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ABSTRACT

Ganoderma is a genus of fungi that has been the subject of much research, largely
due to its medicinal or therapeutic qualities. However, the structure of their
sporocarps (similar to mushrooms) and their mechanical and material proper-
ties have been largely ignored. Three characteristic structures created by Gan-
oderma fungi are described with a focus on their structural and mechanical
properties: the layered sporocarp structure, the vegetative mycelia that create
filamentous networks, and the double-walled spore. The Ganoderma sporocarp
has a layered, porous mesostructure that provides for a macrostructure that is
both lightweight and mechanically tough and could provide inspiration for
materials in aerospace applications. Ganoderma mycelia networks, which make
use of three different types of constitutive filaments (hyphae), can naturally bind
substrates and provide increased mechanical properties than fungi with simpler
microstructures. These networks can be implemented into engineering appli-
cations as natural binders or textiles. The reinforced walls of and porous internal
structure of Ganoderma spores provide a mechanically resistant structure irre-
spective of the orientation of the load. This protective, hollow structure may
provide inspiration for the creation of energy storage materials.
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Introduction

The design process is critical in the discovery and
development of new techniques and technologies.
Many different design processes have been devel-
oped in an effort to establish frameworks that will
lead to the best results for a given system, project, or
product [1-4]. Evolution is a design-like process as it
allows for the natural selection of different traits that
enable organisms to survive and thrive in their
environments. As a result, the natural world holds an
abundance of natural structures that fit form to
function in innovative ways. Critically, natural
structures have material properties that are tailored
to their application in ways that cannot be achieved
by their constitutive materials alone. This is largely
achieved by the structures (e.g., nano-, micro-, and
macro-structures) found in natural materials [5]. As a
result, various materials and manufacturing tech-
niques have been developed to mimic natural struc-
tures and apply their properties to other applications
through the creation of bioinspired materials [6-10]
(i.e., materials engineered to mimic or harness
structures, features, or functions of natural materials).
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An abundance of research has been done on natural
structures and their inherent benefits [5, 6, 11-13],
laying the groundwork for the creation of bioinspired
materials. Even so, many natural materials, such as
fungi, have been characterized through limited
reports as a source for bioinspiration.

The structures of fungi, along with their inherent
material, physical, and mechanical properties, offer a
wide range of possibilities to inspire the creation of
bioinspired materials. The fungal kingdom is
incredibly diverse. Though thousands of new species
are described and documented each year, there are
estimated to be millions still to be discovered and
described [14-16]. Within the Dikarya (i.e., fungi that
produce large, fleshy spore-bearing reproductive
structures), sporocarps (i.e., mushrooms) display a
wide variety of properties. Sporocarps of the Basid-
iomycota fungi can range from small, delicate, and
having short life spans (such as Mycena spp.) to
medium sized and leathery (such as the white button
mushroom Agaricus) to large and woody sporocarps
that persist for years (such as Ganoderma species and
other species of bracket fungi, Fig. 1). Additionally,
these fungal species have unique ecologies and
interact with other organisms in symbioses ranging
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Figure 1 Diagram of the
basic process of taking a
natural, biological material
(such as a Ganoderma fungi)
and using its structures or
functionalities for
bioinspiration for different
products.
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from parasitism to mutualism. This wide variety of
properties allows for these species to survive and
thrive in their respective environments, some of
which are very harsh. Considering the breadth of
fungi and their structures, relatively little has been
researched in terms of material characterization or
studies of their biomechanics and mechanical prop-
erties. Existing literature on the biomechanics of
fungi focuses on biological processes, such as growth,
spore release, and digestion [17-23]. As more
research emerges focusing on the biomechanics of
fungi, there will be a greater understanding of how to
implement the advantageous structures and func-
tions of fungi into bioinspired designs and advanced
materials (Fig. 1).

Of the many fungal genera of fungi, Ganoderma has
been of great human interest for thousands of years
(Fig. 1). There is a long history in traditional Chinese
medicine for using Ganoderma, the efficacy of which is
now backed by a number of scientific studies [24-26].
Many reviews have been completed on Ganoderma,
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primarily focusing on different chemical products
[27, 28], its application to pharmacology [26, 29], and
its ability to help treat cancer [25, 30]. This has led to
Ganoderma spores and sporocarps being commer-
cially grown and harvested for use in both pharma-
cological and food industries [31, 32]. Beyond its
medicinal benefits, Ganoderma has several interesting
structures present in its sporocarp (Fig.1). The
sporocarp itself is a porous material, made up of a
bottom layer with tubular pores from which spores
are ejected. Above the pores is a sterile, fleshy tissue,
called context tissue. These structures are both cre-
ated by the agglomeration of hyphae, the main con-
stituent material of filamentous fungi [33]. These
hyphae are created by the propagation of fungal cells
into long filaments. These hyphae can fuse and
agglomerate into different forms to create many
fungal structures, including the porous structures
found in the reproductive sporocarp and mycelia, the
vegetative portion of the fungus [34]. The propaga-
tion of these organisms is largely dependent on the
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spores formed in the sporocarps. These spores can be
found in the tubular pillars in the sporocarp before
being ejected, and can sometimes be present on the
surface of the sporocarp [23].

