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Foreword

Plastics have revolutionized the modern world. Suffice to mention that life without
polymers would be one of unimaginably and unbearably lower quality. Natural
macromolecules including proteins, polysaccharides and polynucleotides are the
basis of life. Humans have exploited these naturally occurring polymers in several
ways even much before they were recognized, on a scientific basis, as macromole-
cules. For instance, cellulose in wood and cotton has been used to build structures
and create clothing, and proteins from silkworms have been made into silk for
centuries.

The spectacular growth of the petrochemical industry in the mid-twentieth cen-
tury played a crucial role in the development of polymers in that period of time,
providing inexpensive and abundant access to monomers (e.g. olefins). These
synthetic macromolecules not only replaced the existing materials such as wood,
metals and glass in specific applications, but entirely new polymeric materials were
developed thanks to their low cost, versatility and outstanding mechanical
properties.

Nevertheless, plastics are a double-edged sword: a boon to the modern society but
at the same time a major source of environmental pollution. Indeed, one of the grand
challenges of the twenty-first century is to solve the environmental problem caused
by the plastic litter—including single-use plastics used as packaging materials. The
magnitude and the complexity of the problem created by plastic litter—white
pollution—is of global proportion. It is estimated that 8300 million tonnes of plastics
was cumulatively produced globally, from 1950 to 2015, of which 6300 million
tonnes ended up as waste. Roughly 800 million tonnes (12%) of this waste was
incinerated and 600 million tonnes (9%) recycled, only 10% of which was recycled
more than once. Roughly 60% (4900 million tonnes) of all the plastics ever produced
was discarded, ending up as a landfill or as litter in the natural environment. If
current practices regarding plastic use and waste management are perpetuated, this
will lead, inevitably, to the accumulation of 12,000 million tonnes of plastics in the
environment by 2050.
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The above-cited numbers make it abundantly clear that the socially and econom-
ically redundant linear ‘take-make-use-dispose’ economy is urgently in need of
replacement by a circular economy. Against this backdrop, the bio-based economy
has garnered an upsurge of interest in both academic and industrial laboratories. The
bio-based economy is concerned with the use of renewable biomass to replace the
unsustainable use of fossil resources—coal, oil and natural gas—as raw materials for
the manufacture of plastics. This must also mesh well with conditions for sustainable
development: (1) natural resources should be used at rates that do not unacceptably
deplete supplies over the long term, and (2) residues should be generated at rates
of no higher than can be readily assimilated by the natural environment. Indeed,
sustainable polymers from renewable resources can be viewed as the macromolec-
ular materials of the twenty-first century.

The primary motivation for making bio-based plastics is to reduce GHG emis-
sions. However, the use of renewable resources should not compete with food
production, as is the case with the first-generation (1G) biomass, or result in
deforestation and loss of biodiversity. The key is to use an unavoidable waste of
agro-processing industry as the feedstock. For example, second-generation
(2G) biomass comprising lignocellulosic waste in agricultural and forestry residues
and food supply chain waste can serve as a raw material for the production of
plastics. Annual plants, typical of agricultural operations, are most significant to
the future of bioeconomy since they grow considerably faster and involve more
frequent harvests. The utilization of associated side stream has a major socio-
economic appeal given in the increase in the land footprint of the respective supply
chain and disposal costs, if not consumed. Sourcing from agricultural side-streams
also opens the possibility for strong economic growth and supports agriculture-
centred economies. The potential sources of polymer building blocks and polymers
also includes by-products from fisheries and livestock industries as well as those
found in downstream biotechnological processes.

Although there have been great advances in efforts to reengineer biopolymers
into sustainable materials, processability and performance remain challenging com-
pared to synthetic alternatives. Nonetheless, innovative approaches were demon-
strated to enable new property spaces, opening new opportunities for biopolymer
constructs. It must be recognized that the replacement of synthetic systems might not
be the main goal; instead, new classes of materials can be designed by taking
advantage of the inherent multiscale hierarchies already present in the biopolymeric
building blocks derived from plant and animal biomass.

The book entitled Fungal Biopolymers and Biocomposites: Prospects and Ave-
nues addresses comprehensively the topic of biopolymers that are readily available
at industrial scale as sources of sustainable materials for the bioeconomy.
Highlighted in the book are the building blocks with low environmental footprint
with a performance that matches or competes favourably compared to the selected
synthetic counterparts in certain applications.

The fungal cell wall polysaccharides, viz. chitin, chitosan, β-glucan and mannan,
and different exopolysaccharides find wide-ranging applications in various indus-
tries. The fungal exopolysaccharides (EPSs) such as pullulan, scleroglucan and
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botryosphaeran are recognized as high-value bio-macromolecules for pharmaceuti-
cal, medicine, food and other industries. Fungal waste generated in mushroom
industry, yeast lees from wineries, enzymes and antibiotic industries, to name a
few, can be used for the isolation of cell wall polymers and thus serves a purpose of
value addition to the ongoing industry. Whereas, the number of fungi have been
studied extensively for chitin and/or chitosan, glucan and mannan production solely.
Usually, the fungal strains, solid or submerged fermentation and nutritional param-
eters decide the quality of the biopolymers produced. Furthermore, nowadays,
fungal mycelial biocomposite is an upcoming industry for packaging materials. A
couple of chapters on biocomposites, laccase-mediated green composite synthesis,
bio-surfactants and bio-emulsifiers add value to the contents of the book.

The chapters incorporated in the book meet the criteria such as (1) high standard
of scientific writing, (2) relevance and current importance of the topic under discus-
sion, (3) thoroughness of the literature coverage, (4) rigorous, critical, creative and
thoughtful assessment of the published data, (5) compelling and thought-provoking
discussions and (6) clear identification of future research needs and remaining
challenges along with directions for further advancing the topics related to
biopolymers.

The Editors have made conscious efforts to select authors of great prestige from
different parts of the world, representing diverse disciplines including microbial
sciences, chemistry, chemical engineering, polymer science, material chemistry and
so on and showcasing the truly multidisciplinary efforts in the burgeoning field of
biopolymers. The diversity of concepts, approaches and tactics employed to advance
the field of fungal biopolymers is indeed astonishing. The collective efforts of the
authors of the chapters presented in the book will surely serve to broaden the
foundation that supports future growth in fungal biopolymers and the influx of
a new idea that growth brings.

It is my firm belief that the book dealing with critical analysis of science,
technology and sustainability aspects of fungal biopolymers will prove to be a real
advancement in comparison to previous publications/articles on this topic, which is
mostly scattered and make the book genuinely worth reading. The collection of
information and knowledge incorporated in the book will surely inspire the students
and scientific community as well as entrepreneurs and technologists by way of
introduction to fundamentals, exposure to state-of-the-art developments and (poten-
tial) applications.

Polymer Science and Engineering
Division, CSIR-National Chemical
Laboratory, Pune, India

Prakash P. Wadgaonkar
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Preface

Fungi are multifaceted microorganisms, standing next to insects in biodiversity.
They are mainly responsible for recycling organic matter and also cause diseases
in plants, humans and animals. This group is less explored, pertaining to applications
in various biotechnological, industrial, sustainable agriculture and environmental
protection. However, fungi are fairly explored for the production of bioactive
metabolites for pharmaceutical/agricultural relevance, biofuels and enzymes in
food/textile industries. They are also one of the principal organisms necessary for
sustainable environment owing to their multiple roles in the production of
biocomposites. The vegetative growth of filamentous fungi (mycelium) has attracted
increasing academic and commercial attention over the past decades as a new form
of low-energy biofabrication and waste recycling. Mycelium has the capacity to bind
the organic matter through a network of hyphal microfilaments as a natural biolog-
ical process able to be exploited to produce both low-value materials (packaging)
and high-value composite materials (building materials) from vastly available agri-
cultural and industrial residues as raw materials with meagre commercial value. The
mycelium binder constituent interfaces a dispersed phase of agricultural residues
(as substrate filler) and functions as a load transfer medium between the typically
fibrous agricultural residues within the composite similar to the matrix phase of a
polymer composite. These polymer composites could be useful as packaging mate-
rial, mycelial bricks, materials for shoe sole, leather-like material for biofabrication,
alternative insulation material, termite-resistant composites, furniture and fixations
and so on. Besides, mycelial biopolymers are also useful in oil recovery, production
of bakery products, for advanced electrocatalysis, bioemulsifiers, bioprotectants and
biosurfactants. Fungi are also well known to produce a large number of polysaccha-
rides useful in various pharmaceutical, nutraceutical and industrial purposes.

In brief, the book discusses the applications of filamentous fungi in sustainable
industrial applications and industrial developments with environmental safety. It
describes the fungal biopolymers, bio-composites and other macromolecules in three
parts. Part I includes some aspects of biopolymers from fungi, fermentation pro-
cesses for the production of fungal biopolymers with industrial applications, fungal
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hydrophobins, the economic, non-seasonal source for the production of chitin and
chitosan, fungal exopolymeric substances and their applications, production and
application of nanofibres from pullulan, using fungal biopolymers for enhanced oil
recovery and polysaccharides from filamentous fungi as effective biosurfactants and
bioemulsifiers. Part II describes the challenges and advantages of building with
mycelium-based composites, growth factors that affect the material properties,
applications of fungal mycelium-based functional biomaterials, fungal biopolymers
as an alternative construction material, packaging applications of fungal mycelium-
based biodegradable composites, fungi for material futures with role and design. Part
III covers topics like the production of bioresins from fungal mycelia, laccase-
mediated green composite synthesis, marine fungi as a source of biosurfactants
and bioemulsifiers, and lignin fungal depolymerization from substrate characteriza-
tion to oligomer valorization, and one chapter covers various aspects of blue pigment
xylindein, in green technology. The contributors are experts in their respective fields
from countries, namely Australia, Brazil, China, France, India, Italy, Oman, Turkey,
the United States of America and the United Kingdom. We are thankful to all the
contributors for their meticulous correspondence, timely submission and revision of
the chapters. We are also grateful to reviewers for their critical comments in a short
period. Our gratitude is to Springer Nature for publishing the book.

Pune, India Sunil K. Deshmukh
Pune, India Mukund V. Deshpande
Mangalore, India Kandikere R. Sridhar
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Part I
Fungal Biopolymers



Biopolymers from Fungi and Their
Applications

S. G. Tupe, Sunil K. Deshmukh, R. B. Zambare, A. A. Tripathi,
and Mukund V. Deshpande

Abstract The cell wall polysaccharides of fungi viz. β-glucan, chitin, chitosan, and
mannan and different fungal exopolysaccharides find wide-ranging applications in
various industries. The fungal exopolysaccharides (EPSs) such as pullulan
(Aureobasidium), scleroglucan (Sclerotium), and botryosphaeran (Botryosphaeria)
are recognized as high value bio-macromolecules for pharmaceuticals, medicine,
foods and other industries. The fungal waste is generated in mushroom industry,
wineries (Saccharomyces and non-Saccharomyces yeasts), enzyme (Aspergillus,
Trichoderma), and antibiotic (Penicillium) industries, to name a few. Whereas, the
genera like Absidia, Benjaminiella, Gongronella, Rhizopu, Saccharomyces and
others have been studied extensively for chitin and/or chitosan, glucan, mannan
production. Usually the fungal strains, solid or submerged fermentation, nutritional
parameters decide the quality of the biopolymers produced.

Keywords Biopolymers · Cell wall · Chitin/chitosan · Commercial potential ·
Exopolysaccharides · Glucans hydrophobins · Mannans

1 Introduction

Every year up to 180 m tons of different polymers are generated for their use in
different fields (Castillo et al. 2015). The plant as well as petroleum -based polymers
though widely used have the disadvantage of limited resources and the negative
impact on the environment of latter is a concern too. In this regard, use of microbial
sources can be a viable option (Donot et al. 2012). Fungal biopolymers have
attracted researchers for their variety of applications owing to their biological and
biophysical characteristics. In general, biopolymers being complex chains of
exo-polysaccharides of microbial origin and have capacity to form viscous solutions
or gels in aqueous system compatibility with different salts for a varied range of

S. G. Tupe · S. K. Deshmukh · R. B. Zambare · A. A. Tripathi · M. V. Deshpande (*)
Research and Development Division, Greenvention Biotech Pvt. Ltd., Pune, Maharashtra, India
e-mail: greenventionbiotech@gmail.com
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pH and temperature, high solubility water, and compatibility along with other poly-
saccharides. In addition to the exopolysaccharides, in case of fungi the polymers of
cell wall like chitin, chitosan, glucan and mannans have also significant applications
in industry, agriculture and in healthcare too (Ghormade et al. 2017). The fungal
biopolymers have not been sufficiently explored for their commercial potential.
Furthermore, the increasing interest in biopolymers production is because of avail-
ability of excess of glycerol generated in biodiesel production which could be
employed as a substrate for fungal growth for biopolymer production (Araújo
et al. 2016).

The following section will give the overview of fungal biopolymers.

1.1 The Fungal Cell Wall Polymers

The fungal cell wall is a protective cover with immense plasticity and is indeed
essential for the cellular integrity and viability. It facilitates interactions with the
exterior environment through adhesins as well as signal transduction complexes. The
cell wall of fungi is specifically designed in different layers with main innermost
structural component, chitin, β-1,4- linked N-acetylglucosamine polymer and its
deacetylated form chitosan (mainly glucosamine), while matrix components like
glucans and mannans and glycosylated proteins (Table 1). Glucan and chitin are
synthesized at the plasma membrane (PM). Usually, the nascent enzyme complexes
are transported to the PM through secretory vesicles and eventually activated when
insertion into the PM. While endoplasmic reticulum and Golgi are sites for the
synthesis of mannans and other glycoconjugates. Then they possibly conjugate to
proteins in cell wall, and subsequently brought to the cell wall by secretory vesicles.
Nucleoside diphosphate-sugars are substrates for all synthases. Indeed, enzymes

Table 1 Common fungal cell wall components

Division
Structural/fibrous
polymers Matrix/gel-like polymers

Chytridiomycota
(Allomyces)

Chitin (> 50%), Glu-
can (>16%)

Glucan

Zygomycota (Absidia,
Benjaminiella, Mucor,
Rhizopus)

Chitin (10%), Chitosan
(30%)

Polyglucuronic acid, α-1,2/ α-1,6-
mannosyl and β-1,5/β-1,6-Glucuro
nomannoproteins, Polyphosphate

Ascomycota (Aspergil-
lus, yeasts)

Chitin (1–40%), β-1,3
and β-1,6, Glucan
(40–60%)

α-1,2/ α-1,6- Mannosyl and β-1,5/β-1,6-
galacto-furanosyl residues in
Galactomannoproteins, α-1,3-Glucan

Basidiomycota,
(mushroom)

Chitin (5–30%) β -
(1–3), β-(1–6) Glucan
(40–60%)

Xylomannoproteins, α-1,3-Glucan

Modified from Gooday (1990), Gow et al. (2017), Khale and Deshpande (1992)
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involved in the synthesis of nucleoside sugars are found to be necessary for the
construction of the cell wall as well as for rate-limiting too (Gow et al. 2017).

1.1.1 Chitin and Chitosan

Naturally abundant chitin is a polysaccharide, it was first isolated from the cell wall
of mushrooms by Braconnot, where it was designated as fungine. During 1823,
fungine was re-designated as chitin by Odier. It is a polymer of β 1,4-linked N-acetyl
glucosamine (GlcNAc) abundantly present in crustaceans, insects, fungi, including a
few algae as a main structural component (Deshpande 1986; Ghormade et al. 2017).

Chitin exists in three forms in nature: alpha (α), beta (β) and gamma (γ). The first
one has antiparallel chains of β-1,4-linked GlcNAc. Most of the natural chitin is in α-
form. The β-chitin has parallel alignment of chains while γ-chitin, which is exists in
insects, which has two chains those are parallel in one direction and the third chain is
antiparallel. The β-chitin is not common in living entities and reported in spines of
diatoms and squid pens to name a few. In nature, the exocellular β-chitin spines of
Thalassiosira fluviatilis, a centric diatom, are the only in pure form of chitin i.e.
100% degree of acetylation. Otherwise in rest of the organisms, including fungi,
chitin is a polymer of both GlcN and GlcNAc with variable percentages. In general,
chitosan is >70% in deacetylated form. Chemically chitin is a linear polymer of
β-1,4-linked N-acetylglucosamine (GlcNAc) units, whereas its deacetylated form,
chitosan contains glucosamine (GlcN) residues (Ghormade et al. 2017).

The content of chitin in the fungal wall differs (2–61%) depending on the
vegetative morphological phase (unicellular yeast or filamentous) of the fungus
(Khale and Deshpande 1992). In chitin synthesis, the enzymes from carbon as
well as nitrogen metabolism are brought together by an enzyme glucosamine
6 phosphate synthase (EC 2.6.1.16) to synthesize uridine diphosphate-N-acetyl
glucosamine (UDP-GlcNAc) from glucose and glutamine. The chitin synthase
(CS, EC 2.4.1.16) is an important enzyme for further synthesis of chitin from
UDP-GlcNAc.

Briefly, glucosamine 6 phosphate is synthesized with the help of glucosamine
6 phosphate synthase (EC 2.6.1.16) which is further acetylated to form N-
acetylglucosamine 6 phosphate by an enzyme glucosamine 6 phosphate N-acetyl
transferase (EC 2.3.1.4). UDP-N-GlcNAc was further synthesized in two steps with
the involvement of 2 enzymes, namely phosphoacetyl glucosmine mutase
(EC 5.4.2.3) and UDP N-acetylglucosamine phosphorylase (EC 2.7.7.23). The
final step of chitin synthesis involves sequential transfer of GlcNAc from
UDP-GlcNAc to non-reducing end of growing polymer, which is catalysed by
CS. The zymogenic CS, transported to the plasma membrane through a vesicle
(chitosome), is activated by proteolysis (Bartnicki-Garcia 2006; Deshpande et al.
1997; Phadatare et al. 1989). Multiplicity of CSs is a common occurrence. Chitnis
et al. (2002) reported eight discrete CS genes in B. poitrasii as confirmed based on
DNA sequence as well as Southern analysis. Earlier six CSs were reported in
Ustilago maydis, while three are present in S. cerevisiae and a dimorphic Sporothirx
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schenckii. Ten CSs were reported in a zygomycetous fungus Phycomyces
blakesleeanus (from Chitnis et al. 2002). The role of chitin metabolism in the
morphogenesis was explicitly studied using B. poitrasii protoplast regeneration in
presence of different cell wall polymer synthesis inhibitors (Chaudhary et al. 2013;
Chitnis and Deshpande 2002).

The chitosan is not directly synthesized in nature. Chitin deacetylase (CDA;
E.C. 3.5.1.41) drives the hydrolysis of acetamido groups of GlcNAc in chitin, thus
promoting the conversion to chitosan (Ghormade et al. 2010).

For the hyphal tip elongation the old cell wall chitin is hydrolysed to supply
GlcNAc to the growing tip. There are two different pathways to hydrolyze chitin
(Chavan and Deshpande 2013). In the first one, a chitinase complex consisting of:
endo chitinases (EC 3.2.1.14), N-acetyl hexosaminidase (EC 3.2.1.52) and
exo-chitinase (EC 3.2.1.201). The second pathway is comprised of two enzymes
namely, chitin deacetylase (CDA, EC 3.5.1.41) hydrolyses acetamide group in GlcN
by removing acetic acid. Chitosanase (EC 3.2.1.132) perform endo hydrolysis of
β-1,4 linkage between GlcN residue in partially acetylated chitosan while exo
chitosanase (GlcNase, EC 3.2.1.165) successively removes GlcN residues from
non-reducing end of chitosan oligosaccharides (Chavan and Deshpande 2013).

1.1.2 Glucans

Glucan is one of the most abundant structural polysaccharides which represents
40–60% of the cell walls in ascomycetous fungi. Most of the glucans are β- 1,3 and
β-1,6 polymers of glucose. In some fungi glucans have α-1,3 and -1,4 linkages too.
They are either linear or branched, and also either microfibrillar or amorphous (Ruiz-
Herrera and Ortiz-Castellanos 2019). The α-1,3-glucans are copious in the fungal
cell walls. While in glycogen, α-1,4 and α-1,6 bonds are present between glycosyl
units. The structure of β-glucans is highly complex, linear as well as branched
mainly β-1,3 and β-1,6. The glucans and chitin are major structural components of
the cell wall of fungi. The most studied β 1,3- glucans come from Saccharomyces
cerevisiae. Another polysaccharide in S. cerevisiae is made up of glucosyl units
having β- 1,6 linkages, is called pustulan. While in lichens, lichenan, a polysaccha-
ride having β -1,3 as well as β- 1,4 linkages is mainly present.

Most of the secreted polysaccharides have β-1,6 branches of different lengths and
characteristics: botryosphaeran extracted from Botryosphaeria sp., grifolan from
Grifola frondosa, schizophylan from Schizophylum commune and scleroglucan
from Sclerotium sp. The basidiocarp of Calocybe indica contains calocyban, chain
of glucosyl units linked by β 1,3-bonds with β 1,4- linked branches (For more details
refer Ruiz-Herrera and Ortiz-Castellanos 2019). The plasma membrane bound
β-glucan synthase (EC 2.4.1.34) is involved in the synthesis of β-1,3-glucan
(Garcia-Rubio et al. 2020).

The synthesis of α-1,3 glucan was very well studied in Schizosaccharomyces
pombe.
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The multiplicity of α -1,3- glucan synthases (EC 2.4.1.183) was reported in S.
pombe (three members), four in Rhizoctonia solani and up to seven in Aspergillus
niger (Ruiz-Herrera and Ortiz-Castellanos 2019).

Many fungi produce extracellularly β-(1,3)- and β-(1,6)-glucans -hydrolysing
enzymes, β-(1,3)- and β-(1,6)-glucanases (Kéry et al. 1991). These enzymes are
O-glycoside hydrolases (EC 3.2.1-58 and EC 3.2.1.75, respectively), catalyzing the
hydrolysis of glycosidic bonds (Martin et al. 2007). Trichoderma harzianum pro-
duces at least ten different forms of endo-acting β-1,3- glucanases. While
Acremonium persicinum produced three β-(1,3)-glucanases (two exo- and 1 endo-
acting) which were attributed to the expression of three vried genes. Though multiple
β-1,6-glucanases were rarely reported, one of the exception is T. harzianum, which
produces three different β-(1,6)-glucanases coded by three different genes (Martin
et al. 2007). It was reported further by Martin et al. (2007) that post-synthesis
glycosylation may generate multiple isoforms. For instance, extracellular
β-glucanases (Exo1a and Exo1b) in S. cerevisiae were reported. All these enzymes
have applied value in the food industries, wine industries (to lower viscosity) and
also in treating feed grains and serve as a tool for the structural analysis of β-glucans.

1.1.3 Mannans

Mannans represent about 35–40% of fungal cell wall as matrix components. As
compared to chitin and β-glucans, mannans are less rigid. Mannans have low
permeability as well as porosity, which contribute to the resistance of the fungus
against antifungal drugs and other host defence mechanisms. In fungal cell wall short
O-linked and N-linked mannans along with glycoproteins as well as long mannan
chains are present. The O-linked mannans contain mannose residues linked to the
hydroxyl group of either threonine or serine residues, while in N-linked mannans,
highly branched, are connected to amide group of aspargine residues. The
phospholipomannan (PLM) is mainly comprised of long linear chain of β-1,2
mannose unit and inositol covalently linked through a phosphate diester bond to a
lipid moiety. In filamentous fungi, galactomannan consists of α-1,2/ α-1,6-
mannosyl and β-1,5/β-1,6- galactofuranosyl residues, is observed at the cell wall
surface.

Synthesis of O- and N- linked mannans is similar in both unicellular yeasts and
filamentous fungi. However, a difference among unicellular yeasts and filamentous
fungi is the structural organization of the long mannan chains in the cell walls. For
instance, in yeasts highly branched N-linked mannans (100 mannosyl residues) are
bound per molecule of protein. Interestingly, mannans without covalent bonding
with polysaccharide core of the cell wall cover the surface of the cell wall. On the
other hand inAspergillus fumigatus, the long mannans (average, 50 mannose resi-
dues/chain) bind to glucan and chitin and thus become an integral part of the cell
wall (Henry et al. 2016).

