of both Pleurotus
spp., suggesting that malt extract could be used as a growth-
promoting carbon source. Glucose concentrations at 10 wt%
and above limited mycelium growth of Pleurotus spp. There-
fore, substrate design, particularly when using high-sugar
waste streams, must consider and balance carbohydrate and
protein concentrations.

To go beyond the typical constituents of microbial culture
medium, the growth of mycelium was investigated in medium
with plant-based protein concentrates as a nutrient source.
As shown in Fig. 3A and B, P. ostreatus grew on all media

9326 | Soft Matter, 2025, 21, 9323-9334

composed of 5 wt% plant-based protein concentrates. However,
the extension rate, growth height, and growth density differed
strongly among the protein sources. The highest growth vigor
was observed in the concentrate of oat, sunflower seed and pea
protein, which appeared even higher than in SMA. Consistent
with these results, enhanced mycelium growth of P. ostreatus
on medium supplemented with soybeans was reported by Hoa
et al.*® The results are also in good agreement with mushroom
production guidelines that suggest an increased mushroom
yield with nitrogen supplemented spawn substrates.>®*>** This
effect seems plausible, as it is known that nitrogen is an
essential nutrient for most fungi and is used for the synthesis
of proteins, vitamins, and cell wall components.*®** In conclu-
sion, the results revealed that plant-based protein concen-
trates can be used as the substrate, particularly pea, oat, and
sunflower seed protein concentrates can promote mycelium
growth. However, no group-specific growth pattern was

This journal is © The Royal Society of Chemistry 2025
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Influence of malt extract and glucose on mycelium growth. P. ostreatus and P. djamor were incubated on SMA medium and media with varying

malt extract (ME) and glucose (Glc) concentrations at 30 °C and 85% RH. Values are expressed as mean =+ standard deviation (n = 3). (A) and (D) show
radial extension over time. (B) and (E) show the extension rate in comparison to mycelium density and growth height. In (C) and (F) the morphological

features of fungal colonies once the plates were fully covered by mycelium.

observed with respect to the common plant-based protein
types of pulses, cereals, and seeds.

The impact of increasing protein concentrate content on the
growth of P. ostrateus was assessed on media consisting of 5,
10, 15, and 20 wt% pea protein concentrate (Fig. 3C and D).
While P. ostreatus grew comparably well on media with 5 and
10 wt%, a decline in the extension rate was observed on media
with 15 and 20 wt% pea protein concentrate. Since the growth
assays on gel strength showed a positive trend with increasing

This journal is © The Royal Society of Chemistry 2025

Incubation time varied from seven days to three weeks. Plate diameter = 9 cm.

agar gel strength, it seems unlikely that the observed decline in
growth rate was related to differences in the gel strength. The
decline in growth rate was also unlikely associated with the water
activity and the pH of the media, as both medium characteristics
remained at the same level for all mentioned media.

C. Effect of pH on fungal proliferation

Natural substrates such as side streams and other plant-based
sources that could be used for fungal mycelium formation

Soft Matter, 2025, 21, 9323-9334 | 9327
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Fig. 3 Mycelium growth of P. ostreatus on selected pulse-, seed- and cereal-based protein concentrates. P. ostreatus was incubated for eight days at
30 °C. Growth on media containing 5 wt% protein concentrate and its effect on (A) radial extension, (B) extension rate, growth height and mycelium
density. Effect of increasing weight percentage of pea protein concentrate on (C) radial extension and (D) extension rate and mycelium density. Values

shown are means + standard deviation (n = 3).

vary in pH and are often not close to the optimum pH.
Therefore, we measured the influence of pH on mycelial
growth and pH development during incubation (Fig. 4) for
fungal growth on SMA with adjusted pH levels ranging from
3.1 to 9.2. Fig. 4A and B show images of growth after 11 days of
incubation. Fig. 4C and D show that P. ostreatus exhibited the
fastest radial extension at a pH of 6.7, closely followed by
growth on substrates with pH of 5.2 and 4.5. Radial extension
was slower at pH of 3.2 and pH of 9.2. Comparable results were
obtained for mycelium growth of P. djamor (Fig. 4E and F).
As previously observed, Pleurotus spp. showed maximal growth
at a pH of 6 to 7.%° As pH alters cellular functions such as
gene expression and enzymatic activities. As a consequence,
fungi can alter the environmental pH by secreting protons
and organic acids to achieve pH stability.** This regulatory
ability was also observed as regardless of the initial pH,
all media showed a similar pH of around 5 to 6 after seven
days of incubation (Fig. 4B). The observed pH development
can clearly be attributed to fungal metabolism, as the non-
inoculated control plates did not show pH changes. In sum-
mary, the growth of Pleurotus spp. is the highest at neutral pH,
where the fungi are able to regulate the pH to neutral values
around 7.