Recent work has largely focused on the uses of
fungal myecelial structures [35-38]. These structures
are of such interest that a number of companies have
invested time, money, and research into employ
Ganoderma into fungi-inspired material, allowing for
a more environmental-friendly, lower cost, lower
waste manufacturing process for their products.
[39—42]. Other recent reviews focus solely on the use
of fungal mycelia, without a focus on a specific genus
or consideration of other fungal structures [35-38].
The morphology of fungal structures is largely
dependent on the genus of the fungus. Ganoderma is a
genus of interest because, in addition to its many
benefits derived from its chemical bioactivity, a
growing number of researchers and companies have
shown interest in Ganoderma for its mechanical and
material properties [34-38]. Even with this growing
interest in Ganoderma, there is limited knowledge
about the material and mechanical properties of the
structures created by this genus of fungus. This
review includes a focus on three specific structures
common to Ganoderma species (the porous structure
of the sporocarps, the networks of mycelia, and the
double-walled spores) that have great potential to be
applied to current engineering applications as a
source for bioinspiration in the creation of advanced
materials or designs (Fig. 1). This approach differs
from other reviews [36-38] by limiting the scope to a
single genus of fungi and analyzing three of its
characteristic macrostructures from a mechanics and
materials approach with the end of identifying
potential applications that may benefit from inte-
grating similar structures with their inherent prop-
erties. With this new perspective of the most
applicable structures and properties of Ganoderma,
more fungi-inspired designs can be created or
implemented, improving on current designs by using
the products of the evolutionary design process.

Sporocarp morphology

Ganoderma sporocarps (i.e., the fruiting bodies of
fungi including mushrooms) generally have a kidney
or elliptical shape [33, 43-46], though there are spe-
cies known to create different morphologies, such as
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antler-like sporocarps, based on growing conditions
[47] (Fig. 2a—d). Ganoderma species disseminate
spores via fertile tissues that line longitudinally ori-
ented pores on the underside of the sporocarp caps
(Fig. 2a, e, i, j). This pore surface is generally in white,
yellow, or cream color [31, 33, 43, 45, 46, 48, 49]. The
pores that make up this surface can range from a
round or circular cross-sectional shape to a more
angular, elliptical cross-sectional shape with varying
densities of pores on the surface (Table 1; Fig. 2i, j).
These pores have a tubular structure, which extends
from the pore surface into the sporocarp with pores
of different lengths dependent on the species
(Table 1). The pore density (pores per mm) of
reviewed species ranges from only 2 pores per mm in
G. colossum to as high as more than 10 pores per mm
in G. mastoporum, though the average number of
pores are closer to 4-5 pores per mm (Table 1). The
length of these pores ranges from up to 2 mm in
G. colossum to up to 30 mm in G. concinnum, G. ni-
tidum, G. oerstedtii, and G. resinaceum, though the
average was roughly 15 mm.

Above the tubular structures of the pores is the
sporocarp context (Fig.2a, e-g), the unexposed,
sterile, fleshy part of the sporocarp between the pores
and the surface of the sporocarp cap made up of the
main constituent fungal material: hyphae [33]
(Fig. 2h). Hyphae are long, filamentous tubular cells
that comprise both the body of fungi and the repro-
ductive sporocarps [34]. The thickness of the context
ranges from as thin as 3 mm in G. longistipitatum to as
thick as 60 mm in G. nitidum and G. resinaceum, with
an average of roughly 18 mm (Table 1). The variation
in the size and length of the pores and the thickness
of the context creates a wide variety of potential
properties in combining the two types of structures.
Ganoderma sporocarps have two different structures
commonly found in natural materials: tubular and
cellular structures. These tubular and cellular struc-
tures create a layered structure in the sporocarp.

Ganoderma layered structure

Layered structures, such as the pore/context layer
seen in Ganoderma species, are common structures in
nature [5, 7]. Layered structures can be seen in the
brick and mortar type structure of abalone, the con-
centric layers of deep-sea sponges, or the layering
found in the defensive structures of arapaima fish
scales [50, 51] and beetle [52, 53] or crustaceans
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Figure 2 Ganoderma sporocarps and their morphological
features. a Some of the main features of interest in a Ganoderma
sporocarp and axes defining a system of orientation. Sporocarps of
b G. lingzhi, ¢ G. resinaceum, and d G. tsugae. e Ganoderma
lingzhi sporocarp cross section; f, g Ganoderma oregonense
sporocarp cross sections. h Microstructure of the context of

exoskeletons [13, 54]. These layered structures offer
many mechanical advantages by combining the
mechanical properties of the individual layers.
Materials such as the club of the Peacock Mantis
shrimp make use of helical layers, where the fibers
that make up each parallel layer are rotated to be
oriented at different angles, similar to a rotating
layup of fiber-reinforced composites [41, 55, 56].
These parallel layers help in deflecting crack growth,
increasing the fracture toughness of the material.
While it holds the same general structure in, the
layers found in Ganoderma sporocarps differ from
those listed above because they make use of layers
that are not oriented in the same planes.