Mannosylation of proteins occurs in endoplasmic reticulum and then in Golgi.
Some protein mannosyltransferases are important in the first step of O-linked
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mannan biosynthesis, addition of mannose residue to a threonine or serine residue.
Additional mannose residues are added by the α-1,2 mannosyltransferases
(EC 2.4.1.131) which result in a short α-1,2 mannose chains and addition of an
α-1,3 mannose by α-1,3 mannosyltransferases (EC 2.4.1.258). While an attachment
of α-1,6 mannose residue to core structure is done by the action of α-1,6
mannosyltransferase (EC 2.4.1.232). The enzyme mannosylphosphate transferase
(EC 2.4.1.B72) is involved in attachment of phosphomannan group to the branches.
For the synthesis of phospholipomannan, mannose inositolphosphoceramide
mannosyltransferase (EC 2.4.1.370) is needed (Garcia-Rubio et al. 2020).

Hydrolysis of mannan is catalysed mainly by endo-acting β-mannanases
(EC 3.2.1.78) and axo-acting β-mannosidase (EC 3.2.1.25) (Moreira and Filho
2008).

1.1.4 Proteins

Fungi are considered as a promising source for novel proteins with exceptional
features. These include: lectins, enzymes and enzyme inhibitors and hydrophobins.
These have applications in several medical and biotechnological processes (Erjavec
et al. 2012). Number of proteinases have role in fungal morphogenesis (Deshpande
1992; Phadatare et al. 1989).

Heavily glycosylated proteins are usually anchored on cell membrane and cell
wall. These proteins play a significant role in morphogenesis, adhesion, and patho-
genicity. Mannoproteins are made up of several classes. For instance, glycosyl
phosphatidyl inositol (GPI)-modified proteins (almost 88%) are responsible for
cell wall synthesis, organisation, remodelling, and virulence too (Ibe and Munro
2021; Pitarch et al. 2008).

1.1.5 Hydrophobins

Hydrophobins are amphipathic proteins play significant role in fungal growth as well
as differentiation. The classification of hydrophobins in two classes (I and II) is
based on distribution of the cysteines and the clustering of both hydrophobic and
hydrophilic residues which affect the solubility and morphology. The aggregates of
class I hydrophobins are highly insoluble even in sodium dodecyl sulfate (2% SDS at
100 �C) and can only be dissociated with high concentration of formic acid or
trifluoracetic acid. The Class II hydrophobins will be readily dissolved with ethanol
(60%) or SDS (2%). Under the microscope, class I hydrophobins show rodlet
structures outside the fungal cell wall. Hydrophobins are well characterized with
eight conserved cysteine residues (Wӧsten 2001). The characteristic spacing
between cysteine residues distinguishes hydrophobins of Class I and Class II
(Wösten and Wessels 1997). According to Kershaw et al. (1998) in the class II
hydrophobins the eight residues of cysteine form four disulphide linkages resulting
in the formation of four loop-like structures. The characteristic order of cysteine
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residues is useful to distinguish the fungal hydrophobins from other cysteine rich
proteins.

1.2 Fungal Exopolysaccharides

Number of exopolysaccharides with different structural complexities are synthesized
by microorganisms. Some of them remain attached to the cell wall or found in the
extracellular medium. The exopolysaccharides are high molecular weight, long-
chain polysaccharides consist of branched and repeating units of sugars linked either
by β- 1, 4 or β-1, 3linkage or α-1,2 or α- 1,6 linkage. They have distinct physiolog-
ical roles which include: communication, defence against predation, detoxification
of chemicals, to name a few (Osemwegie et al. 2020, Tang and Zhong 2002).

A bacterium, Leuconostoc mesenteroides was the first organism identified as
exopolysaccharide (EPS) producer (Mahapatra and Banerjee 2013). While different
fungi such as Agaricus blazi, Cordyceps sp., Ganoderma lucidum, Grifola frondosa
and Lentinus edodes were reported initially to produce different exopolysaccharides
in submerged fermentation. Presently number of fungi are being reported to produce
EPS in the fermentation under defined nutritional and fermentation parameters.
Mahapatra and Banerjee (2013) have given exhaustive list of EPS producing fungi
from all the classes. Only few fungi have been studied to understand the biosynthesis
pathway for EPS. Donot et al. (2012) reviewed microbial EPS for their synthesis,
secretion, genetics and extraction. The main fungal EPS are: pullulan
(Aureobasidium pullulans), scleroglucan (Sclerotium sp.), schizophyllan
(Schizophyllum commune), galactan (Sporobolomyces sp) and glucan (Cryptococcus
sp., Ganoderma lucidum, Rhodotorula sp., Tremella aurantia, T. fusiformes and
T. mesenterica). The synthesis of EPS is not very well understood. Osemwegie et al.
(2020) have reviewed current status of EPS from fungi and bacteria with respect to
biosynthesis, production and structural studies. According to the literature, the
biosynthesis of homopolysaccharides is theoretically differs from that of heteropoly-
saccharides synthesis. In case of bacteria, heteropolysaccharides are synthesized
intracellularly followed by transport into the extracellular environment. On the
other hand homopolysaccharides are produced extracellularly. The enzymes such
as hexokinases (involved in phosphorylation), enzymes involved in formation of
sugar nucleotides (UDP-glucose pyrophosphorylase); glycosyl transferases and
finally enzymes required for acylation, acetylation, sulphation and methylation are
involved in EPS synthesis, in general. Then EPSs are exported to the exterior surface
with the help of specific enzymes or transporters (flippase, permease and ABC
transporters) (Osemwegie et al. 2020). The identifiable characteristics of any partic-
ular exopolysaccharide are consistent with monomeric units, the kind of linkage
between the monomers, and the sequence of linkage.
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1.2.1 Pullulan

Bauer (1938) observed the viscous culture broth when a fungal isolate, the then
Pullularia was grown with excess glucose. In 1958, Bernier suggested the viscosity
is due to the exopolysaccharide produced in the medium (from Kelkar 1991).
Eventually it was named as pullulan. It is a polymer composed of malto-triose
units with linkages as Glu-α-(1–4)- Glu-α-(1–4)-Glu-α-(1–6) (Fig.1a). Many other
types of linkages also found in pullulan as a succession of maltotetraose units
(-(1–4)-Glu-_-(1–4)-Glu-_-(1–6)-Glu-_-(1–6)) (Kelkar 1991). Aureobasidium
pullulans (Black yeast) produces high concentrations of pullulan (Jiang 2010; Wu
et al. 2009). In fact, A. pullulans produces three extracellular glucan components.
Major is pullulan (α-1–4 and α-1–6) while acidic β-linked glucan containing β-1,3
and β-1,6 linkages and an acidic heteropolysaccharide containing galactose, glucose,
mannose and hexuronic acid are quantitatively less. Pullulan synthesis is not possi-
ble by all the strains of A. pullulans (Mishra et al. 2018).

The mechanism of pullulan synthesis is not completely understood LeDuy et al.
(2014). Simon et al. (1998) suggested that the pullulan and others too are synthesized
within the cell in A. pullulans, and then are secreted out. Three major enzymes are
reported to play crucial role in the biosynthesis of pullulan: α-phosphoglucose
mutase, (UDPG, uridine 50-diphosphate glucose EC 5.4.2.2), which facilitates the
interconversion of glucose 1 phosphate and glucose 6 phosphate, while
pyrophosphorylase (EC 2.7.7.9) involved in the synthesis of UDP-glucose from
glucose 1 phosphate and glucosyltransferase (EC 2.4.1.B64), which catalyzes gly-
cosidic bond formation using sugar donors.

The lipid phosphate is involved in pullulan synthesis from UDPGlc. The lipid
phosphate receives two successive glucosyl moieties from UDPGlc to form an

(A) (B)

(C)

α-(1     4)

α-(1     6)

α-(1     6)

β-(1     3)

β-(1     6)

R = H or gen�obiose

Fig. 1 Structures of Pullulan (a), Scleroglucan (b) and Botryosphaeran (c)
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isomaltose molecule (Lipid-P-Glc-α-1-6-Glc), finally receiving a glucosyl unit from
UDPG to form an isopanosyl intermediate (Lipid-P-Glc-α-1-6-Glc-α-1-4 Glc).
These isopanosyl moieties are further proceed for polymerization to form the
pullulan.

The enzymes, namely pullulanase, isopullulanase, neopullulanase, and
glucoamylase hydrolyze pullulan. Pullulanase (Pullulan 6-glucanhydrolase, EC
3.2.1.41) can hydrolyse pullulan into maltotriose. It has linkage specificity to
α-(1–6) linkage only. Isopullulanase (Pullulan 4-glucanohydrolase, EC 3.2.1.57)
hydrolyses pullulan into isopanose (maltosyl- α-1,4-glucose) as the sole product.
From pullulan the enzyme produces a mixture of isopanose, isomaltose, and glucose
as end products. Neopullulanse (Pullulan 4-glucanohydrolase, EC 3.2.1.135) attacks
the α-(1–4) glycosidic linkages on the non-reducing end of the α-(1–6) linkage in
pullulan at random and produces panose (D-glucosyl-α-1,6-maltose). Glucoamylase
(1,4-α-glucan glucohydrolase, EC 3.2.1.3) hydrolyses pullulan from the
non-reducing point producing glucose as a sole product of hydrolysis (Kelkar and
Deshpande 1993).

1.2.2 Scleroglucan

A fungus from mycelia sterilia group (fungi which do not produce any sexual or
asexual spores), Sclerotium sp. produces a β- 1,3 and -1,6 glucan known as
Scleroglucan, having diverse branching frequencies, side chain length as well as
molecular weight relaying on the strain and /or growth conditions (Fig. 1b). Due to
its water-solubility, viscosity and stability against a wide range of temperature, pH
and salinity, it has lot of applications as food additives, for enhanced oil recovery,
and in cosmotic and pharmaceutical products (Castillo et al. 2015).

The biosyntheses of scleroglucan and oxalic acid are closely linked (Schmid et al.
2011). The uptake of glucose into the cell will be by facilitated diffusion as well as
phosphorylation by hexokinase (EC 2.7.1.1) to glucose-6-phosphate (G6P), which is
then converted in to G1P by phosphoglucomutase (EC 5.4.2.2) which eventually
starts scleroglucan synthesis (Schmid et al. 2011). UTP-glucose-1-phosphate
uridylyltransferase synthesizes UDP-glucose from glucose-1- phosphate and UTP.
A (1 ! 3)-β-glucan synthase (EC 2.4.1.34) polymerizes the backbone chain. The
last few steps to the definite branching at every third glucose unit are still unclear.

1.2.3 Botryosphaeran

Botryosphaeria rhodina causes a stem canker in Eucalyptus tree. It produces
β-glucan type EPS in submerged fermentation on glucose. Structurally it is
β-glucan with (1 ! 3) (1 ! 6)-linkages (Dekker and Barbosa 2019). According
to Barbosa et al. (2003) botryosphaeran is a (1 ! 3)-β-D-glucan with almost 22%
side branching at C-6 (Fig.1C). Furthermore, partial acid hydrolysis studies indi-
cated that on the side branches a single (1 ! 6)-β-linked glucosyl, and
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(1 ! 6)-β-linked gentiobiosyl residues are present. When grown on varied carbo-
hydrates, B. rhodina produced botryosphaerans with a same1,3-linked backbone
chain but with different levels of branching on C-6 with glucose as well as
gentiobiose. Dekker and Barbosa (2019) reported that when B. rhodina was grown
on glucose or sucrose a branch point occurred on every fifth glucose residue along
the backbone chain for the botryosphaeran, while grown on fructose one in every
third glucose residues branch point occurred. The membrane-modifying agents such
as Tween 80 and soybean oil enhanced production of botryosphaeran without
changing its chemical structure. The botrypsphaeran has the status as GRAS (Gen-
erally Regarded As Safe). The biopolymer exhibits strong antimutagenic/
anticlastogenic activity as chemoprotective agent against many cancer chemother-
apy drugs. Similar to other β-glucans, botryosphaeran is also synthesized through
complex enzymatic pathway from UDP-glucose (Utama et al. 2020).

Botryosphaeran, is hydrolysed by β-1,3-glucanases mainly produced by
B. rhodina and Trichoderma harzianum (Giese et al. 2006). The hydrolysis products
mainly were glucose as well as gentiobiose with some trisaccharide, however, no
laminaribiose or tetrasaccharide when hydrolysed by T. harzianum glucanase. On
the other hand, B. rhodina β-1,3-glucanases generated predominantly glucose during
botryosphaeran hydrolysis.

1.3 Future Perspectives

The fungal cell wall polymers especially chitosan, glucan and mannan have a lot of
applications especially in healthcare industry. A number of fungi produce
exopolyssacharides which have been extensively studied using advanced analytical
techniques. However, the predictable uniformity in the structural features and
functional characteristics is lacking. The structural features are dependent on the
composition and combination of monosaccharides used to grow the fungal organ-
ism. It is also relevant that in addition to cultivation conditions, the downstream
processing to ensure a high recovery yield, with respect to molecular weight, degree
of polymerization, purity is also important. The continuous efforts are necessary to
understand structure-function relationship and eventually application potential and
cost-effective production of fungal biopolymers.

References

Araújo TR, De Oliveira PCL, Cardoso VL, Filho UC, Vieira PA (2016) Biopolymer production
using fungus Mucor racemosus Fresenius and glycerol as substrate. Polímeros 26:144–151

Barbosa AM, Steluti RM, Dekker RFH, Cardoso MS, Corradi da Silva ML (2003) Structural
characterization of botryosphaeran: a (1!3;1!6)-β-d-glucan produced by the ascomyceteous
fungus, Botryosphaeria sp. Carbohydr Res 338:1691–1698

Bartnicki-Garcia S (2006) Chitosomes: past, present and future. FEMS Yeast Res 6:957–965

12 S. G. Tupe et al.



Bauer R (1938) Physiology of Dematium Pullulans de Bary. Zentralbl Bacteriol Parasitenkd
Infektionskr Hyg Abt2 98:133–167

Castillo NA, Valdez AL, Farina JI (2015) Microbial production of scleroglucan and downstream
processing. Front Microbiol 6:1106. https://doi.org/10.3389/fmicb.2015.01106

Chaudhary PM, Tupe SG, Deshpande MV (2013) Chitin synthase inhibitors as antifungal agents.
Mini-Rev Med Chem 13:222–236

Chavan SB, Deshpande MV (2013) Chitinolytic enzymes: an appraisal as a product of commercial
potential. Biotechnol Progress 29:833–846. https://doi.org/10.1002/btpr.1732

Chitnis M, Deshpande MV (2002) Isolation and regeneration of protoplasts from the yeast and
mycelial form of a dimorphic fungus Benjaminiella poitrasii: role of chitin metabolism for
morphogenesis during regeneration. Microbiol Res 157:29–37

Chitnis M, Munro CA, Brown AJP, Gooday GW, Gow NAR, Deshpande MV (2002) The
zygomycetous fungus, Benjaminiella poitrasii contains a large family of differentially regulated
chitin synthase genes. Fungal Genetics Biol 36:215–223

Dekker RFH, Barbosa A (2019) Botryosphaeran – A fungal exopolysaccharide of the (1!3)
(1!6)-β-D-glucan kind: structure and biological functions. In: Extracellular Sugar-Based Bio-
polymers Matrices, Biologically Inspired Systems, vol 12. Springer Nature, Cham, pp 433–484.
https://doi.org/10.1007/978-3-030-12919-4_11

Deshpande MV (1986) Enzymatic degradation of chitin and its biological applications. J Sci Ind
Res 45:273–281

Deshpande MV (1992) Proteinases in fungal morphogenesis. World J Microbiol Biotechnol 8:242–
250

Deshpande MV, O'Donnell R, Gooday GW (1997) Regulation of chitin synthase activity in the
dimorphic fungus Benjaminiella poitrasii by external osmotic pressure. FEMS Microbiol Lett
152:327–332

Donot F, Fontana A, Baccou JC, Schorr-Galindo S (2012) Microbial exopolysaccharides: Main
examples of synthesis, excretion, genetics, and extraction. Carbohydr Polym 87:951–962

Erjavec J, Kos J, Ravnikar M, Dreo T, Sabotič J (2012) Proteins of higher fungi – from forest to
application. Trends Biotechnol 30:259–273

Garcia-Rubio R, de Oliveira HC, Rivera J, Trevijano-Contador N (2020) The fungal cell wall:
Candida, Cryptococcus, and aspergillus species. Front Microbiol 10:2993. https://doi.org/10.
3389/fmicb.2019.02993

Ghormade V, Kulkarni S, Doiphode N, Rajamohanan PR, Deshpande MV (2010) Chitin
deacetylase: A comprehensive account on its role in nature and its biotechnological
applications. In: Mendez-Vilas A (ed) Technology and education topics in applied microbiology
and microbial biotechnology. Current Research, Formatex Research Center, Badajoz, pp
1054–1066

Ghormade V, Pathan EK, Deshpande MV (2017) Can fungi compete with marine sources for
chitosan production? Int J Biol Macromolec 104(B):1415–1421. https://doi.org/10.1016/j.
ijbiomac.2017.01.112

Giese EC, Covizzi LG, Dekker RFH, Monteiro NK, Da Silva CM d L, Barbosa AM (2006)
Enzymatic hydrolysis of botryosphaeran and laminarin by β-1,3-glucanases produced by
Botryosphaeria rhodina and Trichoderma harzianum Rifai. Process Biochem 41:1265–1271.
https://doi.org/10.1016/j.procbio.2005.12.023

Gooday GW (1990) Inhibition of chitin metabolism. In: Kuhn PJ, Trinci APJ, Jung MJ, Goosey
MW, Copping LG (eds) Biochemistry of cell walls and membranes in fungi. Springer, Berlin,
pp 60–79

Gow NAR, Latge J-P, Munro CA (2017) The fungal cell wall: structure, biosynthesis, and function.
Microbiol Spectrum 5(3) FUNK-0035-2016. https://doi.org/10.1128/microbiolspec

Henry C, Fontaine T, Heddergott C, Robinet P, Aimanianda V, Beau R, Beauvais A, Mouyna I,
Prevost M-C, Fekkar A, Zhao Y, Perlin D, Latge J-P (2016) Biosynthesis of cell wall mannan in
the conidium and the mycelium of aspergillus fumigatus. Cell Microbiol 18:1881–1891

Ibe C, Munro CA (2021) Fungal cell wall: an underexploited target for antifungal therapies. PLoS
Pathog 17:e1009470. https://doi.org/10.1371/journal.ppat.1009470

Biopolymers from Fungi and Their Applications 13

https://doi.org/10.3389/fmicb.2015.01106
https://doi.org/10.1002/btpr.1732
https://doi.org/10.1007/978-3-030-12919-4_11
https://doi.org/10.3389/fmicb.2019.02993
https://doi.org/10.3389/fmicb.2019.02993
https://doi.org/10.1016/j.ijbiomac.2017.01.112
https://doi.org/10.1016/j.ijbiomac.2017.01.112
https://doi.org/10.1016/j.procbio.2005.12.023
https://doi.org/10.1128/microbiolspec
https://doi.org/10.1371/journal.ppat.1009470


Jiang L (2010) Optimization of fermentation conditions for pullulan production by Aureobasidium
pullulan using response surface methodology. Carbohydr Polym 79:414–417

Kelkar HS (1991) Studies on pullulan hydrolysing activity from Sclerotium rolfsii. A PhD thesis
submitted to Pune University, Pune

Kelkar HS, Deshpande MV (1993) Purification and characterization of a pullulan-hydrolysing
glucoamylase from Sclerotium rolfsii. Stärke/Starch 45:361–368

Kershaw MJ, Wakley G, Talbot NJ (1998) Complementation of the Mpg1 mutant phenotype in
Magnaporthe grisea reveals functional relationships between fungal hydrophobins. EMBO J
17:3838–3849

Kéry V, Kogan G, Zajacová K, Slámová K, Masler L, Alföldi J (1991) Hydrolysis of yeast cell-wall
glucan by extracellular (1!3)-β-glucanases from aspergillus Niger. Enz Microb Technol 13:
87–90

Khale A, Deshpande MV (1992) Dimorphism in Benjaminiella poitrasii: cell wall chemistry of
parent and two stable yeast mutants. Anton van Leeuwenhoek 62:299–307

LeDuy A, Choplin L, Zajic J, Luong J (2014) Pullulan: properties, synthesis, and applications. In:
Encyclopedia of polymer science and technology. https://doi.org/10.1002/0471440264.pst620

Mahapatra S, Banerjee D (2013) Fungal exopolysaccharide: production, composition and applica-
tions. Microbiol Insights 6:1–16. https://doi.org/10.4137/MBI.S10957

Martin K, McDougall BM, Mcllroy S, Chen JJ, Seviour RJ (2007) Biochemistry and molecular
biology of exocellular fungal β-(1,3)- and β-(1,6)-glucanases. FEMS Microbiol Rev 31:168–
192

Mishra B, Zamare D, Manikanta A (2018) Selection and utilization of agro-industrial waste for
biosynthesis and hyper-production of pullulan: A review. In: Varjani S, Parameswaran B,
Kumar S, Khare S (eds) Biosynthetic technology and environmental challenges. Springer
Nature, Singapore, pp 89–103. https://doi.org/10.1007/978-981-10-7434-9_6

Moreira LR, Filho EX (2008) An overview of mannan structure and mannan-degrading enzyme
systems. Appl Microbiol Biotechnol 79:165–178

Osemwegie OO, Adetunji CO, Ayeni EA, Adeiobi OI, Arise RO, Nwonuma CO, Oghenekaro AO
(2020) Exopolysaccharides from bacteria and fungi: current status and perspectives in Africa.
Heliyon 6:e04205. https://doi.org/10.1016/j.heliyon.2020.e04205

Phadatare S, Srinivasan MC, Deshpande MV (1989) Evidence for the involvement of serine
protease in the conidial discharge of Conidiobolus coronatus. Arch Microbiol 153:47–49

Pitarch A, Nombela C, Gil C (2008) Collection of proteins secreted from yeast protoplasts in active
cell wall regeneration. Meth Mol Biol 425:241–263

Ruiz-Herrera J, Ortiz-Castellanos L (2019) Cell wall glucans of fungi. A review. Cell Surface 5:
100022. https://doi.org/10.1016/j.tcsw.2019.100022

Schmid J, Meyer V, Volker S (2011) Scleroglucan: biosynthesis, production and application of a
versatile hydrocolloid. Appl Microbiol Biotechnol 91:937–947. https://doi.org/10.1007/
s00253-011-3438-5

Simon L, Bouchet B, Bremond K, Gallant DJ, Bouchonneau M (1998) Studies on pullulan
extracellular production and glycogen intracellular content in Aureobasidium pullulan. Can J
Microbiol 44:1193–1199

Tang YJ, Zhong JJ (2002) Exopolysaccharide biosynthesis and related enzyme activities of the
medicinal fungus, Ganoderma lucidum, grown on lactose in a bioreactor. Biotechnol Lett 24:
1023–1026

Utama GL, Dio C, Lembong E, Cahyana Y, Balia RL (2020) Microorganism-based β-glucan
production and their potential as antioxidant. Sys Rev Pharm 11:868–873

Wösten H, Wessels J (1997) Hydrophobins, from molecular structure to multiple functions in
fungal development. Mycoscience 38:363–374

Wӧsten HAB (2001) Hydrophobins: multipurpose proteins. Ann Rev Microbiol 55:625–646
Wu S, Jin Z, Tong Q, Chen H (2009) Sweet potato: a novel substrate for pullulan production by

Aureobasidium pullulans. Carbohydr Polym 76:645–649

14 S. G. Tupe et al.

https://doi.org/10.1002/0471440264.pst620
https://doi.org/10.4137/MBI.S10957
https://doi.org/10.1007/978-981-10-7434-9_6
https://doi.org/10.1016/j.heliyon.2020.e04205
https://doi.org/10.1016/j.tcsw.2019.100022
https://doi.org/10.1007/s00253-011-3438-5
https://doi.org/10.1007/s00253-011-3438-5


Fermentation Processes for Production
of Fungal Biopolymers with Industrial
Applications

M. C. Veiga, A. C. F. Piazzi, and M. A. Mazutti

Abstract The production of fungal biopolymers has stood out in the scientific
community due to its properties. Its applications can be made in different areas;
however, its most prominent applications are found in the agricultural and food
industries. Scientific studies have used different approaches to produce and apply
fungal biopolymers. Therefore, this chapter brings together information about the
production of fungal biopolymers, as well as their properties, applications and
perspectives. In addition, this chapter covers information on the initial steps of the
process, such as, selection of culture media, parameter definition, extraction, recov-
ery and purification, to assess the ideal conditions for scaling up. Scaling up is still
one of the biggest challenges of biotechnology, however, experiments and opera-
tional production could solve this challenge.

