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Abstract

One main challenge of emerging fungal-based engineered living materials (ELMs) lies
in achieving localized multi-material properties in these structures. Although three-
dimensional (3D) printing can efficiently vary local composition and properties, it
has not yet been demonstrated in fungal-based ELMs. This work thus explores the
concept of using nutrients to manipulate fungal foraging behavior in 3D structures
fabricated using direct ink writing (DIW) for the next generation of fungal-based
ELMs. Using two fungal strains (Pleurotus ostreatus and Ganoderma lucidum), this
study showed that the ink formulation used is suitable for both DIW and mycelium
growth. Varying the nutrient content allows for either the inhibition or promotion of
exploration and bridging of mycelium in different sections, the control of mycelium
density in three dimensions and the fabrication of patterned surfaces. There is
potential in fabricating patterned fungal-based ELMs and lab-on-a-chip systems
to investigate the effects of other substances and microorganisms on the foraging
behavior of mycelium.

Keywords: 3D printing; Direct ink writing; Engineered living material; Mycelium;
Hydrogel; Foraging behavior

1. Introduction

Engineered living materials (ELMs) are an emerging type of biomaterials that utilizes
living cells to give functionalities to an otherwise inanimate material.'”* Among other
cells, fungal-based ELMs—which incorporate filamentous fungus that form a three-
dimensional (3D) net of fungal cells called mycelium—have demonstrated interesting
properties leading to potential applications such as self-healing textiles,** living
structures,’” or robotics.® In designing fungal-based ELMs, it is important to ensure that
the fungus is growing effectively throughout the structure with the desired mycelium
density. Mycelium is known to grow a uniform fungal skin on the exterior of the
structure at the material-air interface, whereas the center of the structure is usually
devoid of mycelium due to positive aerotropism.”'’ Being able to control the growth
of mycelium in materials is instrumental for tailoring the mechanical properties of
the structure, in particular its stiffness.' Furthermore, for ELMs to function as living
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machines, they may need to also be compartmentalized
with various properties and functions within one ELM,
calling for material heterogeneity and localized growth
of cells. There is therefore a need to be able to control the
growth and location of mycelium on materials to enable
production of new types of ELMs.

A common method to create localized properties in
a material is to use multi-material 3D printing. By using
methods including fused deposition modeling (FDM)
and direct ink writing (DIW), materials such as plastics
and hydrogels can be precisely positioned in a 3D space,
allowing for the fabrication of complex structures.'>'* With
multiple nozzles, additional materials and compositions
can be incorporated into the same process, allowing for
the fabrication of a multi-material structure.”> The
utilization of 3D printing in fungal-based ELMs with
variations in material, mycelium inoculation techniques,
and scale has been gaining traction. For example, direct
inoculation involves the addition of mycelium into the ink
prior to the fabrication of the structure.®'*"'* As for indirect
inoculation, the structure is first printed before it is placed
in direct contact with separately cultured fungi. The fungi
then grow toward the structure, eventually enveloping it
in the process.'** However, the use of multiple nozzles in
fabricating complex, multi-material fungal-based ELMs
has yet to be explored. On the contrary, it is generally
found that mycelium materials grow a homogeneous
fungal skin on their surface that prevents local tailoring of
their properties. Exploring ways to create multi-material
types of fungal-based ELMs are thus needed.

In nature, organisms have developed various
growth, foraging, or translocation strategies to survive
in ecosystems that may not provide continuous supply
of nutrients.” When faced with an environment that is
either abundant or lacking in nutrients, filamentous fungi
tend to exhibit two main foraging behaviors: phalanx and
guerrilla.”»” Phalanx, also known as exploitative growth, is
characterized by a slow extension rate of hyphae and high
mycelium density. Guerrilla, also known as explorative
growth, is characterized by a fast extension rate of
hyphae, which are the single filaments in the mycelium
network, but a low mycelium density. In a low-nutrient
environment, guerrilla is the dominant growth pattern
whereas phalanx is usually observed when the fungus is
in a high-nutrient environment.>>**** Fungi are able to
switch between these foraging behaviors depending on the
environment they encounter.”*” While available nutrients
do dictate the type of growth behavior, the degree to which
fungi explore or exploit their environment also depends on
the species.”>?** In a similar environment, species such as
Coprinus angulatus and Psilocybe cf. subviscida may exhibit

guerrilla-type behavior in terms of being fast growers and
long-range foragers while others such as Tricholomella
constricta and Leucopaxillus genetianeus exhibit phalanx-
type behavior as they have the tendency to grow slowly and
branch profusely.?” These species and nutrient-dependent
variations in mycelium morphology could therefore be
used to tailor the local distribution and morphology of
mycelium for future fungal-based ELMs.