The layered structure in characteristic Ganoderma
sporocarps utilizes a roughly longitudinally oriented
layer (pores) and a generally transversely oriented
layer (context) [57]. The cellular structure of the

G. lingzhi. i, j Different views of the tubular pores characteristic of
Ganoderma sporocarps. Arrows (e, £, g) are pointing to the context
of each sporocarp. Scale bars represent b—d 15 cm, e-g 4 cm, h—
j 100 um. b—d Adapted with permission [33]. Copyright 2015,
Elsevier. h—j Adapted with permission [57]. Copyright 2022,
Elsevier.

context has been shown to have some degree of ori-
entation in the transverse direction (Fig. 2a), rather
than a completely isotropic structure. This orientation
results in better mechanical resistance to transverse
loading, with one study showing that the compres-
sive modulus can triple when loading is parallel to
the transverse orientation (6.5 MPa) instead of lon-
gitudinally (perpendicular to the orientation, roughly
2 MPa) [57]. The pore section of the sporocarps,
however, has greatly increased mechanical resistance
to longitudinal loading (parallel to the tubes that
make up the pores), which is achieved with less bulk
material due to the presence of the pores [57]. Thus,
the layers of these Ganoderma sporocarps combine to
provide an increased mechanical resistance to both
longitudinal and transverse loading by combining
the tubular structures of the pores and the cellular
structure of the context, both of which are common
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Table 1 Sporocarp characteristics of a variety of Ganoderma species

Species Pores per mm Pore shape Pore length Context thickness Citation
G. aff. steyaertanum 5 Up to 7 mm Up to 25 mm [48]
G. angustisporum 3-5 Angular to circular Up to 7 mm Up to 4 mm [44]
G. boninense 4-5 [33]
G. casuarinicola 4-6 Angular to circular Up to 9 mm Up to 11 mm [44]
G. chalceum 34 Angular to circular Up to 20 mm Up to 30 mm [46]
G. colossum 2-4 Angular to rounded Up to 20 mm Up to 100 mm [46]
G. concinnum 6 Round Up to 30 mm Up to 10 mm [46]
G. curtisii 4-6 [33]
G. flexipes 4-6 [33]
G. gibbosum 4-7 Angular Up to 18 mm Up to 25 mm [98]
G. lingzhi 5-6 [33]
G. longistipitatum 4 Round Up to 12 mm 1-3 mm [46]
G. lucidum 4-5 [33]
G. mastoporum > 10 Circular 5-12 mm Up to 10 mm [48]
G. multicornum 5-6 Round Up to 12 mm Up to 10 mm [46]
G. multipleum 4-6 [33]
G. multiplicatum 6-8 Round Up to 15 mm Up to 6 mm [46]
G. nitidum 34 Angular to circular Up to 30 mm Up to 60 mm [46]
G. oerstedtii 34 Angular to circular Up to 30 mm Up to 30 mm [46]
G. orbiformum 5 Round Up to 10 mm Up to 10 mm [46]
G. oregonense 34 [33]
G. perzonatum 5 Circular Up to 10 mm Up to 5 mm [46]
G. philippii 4-6 5-10 mm Up to 10 mm [48]
G. resinaceum 34 Angular to circular Up to 30 mm Up to 60 mm [46]
G. resinaceum 34 [33]
G. sessile 4-6 [33]
G. sichuanense 4-6 Angular to circular 0.5-13 mm 3-20 mm [33, 45]
G. stipitatum 4-5 Angular to circular Up to 5 mm Up to 6 mm [46]
G. tropicum 4-6 [33]
G. tsugae 4-5 [33]
G. zonatum 4-5 Circular Up to 10 mm Up to 5 mm [33, 46]

structures in found separately in natural materials

[5].
Sporocarp cellular structure

Cellular structures, such as the structure of the con-
text of Ganoderma sporocarps, afford for lower weight
structures that are able to resist loads that result in
bending or buckling, in addition to increasing the
overall toughness of the material, depending on the
exact structure [5]. If deformed, initial compressive
loading results in the solid material bending and
stretching. Because of the structure of the cellular
structure, the cells can then yield, fracture, or buckle,
allowing the macrostructure to maintain a relatively
consistent compressive stress even as the structure

@ Springer

reaches larger strain values. Eventually, the cellular
structure densifies as the cell walls are compressed
and forced together [58]. Mechanical properties of the
cellular solid context of Ganoderma sporocarps can be
estimated using known models of cellular solids. The
modulus of the context can be modeled as (adapted
from [58])

where E. is the modulus of the context, E;, is the
modulus of the hyphal filaments which make up the
cell walls, and p. and py are the densities of the
context and hyphal filaments, respectively. Addi-
tionally, the compressive stress of the context can be
modeled as (adapted from [58])



[N

Pc
o. = 0.3ay (—) 2
o, (2)
where o, is the compressive strength of the context,
on is the compressive strength of the hyphal fila-
ments, and p. and py, are the density of the context
and hyphal filaments, respectively.