Keywords Fungal biopolymers · Recovery and purification · Scale up

1 Introduction

Biopolymers are organic molecules that contain covalently linked monomeric units.
These molecules can be produced by biological systems such as animals
(Ranganathan et al. 2019), plants (Kora et al. 2012), microorganisms (Quintana-
Quirino et al. 2019) or extracted from renewable raw materials (Joye 2019). The
growing interest in biopolymers in biotechnology encompasses environmental and
socioeconomic aspects, such as the reduction of environmental impacts obtained in
oil extraction and refining processes (Luft et al. 2020). Furthermore, due to their
faster decomposition, unlike polymers produced from petroleum, biopolymers have
a great potential for replacement by polymers obtained from fossil sources (Brito
et al. 2011).

M. C. Veiga · A. C. F. Piazzi · M. A. Mazutti (*)
Departamento de Engenharia Química, Centro de Tecnologia, Universidade Federal de Santa
Maria, Santa Maria, Brazil
e-mail: mazutti@ufsm.br

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2022
S. K. Deshmukh et al. (eds.), Fungal Biopolymers and Biocomposites,
https://doi.org/10.1007/978-981-19-1000-5_2

15

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-19-1000-5_2&domain=pdf
mailto:mazutti@ufsm.br
https://doi.org/10.1007/978-981-19-1000-5_2#DOI


Microorganisms synthesize a wide variety of biopolymers for their function and
survival (Vijayendra and Shamala 2013), being of great importance in the produc-
tion of these biomolecules. Among microorganisms, fungi have stood out in food
(Manzi and Pizzoferrato 2000) and nutraceutical (Camelini et al. 2005) applications,
as well as in the environmental area, acting in the detoxification of compounds in
contaminated environments (Kaewdoung et al. 2016). The application of these
microorganisms can be made from their biomass or isolation of their cellular
components, as well as enzymes (Couto and Toca-Herrera 2007; Schneider et al.
2018), phenolic compounds (Dulf et al. 2016) and polysaccharides (Li et al. 2016).

Due to the found components and fungal biopolymers, researchers’ interest in
these compounds as natural sources of active compounds has increased markedly.
However, more studies are needed despite its biological activity and great chemical
and structural diversity (Freitas et al. 2017). Based on this context, this chapter
focuses on the production of biopolymers from different strains of fungi by sub-
merged fermentation.

2 Fungi

Fungi are eukaryotic and heterotrophic organisms that obtain nutrients through the
absorption of organic compounds, such as carbon sources. The fungal cell has a
lipoprotein cytoplasmic membrane, whose function is to regulate exchanges with the
medium. In addition, it has a rigid cell wall, which provides resistance to osmotic and
mechanical pressures (Borzani et al. 2008; Madigan et al. 2016). The cell wall of
fungi is composed of fibrous polysaccharides, such as chitin and glucans, and
glycoproteins that determine the fibrillar structure of the wall (Serrano-Carreón
et al. 2015).

Fungi are chemorganotrophic, most of which are aerobic and generally have
simple nutritional requirements. These microorganisms feed by secreting extracel-
lular enzymes digesting polymeric materials, such as polysaccharides or proteins,
into monomers that are assimilated as a source of carbon and energy. As decom-
posers, fungi digest dead animals and plant material. As parasites, fungi use the same
mechanism of nutrition but capture their nutrients from the living cells of plants and
animals that infect and invade instead of what occurs with dead organic material
(Madigan et al. 2016).

The most modern classification of fungi recognizes the phyla: Chitridiomycetes,
Zygomycetes, Glomeromycetes, Ascomycetes, and Basidiomycetes. This classifica-
tion is based on the comparative sequencing of the 18S ribosomal RNA and can be
used to determine relatively close relationships between eukaryotes (Madigan et al.
2016; Takahashi et al. 2017).

As these organisms manage to survive at the expense of a wide variety of organic
compounds, they can inhabit diverse environments such as soil, seawater, freshwa-
ter, and live associated with animals, insects, plants, and debris (Adams 2004;
Takahashi et al. 2017).

16 M. C. Veiga et al.



Fungi have application potential in different industrial areas, such as food,
nutraceuticals, medicines, chemicals, agriculture and energy (Bilal and Iqbal 2011;
Camelini et al. 2005; Manzi and Pizzoferrato 2000). Its application can be made
from its biomass or isolation of its cellular components (Couto and Toca-Herrera
2007; Schneider et al. 2018; Dulf et al. 2016; Li et al. 2016).

3 Cultivation

The versatility of the fungi has in adapting to different habitats, makes wide the way
of cultivation. Microorganisms can use several metabolic pathways and their vari-
ations, and their fermentative products can be derived from pyruvate or other
intermediates. In addition, there are two ways for a microorganism to go through
such a process: solid-state fermentation or submerged fermentation.

The solid-state fermentation (SSF) aims to simulate the natural habitat of micro-
organisms that use this fermentation medium, since many of these microorganisms
grow and function better in SSF conditions than in submerged conditions (Pandey
2003; Thomas et al. 2013). For the development of the fruit body of some fungi, such
as Lentinula edodes, the natural habitat is wood, therefore, several studies have been
carried out in order to optimize the process conditions for solid state fermentation,
mainly with regard to the use of agro-industrial residues such as substrate.

On the other hand, submerged fermentation (SF) can be considered a change in
the natural habitat for some microorganisms, such as filamentous fungi. However, in
this type of fermentation, it is easier to control process conditions, such as heat and
mass transfer, gas diffusivity, temperature, humidity, pH, availability of nutrients.
While in a SSF there are challenges regarding scaling up, biomass estimation, and
product purification (Singhania et al. 2009).

When referring to the cultivation of fungi, the production of mycelium in
submerged fermentation is, in terms of study and practical application, relatively
recent when compared to the solid-state. However, the advantage of submerged
cultivation has the advantage of producing large amounts of mycelium, in a short
period of time and at any time of the year, obtaining products of uniform quality,
since the cultivation conditions, such as pH, temperature, the concentration of
nutrients, agitation, among others can be controlled. The submerged cultivation of
Basidiomycetes has few studies, and the main existing studies deal only with the
optimization of polysaccharide production and cultivation parameters since these
parameters decisively interfere in the cultivation of these microorganisms (Souza
2009).

The submerged cultivation of filamentous fungi has been used industrially to
produce a wide variety of metabolites of economic and social importance, such as
antibiotics, enzymes, mycotoxins, vitamins, among others. The works found in the
literature report the production of polysaccharides constituting the mycelial mass of
fungi produced in a submerged form (Wu and Hansen 2006), as well as the
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production of exopolysaccharides excreted in the liquid culture medium (Feng et al.
2010) and therapeutic activity (Enman et al. 2012; Heuger et al. 2015).

Cultures of Basidiomycetes in bioreactors have different objectives, such as
biomass production, maximizing the production of metabolites of interest, and
optimization of culture conditions, to understand how different variables affect the
production of these microorganisms (Chicatto et al. 2014; Li et al. 2018; Tsivileva
et al. 2010).

4 Polysaccharides

Possessing a wide variety of complex chemical structures, polysaccharides obtained
from living organisms have several applications. Among the industrial applications
of these polysaccharides are the food, plastics, agronomy and fuel industries. Due to
their characteristics, these polymers are involved in several biological processes
(Kumar et al. 2018).

Polysaccharides are sugar polymers, mainly hexoses and pentoses, with hundreds
or thousands of monosaccharide units. They can be divided into
heteropolysaccharides, containing different monomeric species or
homopolysaccharides made up of a single sugar with varying content (Laroche
and Michaud 2007; Nelson and Cox 2011). They are mainly composed of glucose,
mannose and galactose (Ismail and Nampoothiri 2010).

Biotechnological production of polysaccharides occurs by submerged fermenta-
tion intracellularly (intra-polysaccharides, IPS) or extracellularly
(exo-polysaccharides, EPS) (Akila 2014). Under unfavorable environmental condi-
tions, these polysaccharides develop a metabolic survival strategy and are usually
synthesized and accumulated after the growth phase (Banerjee and Banerjee 2013).
EPS and IPS are polysaccharides of sugar or derivatives, such as glucose, fructose,
galactose and mannose, which have repeated and branched units (Ismail and
Nampoothiri 2010). The fungus wall is a structure composed of polysaccharides
and lipids, such as chitin, 1,3-β-glucan and 1,6-β-glucan (Lee et al. 2013).

4.1 Glucans

B-glucans are polysaccharides of D-glucose monomers linked by glycosidic bonds.
They can be found in yeast, filamentous fungi, mushrooms, bacteria, algae and some
cereals. B-glucans from different sources have specific branching patterns, binding
type and molecular weight (Rieder and Samuelsen 2012), so the biological activities
of β-glucans are affected (Zekovic et al. 2005; Zhu et al. 2016). Mushroom β-glucans
have antitumor and immunostimulating properties (Du et al. 2013), while β-glucans
from some cereals help to lower cholesterol and blood sugar (Zhu et al. 2015). Due
to the bioactivity found in these polysaccharides, β-glucans have received special
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attention, especially with regard to immunomodulation. When recognized by the
body, β-glucan modifies its biological response, triggering a series of events in the
immune response (Magnani and Castro-Gómez 2008; Maity et al. 2013; Wang et al.
2017).

In the cell wall of Saccharomyces cerevisiae is found between 55 and 65%
β-glucan (Klis et al. 2002). Furthermore, the polysaccharide extracted from this
source has high viscosity, water retention, oil fixation and emulsion stabilization
capacity. The β-glucans from the yeast Saccharomyces cerevisiae consist of
β-(1 ! 3) and β-(1 ! 6) bonds (Magnani and Castro-Gómez 2008), the rigidity
and shape of the cell is given by the intertwined glucan layer with chitin fibrils,
adjacent to the plasma membrane (Kopecká et al. 1974; Kapteyn et al. 1996).

Mushroom polysaccharides are mainly glucans with multiple glycosidic bonds,
such as β-glucans-(1 ! 3), β-glucans-(1 ! 6), α-glucans-(1 ! 3), α-glucans-
(1 ! 6) and heteroglycans (Wasser et al. 2003). Structurally, the β-glucans of the
fungus fruit body (mushrooms) consist of β-(1 ! 3) linear structures with side
chains connected by β-(1 ! 6). These structures can form complex tertiary struc-
tures stabilized by hydrogen bonds of variable length and distribution (Brown and
Gordon 2005). Mushroom β-glucan has high health promoting properties (Wani
et al. 2010). The percentage of β-glucans in mushrooms are insoluble, varies from
54 to 82%, while soluble β-glucans are between 16 and 46% (Manzi and Pizzoferrato
2000). Furthermore, its composition depends on the growing conditions and the
mushroom origin (Gern et al. 2008).

Fungal glucans have a great diversity of molecular mass and configuration. They
are constituents of the mycelium cell walls, fruiting bodies or other parts of different
micro (Penicillium, Aspergillus, Cladosporium and Rhodotorula) and macromycetes
(Lentinus edodes, Pleurotus ostreatus, Piptoporus betulinus and Laetiporus
sulphureus). Despite its simple monosaccharide composition, there is diversity in
relation to the number and anomeric configuration of the D-glucopyranose units, in
addition to modifications in the sequence of glycosidic bonds, in position, in the
degree of branching and in the conformation along a chain. Branched glucans with
one or more monosaccharide units can contain several side chains linked at different
positions (Synytsya and Novák 2013).

Growing conditions, species, total dietary fiber content, among other factors,
influence the β-glucan content of mushrooms (Zhu et al. 2015). Depending on the
structure and molecular mass, fungal glucans or their derivatives can exert different
biological activities. Studies are being focused on describing the antioxidant, immu-
nological and antitumor properties of high molecular weight polysaccharides
(Smirnou et al. 2014; Zhao et al. 2016a, b; Huang et al. 2012; Ina et al. 2013;
Ishikawa et al. 2001).

According to Wang et al. (2019) polysaccharides produced from Antrodia
cinnamomea have anti-inflammatory, anti-hepatitis B virus and anti-cancer effects,
in addition to also presenting bactericidal and phagocytic activities. These poly-
saccharides demonstrated a decrease in lipopolysaccharide-induced inflammation
due to the water-soluble polysaccharide composed of β-D-glucan units and antiox-
idant activity in human hepatocytes (Wang et al. 2019). Free radicals act in various
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reactions in food systems, through the oxidation of biomolecules can result in cell
death and tissue damage. This contributes to cell aging and appears to be associated
with degenerative diseases (Ames et al. 1993). Mushrooms have been reported as
sources of natural antioxidants which are correlated with the medicinal value of their
polysaccharides (Klaus et al. 2011; Mau et al. 2005). Hericium erinaceus extract
showed anti-fatigue polysaccharide properties, opening the possibility of using
fungal polysaccharides in sports nutrition (Liu et al. 2015). Furthermore, Chiu
et al. (2014) claim that the use of polysaccharides obtained from Cordyceps
sobolifera can protect against kidney damage.

4.2 Exopolysaccharides

Exopolysaccharides (EPS) can be obtained more efficiently through submerged
cultures, compared to solid state fermentation (SSF). This is because through
submerged fermentation (SF) it is possible to monitor cultivation parameters and
physical, chemical and biological factors more efficiently, as these factors directly
interfere in the production of EPS (García-Cruz et al. 2019). In addition, the SF time
is shorter than SSF obtaining the product more quickly and the recovery of EPS from
the culture medium is easier compared to FES (Osinska-Jaroszuk et al. 2015;
Mahapatra and Banerjee 2013).

Due to its specific rheological and physicochemical properties, EPS can be used
in the food, cosmetic and pharmaceutical industries, as stabilizers, emulsifiers and
texture modifiers. In addition, they have excellent biological functions (antioxidant,
antitumor, anti-inflammatory and immunomodulatory activities), which makes them
considered as potent bioactive molecules. The properties of EPS can be altered
depending on the growing conditions or the strain used, for example, while
Rhodotorula mucilaginosa has antitumor activity, Rhodotorula glutinis has antiviral,
antioxidant and antitumor activities (Gientka et al. 2016). In the study by Du et al.
(2013) an EPS of S. commune was extracted, isolated and purified and demonstrated
anti-inflammatory potential.

As they are renewable raw materials and meet environmental protection stan-
dards, EPS have relevant possibilities in agricultural and environmental applications,
protecting the cell against adverse conditions (Gientka et al. 2016; Luft et al. 2020).
Some applications relate to biofertilization, bioremediation, plant bioprotection,
sewage treatment, soil preservation and desertification prevention (Osinska-Jaroszuk
et al. 2015; Chang et al. 2015). In order to be produced commercially, it is necessary
to have knowledge about the regulation of biosynthetic pathways, in addition to
finding strains that efficiently produce EPS, as well as optimizing the conditions of
cultivation and purification of the product. Some studies show that the increase in
bioherbicidal activity is associated with the increase in EPS in the medium,
suggesting that this compound may increase toxicity. This effect was found in
studies using the fungus Fusarium fujikuroi (Todero et al. 2019) and also when
using Phoma sp. (Luft et al. 2019).
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EPS synthesis can be divided into three stages: carbon assimilation, intracellular
synthesis, and excretion into the extracellular medium (He et al. 2014; Donot et al.
2012). And its production is associated with the secondary metabolism of the
fungus. Furthermore, its physical, chemical and biological properties depend on
the culture parameters used (culture medium, temperature, pH, agitation, aeration,
among others) (Gientka et al. 2016). Two hypotheses can explain the presence of
EPS, the first one refers to the presence of vesicles synthesized inside the cell, these
vesicles transport the macromolecules to the extracellular medium through the cell
wall. The second hypothesis is related to the polymerization of EPS in the extracel-
lular space (Rodrigues et al. 2011, 2013). Secreted EPS do not show toxicity. Many
polysaccharides are secreted in large amounts at a low cost, which makes them
attractive for biotechnological use (Lei and Feng 2017; Luft et al. 2020).

4.3 Chitin/Chitosan

Chitin is a homopolymer of N-acetyl-D-glucosamine with β-1,4 linkages obtained
mainly from crustaceans, algae and marine invertebrates and is one of nature’s most
insoluble compounds (Roca et al. 2012). Furthermore, it is found in fungi such as
Ascomycetes, Basidiomycetes and Zygomycetes.

As a component of the fungus cell wall and structural membranes, chitin provides
rigidity to the fungus cell wall to withstand adversities such as internal osmotic
pressure and external moisture (Akila 2014; New et al. 2011). Although chitin is an
important structural component, it represents only 1–2% of the dry mass of yeast cell
walls and 10–20% of the cell walls of filamentous fungi. The most abundant
structural component of fungal cell walls is β-glucan, which corresponds to
50–60% of dry mass (Fesel and Zuccaro 2016). Chitin occurs in two ways in the
fungal cell wall, as free aminoglucoside and covalently linked to β-glucan (New
et al. 2011).

The deacetylated derivative of chitin, chitosan, is biocompatible, biodegradable
and non-toxic. Furthermore, it has filmogenic properties that form matrices for the
transport of active substances (Cota-Arriola et al. 2013). Due to its properties, the use
of fungal chitosan as a bioemulsifier is advantageous compared to the chemical
process, as it can be produced from renewable sources and at low cost. Because it
provides superior physicochemical properties, there is an increasing demand for the
production of chitosan from fungi (Abdel-Gawad et al. 2017).

Commercial chitosan is obtained from crustaceans such as crabs, lobsters and
shrimp (Akila 2014), however, due to the seasonal supply of shells and crustaceans,
its high cost and inconsistent physicochemical properties, the production process has
limited industrial acceptance. In contrast, the production of fungal e chitosan can be
achieved through controlled conditions, either by submerged fermentation or solid
state fermentation.

Fungal chitosan production processes are more consistent and of high quality
compared to existing processes for industrial-scale production as they offer a stable
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source with non-seasonal raw materials. Due to its extremely versatile properties,
this biopolymer can be used in areas such as food (Abdel-Gawad et al. 2017; Wu
et al. 2019), agriculture (Alshubaily 2019), water and sewage treatment (Alsharari
et al. 2018), medicine (Almutairi et al. 2020; Zhu et al. 2019), cosmetics (Farias et al.
2019) and biotechnology (Kucera 2004). In addition, fungal chitosan can be used as
a biofertilizer (Stamford et al. 2015).

5 Recovery of Biopolymers

In several centific areas, microbial biopolymers are research objects with a focus on
optimizing their obtaining processes. However, for efficiency in the production
process, attention and care must be taken during all stages of cultivation, from the
initial stages of selection of the producing strain, culture media and definition of
process parameters. The choice of these factors is extremely important since the
obtaining of fungal biopolymers is highly affected by growing conditions. However,
there are no guarantees of high yield for all microorganisms through proper growing
conditions. Obtaining fungal biopolymers is more viable when compared to produc-
tion them from other natural sources, as the production and extraction time are short,
and it is a simple process (Freitas et al. 2017).

The fermentation processes consist of several steps, and the synthesis of products
of biological origin is not the only part of the process, as shown in Fig. 1. The
fermentation process is followed by a separation process in which the biomass and
the supernatant are separated (Hubbuch and Kula 2007). To be applied, the final

Fig. 1 Diagram for
obtaining, separating and
purifying products via
microbiological synthesis
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product needs to be free of impurities, therefore, after separation from the biopoly-
mer, the next step is purification (Coutte et al. 2017).

Different unit operations can be used to isolate, separate and purify the final
product so that it meets the final product requirements (Hubbuch and Kula 2007).
The diversity of the origin of biotechnological products means that there is no
technique of general application, but several techniques for each case (Bonomi
and Schmidell 2001). The separation and purification processes are used in
sequences adapted to a specific process or product (Kalyanpur 2002).

The further processing of products accounts for up to 60% of the total cost and
must be chosen based on the purity of the bioproduct for a given application, which
requires a large investment for these processes (Luft et al. 2020) Product recovery is
performed according to cell location, solubility, and ionic charge (Satpute et al.
2010).

Biopolymer extraction or purification techniques commonly rely on precipitation,
which in some cases is optional, in addition to the use of organic solvents according
to their hydrophobicity and hydrophilic-lipophilic balance of the compounds.

Through the steps of extracting the supernatant, by precipitation with ammonium
sulfate and subsequent purification by dialysis, it is possible to obtain bioemulsifiers
(Banat et al. 2010). Other extraction techniques are acid precipitation, precipitation
using trichloroacetic acid and acetone, alcohol precipitation, foam fractionation,
solvent extraction, and assisted ultrasound extraction (Osinska-Jaroszuk et al.
2015; Zheng et al. 2019; Coutte et al. 2017).

There are strategies such as: ion exchange chromatography, membrane ultrafil-
tration techniques and adsorption-desorption on resins or activated carbon for
purification. Furthermore, techniques developed such as HPLC and gel filtration
are used to fractionate and purify these compounds. The use of a multi-stage
recovery strategy is indicated to obtain a product in any required degree of purity.
In multi-stage recovery, purification steps followed by product concentration steps
are used (Mnif and Ghribi 2016).

The recovery of biopolymers takes place after the freeze-drying step. Mycelium
extraction techniques require more drastic methods, such as the use of hot water
(Zhao et al. 2016a, b; Wang et al. 2017) and inorganic (Fang and Zhong 2002) or
organic (Geys et al. 2014) solvents. Ultrasound-assisted extraction is an effective,
economical, fast, and simple methodology when compared to conventional methods,
as it reduces process time (Sourki et al. 2017).

The balance between extraction efficiency and reproducibility as well as cost,
time, and safety determine which extraction method will be used. However, some
bottlenecks need to be resolved for the implementation of the process, such as
purification yields, scalability, use or not of toxic solvents, and the cost of
implementation.

The extraction procedure affects the functional behavior of the molecule, due to
the profound effect on structure and molecular weight (Zhu et al. 2015). Different
extraction techniques are available for β-glucan extraction, including hot water
extraction, solvent extraction, enzymatic extraction and alkaline extraction
(Smiderle et al. 2006; Ahmad et al. 2009), in addition, new extraction methods are
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available. Being states, such as the use of high pressure (Huang et al. 2012) and
ultrasound (Zhao et al. 2018). Differences in β-glucan molecular weight estimates
may arise from the methods used for extraction and purification, aggregation phe-
nomena and depolymerization events that occur during the extraction step
(Larazidou and Biliaderis 2007). Table 1 shows different techniques used for the
extraction and purification of β-glucans.

6 Scale-Up of Bioreactors

In the case of fermentative processes, research on equipment on a production scale is
not feasible, so small-scale bioreactors become more common. The small scale was
defined as between 1 and 20 L (Mathews 2008), and its application is security, viable
and economic option for the scaling up, developing a culture medium, costs reduce

Table 1 Extraction and purification methods of β-glucans from mushrooms

Microorganism Polysaccharide Extraction Purification Reference

Lentinula edodes Lentinan High pressure dynamics
by microfluidization

– Huang
et al.
(2012)

Lentinula edodes Lentinan Enzymatic treatment
(150 U g�1 of
cellulose) + ultrasound

– Ke
(2015)

Lentinula edodes β-glucan Ultrasound and hot water – Zhao
et al.
(2018)

Agaricus
brasiliensis

β-glucan Hot water DEAE-cellulose
column
chromatography

Camelini
et al.
(2005)

Agaricus blazei β-glucan Hot water Sephadex A-25
column
chromatography

Kim et al.
(2005)

Schizophyllum
commune

Schizophylan Hot water and NaOH at
121 �C

Thin layer
chromatography

Klaus
et al.
(2011)

Ganoderma
lucidum

Ganoderan Hot water and ethanol
precipitation

DEAE-cellulose
column
chromatography

Dong
et al.
(2012)

Pleurotus
nebrodensis

Pleuran Methanol + saline
solution

– Cha et al.
(2012)

Pleurotus florida
e Volvariella
volvacea

β-glucan Hot water DEAE-cellulose
column
chromatography

Das et al.
(2010)

Pleurotus florida
e Volvariella
volvacea

β-glucan Alkaline extraction Sepharose 6B
column
chromatography

Maity
et al.
(2013)

24 M. C. Veiga et al.



and exploring ways to optimize the fermentation process (Burke 2008; Bareither and
Pollard 2010).