In this work, we investigated the growth of mycelium
from two fungal species Ganoderma lucidum (G. lucidum,
Lingzhi mushroom) and Pleurotus ostreatus (P. ostreatus,
oyster mushroom) in 3D-printed structures containing
local variations of nutrient content. More specifically,
mycelium-containing inks were developed with varying
concentrations of malt and peptone as growth media. These
inks were then precisely locally deposited using DIW. The
control and tailoring of the mycelium density, growth
behavior over acellular gaps containing different levels of
nutrients, and mycelium growth in various directions were
demonstrated. Finally, intentionally patterned structures
were fabricated as proof-of-concept examples of what
this approach can achieve. While fundamental, this work
can be leveraged to create more complex types of fungal-
based ELMs to manipulate properties such as self-healing
capabilities and to explore new applications.

2. Materials and methods

2.1. Materials

The following items were purchased from Sigma Aldrich
(USA): malt, peptone, agar, carboxymethyl cellulose
(CMC), sodium alginate, calcium chloride, and gentamicin
sulfate. P ostreatus spawn bags were obtained from
Bewilder (Singapore), whereas G. lucidum was acquired
from Malaysian Feedmills Farms (Malaysia).

2.2. Mycelium culture

In this study, mycelium was cultured on both solid agar
substrates and in liquid cultures. For solid agar substrates,
malt agar plates were made by dissolving agar (2.5% w/v),
malt (2.0% w/v), and peptone (0.1% w/v) in deionized
water. The mixture was then autoclaved (Hiclave HG 80,
Hirayama, Japan) at 121°C for 20 min and poured into
90 mm Petri dishes. The mixture was allowed to cool and
set before they were inoculated with a solid agar plug of
9 mm diameter containing mycelium from a previously
inoculated plate. For liquid mycelium cultures, malt broth
was made by dissolving malt (1.7% w/v) and peptone (0.3%
w/v) in deionized water and was autoclaved at 121°C for
20 min. After cooling, the broth was supplemented with
gentamicin sulfate (50 pug/mL), followed by the addition of
a solid agar plug containing mycelium. Liquid mycelium
cultures were then left to grow under constant magnetic
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stirring for 7-10 days before they were used for subsequent
experiments.

2.3. Effect of malt and peptone on mycelium growth
A two-level full factorial design of experiment was adopted
to study the effect of malt and peptone on mycelium growth.
Malt agar plates were made as described above, except
that the malt and peptone concentrations were varied at
two different levels, as shown in Table 1. The growth of
mycelium on each set was monitored over 14 days. Digital
images of the agar plates were taken and processed using
Image],’* and the growth rate was quantified by measuring
the area of mycelium on each set over 14 days. To determine
the dry weight of biomass produced, the mycelium films
were peeled from each agar plate after 14 days of culture.
They were then dried in an oven at 50°C for 3 days before
they were subsequently weighed. Triplicates were analyzed
to ensure reproducibility of results.

2.4. Inks preparation for 3D printing

The inks for DIW were made by dissolving alginate (1.2%
w/v) and CMC (3.6% w/v) in a solution of malt and
peptone at 45°C. The concentration of malt and peptone
was adjusted according to Table 1. In addition, another
set of inks that would be mixed with liquid mycelium
was made using malt (2% w/v) and peptone (0.1% w/v)
and were denoted as the medium level of both malt
and peptone, respectively. The inks were stirred using
a magnetic stirrer until all the alginate and CMC had
completely dissolved. Agar (3% w/v) was then added, and
the temperature was increased to facilitate the dissolution
of agar. The mixture was then autoclaved at 121°C for 20
min, and once removed from the autoclave, it was stirred
until it had set. Liquid mycelium was then mixed into the
ink at a ratio of 1:5 (v/v) and was stirred until a fine paste
was formed. For acellular inks, malt and peptone broths
of the corresponding malt and peptone concentrations,
respectively, that were devoid of mycelium were added
instead at the same volumetric ratio.

2.5.Rheology

The rheological properties of the inks were evaluated using
a Bohlin Gemini HR Nano rheometer (Malvern, UK).
A 15 mm serrated plate and a measuring gap of 0.5 mm

Table 1. Concentrations of malt and peptone associated with
high and low levels, respectively, as used in the two-level full
factorial design of experiment

Nutrient component Concentration (% [w/v])

Low level (-1) High level (+1)
Malt 0.1 5
Peptone 0.01 1

were used. Samples were pre-sheared using a shear rate
of 10 s7! for 30 s before being allowed to equilibrate for
60 s. For steady-state viscosity tests, a shear rate range of
0.01-1000 s™* was used. The viscosity as a function of shear
rate was then recorded. For amplitude sweep tests, using
a frequency of 0.5 Hz, the shear stress was increased from
0.1 to 500 Pa. The storage and loss moduli were recorded.
All samples were tested at 25°C. Triplicates of each sample
were analyzed.