9328 | Soft Matter, 2025, 21, 9323-9334

D. Effect of viscoelasticity on fungal proliferation

The influence of viscoelasticity of the substrate material on
mycelium growth of Pleurotus spp. was investigated on SMA
with 0.4, 2, 5, and 10 wt% agar (Fig. 5). Viscoelasticity was
measured by small amplitude oscillatory shear rheology as a
function of strain and frequency (Fig. 5A and B). With increas-
ing agar concentration, the viscoelasticity increased with higher
storage G’ and loss G’ moduli and a slight reduction in the
linear viscoelastic region. G’ was predominantly higher than G”
over most of the strain and frequency range, indicating a gel-
like behavior. The increasing gel strength G’ increased the
growth vigor of P. ostreatus and P. djamor (Fig. 5C-F). The
growth assays on higher agar concentrations showed higher
extension rates, growth heights, and mycelium densities. This
positive trend was more pronounced for P. djamor than for
P. ostreatus, which could also be verified through visual inspec-
tion of the morphology of the colonies. Larger growth vigor on
stronger gels seems plausible as Pleurotus spp. naturally colo-
nize solid materials such as wood.*

To verify the hypothesis that a stronger gel network G’
increases growth vigor and to demonstrate material versatility,
we investigated the impact of viscoelasticity by using different
polysaccharides than agar (Fig. 6). Bacterial cellulose pellicles,

This journal is © The Royal Society of Chemistry 2025
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guar gum, k-carrageenan, and corn starch were used as materi-
als with varying viscoelastic properties (Fig. 6A and B). These
polysaccharides substitute agar, but the substrate composition
was equal to SMA. The 20 wt% corn-starch-based medium and
the bacterial cellulose pellicles exhibited similar strain and

This journal is © The Royal Society of Chemistry 2025

frequency-dependent behavior as the agar-based SMA. In con-
trast, the k-carrageenan-based medium and the guar gum-
based medium showed considerably lower viscoelastic moduli.
Whereas 3 wt% k-carrageenan appeared to form a weak gel with
an almost uniform solid response over the frequency window,
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2.8 wt% guar gum seemed to yield an intermediate state
between liquid- and solid-like behavior. In these two media,
the mycelium morphology appears to be more branched and
fluffier than in SMA, and the extension rate decreased by
almost 50% compared to SMA, i.e., show a declining extension
rate with decreasing gel strength. Corn starch and bacterial
cellulose with an elasticity G’ between 10* and 10°> Pa showed
similar extension rates as observed for agar concentrations of 5
and 10 wt%. Radial extension, extension rate, and morpholo-
gical properties are shown in Fig. 6C, D, and E, respectively.
Although bacterial cellulose forms a morphological different
network,* P. ostreatus also colonized the bacterial cellulose
pellicles, indicating that the mycelium can use scaffolds with

9330 | Soft Matter, 2025, 21, 9323-9334

different physical properties to grow. Growth on alternative
polysaccharides reveal and confirm the hypothesis that elastic
gel-like networks increase the radial expansion of mycelium
with increasing elasticity G’. However, radial expansion only
assesses superficial mycelium formation and does not reveal
growth into the substrate.

E. 3D growth on foamed substrate

By consolidating the growth factors mentioned above, we
developed a foam substrate that enabled 3D growth of P.
ostreatus (Fig. 7A). Processing conditions and the determined
growth factors defined the formulation of the foam substrate.
The foam was made of 15 wt% chickpea, 3 wt% agar, and

This journal is © The Royal Society of Chemistry 2025
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5.5 wt% malt extract resulting in a pH of 5.9. The viscoelasticity
of the foam substrate is comparable to the gel strength of the
SMA with 5 wt% agar and was expected to be favorable for
mycelium growth. The growth assay revealed a slightly lower
radial extension on the foam medium than on the SMA with 5
wt% agar (9.1 compared to 10.5 mm per day). However, the
mycelium density appeared considerably larger and the height
of the mycelium mat was twice as high on the foam medium
(1.47 £ 0.12 mm) than on the SMA with 5 wt% agar (0.74 +
0.22 mm). This increased mycelial growth is probably related to
the nutrient-rich formulation of the foam compared to SMA.

This journal is © The Royal Society of Chemistry 2025

Thus, the growth assay showed that the foam medium provides
the necessary nutrients for abundant mycelium growth of
P. ostreatus.