The scale-up involves the small-scale and an intermediate step, the pilot-scale.
This step is bigger than the small-scale and involves more study about the process.
The scale expansion project is carried out to explore the possibility of producing
natural products on a larger scale through fermentation. This process involves
studying to understand the process as a whole and to a large extent, to know the
final product and the physiology of the microorganisms used (Burke 2008).

The biggest challenge in moving from small scale to industrial scale is to ensure
that the conditions of the fermentation process are maintained. This is because, the
increase in scale does not always allow the conditions to be maintained and ensured
throughout the process and, it may happen that the increase does not present the
same behavior (Formenti et al. 2014). Some variables are difficult to control in scale-
up, like an aeration, agitation, pH, sterilization of system, the ratio microorganism/
cultivation medium, temperature, mass transfer, viscosity and others (Burke 2008).

When it comes to filamentous microorganisms, the scale increase complexity
increases (Ishaq et al. 2015; Seviour et al. 2011), due to the morphology that ends up
being an obstacle to the transfer of mass and aeration, besides that, depending on the
culture conditions, the morphology can be drastically altered (Formenti et al. 2014).

One of the parameters to be taken into account is the safety of choosing the
location of the bioreactor so that the health of those who operate it and the industries
are guarantee (Mathews 2008).

7 Epilogue

The cultivation of filamentous fungi emerged as attractive alternatives for the
production of biopolymers. These biopolymers accumulate in fungal cells due to
stresses caused during the process. Because of this, the optimization of cultivation
through the use of low-cost renewable substrates (agribusiness waste) and efficient
methods of biopolymer recovery can make its production more economically viable,
increasing its productivity and reducing environmental damage. Through the devel-
opment of biotechnology, with a focus on research to optimize cultivation parame-
ters on a large scale, it will allow fungal biopolymers to be commercialized in the
future.
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Fungal Hydrophobins

Vandana Ghormade, S. G. Tupe, Ejaj Pathan, and Mukund V. Deshpande

Abstract Hydrophobins are cysteine-rich amphipathic proteins found throughout the
fungal kingdom and play important functions in the fungal life cycle. They are known
to be involved in the conidiogenesis and formation of appressorium in Magnapothe
oryzae andMetarhizium anisopliae, the growth ofmicrosclerotia inVerticilliumdahlia,
and the development of microconidia in Fusarium verticillioides. Hydrophobins are
also involved in disseminating Cladosporium fulvum spores and the production of
aerial hyphae in Schizophyllum commune. Moreover, fungal hydrophobins have been
well studied at the biochemical and molecular levels. Their role in the life cycles of
Agaricus bisporus, Aspergillus fumigatus, A. nidulans, Magnaporthe grisea, Neuros-
pora crassa, Ophiostoma ulmi, Schizophyllum commune, Trichoderma harzianum,
and T. reesei have also been studied. Furthermore, the amphipathic characteristics of
fungal hydrophobins have been used to solubilize and deliver hydrophobic medicines,
as well as for purification and immobilization of proteins, as a antimicrobial coats, in
biosensor development, and also as emulsifying agents.

Keywords Adhesion · Drug delivery · Fungal hydrophobins ·Metarhizium · Tissue
engineering

1 Introduction

Hydrophobins, a small cysteine-rich proteins known to form a hydrophobic surface,
are produced by the filamentous fungi. Upon exposure to hydrophilic-hydrophobic
or water-air interfaces, they are self-assembled for the formation of amphipathic
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membranes. They are first reported from a white-rot basidiomycete, Schizophyllum
commune (Linder et al. 2005).

These proteins moisten hydrophobic surfaces such as gas bubbles, liquids, and
solid objects; on the other hand, they change hydrophilic surfaces into hydrophobic.
Therefore, the hydrophobins are useful in dispersing hydrophobic materials, stabi-
lizing foam in food products, and immobilizing antibodies, cells, and enzymes.
Furthermore, they have therapeutic value as immunomodulators. The following
sections will discuss biochemical and molecular studies of hydrophobins, their
functions in the life cycle of fungi and their applications in various fields.

2 Hydrophobins

Hydrophobins are low molecular weight (�20 kDa) hydrophobic self-assembling
fungal proteins having characteristic eight conserved cysteine (Cys) residues (Bayry
et al. 2012; Wӧsten 2001). Though hydrophobins are unique to fungi, some
orthologs were reported from Streptomyces. Hydrophobins gene families usually
contain 2–10 members, while Coprinus cinereus shows 33 members (Bayry et al.
2012).

Hydrophobins are classified into two types based on the distribution of cysteines
and the clustering pattern of hydrophobic and hydrophilic residues. The solubility
and shape of the aggregates generated by these two types may be differentiated.
Class I hydrophobins create very insoluble membranes that can only be decomposed
by a high concentration of acids (even in 2% SDS at 100 �C) (such as formic acid or
trifluoroacetic acid). Hydrophobins of class II are less stable and may be easily
dissolved in ethanol (60%) or SDS (2%).

Outside the fungal cell wall, the majority of hydrophobins class I form a micro-
scopically detectable rodlet structure (Asgeirsdattir et al. 1995, 1997). Hydrophobins
of class II create assemblies with no distinguishing rodlet shape. Despite these
physical distinctions, no clear differentiation between the roles of class I and class
II hydrophobins in the life cycle of fungi has yet to be discovered.

Based on characteristic spacings between their cysteine residues, hydrophobins
class I and class II can be distinguished (Wösten and Wessels 1997). In both
hydrophobin classes, however, the cysteine pattern is similar: the second and third
cysteine residues, the sixth and seventh cysteine residues, are always located adja-
cent to each other. It has been observed that the eight cysteine residues in class II
hydrophobins are engaged in four disulphide interactions, resulting in the develop-
ment of four loop-like structures (Kershaw et al. 1998). The linkages of cysteine
have been identified in Ceratocystis ulmi (Cys1–2, Cys3–4, Cys5–6 and Cys7–8).
Two of the four “loops” were primarily made up of hydrophobic residues. Figure 1
depicts a schematic illustration of C. ulmi hydrophobins (Yaguchi et al. 1993).

While Wӧsten and Scholtmeijer (2015) reported that Hydrophobins range in
length from 70 to 350 amino acids (along with signal sequence). They all have
eight conserved cysteine residues that link C1–C6, C2–C5, C3–C4, and C7–C8
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through four disulfide linkages (Fig. 2). De Vocht et al. (2000) described that
the cysteine residues in class I hydrophobin SC3 from S. commune are essential
for the solubility of protein. The characteristic order of cysteine residues differenti-
ates the fungal hydrophobins from the cysteine-rich proteins.

3 Molecular Studies

Multiple hydrophobin genes were reported from filamentous ascomycetes and
basidiomycetes fungi (Wӧsten 2001). C. cinereus, for example, has 33 hydrophobin
genes in its genome (Bayry et al. 2012), and S. commune has at least 5 genes coding
for hydrophobins (Wessels 1997). Hydrophobin genes, on the other hand, are
missing from the genomes of Candida albicans, Cryptococcus neoformans,
Kluyveromyces lactis, Saccharomyces cerevisiae, Schizosaccharomyces pombe,
and Yarrowia lipolytica. The hydrophobin genes from these fungi were most likely
lost during the evolution. Teertstra et al. (2006) suggested that Ustilago maydis, a
dimorphic basidiomycete, contain hydrophobin genes, however the resultant protein
have been functionally replaced partially by the repellents. It was further suggested
that in terms of the involvement of hydrophobins in the life cycle, U. maydis appears
to be somewhere between filamentous fungi and yeasts. Another dimorphic fungus,
Paracoccidiodes brasiliensis, an etiologic agent of paracoccidioidomycosis also
exhibited two mycelial specific hydrophobin genes, Pbhyd1 and Pbhyd2
(Albuquerque et al. 2004).

Fig. 1 Based on intramolecular disulphide connections found for Ceratocystis ulmi, a schematic
depiction of probable hydrophobin structures was created (originally constructed by Yaguchi et al.
1993)

Class I hydrophobin: X25-158-C-X5-9-C-C-X4-44-C-X7-23-C-X5-7-C-C-X6-18-C-X2-13

Class II hydrophobin:X17-165-C-X7-10-C-C-X11-C-X15/16-C-X 6-9-C-C-X10/11-C-X3-8

Fig. 2 Schematic representation of amino acid sequence lengths between eight cysteine residues in
hydrophobins Class I and Class II (X, amino acid other than cysteine; sub-index denotes the number
of amino acids)
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4 Role of Hydrophobins in the Fungal Life-Cycle

Fungal hydrophobins are known to be highly surface-active globular proteins that
have a variety of roles in growth and differentiation of filamentous fungi. For
instance, hydrophobins play an important role in conidiogenesis as well as appres-
sorium formation in Magnaporthe oryzae, Metarhizium anisopliae, development of
microsclerotia in Verticillium dahlia as well as Fusarium verticillioides (Talbot et al.
1993; Fuchs et al. 2004; Klimes and Dobinson 2006; Li et al. 2006). They are also
involved in spore dispersal of Cladosporium fulvum, aerial hyphal development in
S. commune (Wosten et al. 1994; Van Wetter et al. 1996; Whiteford and Spanu
2001). The mutation studies in Agaricus bisporus, Aspergillus fumigatus,
A. nidulans, Claviceps pupurea, M. grisea, Neurospora crassa, Ophiostoma ulmi,
S. commune, Trichoderma harzianum and Trichoderma reesei were reported to
understand their role in the life cycle (Kershaw et al. 1998).

Hydrophobins are key components of filamentous fungi’s conidial cell mem-
brane, polymerizing to create bundles or fascicles with rodlet-like structures. They
assist fungi in escaping the watery environment, offer hydrophobicity to fungal
surfaces in contact with air, and promote hyphal adherence to hydrophobic surfaces,
which results in morphogenetic signals (Fig. 3). The latter is critical in the early
stages of pathogenesis, when the fungus must connect to the host’s hydrophobic

Fig. 3 Schematic diagram representing the assembly of aerial hyphae in M. anisopliae (adapted
from Wessels 1997; Wӧsten 2001). The hydrophobic and hydrophilic regions of a hydrophobin
molecule are denoted by the colours black and white, respectively. Hydrophobin molecules injected
into the liquid culture medium produce a hydrophobin layer at the water-medium interface,
lowering the liquid’s surface tension and allowing the hyphae to grow into the air. Cell wall’s
rodlet-patterned hydrophobin layer makes the aerial hyphae hydrophobic
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surface prior to penetration and infection can begin. De Vries et al. (1999) were the
first to conduct substantial research on SC3 hydrophobins from S. commune. Heter-
ologous expression and purification of Beauveria bassiana hydrophobin (hyd2)
from E. coli were performed recently (Kirkland and Keyhani 2011). Table 1 sum-
marises the hydrophobins reported from different fungi.

Paris et al. (2003) demonstrated that insoluble protein complexes form rodlet
layers on the surface of conidia of A. nidulans as well as A. niger. Further,
hydrophobins hyd1 and hyd2 were involved in the formation of a rodlet layer on
the conidial surface in B. bassiana (Zhang et al. 2011). These hydrophobins have
unique physiological functions in processes such as rodlet layer formation, thermo-
stability conidia, and influencing cell surface characteristics that contribute to the
insect pathogenicity. Kapoor (2012) extensively studied the topological features of
M. anisopliae conidia by Atomic force microscopy (AFM). This study demonstrated
the assembled hydrophobin rodlet layer on the rough surface of M. anisopliae
conidia. The roughness of a cell surface is a direct assessment of its hydrophobicity;
the rougher the surface, the higher the hydrophobicity (Holder et al. 2007). The
presence of the rodlets on conidial surface of M. anisopliae suggests their possible
role in attachment to the insect cuticle during fungus-insect interaction.

Table 1 Hydrophobins reported from fungi

Hydrophobin from

Number
of amino
acid (kDa)

Mr accession
number Reference or EMBL

Class I Hydrophobins
Ascomycetes

Aspergillus fumigatus RodB 140 14 Paris et al. (2003)

Aspergillus nidulans RodA 157 – Stringer et al. (1991)

Cladosporium fulvum HCf-1 105 10 Spanu (1997)

Magnaporthe grisea MPG 112 15 Talbot et al. (1993)

Metarhizium anisopliae SSGA 96 – St. Leger et al. (1992)

Neurospora crassa EAS 108 8.2 Bell-Pedersen et al. (1992)

Basidiomycete

Agaricus bisporus ABH3 119 9.1 Lugones et al. (1996)

Dictyonema glabratum DGH1 130 14 Trembley et al. (2002)

Class II Hydrophobins
Ascomycetes

Claviceps fusiformis CFTH1 394 36.5 De Vries et al. (1999)

Fusarium verticillioides Hyd4 100 – Fuchs et al. (2004)

Magnaporthe grisea MPH1 102 – Kim et al. (2001)

Trichoderma harzianum SRHI 89 – Munaoz et al. (1997)

Trichoderma reesei HFBI 97 7.5 Nakari-Setala et al. (1996)

Trichoderma viride SRH1 89 – Linder et al. (2001)
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5 Production of Hydrophobins

Various methods for the production of hydrophobins have been reported, including
the use of fungal strains isolated from hydrophobic environment, use of bioreactors
for submerged and solid-substrate fermentation scale-ups, and use of recombinant
microbial strains. Kulkarni et al. (2017) have extensively reviewed the scale-up
methods for fungal hydrophobin production. The hydrophobin production has been
scale-up using heterologous and homologous expression in various vectors. For
instance, S. commune (SC3) hydrophobin was produced by heterologous expression
in T. reesei and A. niger having yield of ~60 mg/L. The heterologous expression of
hydrophobins Class I from A. nidulans in T. reesei and Grifola frondosa in Pichia
pastoris showed similar yields (Wang et al. 2010; Schmoll et al. 2010). Expression
of fungal hydrophobin in the bacterial system reduced the yields, however expres-
sion of bacterial Class I hydrophobin DewA from Bacillus subtilis in E. coli yielded
a kilogram scale of hydrophobins from the inclusion bodies, although it required
further purification (Wohlleben et al. 2010). Expression of class II hydrophobins to
levels of 120 mg/L was achieved in P. pastoris (Niu et al. 2012). Aspergillus Class I
hydrophobins RodA and RodB were heterologously produced in Pichia between
200 and 300 mg/L (Pedersen et al. 2011; Song et al. 2016).

Homologous expression of hydrophobin HFB1 class II in T. reesei produced
600 mg/L yield, however it required further purification as most proteins were
mycelium bound (Askolin et al. 2001). In S. commune, homologous over-expression
of hydrophobin SC3Class I, led to methylation induced gene silencing (Schuurs
et al. 1997).

The self-assembling nature of hydrophobins is a highly desired quality that offers
advantages such as immobilization, improved stability and better surface interaction
when fused to proteins. Several authors have utilized this property by developing
recombinants with fusing either class I or II hydrophobin domains to the protein/
peptide of choice for developingbiosensors. Sorrentino et al. (2019) combined the
self-assembling properties of hydrophobin class I and laccase enzyme from Plurotus
ostreatus to develop a stabilized fusion protein coating on polystyrene surfaces as a
biosensor for L-DPOA and caffeic acid estimation in food and pharmaceutics.
Soikkeli et al. (2016) fused the hydrophobin domain of hydrophobin HFBI class II
to Protein A or a small peptide ZE that led to significant stabilization and successful
biosensor development. Döring et al. (2019) fused the hydrophobin Ccg2 from
Neurospora crassa with glyphosate binding enzyme 5-enolpyruvylshikimate-3-
phosphatesyhthase (EPSPS) to fabricate a photometric biosensor for pesticide sens-
ing. Similarly, Mirzaei et al.(2019) demonstrated improved enzyme stability of
recombinant lactate dehydrogenase enzyme fused with hydrophobin. The recombi-
nant fusion protein of a thermophilic arsenate reductase from Thermus thermophilus
with a hydrophobin from P. ostreatus having self-assembling property, was pro-
duced and successfully employed as biosensor in Arsenic detection (Puopolo et al.
2021).
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Suspension culture and transgenic plants are emerging as plant-based heterolo-
gous hosts for hydrophobin production. The expression of GFP-HFBI was reported
from Nicotiana benthamiana (tobacco) that achieved 3.7 mg/g productivity of fresh
leaf weight, constituting around half of the total soluble proteins (Joensuu et al.
2010). Expression of GFP-HFBI was reported in suspension culture with a high-
expressing BY-2 clone with a yield of 1.1 g/L. Suspension cultures may contribute to
the industrial scale-up of hydrophobin production technology (Häkkinen et al.
2018). The high yields of hydrophobins were obtained by stable expression of
GFP-HFBI fusion protein in the leaves of Nicotiana benthamiana (Joensuu et al.
2010; Reuter et al. 2016; Gutiérrez et al. 2013) and tobacco BY-2 suspension cells.
The intriguing growth of hydrophobin-induced protein aggregates in leaf cells was
attributed to the improved concentration of recombinant proteins, which kept them
shielded from proteases in the cytoplasm (Gutiérrez et al. 2013).

The unique self-assembling and amphipathic properties of hydrophobin are
harnessed for several applications.

6 Applications of Hydrophobins

Fungal hydrophobins are utilized to solubilize and deliver hydrophobic medicines,
as well as for purification and immobilization of proteins, as a antimicrobial coats, in
biosensor development, and also as emulsifying agents.

6.1 Drug Delivery and Improved Solubility

The amphipathic nature of hydrophobins is conducive for their application for drug
delivery of hydrophobic drugs. Valo et al. (2010) synthesize hydrophobin-coated
drug nanoparticles (NPs) by inserting a lipophilic drug beclomethasone dipropionate
into the cavity formed by hydrophobin. Beclomethasone dipropionate NPs showed
improved solubility, biocompatibility and were stable for ~5 h in suspension
followed by longer after freeze-drying. Recently, glucagon-like peptide-1 (GLP-1),
a promising drug candidate for treating type 2 diabetes, was stabilized against
protease degradation encapsulation of the drug in the cavity formed by the MH
protein (Zhao et al. 2016a, b).

For coating docetaxel (DTX) NPs to be used for intra-venous drug delivery, a
novel hydrophobin H star protein B (HPB) was used (Fang et al. 2014). Reuter et al.
(2017) used porous silicon NPs coated with a HFBIV fused transferrin protein
produced in plants for enhanced uptake of the drug by the cells of human breast
cancer. Purified Trichoderma reesei HFBI and HFBII were coated on PSi
nanoparticles to improve their biodistribution when administered intravenously to
rats (Valo et al. 2010; Sarparanta et al. 2012). Further, the two cellulose-binding
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domains were conjugated to HFB-coated itraconazole nanoparticles to facilitate their
oral administration.

Recently, Politi et al. (2015) synthesized a stable protein–gold NPs hybrid for
drug targeting and delivery by conjugating HFB to gold NPs for sensing and glucose
monitoring. A Vmh2, a hydrophobin derived from Pleurotus ostreatus, was modi-
fied with dicarboxylic acid-terminated polyethylene glycol (PEG) and used to adorn
gold nanoparticles, PEG-HFB-AuNPs (Politi et al. 2015, 2016). Coating
hydrophobins on the surface of nanocarriers has a substantial influence on their
behaviour when introduced into biological fluids, preventing the formation of
protein corona that impacts the NPs in biological environments.

Reuter et al. (2017) recently created a fusion protein of T. reesei hydrophobins
class II to human transferrin protein. They coated it on porous silicon nano-proteins
to enhance uptake in cancer cells. Furthermore, highly conserved, stable disulfide
bonds in the class II hydrophobins were used as a drug-release mechanism for
improved drug delivery. For drug loading in the blood, dodecanethiol-coated gold
nanoparticles were stabilized by a coating of class II hydrophobin HFBII. The uptake
of these NPs by tissues resulted in the reduction of disulphides by cytoplasmic
glutathione, allowing the drug to be released into the cytoplasm (Maiolo et al. 2017).

Hydrophobin coated niosomes (non-ionic surfactant based vesicles) were devel-
oped to deliver drugs to cancer cells to evade the recognition by human immune
system (Barani et al. 2020). HFBI coated niosomes were used to enhance the
efficacy and slow release of doxorubicin delivery to cancer cells. HFBI is more
stable coating agent as compared to the commonly used PEG (polyethylene glycol).

Thus, hydrophobins are effective adjuvants for better drug (hydrophobic) solu-
bility, stability, and bioavailability for drug-formulations. Overall, hydrophobin-
based drug formulations are possible. There is a need to better understand
hydrophobin structure as well as function to develop new hydrophobins as biocom-
patible coatings for increased drug bioavailability.

6.2 Biosensor Applications

The ordered self-assembly of hydrophobins make them suitable for electrochemical
biosensor applications as well. Hydrophobin class I from S. commune immobilized
redox enzymes for their catalytic activity on glassy carbon electrodes (Corvis et al.
2005).

Using hydrophobin HFBI class II as an enzyme immobilised matrix on platinum
electrodes, a sensitive and effective glucose biosensor with high electroactivity and
longevity was developed (Zhao et al. 2007). HFBI was also utilised to increase the
wettability of a gold surface and immobilise the enzyme choline oxidase in an
amperometric choline biosensor (Zhao et al. 2009). The sensor was stable for up
to 7 weeks (Zhao et al. 2009). Recently, gold nanoparticles complexed with a
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hydrophobin Vmh2 class I, which binds to carbohydrates naturally, were used to
make a glucose biosensor in a one-pot synthesis (Spadavecchia et al. 2016). The
unique binding properties of hydrophobins can be used for specific applications. A
yeast pheromone detection biosensor was reported using recombinant class I
hydrophobin, combined with or without alpha-factor, to wet a hydrophobic polysty-
rene surface (Hennig et al. 2016). The biosensor was robust, stable and can be used
many times without loss of sensitivity (Hennig et al. 2016). In another interesting
application, patterning genetically engineered hydrophobin HFBI with an
N-terminal cysteine residue on gold nanoparticles in a pH-controlled manner
resulted in a functional electrical interface for biosensors (Laaksonen et al. 2009).
The self-assembling characteristic of the hydrophobin domain of the recombinant
hydrophobin HFBI class II coupled to Protein A or a short peptide ZE was exploited
to build a highly sensitive label free graphene biosensor (Soikkeli et al. 2016).
Further, they demonstrated that the biosensor was stable, the monolayers survive
drying, and is compatible with the small as well as large analytes (charged peptide
and immunoglobin) (Soikkeli et al. 2016).

A photometric biosensor was constructed by surface functionalizing and fusing
the hydrophobin Ccg2 from Neurospora crassa with the glyphosate binding enzyme
5-enolpyruvylshikimate-3-phosphatesyhthase (EPSPS) (Döring et al. 2019). The
biosensor inhibits enzyme activity by glyphosate, a harmful pesticide, which is
measured colourimetrically with malachite green to calculate inorganic phosphate.
Duan et al. (2020) designed a fibre-optic biosensor to detect label-free antigen-
antibody interaction by coating the fibre surface with a nanolayer of self-assembled
class I hydrophobin from Grifola frondosa. The hydrophobin layer facilitated the
immobilization of antibodies on the fibre biosensor surface. Mirzaei et al.(2019)
reported a biosensor for pyruvate determination by coating glassy carbon electrodes
with a fusion protein of hydrophobin and lactate dehydrogenase enzyme. The
hydrophobin layer improved enzyme stability and demonstrated low detection limits
(~8.69 nM). An electrochemical biosensor for arsenic (AsIII) detection was devel-
oped by coupling the thermophilic arsenate reductase from Thermus thermophilus
with hydrophobin from Plurotus ostreatus with self-assembling properties (Puopolo
et al. 2021). The chimeric protein ensured self-assembly of protein on the gold and
polystyrene electrodes sensor surfaces, immobilization and proper orientation of the
enzyme for detection of AsIII. Hydrophobin anchorage led to improved catalytic
activity and was re-usable three times.