2.6. 3D printing of multi-material constructs
3D-printed constructs were fabricated using DIW with
an Allevi 2 bioprinter (3D Systems, USA). The structures
were designed using FreeCAD and the gcode files were
generated using PrusaSlicer. The inks were loaded
into a 10 mL syringe (BD, USA). 22G tapered nozzles
(Nordson, USA) were used. Pneumatic pressure ranging
from 20 to 30 psi was applied along with a print speed of
20 mm/s. After printing, constructs were sprayed with a
solution of deionized water containing calcium chloride
(3% w/v) supplemented with gentamicin sulfate (50 ug/
mL) to crosslink the alginate. The growth of mycelium
on the multi-material constructs was recorded over a
period of 10 days. Triplicates of each design were printed
and observed.

2.7.Scanning electron microscopy

The microstructure of pure mycelium sheets and fabricated
fungal-based ELMs were imaged by means of scanning
electron microscopy (SEM; JEOL-5600LV, Japan) on
square samples each with a length of roughly 5 mm. Prior
to imaging via SEM, all samples were placed in a —20°C
fridge overnight and subsequently lyophilized for 24 h.
Samples were cut into small pieces and mounted onto the
SEM stage using carbon tape. All samples were coated with
gold for 75 s at 15 mA, which is equivalent to about 11 nm
coating thickness. For the SEM, an acceleration voltage of
10 kV was used. SEM images were processed using Image]
to measure the surface porosity and hyphae diameter. The
surface porosity was calculated by obtaining the average of
the percentage of areas occupied by pores in the electron
micrograph at three random points of each sample. The
hyphae diameter was obtained by measuring the projected
width of hyphae at 15 different points in an electron
micrograph of the sample.

2.8. Statistical analysis

Statistical analysis was conducted using Microsoft Excel. A
two-way analysis of variance (ANOVA) with a significance
level of 0.05, followed by a post hoc Tukey’s HSD test, was
performed for data comparison. Data are presented as
mean * standard deviation.
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3. Results and discussion

3.1. Ink formulation and 3D printing strategies for
fungal-based ELMs

To enable the 3D printing via DIW of aqueous inks
containing fungal cells to create ELMs, it is important
to first design an ink system that simultaneously allows
the safe growth of the fungi and satisfies the 3D printing
requirements. The ink should therefore contain the
nutrients necessary for the fungus to grow and develop its
mycelium while the ink should also exhibit the rheological
properties necessary for their extrusion through the nozzle
and their shape retention after 3D printing (Figure 1). G.
lucidum and P. ostreatus were two fungal species selected
for this investigation, owing to their extensive use in the
fabrication of mycelium-bound composites and fungal-
based ELMs,” and their availability. Indeed, G. lucidum is
known for its medicinal properties in traditional Chinese
medicine and P. ostreatus is a popular mushroom used in
various cuisines.

The ink for producing the fungal-based ELMs was
formulated to contain agar, alginate, and CMC (Figure 1A).
Agar is a polysaccharide known to be suitable for fungal
growth.*” For this ink, it provides necessary stiffness and
strength for achieving the desired rheological properties
of the ink. As the ink cannot be printed at elevated
temperatures owing to the presence of mycelium in the
ink during printing,**** the agar was present as solid gel
particulates, which tend to form discontinuous filaments
when extruded."” To remedy this, CMC was added to act
as a rheological modifier, allowing for a smooth extrusion
of the ink at room temperature (see Supplementary File,
Figure S1). Alginate was also supplemented to act as a
crosslinking agent that undergoes gelation in the presence
of calcium chloride.®* After printing, calcium chloride
solution was sprayed onto the construct to fix the printed
shape to prevent sagging or deformation until the mycelium
fully colonized the structure. Conveniently, the calcium
ions from calcium chloride have also been reported in the
literature to stimulate mycelium growth,*” which provides
an additional benefit to the process. The moisture from
the calcium chloride spray also helped provide a moist
environment for mycelium growth and gentamicin was
incorporated into the spray to prevent contamination
before the mycelium was fully grown. This is especially
beneficial when the structure is printed in a non-sterile
environment, away from biosafety cabinets, as conducted
in this work. The ratio of each component was tailored
based on each component’s contribution to the rheology
of the overall ink. Agar had the greatest contribution to
the viscosity and rigidity of the ink, followed by CMC.
While alginate was essential as the crosslinking agent, it
had the least contribution to the rheology of the ink and

its addition also decreased the rigidity of the overall ink
(see Figures S2-S4, Supporting Information). Thus, high
concentrations of agar and CMC were incorporated to
provide the bulk of the viscosity and rigidity of the ink
while sufficient alginate was added to enable the structure
to be rigid after printing and crosslinking using calcium
chloride.