The colonization of the foam substantially affected its
mechanical behavior in compression (Fig. 7B and Table 1)
shows, exemplarily, the stress—strain behavior only after the
foam substrate was fully colonized by the fungi. Intermediate
time points, as shown in Nussbaum et al.'* were not recorded
to not compromise the growth vigor by damaging the foam’s
structure or by contamination. Standard deviations (n = 5) are
due to some variations in the foaming process and potential
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Table1 Compression testing of the foam matrix and the colonized foam.
Young's modulus = E [kPa], compressive strength = ¢ [kPa] at 35% strain,
water loss during compression = AW [%], and respective approximated
densities prior compression = p [kg m~]. Values are expressed as mean +
standard deviation from 5 replicates. P. ostreatus was incubated for 1 week
at 30 °C and 85% RH

Foam E [kPa] o [kpa] AW [%] p [kg m™?]
Control 28 t£7 10 £ 3 4.2 £2.5 469 £ 60
Colonized 84 + 33 37+4 14+14 608 + 91

different fungal growth as summarized in Table 1. However, the
reproducibility of the foam colonization can be guaranteed
by well-maintained sterile conditions and no interference with
the growth process. Before inoculation, the foam showed the
expected stress—strain relationship of typical three-dimensional
cellular solids.*®*” An initial linear elastic regime in the stress—
strain curve, which is attributed to the bending of the cell edges
is indicated by the dotted line (linear fit) in Fig. 7B. The
prolonged stress plateau after reaching a strain of about 15%
can explained by progressive cell collapse. Typically, a third
regime of densification of cellular solids should be observed at
higher strains, which was not the case here. Contrary to the
control foam without fungal growth, the colonized foam did
not yield a typically expected compression curve for cellular
solids. No pronounced compression plateau was observed. As
the linear elastic region was followed by a steep increase in
stress, it can be assumed that the mycelium growth in the foam
pores substantially contributed to the mechanical response.
Previous work suggested that the fungal cell wall polymer chitin
provides mechanical strength to mycelium and mycelium
compounds.”*48:19

In comparison, the colonized foam yielded a substantially
larger Young’s modulus and compressive strength than the
control foam (Table 1). Similar to the literature values,'®'* the

9332 | Soft Matter, 2025, 21, 9323-9334

compressive strength of the colonized foam was in the range of
10 to 30 kPa. Higher values of the compressive strength were
reported for mycelium-colonized straw and sawdust within
150 kPa up to 4 MPa."'>"® For example, P. ostreatus incubated
on oat husk and rapeseed-cakes'® revealed a compressive
strength ranging from 17 to 300 kPa depending on the fungal
strain, growth substrate, and mechanical post-processing.
Mycelium-colonized wood hydrogel scaffolds’ reach about 100
kPa in tensile strength depending on the fungi. The Young’s
modulus of the colonized foam in Fig. 7 is in the order of
90 kPa, substantially smaller as reported for substrates used for
construction or any kind of load-bearing structures. Straw,
sawdust, and wood substrates™®"* are in the regime of several
100 kPa up to 2 MPa. However, direct comparison is sometimes
hampered as boundary conditions for tensile and compression
test might vary in literature. In conclusion, mycelium-based
composites generally shown an increased stiffness and
mechanical strength, but the complex interaction leading to
the final mechanical properties are still to be studied. On the
same note, oxygen availability is an important boundary con-
dition for fungal growth and can be limited by reduced mass
transport in foam structures. Influencing factors are bubble
size, bubble size distribution, and interconnectivity of the
bubbles. Generally, with increasing surface area, increased
growth vigor can be observed,'* but a detailed investigation
of the parameter space is work in progress.

IV. Conclusion

Our study highlights the critical role of both chemical and
physical growth environments to enhance the growth vigor of
filamentous fungi, particularly Pleurotus ostreatus and Pleurotus
djamor. We identified key factors that significantly influence
fungal growth by systematically varying carbohydrate and pro-
tein concentrations, pH levels, and substrate viscoelasticity.

This journal is © The Royal Society of Chemistry 2025
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The successful transition from 2D to 3D growth using an
optimized foamed substrate demonstrates the potential for
practical applications of engineered living materials. These
findings pave the way for the development of robust, bio-
degradable materials by strategically manipulating fungal
growth conditions. The presented work discusses the use of
different food materials such as proteins, polysaccharides,
sugars, and lipids on fungal proliferation. All raw materials
used for the alternative growth media were food-grade with a
low purification grade (proteins) or used as received (polysac-
charides, sugars, lipids) to reflect real-world application for
versatile fungi-biocomposites. While the results indicate clear
trends, several boundary conditions could be considered in
future work. Gelling behavior from weak to brittle gels, gel
strength, and water activity of the polysaccharides influences
the growth vigor and could be monitored with a selection of
different gel-forming polysaccharides or mixtures thereof.
Higher purification levels of the proteins (i.e. protein isolates),
optimization of the foaming process towards defined bubble
sizes and an open foam structure, and faster growing fungi
species will certainly also provide a more detailed picture of the
influencing parameters.
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