Sporocarp tubular structure

Tubular structures, such as the pores in Ganoderma
sporocarps, allow materials or structures to achieve
better impact and pierce resistance and achieve better
mechanical resistance, even with the porosity intro-
duced with the inclusion of these tubular pores. The
pores in Ganoderma sporocarps play an essential
biological role in protecting and dispersing spores.
These pores, which extend into the sporocarp
(Table 1), also improve the fracture toughness, energy
absorption of cracks, and compressive strength of the
material [5]. The open pores allow for deformation in
the transverse direction, which increases the amount
of energy that the material can absorb under a given
force, as compared to a bulk material. Though there is
less material to resist mechanical loading, the longi-
tudinally oriented pores result in a more compliant
structure than bulk material. This may help the
Ganoderma sporocarps to resist mechanical loading
without risking catastrophic failure. The modulus of
a tubular structure, such as Ganoderma pores, can be
modeled as

E = E, (1 - vg), (3)

where E; is the compression modulus of a material
with tubular structures aligned parallel to compres-
sion, Ep is the compression modulus of the bulk
material, and V/, is the volume fraction of the pores or
tubes (adapted from [57]). This model demonstrates
that the more porous tubular structure is reduced
from that of the bulk material based on the porosity
of the tubular structure. Though the modulus is
reduced as compared to the bulk material, the tubu-
lar structure can achieve similar compressive moduli
with less material (e.g., a volume fraction of 30%
results in a tubular material with a compressive
modulus that is 91% as large as the bulk material).
This model has been shown to predict the modulus of
either the bulk material (context) or porous tubular
structures (pores) of a Ganoderma sporocarp with

error as low as 2.5% [57]. The volume fraction affects
the modulus, changing how stiff or compliant it is,
meaning that as different Ganoderma species have
different pore densities, they will also have slightly
different moduli. These structures also have a com-
pressive strength that can be modeled as

E, (1 - V},“)sf
o=t (4)
Vb

where o is the compressive strength of the tubular
structure, V, is the volume fraction of the tubes or
pores, & is the strain at failure of the tubular struc-
ture, and v, is Poisson’s ratio of the bulk material
(adapted from [59]). This model has been shown to
accurately predict (less than 0.2% error) the strength
of Ganoderma samples where pores run longitudinally
throughout the sample [57].

Inspiration for engineering applications

The combination of longitudinally aligned pores and
a cellular solid provides for an interesting use of
material that maximizes mechanical resistance. Both
cellular solids and tubular structures have a lower
density due to the porous nature of these structures.
Nonetheless, these structures have been shown in
Ganoderma samples to maintain specific strength
values similar to those seen in cancellous bone or
wood [57] while maintaining a more pliable struc-
ture. Both of these characteristics are theorized to aid
in the continued ability of Ganoderma sporocarps to
release spores despite the presence of external load-
ing [57]. This layered combination of porous struc-
tures provides for some degree of pliability, and
mechanical resistance may act as good bioinspiration
for lightweight, protective materials.

In aerospace applications, porous, mechanically
resistant materials are important [12, 60]. One such
material that has been used in these low-density
aerospace applications is aerogel materials [61-63].
While these materials have an extremely high
porosity, they are very fragile, though much research
has been done to increase their mechanical resistance
[62-66]. Ganoderma-inspired structures could help fill
the gap between highly porous materials and
mechanical resistance. The layering of two porous
structures, a cellular solid structure, and a porous
tubular structure offers mechanical resistance in
multiple directions, while maintaining pliability since
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these structures can be compressed without catas-
trophic failure. These structures, especially the
tubular pores, also aid in arresting crack growth,
increasing the fracture toughness of the material, as
shown in Fig. 1 [67-70]. These benefits are made
possible by nature of the intrinsic properties of the
structure and can be tailored to individual applica-

tions by adjusting the materials used in
manufacturing.
Mycelia

The fungal structure of filamentous fungi, such as
Ganoderma, are made up of hyphae. Hyphae are fil-
aments created by the propagation of fungal cells and
come in three types: generative, skeletal, and ligative
(or binding) (Fig. 3a—c) [71]. There are three different
basic hyphal systems that are found in different
species of fungi, which can be classified as monomitic
(composed of only generative hyphae), dimitic
(composed of generative hyphae and either skeletal
or ligative hyphae), or trimitic (composed of

generative, skeletal, and ligative hyphae) [57, 71].
Ganoderma species are made up of trimitic hyphal
systems (Fig. 3b, ¢; Table 2) [31, 45, 72], which have
been shown to have superior mechanical properties
when compared with either monomitic or dimitic
structures [57]. Previous research has shown that the
skeletal hyphae in Ganoderma align directionally at
the microscale (Fig. 2h), giving added mechanical
resistance to loading in that direction [57]. The
addition of ligative hyphae, which bind together the
other hyphal filaments, add reinforcement to these
networks and the structures they create [57].
Filamentous hyphae can combine to create all sorts
of different fungal structures, including forming
sporocarps with many different shapes and struc-
tures (Fig. 2a-g) by fusing together into larger, more
complex structures. Another common structure is the
myecelial network created by many types of filamen-
tous fungi, including Ganoderma species. These
mycelial networks are made of the collection of
hyphae, which can group together and even fuse to
create larger filaments. Mycelia act as the primary

(a)

(@

Figure 3 Ganoderma mycelia and products it can create.
a Illustration of Ganoderma on a tree trunk. b Scanning electron
microscope (SEM) image of mycelia from G. Lingzhi.
¢ Tllustration of the hyphae that make up Ganoderma hyphae:
(g) generative, (s) skeletal, and (1) ligative hyphae. d Tllustration of

a mycelium-based particulate composite brick. e Illustrated
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zoomed-in view of the cross section of the mycelium-based
particulate composite, with arrows pointing at groups of the white
mycelia groups. f Mycelia-based Reishi™ leather. Scale bars
represent b 50 um, d 20 mm, e 20 mm. ¢ Adapted with
permission [57]. Copyright 2022, Elsevier. Copyright 2018,
Springer Nature. f Image courtesy of MycoWorks.