The composite inks exhibited a shear-thinning behavior,
which made them suitable for 3D printing via DIW (Figure
1B). The viscosity profile of the ink was also independent
of the concentration of malt and peptone incorporated. As
such, the printing parameters did not need to be adjusted
when modifying the concentration of malt and peptone,
which made it convenient for multi-material 3D printing.
Furthermore, the inks had solid-like properties as the
storage modulus was greater than the loss modulus (G >
G”) in the linear viscoelastic region for all inks (Figure 1C).
Therefore, the inks did not spontaneously flow under the
influence of gravity after the printing process, allowing for
buildability and high shape fidelity. Indeed, various well-
defined shapes could be printed using the finalized ink
compositions (see Figure S5, Supporting Information).

The 3D-printed structures can be inoculated with
mycelium either before the printing process (i.e., mycelium
spawn or liquid culture is incorporated into the ink before
printing)®!¢3 or after printing (i.e., mycelium spawn is
embedded into the 3D-printed structure or the structure
is placed in direct contact with mycelium that was cultured
separately).'”* In this study, the ink was inoculated directly
with the liquid mycelium culture being incorporated
into the ink. Compared to direct inoculation using solid
spawns, the risk of clogging was lower when using the
liquid culture (due to the heterogeneity of the ink caused
by the added spawns), and the homogeneity of the ink was
maintained. This is especially important in this study as a
22G nozzle (0.41 mm internal diameter) was used. Based
on Figure 1D, the ink containing medium levels of malt
and peptone can effectively support the growth of both P
ostreatus and G. lucidum. After 4 days, white, fluffy spots
were seen at various parts of the surface of the structure as
the mycelium began to grow. The mycelium then eventually
enveloped the entire surface of the structure. These
preliminary experiments that were meant to demonstrate
the 3D printing of the inks have already revealed the
different growth or foraging behaviors from the two fungi.

Indeed, P ostreatus had a greater tendency to form
hyphae that spread away from the structure and extend into
the air once the surface was fully covered by the mycelium.
The lack of any specific direction in the tip extension of
the hyphae resulted in the underlying structure being less
pronounced after the mycelium had completely enveloped
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peptone content (low, medium, high) and the addition of liquid mycelium in the medium-content ink. These inks were then used in the multi-nozzle 3D
printer to create materials with local variations in nutrient content and mycelium. (B) Viscosity as a function of shear rate for the inks prepared with the
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images of the growth of G. lucidum and P. ostreatus in 3D-printed constructs over 7 days. Image contrast of all images was slightly enhanced for better
clarity. Scale bars: 20 mm. (E) Electron micrographs of the mycelium network of P. ostreatus and G. lucidum on the top and inside the macropores of
3D-printed constructs after 14 days of growth. Scale bars: 100 um. For micrographs depicting sparse mycelium networks, red arrows are included to
indicate mycelium present.
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the structure. Meanwhile, G. lucidum was observed to better
conform to the 3D-printed structure. Thus, the curves and
contours of the 3D structure remained visible even after
complete coverage by the mycelium of G. lucidum. This
observation demonstrates the different foraging strategies
that each fungus employs in a similar environment.
Furthermore, while P. ostreatus readily colonized the air-
material surfaces, it had a lower tendency to colonize the
cramp spaces within the macropores of the structure. This
is shown by the sparse mycelium found in the cross-section
of the macropores (Figure 1E). In contrast, the mycelium
of G. lucidum was equally dense on both the top and inside
the macropores of the underlying structure (Figure 1E).
However, growth of the mycelium of P. ostreatus in the
macropores was possible, provided that they are sufficiently
large (see Figure S6, Supporting Information).

Having demonstrated the possibility of preparing inks
for 3D printing and growing mycelium effectively for two
fungal species with different growth behaviors, the effect
of the nutrient composition present in the inks on their
growth was then studied.

3.2. Nutrient concentration controls the foraging
behavior of P. ostreatus and G. lucidum

Various media and substrates are suitable for fungal
cultures. Availability and assay types are among the factors
considered when determining the choice of media. Among
the plethora of media used for fungal culture, a mixture of
malt and peptone are commonly used in the literature and
is also chosen here to vary the nutritional content of the
inks. Malt serves as a source of polysaccharides to provide
energy for the fungi while peptone acts as a nitrogen
source for the synthesis of proteins and other components
inside the fungal cell. To study the growth of the two fungi
P, ostreatus and G. lucidum when these nutrients are varied,
solid-state mycelium growth on agar plates containing low
and high levels of malt and peptone were studied (Figure
2, see Figure S7 and time-lapse videos in Videos S1 and S2,
Supporting Information).