Sorrentino et al. (2019) created a fusion protein combining self-assembling
properties of hydrophobin class I and laccase enzyme from P. ostreatus. The fusion
protein was coated on polystyrene surfaces of plates and used for detection of
L-DOPA ((S)2-amino-3-(3,4-dihydroxyphenol) propanoic acid) and caffeic acid
(3-(3,4-dihydroxyphenyl)-2-propenoic acid) for estimation for food and
pharmaceutics. The method was based on the inhibition of laccase-mediated
ABTS oxidation by the analytes as competing inhibitors.
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6.3 Tissue Engineering and Biomedical Applications

Hydrophobins enhance the biocompatibility of surfaces that are employed for tissue
engineering and as biomedical implants. Invasive medical devices like catheters and
guide wires require low friction surfaces to decrease tissue injury. Hydrophobin SC3
from recombinant S. cerevisiae was coated on polystyrene with spin coating and
altered the surfaces, reduced the friction and rendered them biocompatible for use as
medical device coatings (Misra et al. 2006). Devine et al. (2019) coated SC3 on a
medical-grade nitric oxide (NO) releasing polymer, which provided antibacterial and
antiplatelet properties to the medical devices.

Hydrophobin coatings are used to enhance cell attachment and growth on various
surfaces. HFB1-collagen and HFB1-serum layer promote attachment and growth,
respectively (Li et al. 2009). Scholtmeijer et al. (2002) stated that hydrophobin
coated Teflon improved the biocompatibility and growth of fibroblast cells. The
immobilization of class II hydrophobins on solid surfaces promoted the growth of
human embryogenic kidney cells as well as neural stem cells (Hou et al. 2009).

Similarly, Zhang et al. (2011) improved the hydrophilicity and designed bioactive
surfaces of electrospun PCL grafts for tissue engineering by using hydrophobin
HFBI. Coating the HFBI layer on the PCL surface promoted attachment of anti-
CD31 antibody and the retention of endothelial cells to the grafts. The introduction
of a hydrophobin HGFI class I linked to vascular endothelial growth factor synthe-
sized by the yeast Pichia pastoris increased the cellularization as well as vascular-
ization of PCL scaffolds (Zhao et al. 2016a, b). Furthermore, to promote
mesenchymal stem cell, osteoblast, fibroblast, and chondrocyte adhesion, orthopae-
dic implant surfaces were modified with a recombinant hydrophobin DewA class I
coupled to an integrin-binding Arginine-Glycine-Aspartic acid motif (RGD) or
laminin domain (Boeuf et al. 2012). The antibacterial activities of electrospun
PCL grafts were enhanced by adding the class IIa antibacterial peptide, bacteriocin
pediocin PA-1, linked to the hydrophobin HGFI class I produced in S. cerevisiae
(Wang et al. 2017).

Adsorption of proteins on dental surfaces leads to steady deterioration. Melcher
et al. (2016) demonstrated the reconstruction of eroded teeth by binding class I
DewA hydrophobin fusion proteins with hydroxyapatite and calcium phosphate.
Bile stents require replacement due to clogging caused by microbial growth.
Weickert et al. (2011) reported that coating the stents with hydrophobin DewA-
His fusion protein reduced the absorption of proteins and clogged.

6.4 Stabilization of Emulsions, Ointments, Foam

Hydrophobins stabilize emulsions like creams or ointments due to their assembly at
the interface of the hydrophilic as well as hydrophobic liquids. Stabilization of foam
formation is useful in beer brewing and sparkling wine production. However,
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excessive hydrophobins in beer can promote primary ‘gushing’ or extensive foaming
with spillovers (Mastanjevic et al. 2017). Primary gushing is induced by the presence
of fungal hydrophobins in the malt, especially of Fusarium species. Other species
such as Rhizopus, Aspergillus, Penicillium and Nigrospora are also associated with
the primary gushing. The chemical or technological processes influence secondary
gushing during malt brewing. Losses during malting and brewing can be reduced by
avoiding or controlling this phenomenon by biological, physical or chemical
methods. Biological methods include reduction of Fusarium infections in the field
by lactic acid bacteria dispersion. Physical methods involve monitoring storage time
of grains, mixing different batches, sorting infected grain, filtration, radiation,
sonication, while chemical methods include treatments with hydrogen peroxide,
polar/non-polar molecules or hop compounds. High emulsifying capacity of the
class II hydrophobins showed longer stabilization effect on oil than the class I
hydrophobins (Niu et al. 2012).

7 Conclusions

The remarkable cysteine-rich amphipathic hydrophobin proteins are found through-
out the fungal kingdom and play important roles in the growth as well as develop-
ment of fungi. These well-characterized fungal hydrophobins are produced mostly
by the filamentous fungi and have several applications due to their amphipathic
nature. Yeast-like fungi are mostly known to produce emulsifiers that may be useful
in maintaining their single celled entity. The unique surface-activity of fungal
hydrophobins can be employed to solubilize and deliver hydrophobic medicines,
as well as for purification and immobilization of proteins, as a antimicrobial coats, in
biosensor development, and also as emulsifying agents.

However, the large-scale production of native and engineered hydrophobins are
required to realize their commercial potential. Further studies to understand the
structure-function relationship of hydrophobins may result in enhanced surface
activity, binding and solubilisation of these interesting proteins.
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Fungal Exopolymeric Substances and Their
Applications

Murat Topal and E. Işıl Arslan Topal

Abstract Exopolymeric substances that are also known as extracellular polymeric
substances, extracellular polysaccharides, exopolymers, and exopolysaccharides are
produced by various microorganisms. They primarily include polysaccharides,
lipids, nucleic acids, and proteins. Exopolymeric substances protect microorganisms
from various environmental stresses. Exopolymeric substances have unique charac-
teristics. Some of the functional properties of them include adhesion, aggregation,
binding activity, energy and nutrient source, water retention, and sorption. One of
the exopolymeric substances is fungal exopolymeric substances. The fungal
exopolysaccharides are pullulan, scleroglucan, fungal β-glucans, botryosphaeran,
and others. The fungal exopolymeric substances are valuable products because of
their different application areas such as industries of medical, cosmetic, food,
wastewater treatment and agriculture.

Keywords Exopolymeric substances · Fungal · Industry · Agriculture · Wastewater

1 Introduction

The production of exopolymeric substances by microorganisms was firstly reported
by Pasteur in the year 1861 as viscous fermentation. Compared with the cell walls
and intracellular polysaccharides, exopolysaccharides have various advantages
including easy isolation, extremely high production in a little while, and easy
purification (Mahapatra and Banerjee 2013). The microbial exopolymeric sub-
stances are a class of high-value biopolymers (Hwang et al. 2004). Exopolymeric
substances are also named as extracellular polymeric substances, extracellular
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polysaccharides, exopolymers, and exopolysaccharides. The various strains of
microbes (bacteria, cyanobacteria, microalgae, yeasts, fungi, and protists)
biosynthesize exopolymeric substances (Pavlova and Grigorova 1999; Hwang
et al. 2004; Jain et al. 2005; Parikh and Madamwar 2006; Elisashvili et al. 2009;
Boonchai et al. 2014; Lee Chang et al. 2014; Costa et al. 2018). The extracellular
polymeric substances are secondary metabolites (Nookongbut et al. 2020).
Exopolymeric substances are heat stable, non-branched carbohydrate polymers
(Giovannangelo et al. 2007). The exopolymeric substances having microbial origins
include protein, polysaccharides, lipids, and nucleic acid (Baumert et al. 2021).
Extracellular polymeric substances mainly include polysaccharides. However, pro-
tein is an important functional component (Flemming et al. 2007; Redmile-Gordon
et al. 2020). The results of the researches on exopolymeric substances released by
various strains of microbes proved that polysaccharide in extracellular polymeric
substances varies highly in structure and composition. The polysaccharides can
consist of by �1 structural units that arrangement of them is special for per
extracellular polymeric substances (Roca et al. 2015; Costa et al. 2018).

There are two types of extracellular polymeric substances that may be separated
when centrifugation is used. The extracellular polymeric substances that remain in
the supernatant are soluble. The extracellular polymeric substances that form bio
pellets are bound to extracellular polymeric substances (Yu et al. 2009; Liu et al.
2010; Guo et al. 2016). Bound extracellular polymeric substances can be defined by
two layer model (Nielsen and Jahn 1999). Bound exopolymeric substances consist
of tightly-bound exopolymeric substances and loosely bound exopolymeric sub-
stances. The tightly-bound exopolymeric substances are an inner layers that has a
definite shape and are bound tightly and stably with the surface of the cell while the
loosely-bound exopolymeric substances are the outer layers that are loose and
dispersible, without evident edge (Guo et al. 2016).

Exopolymeric substances are fundamental for the life of microorganisms. They
supply an ideal environment for microorganisms. They protect the microorganisms
from environmental stresses. Exopolymeric substances production is triggered pri-
marily by various environmental signals (Costa et al. 2018). Exopolymeric sub-
stances create appropriate outer coating allowing microbes for protection against
drying by the accumulation of water. In addition, because of the anionic nature of
extracellular polymeric substances, suitable nutrients from the medium can be
captured. The extracellular polymeric substances protect microorganisms against
unwanted metals (Donot et al. 2012; Bancerz et al. 2018).

There is an urgent need for sustainable resources to meet the requirements of
industrial applications. Fungal exopolymeric substances that have been recognized
as valuable bio macromolecules for recent years are one of that resources. The
further development on the commercialization of fungal exopolymeric substances
will support sustainable solutions for environmental protection.
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2 Functions of Extracellular Polymeric Substances

The exopolymeric substances have various functions, most of them related to
protection. Extracellular polymeric substances matrix shields microorganisms
against heavy metals and antimicrobials, retain water and protect microorganism
against drought (Costa et al. 2018). In the literature, the functions of communication
with other plants and microorganisms, antioxidant, C storage, and nutrient capture
have been researched (Wingender et al. 1999; Wang et al. 2015; Vardharajula and
Ali 2015; Costa et al. 2018). Functional properties of exopolymeric substances are as
follows: adhesion, aggregation, binding activity, cohesion, electron acceptor or
donor, energy and nutrient source, enzymatic activity, export of cell components,
protective barrier, water retention, sorption, and transfer of genetic information
(Siddharth et al. 2021). Exopolymeric substances of microbes play a significant
influence on the formation of biofilm, transport of bacteria, biomineralization, and
accumulation of metals (Chan et al. 2004; Fang et al. 2010; Yu et al. 2018; Bao et al.
2018).

Microbial exopolymeric substances have the heavy metal binding ability. This
situation may have several implications (e.g. essential in vertical transport of
dissolved ions) (Bhaskar and Bhosle 2005). Extracellular protein plays a significant
role to resist heavy metal toxicity and maintain the stability of cell membranes. The
extracellular polymeric substances are capable to bind metals (Wang et al. 2021).
The exopolymeric substances role on biomineralization is classified to crystal
geometric matching, electrostatic interaction and charge accumulation, and comple-
mentary structure in space (Andrew et al. 1998; Couchourel et al. 1999; McGrath
2001; Bontognali et al. 2014; Bao et al. 2018). Bao et al. (2018) noticed that fungal
exopolymeric substances were important for providing nucleation sites for binding
metals and facilitating large mineral aggregates generation. In biologically induced
mineralization microorganisms produce extracellular polymeric substances or
charge the surface of the cell acting as interaction or adsorption sites for metals
and thereby modifying their local micro environments. This situation can result in
the nucleation and growth of the new minerals. The extracellular polymeric sub-
stances in biomineralization include charge accumulation and electrostatic interac-
tions (McGrath 2001). The fungal extracellular polymeric substances have the
ability of chelating harmful metals (e.g. Pb, Zn, and Cu) (Moon et al. 2006; Yin
et al. 2011). Planý et al. (2021) reported in their study that Scopulariopsis-
Scedosporium-like fungus precipitated gypsum. The fungus tolerated high concen-
trations of Fe by depositing on fungal structures. In the study of Yu et al. (2019),
T. guizhouense fungus was able to dissolve hematite and form secondary minerals.
Yu et al. (2019) reported that fungal hyphae are redox active. Furthermore, fungal
hyphae alter the local redox state of Fe. However, Planý et al. (2021) proved that iron
deposition can happen on dead fungal mycelia. The dead and living fungus can act as
biosorbents for the metals (Mali et al. 2014; Planý et al. 2021). Wang et al. (2021)
studied Aspergillus fumigatus assisted algae symbiosis to determine the flocculation
and the immobilization by researching adsorption behavior for metals and change in
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extracellular polymeric substances. Wang et al. (2021) reported that the findings of
their study provided basis to develop industrial stable fungi and algae symbiosis
systems. The content of exopolymeric substances was higher than extracellular
proteins content. The extracellular polymeric substances were rich in functional
groups that were negatively charged. Functional groups that negatively charged
(e.g. carboxyl, amine, sulfhydryl, imidazole) provide more binding sites to chelate
and ion exchange the heavy metals, thereby reducing migration and biotoxicity of
the heavy metal.

The extracellular polymeric substances have significance for the structure of soil
(Redmile-Gordon et al. 2020). The microbial exopolymeric substances’ functions
for soil include drought protection, salt tolerance, protection against low/high
temperatures, adhesion, cohesion, symbiosis with plants, genetic exchange, antibi-
otics protection, signaling, biofilm structure, the trap of nutrients, carbon source, and
pathogenicity/virulence factor (Costa et al. 2018). The microbes attaching to the
physical habitat or co-habiting in groups called biofilms produce exudates as a
biological binding agents (Flemming and Wingender 2010). The exuded matrix
includes exopolymeric substances (Redmile-Gordon et al. 2020). The protein rich
extracellular polymeric substances play the main role in the adhesion and stabiliza-
tion of the aggregates with microbial origin (Guo et al. 2016; Redmile-Gordon et al.
2020).

The exopolymeric substances have significance for bioaggregate formation, such
as flocs of sludge, in process of activated sludge. Guo et al. (2016) investigated the
composition and chemical structure of different fractions of exopolymeric sub-
stances released from the culture of the activated sludge. Guo et al. (2016) used
the techniques of multi analysis to examine the aggregation ability of the sludge. The
authors reported that there were the great proportion of hydrophobic groups in
tightly-bound exopolymeric substances. The tightly-bound exopolymeric substances
contained high amounts of protein substance (86.7 mg of MLVSS per gram, with
39.7% of total extracellular polymeric substances). The hydrogen bonds were
reported as the dominant trigger promoting the aggregation of the sludge and the
hydrophobic proteins in tightly-bound exopolymeric substances. Hydrophobic pro-
teins had an important effect on the hydrogen bonds in the formation of sludge (Guo
et al. 2016).

3 Applications of Exopolymeric Substances

The microbial products have distinctive conformations and uncommon molecular
structures, giving them unique and potentially interesting properties with uses in
industries (Mahapatra and Banerjee 2013). Therefore, microbial exopolysaccharides
have different applications in various industries (Looijestenijn et al. 1999; Levander
and Rådström 2001; Hwang et al. 2004). Exopolymeric substances have individual
characteristics including gelling, biocompatibility, and thickening capabilities, with
applications in industries (Costa et al. 2018). The polysaccharides have many uses in

52 M. Topal and E. I. Arslan Topal



different areas because of the diversity of structures that give the polysaccharides
individual chemical and physical properties (Mahapatra and Banerjee 2013; Bancerz
et al. 2018). Polysaccharides have different applications in the industries of food,
cosmetics, agriculture, and medical (Osińska-Jaroszuk et al. 2015; Bancerz et al.
2018).

Applications of exopolymeric substances include dye decolorization and removal
of heavy metal from effluents, management of leachate, soil remediation and recla-
mation, treatment of wastewater and water (e.g. removal of organic matters and
turbidity from water sources, sludge conditioning) (Siddharth et al. 2021). The
microbial exopolymeric substances are also valid alternatives to products originating
from alga and plants (Mahapatra and Banerjee 2013).

Extracellular polymeric substances are particularly relevant to the bioremediation
process as they are involved in the flocculation and binding of metals from the
aqueous phase (Kachlany et al. 2001). Adsorption of heavy metal by extracellular
polymeric substance is addressed to the interaction between functional groups that
negatively charged and metal cations (e.g. carboxyl, phosphoric, hydroxyl, and
amide) present in extracellular polymeric substances (Kim et al. 1996). The extra-
cellular polymeric substance that is non-living and non-metabolic biosorbent is
readily available during the process of treatment, does not require any nutritional
support maintaining sorbent biomass, and avoids pathogenicity problems from
related organisms (Gavrilescu 2004). The problems with the toxicity of metal for
biomass living do not apply to extracellular polymeric substances. The requirement
for economic, safe, and effective methods to remove the metals from wastewater has
focused attention on extracellular polymeric materials (Yin et al. 2011).

The exopolysaccharides are used for pharmaceutical purposes. Because they have
different biological activities (Wasser 2002). The extracellular polymeric substances
have versatile applications in pharmaceuticals. The exopolysaccharides have emul-
sifying properties making them a prominent candidate in applications of pharma-
ceutical. The different extracellular polymeric substances with important functional
potentials, making massive applications in pharma industry as viscosifier,
biothickeners, emulsifiers, and stabilizers. Furthermore, properties with the biolog-
ical origin of the extracellular polymeric substances revealed properties of multiple
health promotion that can be explored for further applications in the pharmaceutical
sectors (Kavitake et al. 2020). In the literature, exopolysaccharides from various
microorganisms are suggested for their usage of in the pharmaceutical industry.
Eteshola et al. (1996) proved that polysaccharides of Porphyridium sp. had good
surface activity property showing the potential usage of it as pharmaceutical mate-
rial. Kavitake et al. (2019) suggested applying exopolysaccharides obtained from
Rhizobium radiobacter in products of pharmaceutical. The production of (1,3)-β-D-
glucans that attracting the increasing interest of pharmaceutical industry (Zekovic
et al. 2005) is determined by Garai-Ibabe et al. (2010). Garai-Ibabe et al. (2010)
determined that Pediococcus parvulus and Lactobacillus suebicus produced
(1,3)-β-D-glucans. There are reports describing therapeutic usage and biological
activity of (1,3)-β-D-glucans (Sletmoen and Stokke 2008; Garai-Ibabe et al. 2010).
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The matrix of the extracellular polymeric substances has the ability to aggregate
particles of soil. This ability has importance for fertility, structure, and health of the
soil. Application of exopolymeric substances on soil aggregation includes plant
inoculation and the addition of pure extracellular polymeric substances to soil
(Costa et al. 2018). The exopolymeric substances can act as glue, attaching to clay
and ions, holding solid particles of solids together. Because extracellular polymeric
substances have ionic charges and slimy texture (Chenu 1995). Microbial extracel-
lular polymeric substances have benefits for plants. Microbial extracellular poly-
meric substances can maintain the moisture of the environment and trap the
nutrients. The extracellular polymeric substances structures are variable. Thus,
application efficiencies of extracellular polymeric substances vary in soil accord-
ingly (Costa et al. 2018).

Exopolymeric substances produced by cocultures of fungi, microalgae, and
bacteria have different application areas (e.g. bio remediation, wastewater treatment,
and dewatering of sludge) (Houghton et al. 2001; Ben Rebah et al. 2018; Rashid
et al. 2018; Siddharth et al. 2021). Exopolymeric substances act as a primary
constituents to produce various biobased product (e.g. bio flocculants) (Urbain
et al. 1993). They are important for biofilm matrix formation (Flemming and
Wingender 2010) and biofouling of reverse osmosis membrane (Gutman et al.
2014; Siddharth et al. 2021). In the literature, Siddharth et al. (2021) reviewed
extracellular polymeric substance applications (e.g. soil remediation of soil, control
of erosion, and removal of metals from effluents of various industries). Moreover,
wastewater applications and water applications were consolidated by Siddharth
et al. (2021).

Microbial extracellular polymeric substances are good biosorbents to recover
valuable metal or to remove toxic heavy metal from different wastewaters. Because,
the microbial extracellular polymeric substances have properties of ion exchange,
high selectivity for various metals as well as cheap production cost and high range of
operating conditions (Geesey and Jang 1990; Marques et al. 1990; Volesky 1990;
Moon et al. 2006).

The extracellular polymeric substances are alternative sources to product micro-
bial bio flocculants (Siddharth et al. 2021). The microbial bio flocculants, due to their
structure, are bio degradable, harmless, and one of the ecofriendly materials due to
their structure. The microbial bio flocculants consist of proteins, glycoproteins, and
polysaccharides. The microbial flocculants’ intermediates are safe for the environ-
ment and human beings. Furthermore, microbial enzymes that provide the degrada-
tion of bioflocculant are present in various environments (e.g. wastewater, soil) (Ben
Rebah et al. 2018). Exopolymeric substances have flocculation activity to treat
effluents of industries and wastewaters (Siddharth et al. 2021). Ben Rebah et al.
(2018) investigated the extracellular polymeric substance’s performance as
bioflocculants for conditioning of sludge as well as wastewater treatment to remove
pollutants with the organic origin, heavy metal, and solid (Ben Rebah et al. 2018).

In wastewater treatment, exopolymeric substances in sludge have significance for
sludge dewatering and thickening (Zhou et al. 2014). The exopolymeric substance
helps biofloc formation in process of activated sludge and contributes to sludge’s
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structure, surface charge, and settling (Sheng et al. 2010). The increase of
exopolymeric substances usually leads poor level of sludge’s dewatering. The
extracellular polymeric substances generate a steric force which inhibits contact
between the cells (Sheng et al. 2010; Zhou et al. 2014). Macromolecules in
exopolymeric substances cause retention of water in sludge floc thus increasing
interstitial water amount (Yang and Li 2009). The low content of exopolymeric
substances is useful to improve sludge dewaterability (Yu et al. 2008; Zhou et al.
2014; Huo et al. 2014). The exopolymeric substances in flocs of sludge may be
stratified into slime extracellular polymeric substances (loosely bound extracellular
polymeric substances and tightly bound extracellular polymeric substances). The
protein content or the protein to polysaccharide ratio (PN/PS) content in the slime
layer affects the dewaterability of the sludge (Yu et al. 2008; Liu et al. 2010; Zhou
et al. 2014; Wang et al. 2015).

The exopolymeric substances have an important role to form bioaggregate
(e.g. floc of sludge) in the activated sludge (Ding et al. 2015). Exopolymeric
substances are necessary building blocks of aggregates. The amount of the extracel-
lular polymeric substances accounts for about a percentage of 80 of activated sludge
mass (Tian 2008). Thus, deciphering mechanisms of microbial aggregation related to
the formation of the exopolymeric substances is very important for development of
the strategies that are efficient to overcome bulking of sludge (Guo et al. 2016). The
aggregation of sludge is essential for separation of liquid and solid in wastewater
treatment systems that are of biological origin (Liu et al. 2010). Aggregation is
defined as a physical process wherein microparticles collide and remain stuck to each
other to form clumps of particles called aggregates. The binding properties of
extracellular polymeric substances influence the aggregation process (Bhaskar and
Bhosle 2005). Low aggregation of the sludge increases the turbidity of effluent. The
aggregation of sludge depends primarily on the structure of the sludge. The structure
of the sludge is generally loose and the exopolymeric substances matrix glues
the cells together (Wingender et al. 1999; Long et al. 2009). The cells of sludge in
the matrix of floc have a two layered extracellular polymeric substances structure.
The extracellular polymeric substances bound loosely diffused from extracellular
polymeric substances bound tightly surrounding cells (Wingender et al. 1999; Liu
and Fang 2003). Exopolymeric substances have importance to maintaining the
structure of floc of sludge and functions (Sobeck and Higgins 2002; Sheng and Yu
2006; Liu et al. 2010).

Exopolymeric substance interacts with the other exopolymeric substances
through bio-chemical reactions. This situation forms a compact and dense extracel-
lular matrix. The extracellular matrix provides mechanical strength and architectural
structure for aerobic granular sludge (Chen et al. 2007; Felz et al. 2016; Geng et al.
2021). Starved microbes progressively consume the extracellular polymeric sub-
stances during long term operation due to the diffusion limitation. This situation
weakens the matrix structure of aerobic granular sludge. The metal ions that charged
positively are able to enhance the strength of the extracellular matrix by stimulating
the production of the extracellular polymeric substances and binding functional
groups that are negatively charged (Sajjad and Kim 2015; Yilmaz et al. 2016;
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Geng et al. 2021). Exopolymeric substance plays a key role in structural stability of
aerobic granular sludge (Felz et al. 2016).

4 Fungal Exopolymeric Substances

Some exopolymeric substances from different fungi and their applications are given
in Table 1.