Table 2 A comparison of structural properties of structures made up of different mycelial systems

Example species Myecelial system Directional dependence Reported modulus (MPa) Compressive strength (MPa)  Citation
Ganoderma lingzhi ~ Trimitic Anisotropic 0.079 0.125 [57]
Grifola frondose Dimitic Anisotropic 2.376* 2.063* [57]
Agaricus bisporus ~ Monomitic Isotropic 6.510% 4.409* [57]

Note that the directional dependence was determined through image analysis showing aligned fibers in the mycelial networks, as well as

through statistical testing of the mechanical properties [57]

*Indicates tests were performed parallel to the aligned fibers

metabolic thallus of the fungus, absorbing and
transporting nutrients taken from their environment.
The complex growth pattern of the hyphae allows for
a high volume of mycelium to grow in a relatively
small area. For example, up to 600 km of hypha has
been found in a single gram of soil [35]. The ability of
mycelia to grow and thrive under many different
conditions has made it an area of interest as a
potential engineering biomaterial that could create
more environmental-friendly products and manu-
facturing processes.

Biocomposites

One popular application of Ganoderma mycelia as a
biomaterial is the composition of mycelium-based
composites. Hyphae have the ability to grow through
and fuse with other natural materials or act as a
natural binder, eliminating the need for harmful
chemicals in applications such as particle board
[35, 38, 73-75]. Ganoderma mycelia have been shown
to act as a biological adhesive [76]. As the mycelia
grow around the organic material used as a growth
substrate, a matrix-like structure is formed [74]
(Fig. 3b). As a result, different substrates can be used
to alter the properties of mycelium-based products
(Fig. 3d, e) [35]. Such alterations in the growth media
allow for the achievement of a range of potential
properties, from a porous, foam-like material to rigid
wood-like material [77]. Properties that can be
manipulated by the substrate include but are not
limited to: the speed of growth, acoustic dampening
ability, hydrophobic properties, surface hardness,
and composite density [77-81]. This versatility in
properties makes Ganoderma a biomaterial with
incredible potential to contribute to many different
applications.

Using mycelia as a natural binder has many
advantages as compared to synthetic binders.

Mycelial networks grow relatively quickly, are cost
effective to grow, and can fill whatever space is
needed for the biocomposite [82]. Mycelia are a much
more environmental-friendly binder than other
compounds used in similar composites [35, 75].
However, using mycelia as a binder has some
drawbacks that are important to consider before use.
While more research is going into the use of mycelia
in biocomposites, the reliability of these materials
over time is not well known [35]. The bonding
strength of the mycelial networks must also be con-
sidered for different applications of composites.
While mycelia may have lower bonding strength than
synthetic adhesives, research has shown that their
bonding strengths and other mechanical properties
are sufficient to meet specific strength standards in
different countries [75, 76].

Because mycelia degrade the substrates they grow
on as their nutritional media, the properties of
mycelial networks are affected by their growth sub-
strate [80]. By changing the substrate on which
mycelia grow, physical and mechanical properties of
Ganoderma mycelia can be tailored to specific appli-
cations (Table 3). One study showed that the Young’s
modulus of composite mycelia films changed from 4
to 12 MPa, and the maximum stress from 0.8 to
1.1 MPa simply by using a pure cellulose substrate
rather than a cellulose and potato-dextrose broth
(PDB) substrate (Table 3) [80]. By using a substrate
with more complex sugars, which is harder for the
Ganoderma mycelia to break down, the myecelia
attained a higher concentration of chitin, the same
fibrous polysaccharide found in the exoskeletons of
insects and crustaceans [5], a higher modulus of
elasticity, and a denser structure. The mycelia’s
hydrophobic properties have also been shown to
change based on the substrate, by producing a less
porous composite with smaller pores to repel water
[77]. Another study investigated the use of Ganoderma
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Table 3 Reported Ganoderma biocomposite growth substrates with resulting advantageous properties

Ganoderma Growth substrate Additional Advantageous property Citation
species treatment
G. lucidum Cotton and hemp pith Proprietary Low specific gravity [79]
process
G. lucidum Cotton and hemp pith Proprietary Hardness [79]
process
G. lucidum Cotton and hemp pith Proprietary Resilience to compression [79]
process
G. lucidum Cotton stalk fibers Heat pressing Increased modulus of elasticity [92]
G. lucidum Cotton stalk fibers Heat pressing Increased modulus of rupture [92]
G. lucidum Cotton stalk fibers Heat pressing Increased internal bond strength [92]
G. lucidum Cellulose Heated to inhibit  Increased modulus of elasticity (compared to PDB-  [80]
growth cellulose substrate)
G. lucidum Cellulose Heated to inhibit ~ Hydrophobic [80]
growth
Potato dextrose broth (PDB) and Heated to inhibit  Increased elongation at break (compared to PDB- [80]
cellulose growth cellulose substrate)
G. lucidum Potato dextrose broth (PDB) and Heated to inhibit ~ Hydrophobic [80]

cellulose growth

lucidum as self-growing biocomposite scaffolds for
biomedical applications [83].