Agar plates with four levels of nutrient concentrations
were prepared following a two-level full factorial design
where malt and peptones were varied in low and high
concentrations only. The agar plates were inoculated at
their center by adding an agar plug containing mycelium.
Differences in the mycelium formed from these four
nutrient levels could be readily observed for both species
(Figure 2A). At low levels of malt and peptone, both G.
lucidum and P. ostreatus formed thin and sparse mycelium.
From the naked eye, the mycelium was translucent, with
the underlying agar still visible, suggesting it to be very thin
and fragile. Increasing the concentration of peptone helped

P ostreatus form thicker mycelium, but the mycelium
sheet formed was only dense near the inoculating agar
plug. The increase growth resulting from the increase in
peptone was less pronounced for G. lucidum. However, for
both strains, malt had a significant effect on the mycelium
growth regardless of the concentration of peptone with the
mycelium layer becoming opaque at high levels of malt.

To quantify these growth behaviors, the growth rate
(the area of mycelium present on the agar plate) was
recorded during the 14 days of growth (Figure 2B). Most
growth profiles display a sigmoid curve that is typical
across different organisms,* which was also observed for
both fungi in this study. There was an initial lag phase,
during which the mycelium from the agar plugs probably
initially adjusted to the new environment, followed by an
exponential growth phase, and a stationary phase that was
reached when the mycelium had covered the entire area of
the Petri dish. The growth rate of P. ostreatus was faster at
low concentrations of malt and peptone as its growth curve
was higher than for the other concentrations and was the
quickest to plateau (Figure 2B, top). As a fast growth rate is
a known attribute of guerrilla-type behavior, this suggests
that the fungus adopted an explorative foraging behavior
in this environment.*”> When the concentration of malt
was high, the growth rate became slower but appeared
to be independent of the concentration of peptone. The
growth rate was the slowest when the concentration of
malt was low, and the concentration of peptone was high.
Surprisingly, for G. lucidum, mycelium grown on agar with
high concentrations of malt has a faster rate than those
grown on agar with low concentrations of malt (Figure 2B,
bottom). This may seem to contradict the theory that low-
nutrient environments lead to a faster growth rate due to
the fungus exhibiting guerrilla foraging. However, other
studies in the literature also suggest that this theory still
holds for ranges of malt concentration that are higher than
the one used in this study.® This suggests that at low malt
concentrations, nutrient deficiency may have hindered
the growth rate of mycelium. Nevertheless, the mycelium
density remained sparser at low-nutrient conditions, which
is another attribute indicating guerrilla-type foraging
behavior besides high growth rate. Like P. ostreatus, the
growth rate was the slowest when the concentration of
peptone was high while the concentration of malt was low.

To further quantify the exploitative foraging behavior of
the fungi, the dry biomass of the mycelium sheet formed in
each condition was obtained after 14 days of culture (Figure
2C). At low malt concentrations, an increase in peptone
caused a non-significant increase in the thickness of the
mycelium formed. Malt had a greater influence on the dry
biomass harvested for both strains of fungi investigated
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Figure 2. Nutrient concentration controls the foraging behavior of P. ostreatus (top panels) and G. lucidum (bottom panels). (A) Digital images of mycelium
grown on agar plates containing varying concentrations of malt and peptone after 14 days of culture following the two-level full factorial design (see
Materials and methods section for details). Scale bars: 20 mm. (B) Growth area of the mycelium during 14 days of culture for the four different nutrient
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but both malt and peptone complemented each other. This
synergy resulted in a statistically significant increase in
absolute dry biomass obtained when the concentration of
peptone was increased at high levels of malt concentration.
While malt promoted a greater increase in dry biomass
obtained, this quantity increased further in the presence of
high levels of peptone.

The variation in malt and peptone concentrations
demonstrated various foraging behaviors for the two fungi
studied here. This difference in growth led to mycelium
formation with differing macroscopic appearances, which
could readily influence their properties. A microscopic
characterization of the mycelium was therefore conducted
to better understand the implications of the varying
growth rates.

3.3. Tuning nutrient concentration allows for various
morphology of the mycelium of P. ostreatus and

G. lucidum

To determine the effect of the nutrients and the growth
rates on the morphology of the mycelium of the two fungi,
the mycelium sheets grown in the four nutrient conditions

as described in the previous sections were analyzed using
electron microscopy (Figure 3).

The microstructures of the mycelium sheets grown after
14 days (Figure 3A) are consistent with the macroscopic
observations made from mycelium grown on agar plates
(Figure 2A). The density of the mycelium of both P. ostreatus
and G. lucidum increased when the concentration of malt
was increased. At low malt and peptone concentrations,
there were visible gaps in the network for both strains but as
the concentration of nutrients increased, there was tighter
packing of the hyphae, owing to the increased mycelium
density due to the higher occurrence of branching.