The polysaccharides with fungal origin are one of the groups of biopolymers
forming components of the wall of cell. The fungal polysaccharides can accumulate
inside the cells as a reserve of energy or secrete outside the cells to protect
microorganisms against bad environmental conditions (Giavasis 2014). According
to the location in cells, polysaccharides are divided into intracellular extracellular
polymeric substances, fungal cell wall polysaccharides, and polysaccharides
(Jaroszuk-Ściseł and Kurek 2012; Yan et al. 2014). The polysaccharide is a pre-
dominant intracellular building block in the cells. Basic function of extracellular
polymeric substances is associated with protection of cell against environment
(Donot et al. 2012; Bancerz et al. 2018). Fungi secrete extracellular polymeric
substances to form heterogeneous units called biofilms on natural or abiotic surfaces.

Table 1 Some exopolymeric substances from different fungi and their applications

Exopolymeric
substances Fungi Applications References

Chitosan Cunninghamella
elegans

Wound dressing sorbent for
chromatography collecting
transition metal ions from
solutions

Sathiyaseelan et al.
(2017), Kucera (2004),
Saad (2006)Aspergillus

niger

Pullulan Aureobasidium
pullulans

Thickener and viscosity sta-
bilizer, low-calorie food
additive with excellent film-
forming properties in food
industry, biomedical
application

Shingel (2004),
Mahapatra and Banerjee
(2013)

Schizophyllan Schizophyllum
commune

Antitumor and immune
stimulating action, thickener
for cosmetic lotions, petro-
leum recovery, oxygen-
impermeable films for food
preservation

Zhang et al. (2013),
Osemwegie et al. (2020)

Botryosphaeran Botryosphaeria
rhodina

Hypolipidaemic and
hypoglycaemic, antioxidant,
and anticancer activities

Miranda-Nantes et al.
(2011), Giese et al. (2015),
Queiroz et al. (2015),
Eisele et al. (2019)

Lentinan Lentinusedodes Treat solid tumors Zhang et al. (2005),
Surenjav et al. (2006),
Giese et al. (2015)
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The extracellular polymeric substances protect cells from aggressive factors
(e.g. immunologic defense systems and nutrient limitations) (Zandi et al. 2018).
Filamentous fungus growing in a dry environment produces exopolymeric sub-
stances protecting fungus from dehydration and maintaining osmotically favorable
micro environment for fungal cells. Extracellular polymeric substance is glycopro-
tein secreted by fungi to surrounding. Some metal ions such as potassium, copper
(Cu), sodium (Na), magnesium (Mg), and phosphate could stimulate the extracellu-
lar polymeric substances secretion by fungus (Mahapatra and Banerjee 2013).

Fungal exopolysaccharides include pullulan, scleroglucan, and botryosphaeran
(Mahapatra and Banerjee 2013). The pullulan is extracellular α-glucan elaborated by
yeast like fungus Pullularia pullulans (Catley 1971). Pullulan is a non-ionic
exopolysaccharide. Pullulan is soluble in water and generally insoluble in solvents
with an organic origin. Pullulan aqueous solution is more stable than the other
polysaccharides and has relatively low viscosity (Plucinski et al. 2021). Scleroglucan
is a fungal polysaccharide. Depending on biological source, it is also called as
schizophyllan or lentinan (Van der Valk et al. 1977; Jong and Donovic 1989;
Pretus et al. 1991; Hamed and Belhadri 2009). Sclerotium rolfsii secretes
scleroglucan that is a water soluble beta glucan. Scleroglucan creates extracellular
matrix capsule and thus protects cell from dehydration (Farwick et al. 2009). It is
glucose polymer forming triple helical structure and representing basis constituent of
cell wall of fungi (Jacobi 1958; Farwick et al. 2009). Polysaccharides β-glucans
consist as main component of cell walls (Mantovani et al. 2008). Approximately half
of mass of cell wall of fungi consists of β-glucans (Seviour et al. 1992; Klis et al.
2001; McIntosh et al. 2005). Many of the β-glucans are also secreted into growth
medium. This property makes β-glucan recovery, purification and chemical charac-
terization simple (Seviour et al. 1992; Schmid et al. 2001; Chen and Seviour 2007).

The production of exopolymeric substances from fungi was investigated by
different researchers. Various extracellular polymeric substances production by
enthomopathogenic fungi, basidiomycete, and fungi (A. blazi, G. lucidum,
Cordyceps sp., G. frondosa, and L. edodes) were also studied (Bae et al. 2000,
2001; Kim et al. 2002a, b, 2003a; Hwang et al. 2003, 2004; Yang and He 2008;
Mahapatra and Banerjee 2013). Fungal strains isolated from soil (e.g. Cladosporium
tricoides, Ceratocystis stenoceras, Talaromyces sp., and F. pinicola) and with
nutrient supplements (e.g. NH4Cl, glucose) as C and N sources exhibited potential
to extract extracellular polymeric substances (Graber et al. 1988; Choi et al. 2007;
Ben Rebah et al. 2018; Siddharth et al. 2021).

5 Applications of Fungal Exopolymeric Substances

The recognition that fungal extracellular polymeric substances are high-value bio
macromolecules has been made for the last two decades (Mahapatra and Banerjee
2013). The fungal exopolymeric substances have various application areas. Appli-
cation areas of the fungal exopolymeric substances can be listed as follows medical
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applications (e.g. antioxidative and antimicrobial activities, immunomodulatory
activities and wound management, hypoglycemic, hypolipidemic, and
hepatoprotective activities), potential environmental and agricultural applications,
soil applications (e.g. as potential biofertilizers for enhancement of mineral solubi-
lization), bioremediation applications, and plant applications (Zhang et al. 2002,
2007; Chen and Seviour 2007; Liu et al. 2009; Osińska-Jaroszuk et al. 2015).

Fungal exopolysaccharides (e.g. pullulan, botryosphaeran, and scleroglucan)
have different application options in various industries, pharmaceuticals, medicine,
and food (Mahapatra and Banerjee 2013). Pullulan has been widely used for
different aims. Because, pullulan is nontoxic, nonmutagenic, noncarcinogenic, bio
compatible, and bio degradable (Silva et al. 2018; Plucinski et al. 2021).
Scleroglucan has immunostimulatory properties (Hamed and Belhadri 2009). This
polymer is an exopolysaccharide that has usefulness in applications including
improved recovery of oil, food industry and pharmaceutical industry (Sandford
1979; Hamed and Belhadri 2009). The high water binding capacity and various
biological activities of it present scleroglucan as active ingredient for cosmeceutical
and dermatological applications (Farwick et al. 2009). β-glucans are found in all
fungi (Chen and Seviour 2007). Because of the polysaccharides β-glucans, mush-
rooms have economic importance. The mushrooms contain high β-glucan amounts.
The immune system is stimulated by β-glucans stimulation. Thus, they have useful
effect to fight various infections (e.g. parasitic, bacterial, fungal, and viral). They
exhibit anticoagulant and hypocholesterolemic properties. β-glucans are anti-
cytotoxic, anti-mutagenic and anti-tumorogenic. These properties make β-glucans
promising candidate as pharmacological promoters of health (Mantovani et al.
2008). Chen and Seviour (2007) discussed potential of fungal β-glucans in medicine
in their review. Fungal β-glucans have antiviral activity, antibacterial activity,
and antifungal activity (Chen and Seviour 2007). They have a role in wound healing
and hypercholesterolaemia, high blood pressure, and diabetes treatment (Chen and
Seviour 2007). Certain fungal β-glucans have remarkable effects of on various
tumors (Vetvicka and Yvin 2004). Currently, lentinan and schizophyllan are
approved in Japan for the aim of clinic usage in treatment of cancer for humans
(Mizuno et al. 1999; Chen and Seviour 2007). Some fungal β-glucans usefully
influence the promotion and progression of cancer (Takaku et al. 2001; Nilsson
et al. 2004; Nam et al. 2005; Chen and Seviour 2007). They also have a synergistic
effect with monoclonal antibodies used for treatment of the cancer (Chen and
Seviour 2007).

The marine fungus is a rich and promising source of novel anti-cancer,
antibacterial, anti plasmodial, antiinflammatory and antiviral agent, and bioactive
compounds isolated from marine fungi have been investigated (Bugni and Ireland
2004; Bhadury et al. 2006; Saleem et al. 2007; Blunt et al. 2016). The metabolites
that are also named secondary metabolites, compounds with organic origin are not
directly involved in organism reproduction, growth, and development. However,
they provide long term improvement of organism’s survival prospects. They are
bioactive and have low molecular weight. Secondary metabolites in fungi are
produced by a few biosynthetic strategies based on variations and combinations of

58 M. Topal and E. I. Arslan Topal



a small number of fundamental path ways (Keller et al. 2005; Reich and Labes
2017). Fungal ribotoxins are extracellular and highly specific ribonucleases. Fungal
ribotoxin behaves as inhibitor of biosynthesis of protein by being able to inactivate
ribosomes from almost any organism (Gasset et al. 1994; Martínez-Ruiz et al. 2001;
Kao et al. 2001; Lacadena et al. 2007). Fungal ribotoxins are extracellular ribonu-
cleases with antitumoral properties (Olombrada et al. 2013). Many types of
exopolysaccharides secreted by mushrooms are caused for purposes of pharmaceu-
tical because of their various biological activities (Chihara et al. 1970; Kuo et al.
1996; Wasser 2002; Kim et al. 2003a). Thus, various researchers have been inves-
tigated influence of culture conditions to improve production of medicinal
exopolysaccharides from some mushrooms or enthomopathogenic fungi (Bae et al.
2000; Kim et al. 2002a, b, 2003b, c; Fang and Zhong 2002; Xu et al. 2006). The
exopolymeric substances secreted by and Basidiomycota and Ascomycota fungal
cultures have properties of antitumor, antimicrobial, and antioxidant (Osińska-
Jaroszuk et al. 2015). From the family of Polyporaceae, Basidiomycete Phellinus
sp. has been used for purposes of medicinal since diversified physiological activities
especially antitumour activity of Phellinus sp. (Chung et al. 1993; Song et al. 1995;
Lee et al. 1996). There are researches on pharmacological activities of exopolymeric
substances from species of Phellinus (Chi et al. 1996; Han et al. 1999; Hwang et al.
2004). Basidiomycota and Ascomycota fungi are used for biotechnological deriva-
tion of extracellular polymeric substances in conditions of laboratory using equal
acidic potential of hydrogen of medium, techniques, culture conditions, carbon,
nitrogen and etc. sources, and period of culture (Shu and Lung 2004; Mahapatra
and Banerjee 2013; Osińska-Jaroszuk et al. 2015). Goyzueta et al. (2020) evaluated
exopolysaccharide biological activities (e.g. antitumor properties and antioxidant
effect) from the filamentous fungus Mortierella alpina. Goyzueta et al. (2020)
optimized chitin like exopolysaccharide production through experimental design
by evaluating influence of the phosphate, urea, and glucose. In their study, the
authors reported 1.51 g chitin-like exopolysaccharide/liter production under opti-
mized conditions. The authors evaluated the physicochemical characteristics of
chitin-like exopolysaccharides by chromatography techniques. The homogeneous
exopolysaccharide composed of chitin, a linear polymer of β-(1 ! 4)-linked N-
acetyl-D-glucosamine residues were reported. Authors finally reported production of
a new alternative of extracellular chitin like polysaccharides with promising bioac-
tive properties from fungus.

Fungal exopolymeric substances have an application area for wastewater treat-
ment (Ben Rebah et al. 2018). Pu et al. (2014) prepared biopolymer by Rhizopus
sp. M9 and M17. The prepared biopolymer was reported to allow many advantages
(e.g. working at low dose, without control of potential of hydrogen, low preparation
cost, and high removal percentages for chemical oxygen demand and turbidity)
during the treatment of wastewater of the potato starch. The wastewater parameters
were reported as follows: chemical oxygen demand ¼ 7965 mg/L, turbidity ¼ 712
NTU, and potential of hydrogen ¼ 6. Pu et al. (2014) noticed that for removal of
organic matter and turbidity the removal percentages were 92.11 and 54.09 for
turbidity and chemical oxygen demand, respectively. Fang and Shi (2016) studied
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the treatment of swine wastewater by microbial flocculants (strain of Talaromyces
trachyspermus OU5) with flocculant dosage of percentage of 5. Fang and Shi (2016)
reported the parameters of the swine wastewater as follows: chemical oxygen
demand ¼ 6746 mg/L, NH4+-N ¼ 785 mg/L, total Kjeldahl nitrogen ¼ 1158 mg/
L, total phosphorus ¼ 153 mg/L, and turbidity ¼ 35,742 NTU. Fang and Shi (2016)
obtained that the removal percentages were 52.1, 39.7, 18.6, 21.5, 75 for chemical
oxygen demand, total Kjeldahl N, ammonium nitrogen, total phosphorus, and
turbidity, respectively. Fungal exopolymeric substances are used as bioflocculants
in wastewater treatment for harvesting microalgae. The micro algae harvesting is one
of the key challenges for the treatment of wastewaters. Because (a) microalgae have
a small volume (about between 2 and 40 μm) (b) microalgae exist in low concen-
trations (about 0.3–5.0 g/L) (c) density of microalgae is similar to the density of the
aqueous solution (Li et al. 2008) (d) the harvesting is hindered by negative surface
charge as settling naturally is inhibited by gravity. Major methods for harvesting the
micro algae are flotation, filtration, flocculation, and centrifugal sedimentation which
have disadvantages (e.g. specialized technical requirements and high cost) (Pragya
et al. 2013) that hinder the expansion of relevant commercial applications (Wang
et al. 2021). Major methods for harvesting the micro algae are flotation, filtration,
flocculation and centrifugal sedimentation, which have disadvantages (e.g., special
technical requirements and high cost) that hinder the expansion of relevant commer-
cial applications. Bioflocculation assisted by pellets with fungal origin is a solution
for this problem. The pellets with fungal origin are one of the new biological
materials that can adsorb pollutants as an adsorbent with biological origin or
immobilize pollutants to remove them from wastewaters (Espinosa-Ortiz et al.
2016).

As biomass material, pellet with fungal origin (a) plays a positive role to degrade
the pollutants with organic origin by producing enzymes (b) secretes extracellular
polymeric substances contributing to cementing substance (Geng et al. 2020).
Fungus is used as bioflocculant to harvest the micro algae (Pei et al. 2021). Pei
et al. (2021) investigated development of bioflocculation assisted by fungal Asper-
gillus niger pellets to achieve effective harvesting of microalgae Scenedesmus
sp. The authors investigated effects of some parameters (e.g. temperature, floccula-
tion type, initial pH value, and rotation speed) on the developed method. They
reported efficiency of flocculation percentage as 99.4 with pellets inoculated in
algae solution at 30 �C, initial potential of hydrogen value of 8.0, and rotation of
160 revolutions per minute. Also, they explored the mechanism of the process by
microscopy examination. They determined that interaction of microalgae and fungi
was due to surface functional groups of the pellet of fungal Aspergillus niger. The
cocultivation pellets can secrete more extracellular polymeric substances by the
hyphae to more tightly agglomerate the microalgae during the formation process
compared with the precultivation mycelium pellets. As a result of the research, the
authors reported that carbonyl groups were one of the priorities in spectrum of FTIR.
Furthermore, they reported that fungi cell walls possessed a layer of protein (Pei
et al. 2021). The groups of carboxyl, amino, phosphate, amides, and hydroxyl play
role in algal flocculation assisted by pellets with fungal origin. Different metabolites
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(e.g. enzymes, polysaccharides, organic acids, and proteins) are produced by the
hyphae of fungi (Bizukojc and Ledakowicz 2010; Pei et al. 2021). Therefore, fungal
growth associated metabolite secretion and surface functional groups are the basis
impact key of micro algal flocculation by fungi hyphae (Bosso et al. 2015; Pei et al.
2021). Pei et al. (2021) also reported that extracellular polymeric substance of
Aspergillus niger contained glycoprotein being source of groups of N–H (Pei et al.
2021). The carbon peak was seen in extracellular polymeric substances from gran-
ules with aerobic origin (Adav and Lee 2008; Pan et al. 2010; Pei et al. 2021). The
results of three dimensional EE matrix fluorescence spectrum proved that basis
components of extracellular polymeric substances with fungal origin were trypto-
phan like, tyrosine like, and tyrosine content was lightly high (Pei et al. 2021). In the
literature, Kobayashi (2015) reported the isoelectric point of tyrosine as 5.66 and the
isoelectric point of tryptophan as 5.89. Pei et al. (2021) reported that and components
of tryptophan and tyrosine in extracellular polymeric substances were basis factors
that affect fungal pellet electrification.

The fungal mycelium pellets based bioreactor has perfect adaptation ability. It is
environmentally friendly, and easy of filtering. Therefore, these valuable properties
encourage the use of these reactors by various researchers (Hanafiah et al. 2019).
Zheng et al. (2021) cultivated the fungal pellets immobilized denitrifying P. stutzeri
sp. GF3 for establishing bio reactor for the efficient removal of nitrate at low C to N
ratio wastewaters. The pellets aforementioned were compact and densely packed
form of filamentous region of hyphae of fungi. The pellets had porous and inter
twined structure with rich functional groups, large specific surface area, and high
capacity of adsorption (Espinosa-Ortiz et al. 2016; Yu et al. 2020). Application of
the pellets with fungi origin results in granules with a high MLVSS/MLSS ratio
(Geng et al. 2020). For this reason, it was reported that application of pellets with
fungi origin was probable for enhancement of aerobic granular sludge stability.
Therefore, application of pellets with fungi origin is done for accelerating aerobic
granular sludge formation in aerobic granular sludge system (Geng et al. 2020;
Wang et al. 2014).

Fungal exopolymeric substances are efficient biosorbents as reported by some
researchers. In the study of Yin et al. (2011), the researchers used fungus
A. fumigatus for extraction of the exopolymeric substances. A. fumigatus fungus is
a good sorbent with properties of efficiency and low cost (Cheng and Hu 2004;
Tsekova et al. 2010; Yin et al. 2011; Javanbakht et al. 2011). Yin et al. (2011)
researched copper and cadmium sorption onto exopolymeric substances secreted by
A. fumigatus. They changed initial potential of hydrogen value of solution, extra-
cellular polymeric substances concentration, time of contact, sodium chloride con-
centration, the initial metal concentrations and existence of other ions in solution.
Equilibrium isotherms were reported. The existence of functional groups in extra-
cellular polymeric substances that play role in process of sorption was approved by
the analysis of the FTIR. They used the analysis of EDX to confirm heavy metal
mechanism sorption by extracellular polymeric substances. They reported that the
value of the potential of hydrogen, concentrations of extracellular polymeric sub-
stances, the initial concentrations of the metals, concentrations of sodium chloride
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and co ions significantly affected the adsorption of ions of metals. Increased poten-
tial of hydrogen value and increased initial concentrations of ions of metals increased
the copper and cadmium sorption. However, increased concentrations of sodium
chloride decreased the copper and cadmium sorption. Pestan is a fungal extracellular
polysaccharide of Pestalotiopsis sp. KCTC 8637P. Pestan haves a perfect activity to
flocculate solid particles (Kwon et al. 1996; Moon et al. 1998, 2006). Moon et al.
(2006) investigated potential applicability of pestan to treat wastewaters as a sorbent
with a biological origin for lead and zinc sorption.

Fungal exopolymeric substances have an application area for the production of
bioflocculants. In the literature, there are a few studies on fungal flocculants with
biological origin have been reported (Ben Rebah et al. 2018). Liu and Cheng (2010)
reported that Penicillium strain HHE-P7 produced a bioflocculant with flocculating
activity (percentage of 93–96) with use of extract of yeast and glucose as nutrient
sources. Dongchen et al. (2013) reported that fungal strain Phanerochaete
chrysosporium produced a bioflocculant (an acidic polysaccharide) with high floc-
culating activity (percentage of 93.5) of coal slurry with use of glucose potatoes as a
nutrient source. Aljuboori et al. (2013) reported that isolated fungal strain Aspergil-
lus flavus produced a bioflocculant composed mainly of protein (percentage of 28.5)
and polysaccharide (percentage of 69.7), with a good flocculating activity (over
percentage of 90). The addition of peptone and sucrose led to optimum production of
flocculant with biological origin. In the study of Aljuboori et al. (2014), Aspergillus
niger produced bioflocculant composed mainly of protein (percentage of 31.4) and
polysaccharide (percentage of 66.8), with flocculating activity (percentage of 81)
with use of palm oil mill effluent and glutamic acid as nutrient sources. Pu et al.
(2014) detected that Rhizopus sp. secreted bio flocculant with flocculating activity
(percentage of 90.2) with use of potato starch wastewater and urea as nutrient
sources. Abraham et al. (2015) reported that 4 fungal isolates produced bio floccu-
lant with the activity of flocculation (percentage of 80) with use of glucose and
NH4Cl2 as nutrient sources. Aljuboori et al. (2015) reported that Aspergillus flavus
produced a bioflocculant with flocculating activity (percentage of 97.4) with use of
sucrose and peptone as nutrient sources. The produced flocculant with biological
origin had ability of flocculating industrial wastewaters and flocculant was thermo-
stable. Jebun et al. (2015) reported that filamentous fungal strain produced a
bioflocculant with flocculating activity (percentage of 59.34–99.18) with use of
potato dextrose agar as nutrient source. Fang and Shi (2016) reported that extracel-
lular polymeric substances strain of Talaromyces trachyspermus OU5 produced
proteoglycan bioflocculant (composed of 15.2% protein and 84.6% polysaccharide)
while use of glucose and urea as nutrient sources. The authors reported that 20 mg of
proteoglycan per liter led flocculating activity of more than percentage of 92.5 in
swine wastewater with a flocculant dosage of 5% v/v. The turbidity with an initial
concentration of 35,742 NTU was reported to be 8935 NTU (removal percentage of
75). Xu et al. (2006) investigated intensity of agitation for exopolysaccharides and
biomass of mycelium (Paecilomyces tenuipes) in reactors of airlift and stirred tank.
The authors reported that notable differences between performance of them do not
exist. Besides, intensity of agitation and hydrodynamic reactors affected quality,
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chemical composition, and molecular structure of exopolysaccharides. Authors
suggested monitoring of combination of the medium and the environmental condi-
tions for obtaining enough exopolysaccharide for good mycelium and thus devel-
opment of the bio composites (Rafiee et al. 2021).

Bancerz et al. (2018) investigated polysaccharides with fungi origin as material of
water adsorber to product the esters by using lipase from R. variabilis. They studied
effect of two exopolysaccharides extracted from A. biennis mycelium,
G. applanatum mycelium, and two endopolysaccharides isolated from fruiting
body of Laetiporus sulphurous and P. betulinus. Petersen et al. (1990) reported
that yeast-like fungus (Rhodotorula glutinis, Cryptococcus laurentii, Candida
boidinii, Hansenula capsulata, Rhinocladellia elatior, and Lipomyces starkeyii)
and yeast strains produced drag reducing exopolysaccharides. Yang et al. (2001)
investigated effect of exopolymer from G. lucidum on mice’s swimming endurance
capacity. The administration of the exopolymer reduced glycogen exhaustion of
liver and muscle and increased swimming endurance capacity. Decrease of percent-
age of 50.7 in serum lactate accumulation was reported under exopolymer influence.
Exopolymer was reported to be glycoprotein having molecular weight of 780 kDa
and reported to include percentage of 17.2 protein and percentage of 82.8
carbohydrates.

6 Conclusions and Future Prospects

In the present chapter, we have evaluated the exopolymeric substances (also known
as extracellular polymeric substances, extracellular polysaccharides, exopolymers,
and exopolysaccharides) followed by the discussion of the importance of
exopolymeric substances and summarized the functions of the exopolymeric sub-
stances. Furthermore, we have emphasized the applications for exopolymeric sub-
stances followed by fungal exopolymeric substances. Then, we reported the various
applications reported in the literature for fungal exopolymeric substances. We have
given a special focus to the medical and environmental applications of fungal
exopolymeric substances.