Consumer products

In addition to mycelia-based composites as an engi-
neering material, there is a growing interest in Gan-
oderma mycelia to create consumer-product materials.
This interest is apparent by the number of patents
that have been filed in the last decade that focus on
using or manufacturing mycelium-based materials
[36, 37, 39, 40, 84-91]. A previous review on patents
and the use of fungal material found that two species
of Ganoderma (G. lucidum and G. oregenese) were
especially popular in developing mycelial materials
[84]. The advantages of Ganoderma and the naturally
tough structures it can produce, such as the porous
cellular or tubular structures, make it an attractive
choice for creating mycelial materials that can with-
stand loading. These advantages may be what has
made it one of the most common genera used in
making mycelia-based composites or leather-like
materials [36, 37]. There are several companies that
have focused time, money, and research on the cre-
ation of materials that incorporate the versatile
material properties of mycelia, and especially those of
Ganoderma. Three companies that utilized mycelia,
particularly Ganoderma, in novel ways are Ecovative
[40], MycoWorks [39], and Bolt Threads [85].
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Ecovative has completed a good deal of research on
Ganoderma mycelium-based composites, which has
led to the creation and use of compostable packaging
solutions [34, 73, 78, 79]. Both Mycoworks and Bolt
Threads have developed methods of creating Garno-
derma mycelia-based leathers (Fig. 3f)
[39, 40, 78, 85, 89, 91]. Because mycelia can grow to fill
their space, given sufficient growth media, mycelia
can grow to fit the desired size, rather than being cut
or manufactured to a different size or shape, reduc-
ing waste. Additionally, proprietary postprocessing
can be performed to further affect the size and some
of the properties of the product [34, 73, 92]. The
products created by these biotech companies intro-
duce more environmental-friendly methods and
products. However, in order to be competitive in a
market that has long used other alternatives, such as
leather [93, 94], these products must maintain a high
standard in their mechanical and material properties.
Additionally, the porous networks created by myce-
lia may be well suited to other consumer products,
such as for air filters [95].

Spores

Fungal spores serve an essential role in the evolu-
tionary and reproductive fitness for fungi. Efficacy of
spore dispersal dictates the ability of fungi to



Coulombic Efficiency (%)

Figure 4 Representative Ganoderma spores. a, b SEM images of
the outer surface of G. lucidum spores (scale bars both represent
4 um). ¢ Optical micrograph of G. curtisii meredithiae with arrows
pointing to the inter-wall pillars (scale bar represents 4 pum).
d SEM image of a broken G. oregonense with an arrow pointing at
exposed inter-wall pillars (scale bar represents 4 um). e TEM
image of the internal structure of a nitrogen-doped G. lucidum
spore (scale bar represents 1 um). f Discharge capacity (red

produce new generations, disseminate across the
landscape, and reach new locations to colonize and
flourish. Therefore, it stands to reason that the
structure of spores is under adaptive selection, cre-
ating a structure that will give fungi, such as Gano-
derma, a more competitive chance at survival and the
propagation of their genetic material. The spores of
Ganoderma are produced within the pores of the
sporocarp atop cells called basidia and are forcibly
ejected into the environment via the coalescence of
liquid drops to begin a new life cycle [23].

The double-walled, reinforced, porous structure of
the Ganoderma spores is essential in protecting the
ability of Ganoderma individuals to reproduce. Gano-
derma spores typically have an ellipsoid or ovoid
shape, and may be truncated depending on the spe-
cies [31, 33, 43-45, 48, 49, 96-99] (Fig. 4a, b). These
spores have a double-walled structure that provides
protection to the inside of the spore
[31, 33, 43, 44, 48, 97, 98, 100-102] (Fig. 4c). Research
has explored how to break down these outer defenses

Current density: 200mA g
20 40 60 80

Cycle Number

circles) and Coulombic efficiency (green squares) of a G. lucidum-
derived anode (scale bar of SEM image of spores represents
4 um). a, e Adapted with permission [105]. Copyright 2019,
Elsevier. b, f Adapted with permission [107]. Copyright 2020,
Elsevier. ¢ Kuo (2020, October). Ganoderma curtisii meredithiae.
Retrieved from the MushroomExpert.Com Web site: http://www.
mushroomexpert.com/ganoderma_curtisii_meredithiae.html.