The surface porosity and projected hyphae diameter
were also evaluated from these electron micrographs.
The surface porosity was significantly reduced when the
concentration of malt available to the mycelium increased
(Figure 3B). This holds true for both strains regardless of
the concentration of peptone. Meanwhile, peptone had
a significant influence on the reduction of the surface
porosity of the mycelium of P ostreatus, but its effect
on the microstructure was negligible for G. lucidum. In
turn, both malt and peptone had a positive effect on the
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Figure 3. Tuning nutrient concentration allows for various morphology of the mycelium of P. ostreatus (top panels) and G. lucidum (bottom panels). (A)
Electron micrographs of the mycelium grown after 14 days of culture on agar plates containing different concentrations of malt and peptone. Scale bars:
20 um. (B) Surface porosity of the mycelium after 14 days of culture in the four nutrient conditions. (C) Hyphae diameter of the mycelium after 14 days
of culture in the four nutrient conditions. Data are presented as mean * standard deviation. *p < 0.05, **p < 0.01. Abbreviations: H, high; L, low; M, malt;

P, peptone.

diameter of the hyphae formed that increased when the
nutrient concentration increased (Figure 2C). However,
the extent of the increase in diameter was different for
both strains. For P. ostreatus, an increase in malt caused
a significant increase in hyphae diameter, but only when
the concentration of peptone was high. The same is true
for peptone, whereby peptone significantly increased the
hyphae diameter when the concentration of malt was
high. Meanwhile, for G. lucidum, a significant increase in
hyphae diameter was observed only when increasing the
concentration of peptone when the concentration of malt
was low. This observation provides another evidence of
the inherent difference between the growth and metabolic
activity of both species.

These results establish that malt is more dominant than
peptone in affecting the morphology and density of the
mycelium of both fungi, resulting in visible macroscopic
and microscopic differences. However, peptone by itself
still has a significant influence and it cannot be omitted
from the formulation of the ink. These macroscopic
and microscopic differences may also lead to different
surface properties such as hydrophobicity (see Figure S8,

Supporting Information). For subsequent experiments
on creating structures with localized nutrient variations,
low-nutrient zones contained low concentrations of malt
and peptone, and high-nutrient zones contained high
concentrations of malt and peptone.

3.4. Local variations in nutrients on a
two-dimensional surface guide the growth and
foraging behavior of mycelium

Considering the difference in growth behaviors of the two
fungi on substrates containing different concentrations of
nutrients, their behavior on substrates containing local
variations in nutrient content was then investigated.
To achieve this, multi-material DIW was used to print
porous two-dimensional (2D) lattices using the three inks
indicated in Figure 1A. The inks were inoculated with liquid
mycelium from either P. ostreatus or G. lucidum, and the
fungus was allowed to grow in the structure after printing
for about 2 weeks to understand the effects of varying the
position of nutrients on the direction of growth and other
aspects of the mycelium (Figure 4).
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Four sample designs, which could be readily fabricated
using our multi-material DIW approach, were tested
(Figure 4A). The objective of using these designs was to
observe the foraging behavior of mycelium in structures
with local variations in nutrient content and to determine
if these variations can either promote or inhibit extension
(Design Iand Design IT) or bridging (Design ITI and Design
IV) between different inoculated regions in the structure.
Each design contained zones of origin (yellow with white
circles), which were printed using the ink containing
liquid mycelium and medium levels of malt and peptone.
After incubation, the mycelium grew from the zones of
origin and extended into the other zones. The prints were
intentionally designed to be porous, in order to allow air

to flow homogeneously throughout the samples and avoid
additional effects of various oxygen contents.

The foraging behavior of the mycelium of P. ostreatus
on the four structures showed significant variations
and effects of the designs (Figure 4B). These results
are consistent with the growth of mycelium on various
agar formulations (Figure 2), where a clear contrast
in mycelium density can be observed between zones
of different nutrient levels. When approaching a low-
nutrient zone (Design I and Design III), the mycelium
formed is sparse. As such, both the extension (Design
I) and bridging (Design III) of mycelium are inhibited.
This results in a clear contrast between mycelium at the
zones of origin and the low-nutrient zones. This contrast

A) [] Low malt, low peptone

. High malt, high peptone

—

P. ostreatus

c

S

G. lucidum

D Medium malt, medium peptone
O Mycelium
[} v

15 mm

2.5
: oo

DOD

Figure 4. Local variations in nutrients on a 2D surface guides the growth and foraging behavior of mycelium of P, ostreatus and G. lucidum. (A) Schematics of
design of 3D-printed fungal-based engineered living materials (ELMs) detailing the different constituent materials. Growth of mycelium of (B) P. ostreatus
and (C) G. lucidum on the 3D-printed substrates with zones containing varying concentrations of malt, peptone, and liquid mycelium, respectively. Scale

bars: 20 mm.
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was particularly visible after 4 days of growth and was
still apparent after 10 days, albeit less strongly. On the
contrary, when the zone had a high nutrient level (Design
IT and Design IV), both extension and bridging were
promoted and the density of mycelium over this zone
became indistinguishable from the rest of the network
on the ELM. It should be noted, nevertheless, that the
extension and bridging are mostly occurring after 10
days. When comparing designs containing high-nutrient
zones (Design II and Design IV) to designs containing
low-nutrient zones (Design I and Design III), the mycelia
emerging from zones of origin were denser for designs
containing high-nutrient zones, presumably due to the
diffusion of malt and peptone from high-nutrient zones
to the zones of origin. For designs with low-nutrient
zones, the opposite may also be true, where the initial
mycelium formed was sparser due to the diffusion of malt
and peptone from the zones of origin to the low-nutrient
zones.