The ever-increasing requirement of resources for industrial developments has
been a global crisis. There is an urgent need for sustainable resources to meet these
requirements in the various applications in different sectors. Natural resources can
meet these needs due to their sustainable characteristics. Fungal exopolymeric sub-
stances that have unique functions and have been recognized as valuable bio
macromolecules for recent years are one of that natural resources. The further
development on the commercialization of these valuable substances will support
the usage of sustainable resources for industrial productions and a sustainable
solution for environmental protection. Furthermore, the future prospect will also
involve the new applications of fungal exopolymeric substances.
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Production and Application of Nanofibres
from Pullulan

N. Vigneshwaran and Komal Saraf

Abstract Pullulan, an extracellular water-soluble polysaccharide, is mainly pro-
duced by the fungus, Aureobasidium pullulans. Pullulan consists of maltotriose units
and helps the fungus to resist desiccation and predation. This also helps the fungus in
transport of molecules into the fungal cell wall. This polymer is commercially used
in the food industry as low-calorie food additive providing the bulk and texture. Due
to the oxygen barrier and anti-fungal properties, pullulan is an excellent candidate in
food preservation industries. But, due to various constraints in large-scale production
of pullulan, wide spread commercial use of pullulan is limited. To make the best use
of available pullulan, nanotechnology offers huge scope by enhancing its perfor-
mance characteristics. Electrospinning is a well demonstrated process employed for
the production of nanofibres from pullulan. This process uses very high voltage
(20 to 75 kV) on the polymer solution to extrude nanofibres on the opposite charged
collector. Thus produced nanofibres form a non-woven mat of pullulan fibres in the
form of a film that can be directly used for any applications. In this chapter,
chemistry of pullulan, biosynthesis, production of nanofibres by electrospinning
and their applications in diversified fields are discussed.

Keywords Aureobasidium pullulans · Electrospinning · Fungus · Nanofibres ·
Nanotechnology · Polysaccharide · Pullulan

1 Introduction

Many microorganisms have been reported to produce the exopolysaccharide
pullulan, such as Aspergillus japonicas, Aureobasidium pullulans, Cryphonectria
parasitica, Cytaria darwinii, C. harioti, Rhodototula bacarum, Rhosossporidium
paludigenum, Teloschistes flavicans, and Tremella mesenterica. Amongst all the
different organisms, the main producer of pullulan with the highest yield is
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A. pullulans. But not all the strains of this fungus are capable of producing pullulan.
Some of the high yielding strains of this fungus include RG-5 (37.1 g/L), LDT-1
(31.25 g/L), P56 which is a melanin deficient strain (31.3 g/L), SK 1002 (30.28 g/L),
CJ001 (26.13 g/L) and SZU1001 (25.6 g/L). Strain improvement for increasing the
yield of high molecular weight pullulan and reduced pigment can be carried out by
using mutagenic agents like ethidium bromide, ultra violet rays and γ rays (Mishra
et al. 2018, Viveka et al. 2020).

Aureobasidium pullulans (also known as Pullularia pullulans) is a yeast-like
fungus belonging to the sub-kingdom, Eumycota with septate mycelium under the
division of Ascomycota which are described as sac fungi. It shows saprotrophic
mode of nutrition that feeds on dead and decaying organic matter. Even though this
fungus was identified more than hundred years ago, still it is the fungus of choice due
to its varied biochemical properties shown by different strains, their diverse habitats
and ability to survive various environmental conditions. Wide spectrum of habitats
of this fungus includes fresh and saline waters, epiphytes on the surfaces of leaves
and flowers of different plants, artificially created surfaces like bathroom tiles,
natural surfaces of rocks and soils. Environmental conditions like extreme temper-
atures seen in cold and temperate areas of central Europe, Antarctica and Alaska to
the warmer and dry areas of Egypt and Pakistan can also be inhabited by this fungus.
Based on the availability of sufficient moisture content, it is also seen in humid
tropical regions of India, Malaysia, Jamaica and Thailand (Prasongsuk et al. 2018).

2 Pullulan: Structure and Properties

Bauer in 1938 was the first person to discover that pullulan was produced by
A. pullulans. Wallenfels, Bender, Keilich and Bechtler, together provided the basic
structure of pullulan and also coined the term ‘pullulan’ (Farris et al. 2014). Pullulan,
which is a poly-α-1,6-maltotriose homo-polysaccharide was first studied in detail in
the year 1958. The maltotriose units are connected by α (1 ! 4) glycosidic bond
whereas the consecutive maltotriose units are inter-linked with α (1! 6) glycosidic
bond. This alternating combination of the two bonds enables it to attain the property
of structural flexibility like fibre and film forming ability and hydrophilicity that
enhances its adhesive nature. Figure 1 shows the chemical structure of pullulan. It is
a highly soluble substance both in aqueous (cold and hot) and organic solvents,
dilute alkali but insoluble in alcohol. The structural appearance of pullulan is
odorless, colourless, tasteless, white, amorphous or crystalline, non-hygroscopic
and dry powder. Its molecular mass can range from 5000–9000 kDa. It can have
chemical modifications including esterification, carboxymethylation and sulfation,
for further applications. Other properties of pullulan include anti-oxidant capacity,
anti-sticking, stabilizer, low viscosity filler, gas barrier property, non-mutagenic,
non-carcinogenic, non-toxic, non-ionic, non-immunogenic, inert nature, stability
over wide range of pH and biocompatibility. Exceptional properties of high gloss
and transparency, easily blending with other biopolymers and heat sealability make
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it an ideal candidate for potential applications in packaging industry (Farris et al.
2014, Mishra et al. 2018, Prasongsuk et al. 2018, Khan et al. 2020, Li et al. 2021,).

3 Biosynthesis of Pullulan

Since a long time, tremendous efforts are being made to increase the yield and to get
better quality of pullulan. Industrial large scale production is carried out by fermen-
tation of liquefied starch or sucrose by A. pullulans (Prasongsuk et al. 2018). The
upstream processing includes selection of appropriate strain, inoculum and medium
development, studying the growth kinetics and its optimization. Downstream
processing enables us to purify the product and improve its quality from the
fermentation broth, which is the most expensive part of the entire production system.
First, centrifugation is carried out to separate the biomass from culture broth. This is
followed by treatment with decolourizing agents like potassium chloride, activated
charcoal or hydrogen peroxide for removal of proteins and melanin pigment. Finally,
precipitation of pullulan has to be carried out using a suitable organic solvent like
isopropyl alcohol or ethanol (Mishra et al. 2018). The upstream and downstream
processes of pullulan are given in Fig. 2.

Fig. 1 Chemical structure
of pullulan
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Fig. 2 Upstream and downstream processing sequence for pullulan production
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In order to make the pullulan production cost effective, agro-industrial wastes
have been used as the raw material, which is an ecologically and economically sound
idea. Some examples of high yielding wastes include corn steep liquor (88.59 g/L),
de-oiled Jatropha seed cake (83.98 g/L), potato starch (79.4 g/L), coconut milk
(58 g/L), jaggery which contains 75–85% sucrose (51.9 g/L) and beet molasses
(49 g/L) and others. The varying yield of pullulan can depend on the type of
organism used, conditions maintained, kind of fermentation and composition of
the medium. In the search of cheap and reliable carbon and nitrogen sources for
pullulan production, sweet potato is the most favourable substrate with little sugar
and large amount of active β-amylase in submerged fermentation. When wheat bran,
rice bran, coconut kernels and palm kernels were compared, palm kernels are found
to be superior carbon source with a yield of 16 g/L. Further optimization with
Response Surface Methodology (RSM), this yield could be increased to 30.4 g/L.
Soyabean pomace with its high nutritional value and high salt content is considered a
good source of nitrogen for pullulan production. Other examples of wastes are
brewery waste, jackfruit seeds, cassava bagasse and rice hull hydrolysate (Mishra
et al. 2018).

Cassava contributes around one fifth of the world-wide agricultural crop produc-
tion that makes its waste easily available. It has a very high residual starch content of
more than 50% that can be rightfully put to use by converting to pullulan by solid
state fermentation. The low ash and cellulose content makes it a better candidate as
compared to other biomass residues from rice and maize. While comparing the
organic (yeast extract) and inorganic (ammonium sulphate) nitrogen sources, use
of organic source results in higher yield of pullulan (6.45 g/L). Other important
elements needed for cell growth and exopolysaccharide production are potassium
biphosphate and magnesium in optimal concentrations. Thus the use of inexpensive
sources of carbon and nitrogen would greatly reduce the production cost, which
contributes to nearly one third of the cost. To further increase the yield of pullulan,
combination of carbon sources and mutated strains of A. pullulans need to be used
(Viveka et al. 2020).

Cell immobilization with diatomaceous earth and chitosan have been also eval-
uated for the production of pullulan (Prasongsuk et al. 2018). The biosynthetic
pathway of pullulan production is very complex and intricate process, wherein the
pullulan is known to be produced intracellularly but it is later excreted out as a mucus
layer (Viveka et al. 2020). Metabolic engineering has been performed to evaluate the
relation between pullulan production and metabolic products and it was found that
there is a direct relationship between pullulan production and ATP concentration of
the cell, which indicates that it is an energy consuming process. Genetic engineering
of Aureobasidium melanogenum P16 led to the production of pullulan by converting
inulin directly to pullulan that would save a lot of time and cut shorts the biosynthetic
pathway for pullulan production (Mishra et al. 2018).
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4 Production of pullulan based nanofibres

Some of the exceptional properties of nanofibres are attributed to their large surface
area to volume ratio, high porosity, improved mechanical strength, permeability,
stability and functional flexibility with surface modifications. Nanofibres can be
prepared by a simple but very promising non-conventional technique called
electrospinning. They find wide scale applications in large number of fields such
as biomedical, textile, filter media, gene and drug delivery, tissue engineering,
catalysis, food technology, smart packaging and sensors (Diab et al. 2001).

The beauty of the technique of electrospinning lies in its simplicity, reproduc-
ibility, continuity of production and scalability for large scale production of
nanofibres (Fig. 3). As compared to other nanofibre fabrication techniques, it is
quite economical and flexible with regulating the morphology of the nanofibres in
terms of diameter, surface area and pore volume. There are three stages in this
process namely, jet initiation, elongation and solidification of the nanofibres. The
principle of electrospinning technique is based on electrostatic force of attraction
between opposite charges where the polymer solution fed in the syringe with
spinneret connected to the positive terminal of power supply and aluminum or
copper coated collector is connected to grounded negative terminal. When the
syringe pump allows the polymer to extrude out at a controlled flow rate
(0.1–1 mL/h), it forms a droplet at the tip of the spinneret due to its own surface
tension. A high voltage (5–50 kV) is applied to overcome this surface tension and
making the droplet highly electrified forming a cone shaped structure called Taylor
cone. As we increase the voltage gradually, electrostatic force beats the surface
tension causing the cone to elongate and form a viscoelastic jet attracted towards the
collector which is placed at an appropriate distance (5–20 cm). There is simultaneous

Fig. 3 Schematic of the electrospinning setup for production of pullulan nanofibres
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evaporation of the solvent from the polymer solution on the way towards the
collector forming a non-woven mat of nanofibres. Apart from flow rate, applied
voltage and tip to collector, other important parameters that affect the process of
electrospinning are solution concentration, viscosity, conductivity, surface tension,
solvent vapour pressure, solvent content, ionic character of polymer, and environ-
mental factors like temperature, airflow and humidity (Diab et al. 2001, Kumar et al.
2019).

When polymer solution concentration is low, beads are formed on nanofibres that
are not suitable for most of the applications. Thus to get uniform bead free fibres,
optimal solution concentration is required. Low viscosity of the solution also creates
the issue of discontinuity in the fibre formation and if the viscosity is too high then
polymer extrusion from the spinneret becomes very difficult. Thus optimization of
viscosity is also required for successful electrospinning to occur. If the molecular
weight of the polymer is high then it increases the chain entanglement seen in the
polymer solution, which results in larger fibres. In case of low molecular weight,
beaded nanofibres are formed. If we reduce the surface tension of polymer solution
then there are higher chances of getting beadless fibres. If the electrical conductivity
of the solution is more, then the diameter of nanofibres will be smaller; but, if the
conductivity is low then elongated jet forms beaded nanofibres. If the flow rate of the
solution is faster, then there will be very less time for evaporation of the solvent
leading to improper drying of the nanofibre mat. Tip to collector distance also should
be sufficient to allow complete evaporation of the solvent and bead development is
seen if it is not optimized properly. Temperature affects the viscosity by reducing it
making the diameters of nanofibres narrower. Humidity makes it difficult to allow
complete evaporation of solvent whereas low humidity can lead to very fast evap-
oration of solvent not allowing the jet to reach the collector. So we need optimize the
three basic parameters of electrospinning in such a manner to get uniform bead-free
nanofibres (Diab et al. 2001).

Pullulan has been known to give uniform nanofibres when dissolved in distilled
water to a concentration of 22% with applied voltage of 31 kV, TCD of 20 cm and
flow rate of 0.5 mL/h (Diab et al. 2001). Addition of pullulan in the polymer solution
increases the molecular entanglement making it easier for nanofibre production of
starch based films. The successful electrospinning of 12%, 15% and 20% (w/v)
aqueous high molecular weight starch dispersions required a minimum addition of
6%, 5%, and 3% (w/v) of pullulan, respectively (Li et al. 2021). Various solvents
other than water like formic acid and dimethyl sulfoxide (DMSO) have been used to
make electrospun nanofibre mats of pullulan. But there are restrictions in use of food
packaging due to its low water resistance and it is not possible to encapsulate
thermo-sensitive bioactives due to its poor thermal stability. Thus blending of
pullulan with other biopolymers like ethyl cellulose (EC) helps to attain better film
properties than pullulan alone. EC is a low molecular weight polymer and its
addition to high molecular weight pullulan decreases the viscosity and conductivity,
resulting in decreased average diameter of the composite nanofibres. Even gelatin
with EC gave rise to low diameter nanofibres due to similar reason of decrease in
viscosity and conductivity. In the blended composite films of pullulan and EC, there
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is hydrogen bonding between them that increases the thermal stability and hydro-
phobicity of the film. Even the melting point of the composite film of pullulan/
chitosan increased due to similar interactions at the molecular level (Yang et al.
2020).

Apart from electrospinning, rotary jet spinning method is also being used as one
of the most efficient techniques for micro/nanofibres production from pullulan. In a
latest report, the influence of the pullulan/PVA blend solution composition, the
solvent volatility and spinneret-collector distance was evaluated on the pullulan
nanofibre’s diameter (Souza et al. 2021). It was reported a strong dependence of
the fibre diameter on the blend composition and DMSO content, which could be
explained mainly by the rheological properties of the polymer solution. The
Response Surface Methodology analysis showed a complex influence of the inde-
pendent variables on the fibre’s diameter that could be fitted well by an empirical
model.

5 Applications of Pullulan

In pharmaceutical field, it can be used for controlled drug delivery in the form of
nanocarriers for antiviral drugs; and, they are known to increase their concentration
in the liver due to the hydrophilic nature of pullulan. Specific interferons can also be
delivered to the target liver cells due to the binding capacity of pullulan. Same
binding property can further be used to deliver the anticancer drugs to destroy the
tumours (Prasongsuk et al. 2018). Other pharmaceutical applications include capsule
coating, oral care products and plasma substituent (Mishra et al. 2018). It can also be
used as a bulking agent (Viveka et al. 2020). The advantages of pullulan nanofibres
in the biomedical field are biocompatibility, load efficiency and extracellular matrix
mimicking. Recently quick dissolving oral aspirin films have been produced using
pullulan/chitosan blend. Thus nanofibre mats find potential application in oral
mucosal drug release too (Diab et al. 2001). Pullulan can be a good substitute for
gelatin to form soft and hard capsules, which makes it safe for the consumption of
restricted diet people, vegetarians and diabetics (Farris et al. 2014).

The fast-dissolving drug delivery systems are developed as nanofibers using
food-grade water-soluble hydrophilic biopolymers like pullulan that can disintegrate
fast in the oral cavity and deliver drugs. In an earlier work, Jelly fig polysaccharide
and pullulan blend was to prepare fast-dissolving nanofiber by electrospinning
process. The nanofibers loaded with hydrophobic model drugs like ampicillin and
dexamethasone were rapidly dissolved in water within 60 s and released the
encapsulants into the surrounding. Hence, such a nanofiber mat could be a promising
carrier to encapsulate hydrophobic drugs for fast-dissolving/disintegrating delivery
applications (Ponrasu et al. 2021).

In the field of tissue engineering, it can be used as blood-plasma expander since it
degrades much faster in blood serum as compared to other polysaccharides like
dextran. Other biomedical applications include wound dressing, formation of
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molecular chaperons, quantum dots, and artificial organs and for gene delivery
(Mishra et al. 2018). Diagnostic applications where pullulan can be used are vascular
compartment imaging and perfusion, receptor, and lymph node target specific
imaging (Farris et al. 2014). Though pullulan in extensively used as such in drug
and gene deliveries (Singh et al. 2021), its conversion to nanofibres is bound to
enhance its efficacy.

There is increasing demand of bio-based packaging material to enhance shelf life
and quality of all types of food products whether they are fresh or frozen or
formulated because of the factors like safe disposal of synthetic packaging material,
demand to increase organic food products directly from farms with minimal
processing and expansion of distribution network to reach out to more and more
consumers. The biopolymers used for making edible coatings should not only fulfill
the mechanical and physiochemical requirements of the packaging material but also
act as good carriers of flavour, colour, and nutrition retention with inexpensive raw
materials and simple technology like electrospinning (Diab et al. 2001).

The Food and Drug Administration has declared pullulan to be a safe food
additive (Viveka et al. 2020). The United States has given ‘GRAS’ status to pullulan,
which means ‘Generally Regarded As Safe’ (GRAS) (Farris et al. 2014). Since
pullulan is a safe and biodegradable substance with negligible health risks, it can
used to make films, which form edible active food packaging coatings. Earlier, it was
demonstrated by incorporating lysozyme enzyme into pullulan films to impart
antibacterial property (Prasongsuk et al. 2018). Antibacterial property can also be
imparted to pullulan films with the help of silver nanoparticles and essential oils that
make them active packaging material especially for increasing the shelf life of
products like meat, eggs and fruits. Such films show slow and consistent release of
these active antibacterial agents for continuous and long lasting effect with the
impact of killing deadly organisms like Listeria monocytogenes, Clostridium
perfringens, Campylobacter jejuni, S. typhimurium, E. coli, S. aureus etc. Another
bioactive agent incorporated in pullulan was the extract of meadowsweet flower that
significantly restricted the growth of Rhizopus arrhizus mold on the apples. Also the
spoilage causing organisms are unable to utilize pullulan as a carbon source limiting
the deterioration of the food. Its oxygen barrier property paves a way to prevent
oxidative rancidity of perishable food products. In comparison to other edible poly-
saccharides like chitosan and seaweeds, pullulan is preferred due to its homogeneous
distribution, translucent appearance and improved thermal stability (4 to 25 �C) with
increased tensile strength of the edible active packaging films. Thus they can retain
the delicacy and original taste of the product and provide protection against physical
and mechanical damages. Due to the hydrophilic nature, it shows good amount of
resistance to oil making it an ideal material for packaging of fat soluble substances.
All these amazing properties make pullulan as one of the most promising emerging
food preservation candidate of the future in terms of customer safety (Khan et al.
2020, Farris et al. 2014).

Owing to its gas barrier property of pullulan nanofibre coated packaging films,
there is accumulation of ethylene, growth regulator of plants that promotes ripening
of the fruit, enables us to get organic form of fruit in much lesser period of time.
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There is also a reduction in the rate of respiration of fruits that enhances the shelf life
and quality of fruits like strawberry and kiwi (Diab et al. 2001). Firmness of
strawberry was maintained by coating with pullulan blended with tea polyphenols,
which reduced the titratable acidity. Physical barrier property of pullulan prevents
the loss of moisture and slows the softening process from fruits like apple that
maintains the weight. Edible pullulan nano-coating also helps in retention of quality
and weight of white asparagus spears and prevents purple colour formations on the
surface of the tips. In the recent years, there is an increasing demand for smart
packaging with faster reacting biosensors allowing reduction in response time with
high specificity and sensitivity, possible with the help of nanofibres. Nanosensors
have been incorporated to monitor and trace the condition of the food. It helps the
consumers in identifying the quality and safety levels of consumption of food
without opening it. The pH sensitive dyes can be used along with nanosensors
making optical visualization very easy provided with colour code for specific pH
values. Such optical indicator of spoilage food with smart packaging makes it safe
and convenient for the consumers to understand the freshness of the packaged food.
Further, these dyes also increase the thermal and storage stabilities of the products
(Farris et al. 2014; Kumar et al. 2019).

Since pullulan has the properties of anti-sticking and low viscosity, it has been
used as a stabilizer in the products like mayonnaise (Prasongsuk et al. 2018). As
pullulan is resistant to the breakdown by mammalian amylases and slow digesting
macromolecule, its intake would incur lesser amount of calories thus making a good
alternative as dietary fibre. In the past, study also shows its potential as a prebiotic
promoting the growth of good bacteria like Bifidobacterium. It can be used as a
texturizer and glazing agent in chewing gum and foaming agents in milk-based
desserts. Lastly it can also be used in making biodegradable flocculating agent
(Mishra et al. 2018, Farris et al. 2014). The pullulan nanofibrous web can also be
used to encapsulate essential oil like eugenol (having very good antioxidant prop-
erty) for potential application in in both food and pharmaceutical areas (Celebioglu
and Uyar, 2021).

Other major application is in cosmetic industry, where the pullulan is used
already in the products like shampoos, lotion and facial masks in cosmetic range,
toothpaste and denture adhesive in oral care products. In chromatographic applica-
tions, it can be either used as stationary phase or as a molecular weight standard for
the separation technique (Prasongsuk et al. 2018). It has also found its use in paper
coating, photographic, lithographic, optic and electronic applications and enzyme
immobilization (Farris et al. 2014; Mishra et al. 2018). The major applications of
pullulan nanofibres are given in Fig. 4.
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6 Conclusion

A major hindrance in the usage of pullulan for different applications is its high
affinity towards water. Another major drawback on the use of pullulan is its higher
cost of production, which is almost three times more than the other commercial
polysaccharides. Detailed understanding at the molecular level of pullulan and
bio-engineering for efficient production are the need of the hour to overcome the
existing hindrances. Recent research work focus on the utilization of agro-industrial
wastes as carbon and nitrogen sources for pullulan production. Electrospinning of
pullulan for production of nanofibres enhances its value by utilizing it in high end
applications. Thus produced nanofibres form a non-woven mat of pullulan fibres in
the form of a film that can be directly used for diversified applications. Transforming
the success of electrospinning from laboratory scale to industrial scale is the need of
the hour to take the electrospun pullulan mat to the market.
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Using Fungal Biopolymers for Enhanced Oil
Recovery

S. H. Al-Araimi, S. N. Al-Bahry, and Y. M. Al-Wahaibi

Abstract Fungal biopolymers have attracted the attention of the scientific commu-
nity because of their superior biological and physicochemical properties. They have
been exploited for use in different applications for decades, such asin food and
agricultural applications. However, unlike chemical polymers, little has been
reported about the potential applications of fungal biopolymers in enhanced oil
recovery (EOR). Nonetheless, it has been found that three fungal biopolymers
meet the technical requirements for EOR. Details on their structures, properties,
and EOR performance have been summarized based on successful laboratory
experimentsandfield applications. This chapter addresses the literature gap by
discussing these threebiopolymers: scleroglucan, produced by Sclerotium spp.;
schizophyllan, produced by Schizophyllum commune; and pullulan, produced by
Aureobasidium spp. In particular, their potential use in oil recovery as eco-friendly
alternatives is discussed as they have rigid structures that make them less sensitive to
high temperatures, salinities, and mechanical shear than synthetic polymers.

Keywords Biopolymers · Enhanced Oil Recovery · Scleroglucan · Schizophyllan ·
Pullulan

1 Introduction

Despite recent efforts to find new renewable energy resources, the global energy
demands for the traditional resource crude oil have continually increased. Moreover,
conventional oil recovery methods have obtained only about 30–40% of the crude
oil in reservoirs, while the rest has remained trapped in the tiny pores of the
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reservoirs (Shibulal et al. 2018). Retrieving this trapped crude oil is the third(tertiary)
step in enhanced oil recovery (EOR).

Polymer flooding is a successful EOR approach used widely in many oil fields
worldwide. Polymers have the ability to improve one’s sweep efficiency by lowering
a field’s water to oil mobility ratio and thus facilitating trapped oil mobilization
(Rellegadla et al. 2017). Chemically synthesized polymers, such as hydrolyzed
polyacrylamides (HPAMs), are used the most extensively in EOR due to their
availability at relatively low costs (Pu et al. 2018). However, from an environmental
and safety perspective, HPAMs cause pollution and serious health effects as they
contain acrylamide monomers, which are neurotoxic and carcinogenic agents
(Al-Azkawi et al. 2013; Al-Moqbali et al. 2018). Hence, biopolymers of fungal
origins should be considered as alternatives as they are safer and eco-friendly. In
particular, fungal biopolymers with high tolerance levels for harsh conditions and
performance levels superior to those of chemically synthesized polymers and should
be considered.