to access the bioactive inner spore, which is known
for its medicinal and therapeutic qualities
[32, 103, 104]. The outermost layer of the spore can
range from smooth to rough or dimpled in appear-
ance [31, 33, 44, 45, 48, 96-98] (Fig. 4a, b), which may
help with the aerodynamics of the structure, similar
to the dimpling on a golf ball. Different imaging
techniques, including scanning electron microscopy
(SEM), optical microscopy, and transmission electron
microscopy (TEM) (Fig. 4e), have been used to image
and characterize Ganoderma spores. Optical micro-
scopy shows the general elliptical shape of the spores,
the general appearance of the outer wall of the spore,
as well as the characteristic double wall of spores and
the pillars that separate these walls (Fig. 4c, d)
[31, 43-45, 48, 96-98, 101]. SEM imaging has similarly
shown the appearance of the outer layer, but pro-
vides greater definition to the shape and structure of
the inter-wall pillars that separate the two spore walls
[96, 103-107] (Fig. 4a, b, d). TEM imaging of spores
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(a)

Figure 5 Schematic of axially loading pillars. a Loading of a
single pillar fixed between two walls. b An array of pillars loaded
between two walls. Note that the yellow arrows represent the
application of a mechanical load.

captures the porous, honeycomb-like structure of the
interior of the spores [105-108] (Fig. 4c).

Inter-wall pillars

The inter-wall pillars that sit between the inner and
outer spore walls offer greater mechanical protection
to Ganoderma spores (Fig. 4c, d). These pillars, which
are oriented perpendicular to the walls they sit
between, vary by species. Species such as G. orego-
nense or G. zonatum have relatively dispersed pillars
that appear less distinct than other species (such as G.
meredithae), whereas other species, such as G. colossum
have pillars that are relatively large and defined all
around the inner spore wall [96]. These pillars vary in
shape, size, and number and affect the general
appearance of the outer wall (i.e., whether the spore
appears rough or smooth) [96]. Similar to the aligned
pores of the sporocarp, the inter-wall pillars offer
greater mechanical support when loading is parallel
to the pillars [109]. Because the pillars are radially
oriented, they offer protection to the inner portion of
the spore from all directions of loading. By modeling
each inter-wall pillar as a beam fixed at both ends
(each end at one of the spore walls, Fig. 5a), the
critical load necessary to cause failure in one pillar
can be approximated as:

4n’E I
sz p (5)
P

Fcr,l =

where F, 1 is the critical load for a single pillar being
loaded, E, I, and L, represent the elastic modulus,
moment of inertia, and length of the pillar, respec-
tively (adapted from [109]). This equation can be
adapted to better model the critical force by including
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an array of pillars rather than a solitary pillar
(Fig. 5b). Additionally, by approximating the pillars
as having uniform, circular cross sections, the critical
force F., to cause failure in a pillar in the array can
be better estimated using the following equation:
nsEpd4

Fon= L
n 16”[% (6)

In this new equation, n represents the number of
pillars in the array. This model makes several
assumptions to approximate the critical force. First,
this assumes that the applied load is evenly dis-
tributed between all the pillars, and that the load
carried in the top and bottom plates (or walls, in the
case of the spores) is negligible. This also assumes the
pillars are all the same shape and material, and are in
a uniform, flat orientation. Biological materials can
have a great deal of variation, even between different
samples taken from a single organism. However, by
using average measurements, such as the average
pillar diameter, a reasonable approximation can be
made.

The overall strength of a single pillar will be pri-
marily based on the species-specific geometry of the
pillar, assuming that the material properties of the
pillars are relatively similar from species to species.
By having an array of pillars that surround the inner
spore structure, Ganoderma spores effectively use a
sandwich structure to increase the mechanical resis-
tance of this biologically critical structure. Sandwich
structures are a common structure in natural mate-
rials, though these are often created with cellular
structures rather than pillars, as is the case with
Ganoderma spores [5]. Honeycomb sandwich struc-
tures are a closer match to what is found in the inter-
wall space of Ganoderma spores, and these structures
are known for their ability to increase mechanical
resistance while maintaining lower densities
[110-112]. Most often these structures are assembled
and tested as sandwich beams, best suited for loading
in a limited number of directions [113-117]. The
Ganoderma spores offer bioinspiration for a new ver-
sion of sandwich structures: one that fits contours
and shapes other than flat beams. The ability to
manufacture sandwich structures that draw inspira-
tion from Ganoderma spore inter-wall pillars would
allow for better specific strength typical of sandwich
structures while taking advantage of this in more
loading scenarios. Wrapping a spherical, cylindrical,



or other non-beam geometry part in a sandwich
structure, an added layer of mechanical armor is
added which protects in more than loading perpen-
dicular to the beam. Though it has not been well
quantified, previous literature shows that there is
variety in the patterns and sizes of the inter-wall
pillars [96]. By drawing inspiration from the variety
of geometries of inter-wall pillars found in Ganoderma
spores, optimal sizing, spacing, and loading may be
found for applications such as for armor or protective
casing. A pillar-based sandwich structure offers
greater resistance to loading in the direction on the
pillars and is able to maintain a lower weight and
density than if the core were completely solid. By
wrapping the sandwich structure around a more
fragile part, greater mechanical resistance could be
achieved across the entire surface, rather than only on
flat surfaces.