Similar observations were made for the same designs
containing G. lucidum for their extension and bridging in
the four multi-material structures (Figure 4C). While the
behavior resembled that of P. ostreatus, the mycelium of G.
lucidum had the tendency to conform to the underlying
structure with less likelihood to spread its hyphae in all
directions, resulting in the shape profile of the underlying
structure being more pronounced (compared with
Figure 1D). Meanwhile, for P. ostreatus, there was also a
greater tendency for the mycelium to extend beyond the
3D-printed structure and onto the Petri dish housing the
ELM. Otherwise, the growth behavior of both G. lucidum
and P, ostreatus were consistent with the phalanx/guerrilla
theory on foraging behavior.

Both Designs I and II also showed the potential of
varying local nutrient contents to either promote or inhibit
the self-healing capabilities of fungal mycelium. It has been
established that live mycelium materials can regenerate,*!”
allowing holes on mycelium sheets to be filled or two
separate structures to combine when placed together.
By placing a material of low-nutrient content between
two regions containing fungal mycelium, the bridging of
mycelium between the two region was inhibited and the
self-healing property of the fungal mycelium could be
suppressed to a certain extent. Meanwhile, the self-healing
capability of mycelium could be promoted if the material
in between contained high nutrient levels, promoting the
growth of mycelium over the gap. As such, this study also
showed the possibility of controlling this phenomenon in
fungal-based ELMs.

Therefore, the growth behavior of the two fungi on
a flat 2D plane was observed and their behavior in a 3D
space was then studied.

3.5. Local variations in nutrients in a 3D complex
structure guides the growth and foraging behavior
of mycelium

Since ELMs exist in various shapes and complexities,
the effects of varying nutrients on all three axes should
also be investigated. Furthermore, 3D printing via DIW
conveniently allows for 3D shapes to be built and the
inks were formulated to allow both extrudability and
buildability. The extension and growth of the mycelium
from the two species could therefore be observed in three
dimensions and in complex patterns (Figure 5).

To test the growth of mycelium in the vertical direction,
cuboid structures were designed where the base of the
cube is the zone of origin (Figure 5A). The structures were
again 3D-printed with pores to allow air to flow through
the structure and homogeneous growth at the core of the
sample. After the base was printed, the subsequent layers
were then printed using inks with either a low- or high-
nutrient content. For both strains of fungi, the mycelium
first emerged from the base of the structure 4 days after
printing. However, at this point, the network was barely
visible, containing only a few strands of hyphae. By day 7,
the mycelium became more visible as the subsequent layers
above were gradually covered until complete coverage
observed by day 10. If the nutrient content of the higher
layers is low, the mycelium formed in the upper layers is
sparse, and vice versa. The designs also demonstrated
that not all inks used in the fabrication process need to
include liquid mycelium. Indeed, only a section needs to
be inoculated and the mycelium will eventually envelop the
entire structure. This is interesting as it potentially reduces
the amount of liquid mycelium required, which should be
easier for the fabrication of large-volume structures. It also
facilitates the ink preparation and storage as the ink without
mycelium can be stored in the fridge until use, whereas
inks containing mycelium need to be prepared fresh before
use. If an ink containing mycelium is kept for too long,
mycelium may develop inside any air bubbles present
within the ink, ultimately compromising the homogeneity
of the ink leading to 3D printing difficulties later.

From the preceding observations, it has been established
that mycelium growth can be controlled through the
precise deposition of nutrients in the substrate, allowing for
structures with various surface patterns to be fabricated (see
also Figures S9 and S10, Supporting Information). As such,
a potential application of this technology is the creation of
distinct and detailed patterns on the surface of structures.
Positioning zones of high- and low-nutrient contents in
the ELM should guide the growth of mycelium in specific
directions, allowing for the fabrication of structures with
esthetical value. Figure 5B highlights an example of this
application. Using a low-nutrient zone, the growth of a
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Figure 5. Local variations in nutrients in a 3D complex structure guides the growth and foraging behavior of mycelium from P. ostreatus and G. lucidum.
(A) 3D-printed substrates inoculated with P. ostreatus and G. lucidum, respectively, with stacked zones containing varying concentrations of malt and
peptone. Different fungal strains (G. lucidum and P. ostreatus) and nutrient contents were used. Scale bars: 20 mm. (B) Fabrication of textured mycelium
surfaces by using multi-material 3D printing. Different fungal strains (G. lucidum and P. ostreatus) and nutrient contents were used. Scale bars: 20 mm.
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dense mycelium network was limited to the zones of origin.
When the mycelium began to extend into the surrounding
low-nutrient level zones, the network became sparser. This
creates a contrast in the mycelium network between the two
zones, allowing for underlying patterns to be discernible. In
contrast, for designs with the surrounding zones containing
a high nutrient level, the density of the network was higher,
eliminating the underlying pattern of the zone of origin.
Owing to the inherent exploitative behavior of G. lucidum,
pattern generation was more successful when this species
was used, with the letterings being distinguishable after
attaining complete mycelium growth on day 10. Meanwhile,
since it is established that the mycelium of P ostreatus
tends to extend in all directions, pattern generation on the
surface of the substrate is less successful, despite the visible
difference in mycelium density between the high- and low-
nutrient zones.

While the effect of nutrient heterogeneity on fungal
growth was previously demonstrated in the literature,*"*'
this study significantly expands these prior discoveries.
Firstly, preceding studies sought to understand fungal
growth behavior in soil, and thus, the substrates used were
at most 2D. This study does not have such a limitation
and therefore also investigates growth in all three spatial
dimensions. There is also potential to utilize this knowledge
to create fungal-based ELMs and mycelium-bound
composites of greater complexity. Regarding the creation
of a heterogeneous nutrient environment, previous studies
achieved this by manually arranging various cubes of
agar to form a tessellation. This study utilizes modern
fabrication methods in the form of DIW to fabricate shapes
with greater complexity and dimensions, in contrast to
those with simple patterns and arrangements. This study
also investigates how both factors of the carbon (malt)
and nitrogen (peptone) sources interact with each other
to affect the growth of fungi on such substrates. On the
contrary, previous studies either focused on comparing
between different media formulations®**** or only
investigated a single component at a time.” Finally, the
application of fabricating patterned structures leveraging
the ability to manipulate the foraging behavior of fungi
was demonstrated in this work, underscoring the potential
utility of this phenomenon.

While the use of 3D printing to fabricate fungal-based
engineered living materials has been established, notably
by the study conducted by Gantenbein et al.,* this work
seeks to expand on their findings. In this study, instead
of a homogenous structure, multi-material samples with
heterogeneous distribution of nutrients were fabricated
using a multi-nozzle 3D printing system. A second strain
of fungi, P. ostreatus was explored and the difference in its
growth behavior with G. lucidum on 3D-printed ELMs in

the same environment and with the same nutrient levels
was observed as well. This expands on the possibility of
different fungi exhibiting different growth patternson ELMs
when generalizing this technology to other strains of fungi.
While the difference between explorative and exploitative
growth was previously investigated in literature, this was
conducted only to optimize the concentration of malt to
be included in their final ink composition. In contrast,
the nutrient content in the ink used in this study was
purposely adjusted to elicit the changes in growth behavior
of the mycelium at various locations of the structure. Also,
the peptone was included as a second source of nutrients
besides malt to determine its main effect on fungal growth
and its interaction with malt content.

4, Conclusion

In this study, the effect of different nutrient content on
the foraging behavior of mycelium was explored. With
two fungal strains used as case studies, their behaviors
on multi-material constructs with localized variations in
nutrient content fabricated using DIW were investigated.
In regions with low-nutrient content, both fungi exhibited
guerrilla behavior with mycelium of low density formed,
while phalanx behavior was observed in regions of
high-nutrient content, resulting in the formation of
dense mycelium. G. lucidum is more exploitative, with
less tendency to extend its hyphae in all directions, as
compared to P. ostreatus, resulting in greater conformation
to the underlying ELM. In the development of existing
fungal-based ELMs, this fundamental study provides
a possibility of controlling the growth of mycelium on
the structure using nutrients to create more complex
structures with expanded functionalities. While there
was no particular application explored in this study;, it is
expected that the findings here will provide reference for
future developments towards the following applications.
Improving the esthetics of apparels made using mycelium
is possible by creating patterns containing either high- or
low-nutrient content on the surface of such textiles. There
is also the potential of using such ELMs as a miniature
model of a particular environment to model the behavior
of fungi in said environment. This can subsequently be
used to better understand the capabilities and effectiveness
of using fungi to mycoremediate and remove contaminants
from the environment, or to evaluate the efficacy of anti-
fungal products. The 3D printing system is also capable of
modeling 3D ecosystems with complex shapes and is not
limited to just creating a 2D ecosystem.

Beyond the investigation of malt and peptone, other
nutrient sources can also be explored as well. The effect
of other materials on the growth and foraging behavior of
mycelium such as metal ions and other microorganisms
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including bacteria and plant cells can also be incorporated
and investigated, provided that the printability of the ink is
not affected by the incorporation of such materials. Fungal
behavior in complex architectures manufactured via 3D
printing can also be another potential area inspired by this
study, opening the way for the exploration of 3D-printed
biodegradable and living products.
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