Porous network

Inside the armor-like double walls of Ganoderma
spores exists a cage-like, porous network (Fig. 4e).
This network is made up of bioactive components,
including polysaccharides, proteins, and fatty acids
[103]. This inner portion of the Ganoderma spores has
been studied for their beneficial health effects
[24-26, 29]. However, the inner structure of Gano-
derma pores offers bioinspiration for applications
where its high specific surface area is highly desir-
able, such as in energy storage devices. The processed
porous, cage-like network inside G. lucidum spores
has been measured to have a specific surface areas of
104.4 m*g ™" [107] and 1995 m?g~" [118], depending
on the processing technique. Batteries have been
researched over many years to find a more environ-
mental-friendly alternative to the use of fossil fuels.
One method of making these more environmentally
friendly is to use natural products. Thus, Ganoderma
spores have recently become of interest as a source of
porous biomass materials that could successfully be
used in energy storage [119, 120]. The combination of
the structural stability of the hollow cage-like struc-
ture of the spores and their high specific surface area
makes Ganoderma spores an excellent candidate for
making capacitors [105, 118] or anodes [106, 119]. The
hollow-cage structures of the inside of G. lucidum
spores have proven to have the ability to effectively
store ions or electrons, giving them a high capaci-
tance even after thousands of charge-discharge

cycles [105-107, 118] (Fig. 4f). These bioinspired
designs take advantage not only of the natural
structure of Ganoderma spores, but make use of the
material itself to create more environmental-friendly
components for batteries, such as potassium ion
batteries, which may be a good alternative to lithium
ion batteries [106, 107].

Conclusions and future prospects

Ganoderma structures have been around for millennia,
gradually adapting and developing to continue to
survive in their changing environments [121]. Their
structures have been used for thousands of years and
continue to be studied for their medicinal or thera-
peutic value and will no doubt continue to fuel new
studies and discoveries [24-30]. Despite this breadth
of knowledge, much less is known about the different
structures of Ganoderma species and their mechanical
and material properties and how they could relate to
the creation of bioinspired materials. This review has
proposed three characteristic Ganoderma structures as
a source for bioinspiration: sporocarps, mycelia, and
spores. This review has also highlighted multiple
new structures that can be used to inspire new
products or designs: a layered cellular and tubular
structure and an inter-wall pillar sandwich structure
that is able to fit more complex geometries.

Ganoderma sporocarps are composed of different
structures common to natural materials (cellular
solids and tubular structures) [5] but are arranged in
a less common configuration, with longitudinally
oriented pores situated beneath a cellular structure
[57]. Research on similar systems and the different
models presented suggest that replicating this con-
figuration would allow for low-density materials that
are able to deform and maintain a high specific
strength and toughness. Such properties make these
structures potential sources of bioinspiration for
aerospace applications [12, 60]. By using the pre-
sented models, researchers may gain a better under-
standing of how these structures are affected by the
variations in pore size and shape, allowing for better
models of the mechanical properties of a variety of
Ganoderma species. This in turn may help to better
optimize these layered, Ganoderma-inspired struc-
tures for different applications.

Ganoderma mycelia, which are formed of complex
hyphal networks, are an incredibly versatile structure

@ Springer



I ] Mater Sci

and can produce a wide variety of properties. Garno-
derma mycelia have recently garnered attention both
from biotechnology companies and independent
researchers, with a host of patents being filed related
to fungal-based materials [84]. From modeling the
properties of the hyphae that make up the mycelia to
using the mycelia as a natural binder, more research
is being done on how to incorporate this filamentous
structure into more materials and applications
[34, 42, 73, 75, 76, 80, 81]. The use of this natural
material allows for materials that may be able to
replace current products while also using more
environmental-friendly manufacturing processes.

The spores of Ganoderma species offer several dif-
ferent insights into new, more environmental-
friendly structures and materials. The inter-pillar
walls of the spores offer radial reinforcement all
around the spores, protecting this vital biological
structure from mechanical loading on all sides [96].
The double-walls of the spore between which the
pillars sit act similar to a sandwich structure which
wraps around the ovoid spores. The inner structure
of the Ganoderma spores creates a hollow, cage-like
structure which provides an inner core with a high
specific surface area [118]. This high specific surface
area is a good source of inspiration for energy storage
applications. In addition to acting as source for
structural bioinspiration, recent work has been done
which uses the natural material (i.e., Ganoderma
spores) to create more environmental-friendly energy
storage options [105-107, 118].

A continued focus on research into the material
and mechanical properties of these and other Gano-
derma structures and functionalities may lead to the
development of new materials or structures for a
variety of applications (Fig. 1). For this bioinspiration
to continue, a greater understanding of the mechan-
ical and material properties of Ganoderma species is
necessary. The current limited knowledge of the
natural properties of these structures and their
advantages limits the available knowledge of the
advantageous properties that have helped them to
survive and develop over millennia, but also the
inspiration that can be wused to develop new
technologies.

This review may also act as a guide to look for
sources of bioinspiration from other natural materi-
als. Much work has been done on studying natural
structures and building advanced materials that
capture these natural structures and inherent
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mechanical or material advantages [5, 7, 10, 12, 122].
Most of the current literature has focused on natural
materials found in structures utilized by animals.
This biomechanical focus on animals has left out one
of the most diverse biological kingdoms: Fungi. While
much research has been done to classify and describe
Fungi and their genetics and biological roles, rela-
tively little has been done to characterize the
mechanical and material properties inherent to their
structures. This review covers a limited number of
structures in a single genus, yet the properties and
structures studied offer a variety of potential
advanced materials.
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