2 Enhanced Oil Recovery: An Overview

The global demand for energy has increased with population growth, the industrial
revolution, and overall life development at arate of approximately 1.5% per year
(El-hoshoudy et al. 2017). Most of this demand has been met by fossil fuels. Indeed,
fossil fuels have provided 80–90% of the energy supply; about 60% of this supply
has come from oil and gas reserves (Shibulal et al. 2014). It is therefore important to
increase the production of petroleum reserves, and this can be achieved by improv-
ing the production of mature reservoirs or discovering new reservoirs (Firozjaii and
Saghafi 2020).

Currently, the majority of the supply comes from mature crude oil reservoirs as
new discoveries of reservoirs have steadily declined for decades (Ali et al. 2018;
Manrique and Alvarado 2010). Crude oil is a fossil fuel that is produced naturally by
the remains of dead organisms buried under the ground, and it exists as liquid
petroleum in underground reservoirs of tiny pores within rocks. It is composed of
a mixture of hydrocarbons, or hydrogen and carbon atoms. It can be classified as
light or heavy based on its physical characteristics and chemical composition. Light
crude oil has a lower viscosity and more light hydrocarbons than heavy crude oil.
The latter is highly viscous and contains a high amount of long-chain hydrocarbons.
Consequently, the recovery of light crude oil is easier and less expensive than the
recovery of heavy crude oil (Shibulal et al. 2014).

The oil recovery process has three main phases that use different mechanical,
physical, and chemical approaches (Al-Sulaimani et al. 2011a). After drilling a
wellbore, crude oil is initially recovered using natural reservoir pressure; this is
called primary oil recovery. At this stage, crude oil is driven out of a production well
because of a differential pressure between the reservoir and the wellbore (Rellegadla
et al. 2017). Primary recovery usually obtains around 25% of the original oil in place
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(OOIP) for light oils and only around 5% of the OOIP for heavy oils (Thomas 2008).
Once the natural pressure depletes, an external fluid, such as water, is injected to
maintain the reservoir’s pressure and sweep more oil toward the wellbore
(Al-Sulaimani et al. 2011a). This stage is called secondary recovery. At this stage,
water physically sweeps oil toward a wellbore, as aforementioned (Rellegadla et al.
2017), to produce around 30% of the OOIP for light oil and around 5% of the OOIP
for heavy oils (Thomas 2008).

Two-thirds of the crude oil is still remaining in the ground even after primary and
secondary recovery due to the oil trapped in the reservoir pores by capillary forces,
which referred to as residual oil (Gbadamosi et al. 2019). Globally, it was estimated
that around 2 trillion barrels of light oils and 5 trillion barrels of heavy oils are left
behind after primary and secondary recovery collectively (Al-Sulaimani et al.
2011a). Therefore, attention has been focused on finding cheap and efficient tech-
nologies to increase crude oil production and extend the productive life of the oil
reservoirs (Shibulal et al. 2014). Researchers developed enhanced oil recovery
(EOR) or tertiary recovery methods and were consequently adopted by the oil
industries to improve oil flow and sweep efficiency in the reservoir (Rellegadla
et al. 2017).

Enhanced oil recovery focuses mainly on the retained oils in the light reservoirs
and immobile highly viscose oils in the heavy oil reservoirs. The EOR target differs
between different types of hydrocarbons. For light oils, EOR technologies targeted
around 45% of OOIP. Whereas heavy oils respond poorly to the conventional oil
recovery, and thus EOR methods targeted the bulk of the production, nearly 90% of
OOIP (Thomas 2008). EOR technologies are classified into four main groups;
chemical (CEOR), thermal, miscible flooding, and microbial (MEOR) (Firozjaii
and Saghafi 2020). There are many economic as well as technological considerations
that play the role in selecting the best EOR method for each reservoir in each country
(Thomas 2008). In fact, starting any EOR project depends mainly on the readiness
and willingness of the investors to manage EOR risks and economic exposure and
the availability of more attractive investment options, so the economics are the key
factor; promotor or deterrent the commercialization of the above mentioned EOR
technologies (Manrique and Alvarado 2010; Al-Sulaimani et al. 2011a).

2.1 Thermal EOR

Thermal EOR, as the name implies, is a process that mainly depends on the use of
thermal energy to raise the temperature of a reservoir, which in turn reduces the
viscosity of heavy crude oil and facilitates its flow toward a wellbore (Mokheimer
et al. 2019). The process has been one of the most common methods of global oil
production since the 1950s (Thomas 2008). It is suitable for reservoirs in high-
porosity sandstone formations and for dense, thick, highly viscous oils
(Al-Sulaimani et al. 2011a; Mokheimer et al. 2019). The method has two categories:
the hot fluid injection technique, involving, for example, steam or hot water, and the
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in-situ combustion technique, involving combustion (Al-Sulaimani et al. 2011a).
While these techniques have been highly effective in Canada, the United States of
America, Venezuela, Indonesia, and other countries (Thomas 2008), they have not
been applicable to all reservoirs. That is, the methods have been less effective at
extracting oil from reservoirs at great depths and with thin pay zones (Gbadamosi
et al. 2019). Therefore, there is a significant need to find new technologies suitable
for extracting oil trapped in such reservoirs.

2.2 Miscible Enhanced Oil Recovery

Miscible flooding is one of the important EOR schemes, by definition miscible is a
term describing the relationship between fluids or gases that are capable of being
mixed in all proportions. This technology uses a displacing fluid that is miscible with
the reservoir crude oil either at first contact or after multiple contacts, where they
develop a narrow mixing zone between the displacing fluid and the crude oil
inducing oil displacement (Thomas 2008). Because the miscible solvents having
less density compared to crude oil, the tapped immobile oil in the tiny pores of the
rocks become mobile enough to flow toward the wellbore. Miscible flooding
includes mainly carbon dioxide (CO2) miscible gas injection, nitrogen (N2) miscible
injection, and others (Al-Sulaimani et al. 2011a). Miscible flooding is mostly
suitable for light, condensate, and volatile oil reservoirs (Manrique and Alvarado
2010). CO2 miscible gas injection is the most commonly used for medium and light
oils especially in sandstone reservoirs due to the availability of CO2 from natural
sources at a low cost (Manrique and Alvarado 2010). In fact, the miscible gases used
in miscible flooding are toxic and difficult to be separated from the crude oil that will
eventually lead to higher flow rates (Shibulal et al. 2014) which limits the use of this
technology.

2.3 Chemical EOR

Among the approaches used for EOR, chemical EOR is the most promising because
it has a higher effectiveness, technical efficiency, and economic feasibility than the
other methods (Gbadamosi et al. 2019). The process became popular in the 1980s,
when an increase in oil prices and advances in technological sciences enabled the
discovery and understanding of different approaches involving the process
(Gbadamosi et al. 2019; Thomas 2008). The method injects water mixed with
chemicals into a reservoir to change the characteristics of the reservoir’s fluids and
to thus improve the oil recovery (Al-Sulaimani et al. 2011a). The injected chemicals
displace trapped residual crude oil into a wellbore by altering the fluid–fluid and/or
fluid–rock interactions in the reservoir. The alterations are achieved using different
approaches, such as lowering the interfacial tension between the displacing fluid and
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the oil; affecting wettability; and improving the mobility ratio and overall sweep
efficiency (Ali et al. 2018; Gbadamosi et al. 2019). The three main components of
this process are polymers, surfactants, and alkalines (Al-Sulaimani et al. 2011a).
These chemicals can be injected individually or in combination with each other, such
as in surfactant-polymer and alkaline-surfactant-polymer mixtures (Ali et al. 2018).

A polymer, which is composed of repeating units of monomers, is produced
naturally or synthesized through chemical reactions. Because of their chemical and
physical properties, polymers play an essential roles in everyday life. Polymers have
been used extensively for EOR applications due to their ability to lower the water to
oil mobility ratio (Rellegadla et al. 2017). In fact, the difference in viscosity between
the water and crude oil makes them flowing at different rates in the secondary oil
recovery. Hence, for this reason, polymers are used to increase the viscosity of the
displacement water, therefore reduce the mobility ratio of water relative to crude oil
that would facilitate the oil mobilization toward the wellbore (Al-Araimi et al. 2021).
There are two types of polymers used for EOR applications; synthetic polymers such
as polyacrylamide and biologically produced polymer (biopolymer) such as poly-
saccharides (Rellegadla et al. 2017).

Surfactants, as from the name, are surface-acting agents having amphiphilic
nature composed of hydrophilic (water-soluble) and hydrophobic (oil-soluble) func-
tional groups (Gbadamosi et al. 2019). Surfactant flooding uses the same principle of
chemical cleaning, in which it is improving the solubility of the crude oil by utilizing
the hydrophilic group of the surfactant and the water phase of the crude oil (Hui et al.
2020). In fact, displacing the trapped oils in the pores through water flooding is
practically impossible due to the action of capillary forces in trapping the oil
(Gbadamosi et al. 2019). Thus, addition of the surfactant to the water enabled
reduction in IFT between water and oil lowering the capillary forces in porous
media withholding the trapped oil (Ali et al. 2018). The hydrophilic heads of the
surfactant interact with water and the hydrophobic tails interact with the crude oil
allow the trapped oil in the pores of the rocks to flow with ease toward the wellbore
(Gbadamosi et al. 2019). One of the drawbacks limiting the use of surfactant
flooding in EOR is the adsorption of the surfactant onto the rock surface. There is
an inverse relationship between the adsorption and the efficiency of crude oil
recovery. Besides, the adsorption result in the loss of costly surfactant thus increase
the overall cost of surfactant-based EOR (Ali et al. 2018). The different types of
surfactants have different adsorption behaviour towards the rock formations. Based
on the nature of the hydrophilic heads, they are classified into cationic surfactants,
anionic surfactants, non-ionic surfactants, and zwitterionic surfactants (Gbadamosi
et al. 2019). Among them, anionic surfactants are the most commonly used in
surfactant-based EOR because of their low adsorption behavior on sandstone for-
mations (Ali et al. 2018).

Alkaline flooding is another EOR technology uses similar mechanism used in
surfactant-based EOR with a different injectants (Gbadamosi et al. 2019). The
injectant used in this technology is basically a chemical agent, with high pH value,
that have the ability to react with the crude oil downhole to form in-situ surfactant
(Fakher et al. 2019). The generated surfactants in turn reducing the IFT between
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water and oil and thus increase the recovery efficiency (Thomas 2008). The injec-
tant, namely alkali, are mainly basic compound, ionic salt of an alkali metal or
alkaline earth metal (Gbadamosi et al. 2019). In fact, the reaction between alkali and
the crude oil depends on two factors; the ability of the alkali to elevate the pH
significantly and availability of acidic components in the crude oil (Fakher et al.
2019). As a byproduct of this reaction, heat is generated which in turn reduces the
viscosity of the crude oil, thus increase the oil mobility as an extra advantage to this
technology in general (Fakher et al. 2019).

Although conventional chemical EOR showed success in terms of enhancing oil
recovery, they have some drawbacks limiting their use. For instance, polymers that
improve mobility ratio by increasing the viscosity of the displacing fluid showed
viscosity loss in the reservoirs with high temperature and salinity. On the other hand,
surfactants and alkali lose their effectiveness because of adsorption during their flow
in the rock formations (Gbadamosi et al. 2019). To overcome these limitations,
combining the functions of these chemical methods was suggested and ended in the
creation of new chemical EOR strategies referred to as alkali–surfactant (AS),
surfactant–polymer (SP), alkaline–polymer (AP), and alkaline–surfactant–polymer
(ASP) (Ali et al. 2018). The synergy of the combined methods showed higher
efficiency in the crude oil recovery compared to the conventional chemical injections
(Gbadamosi et al. 2019). In ASP approach, surfactant and polymer collectively
enhance the mobility of the trapped oil by reducing IFT and mobility ratio between
oil and water whereas alkali work as a protective agent reducing the adsorption of the
surfactant to the porous media (Ali et al. 2018).

It was found that the previously mentioned EOR strategies have an adverse
impacts to the environment. For instance, spills of oil, brine or the injected chemicals
caused pollution of land and surface water, loss of biota, contamination of ground-
water with toxic chemicals used in chemical EOR, and excessive air emissions from
thermal EOR (Millemann et al. 1982). From this perspective, microbial enhanced oil
recovery (MEOR) has been introduced and developed in an environmentally accept-
able manner (Al-Wahaibi et al. 2014).

2.4 Microbial EOR (MEOR)

MEOR is becoming one of the most popular, quickly developing, and cost-effective
methods used in tertiary oil recovery (Shibulal et al. 2018). The process improves the
oil mobility of a reservoir by utilizing both microorganisms that are indigenous or
exogenous to a reservoir and the microorganisms ‘bioproducts (Al-Bahry et al.
2013a; Al-Sulaimani et al. 2010). The method is considered cheaper than other
EOR processes as it can be implemented at significantly lower operating costs that
are not directly affected by crude oil prices (Al-Sayegh et al. 2015; Al-Sulaimani
et al. 2011a). Moreover, the method is better for the environment than other
processes as it does not involve any toxic chemicals and the bioproducts that are
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produced by the microorganisms are biodegradable and environmentally friendly
(Al-Bahry et al. 2013b; Al-Sulaimani et al. 2011b).

However, the mechanism was not a novel discovery; it was developed to use a
process similar to that of chemical EOR but to replace the synthetic chemicals, such
as surfactants and polymers, with biologically produced products, such as
biosurfactants and biopolymers (Al-Ghailani et al. 2021). In MEOR, microorgan-
isms synthesize desired products by fermenting low-cost substrates or raw materials
(Shibulal et al. 2014). This trend of shifting from chemically synthesized to biolog-
ically produced materials has attracted global attention mainly because of the
environmental issues associated with the non-biodegradability of chemical com-
pounds, which makes it difficult to dispose of the compounds safely (Souayeh et al.
2014a).

With MEOR, the microbes in an oil reservoir interact with various substrates and
react to microbes that are either endogenously presented or exogenously injected
into the reservoir. Al-Bahry et al. (2013c) studied the microbial consortia of two
different oil reservoirs in Oman and found 33 genera and 58 species, some of which
were the first to be reported as being in oil fields. Most of the identified microbes
were anaerobic, halophilic, and thermophilic and produced biogases, bio-solvents,
biopolymers, and biosurfactants as by-products, which made them good candidates
for MEOR (Al-Bahry et al. 2013c). Moreover, some of the microbes were efficient at
utilizing crude oil as a carbon source in a process called biodegradation or
bio-transformation; this made them good candidates for solving the problem of oil
spill pollution. For instance, Shibulal et al. (2017) isolated Paenibacillus ehimensis
BS1 from soil contaminated with heavy oils and found the potential to transform
heavy crude oils to lighter oils. Similarly, Shibulal et al. (2018) found that Bacillus
halodurans and Bacillus firmus had biotransformation efficiencies of 81.9% and
81.4%, respectively; the microbes utilized the aromatic components in heavy crude
oil to convert the components to aliphatic species.

Based on the place of bioproducts production, MEOR can be classified into two
processes namely; in-situ and ex-situ. In the in-situ process, the desired bioproduct is
produced inside the reservoirs either by stimulating the indigenous microbes or
introducing exogenous ones and directed toward enhancing oil recovery. On the
other hand, the production of the target bioproducts in the ex-situ process takes place
outside the reservoirs in a controlled bioreactor, followed by extracting and injecting
the final product into the reservoir (Al-Sulaimani et al. 2011a). In fact, in-situ
processes are cheaper but uncontrollable compared to ex-situ in which microbial
growth, productivity, and yield are not guaranteed. Whereas ex-situ processes are
completely opposite in which the productivity and yield can be controlled, quanti-
fied, and optimized (Souayeh et al. 2014b; Al-Wahaibi et al. 2014). Thus, the ex-situ
process is the most promising approach implemented in the field scale with a higher
success rate and better reservoir condition adaptability (Niu et al. 2020).

Evaluating the feasibility and potential of MEOR needs a deep understanding of
the mechanisms used in MEOR. In principle, MEOR technologies improve sweep
efficiency by altering the chemical and physical properties of the reservoir rocks, or
water, or crude oil (Souayeh et al. 2014a). At the physical level, this can be achieved
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by reducing the oil-water interfacial tension, emulsifying the crude oil, or injecting
high viscosity displacing fluid relative to the viscosity of the oil, facilitating the
mobility of the trapped crude oil (Niu et al. 2020; Al-Ghailani et al. 2021). Whereas
at the chemical level, the target of reducing crude oil viscosity is achieved by
enzymes or gases or biodegradation and biotransformation of long-chain saturated
hydrocarbons (Niu et al. 2020; Shibulal et al. 2018). Amongst the different
bioproducts evaluated, biosurfactant and biopolymers are the key players in
MEOR (Al-Bahry et al. 2013b).

Biosurfactant, which work in a similar way of chemical surfactant, has the ability
to lower the IFT between water and oil thus facilitate the mobilization of entrapped
oil (Al-Sulaimani et al. 2010). Isolating biosurfactant producers and maximizing its
production have attracted a great attention in the last few years. Al-Sulaimani et al.
(2010), found that Bacillus licheniformis has the ability to produce biosurfactant
which is effectively reduce IFT from 46.6 to 3.28 mN/m in 16 hours, recovering 10%
of the residual oil. In addition, Al-Sulaimani et al. (2011b, 2012), Al-Bahry et al.
(2013a, b), Souayeh et al. (2014a, b) and Al-Wahaibi et al. (2014, 2016), reported
biosurfactant production by Bacillus subtillus, that showed high potential for
MEOR. This biosurfactant was found to recover 23% of residual oil (Al-Sulaimani
et al. 2011b), stable over wide range of pH, salinity and temperature (Al-Wahaibi
et al. 2014). One of the biosurfactants can maintain an extra recovery of 14% of
residual oil even with 20 times dilution (Souayeh et al. 2014b). The performance of
biosurfactant was significantly maximized by mixing it with chemical surfactant,
producing 50% of the residual oil in place (Al-Sulaimani et al. 2012; Souayeh et al.
2014b; Al-Wahaibi et al. 2016). Al-Ghailani et al. (2021), used ASP strategy of
mixing alkaline, biosurfactant produced by B. subtillus and biopolymer produced by
fungus Schizophyllam commune that collectively showed better performance than
using each alone.

3 Principle and Mechanisms of Polymer Flooding for EOR

Polymer flooding is considered one of the most efficient methods of EOR that has
been used in the last two decades, especially as there have been many successful
implementations of large-scale polymer flooding projects in oilfields around the
world (Ali et al. 2018). The main purpose of polymer flooding is to improve a
reservoir’s mobility ratio (i.e., the mobility of a displacing fluid, such as water,
divided by the mobility of a displaced fluid, such as crude oil; Firozjaii and Saghafi
2020). Differences in the mobility of water and the mobility of crude oil are the main
reasons for poor sweep efficiency, in which water moves rapidly toward a wellbore,
leaving behind a huge quantity of unswept crude oil. This phenomenon is called the
fingering effect, in which a calculated mobility ratio is greater than 1 (Fig. 1a);
El-hoshoudy et al. 2017; Rellegadla et al. 2017).

Adding polymer to injected water can increase the water’s viscosity and can thus
eventually decrease the water’s mobility relative to the oil’s mobility. This can result
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in an overall mobility ratio of less than 1, which is favorable for the uniform
displacement of crude oil (Fig. 1b); Rellegadla et al. 2017).

The most extensively used polymers in many such flooding projects worldwide
are HPAMs (Al-Araimi et al. 2021). An HPAM is a copolymer made up of a
polyacrylamide and polyacrylic acid, and it is synthesized either through the copo-
lymerization of sodium acrylate with an acrylamide or through the partial hydrolysis
of a polyacrylamide (Gbadamosi et al. 2019). It is available in large quantities with
specific customized properties at relatively low costs, making it attractive to oil
industries (Pu et al. 2018).

Despite these favorable characteristics, it does not meet all the requirements for
EOR because it experiences severe degradation and hydrolysis when it is injected
into high temperature and/or high salinity reservoirs. Specifically, unfavorable
reservoir conditions result in an increased hydrolysis rate for amide functionalities,
creating an increase in acrylic acid in the polymer backbone and making the polymer
highly sensitive to brine and macroscopically flocculate (Pu et al. 2018). Moreover,
from an environmental point of view, the hydrolysis of HPAMs leads to a release of
acrylamide monomers that are considered toxic environmental pollutants; they can
filter into groundwater during an injection or remain in the water produced after
separating crude oil (Al-Araimi et al. 2021). Daily exposure to acrylamide mono-
mers is associated with neurotoxicity, genotoxicity, and carcinogenicity (Al-Azkawi
et al. 2013; Raju et al. 2015). These effects drastically reduce the safety and viscosity
of the polymer and limit its use (Ali et al. 2018).

To solve this issue, efforts were made in the last decades to discover and develop
suitable polymers for EOR applications that meet the technical and environmental
needs of the oil industries. Thus, biopolymers have received global attention and
become a topic of interest because of their environmental compatibility and out-
standing chemical stability (Pu et al. 2018). Basically, living organisms such as

Fig. 1 (a) Fingering phenomena promoted by the unfavorable mobility ratio of water and oil
(M> 1), (b) uniform displacing of the crude oil facilitated by the use of polymer flooding (M� 1.0)
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bacteria, fungi, and plants produce biopolymers to protect themselves from dehy-
dration and predation, as well as to aid in adherence to surfaces (Al-Sulaimani et al.
2011a). To meet these purposes, the released biopolymers have double or triple
helical structures with superior rigidity and charge-free chains, which makes them
withstand harsh environmental conditions with high stability (Pu et al. 2018).
Considering these characteristics, besides their eco-friendliness, biopolymers are
the ideal option for EOR applications. Xanthan gum produced by the bacterium
Xanthomonas campestris was the first biopolymer proposed and used in EOR and
was successfully implemented at a pilot scale in ShengLiGudong oilfield in China
with a high oil production rate (Gbadamosi et al. 2019). Compare to HPAM, xanthan
gum owned a higher rigid structure, make it less sensitive to high temperatures,
salinities, and mechanical shear. However, xanthan is not without technical limita-
tions, the major drawback of xanthan flooding is the poor injectivity because of some
impurities present in the polymer solution (Jensen et al. 2018). Thus, screening and
finding tough biopolymers for EOR is still a topic of interest among researchers and
decision-makers in oil companies.

Below the three main fungal biopolymers will be discusses that showed the
potential for EOR applications. These are scleroglucan produced by Sclerotium
spp., schizophyllan produced by Schizophyllum commune, and pullulan produced
by Aureobasidium spp.

4 Fungal Biopolymers for EOR

4.1 Scleroglucan

Scleroglucan is a fungal biopolymer produced during the fermentation of fungi
belonging to the genus Sclerotium, a plant pathogenic fungi (Rivenq et al. 1992).
The polymer is a non-ionic exopolysaccharide with a high viscosifying efficiency
and a favorable stability in regards to temperature and salinity; due to these charac-
teristics, it has been the subject of many studies regarding EOR (Fournier et al. 2018;
Kozlowicz et al. 2020). Indeed, in the early 1980s, it was found to be effective at
EOR involving polymer flooding in harsh conditions (Jensen et al. 2018). It has
since been considered one of the best environmentally friendly alternatives to
chemically synthesized HPAMs (Pu et al. 2018) as it has a better resistance to
mechanical degradation, which is provided by a triple helical structure that displays
a rigid rod-like conformation in a solution (Fournier et al. 2018). The backbone of
scleroglucan is mainly a tetrasaccharide repeating unit composed of linearly linked β
(1–3) glucose residues, with one occasional branched β (1–6) glucose side chain
attached to every third main chain residue in the backbone (Pu et al. 2018; Rivenq
et al. 1992; Seright et al. 2021). The biopolymer has a high molecular weight and
chain rigidity that are produced by the triple-helical structure of the polymer
backbone; this structure gives it a very high viscosifying power at minimal concen-
trations (Pu et al. 2018; Rivenq et al. 1992).
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In addition to the high viscosifying power, the rigid triple-helical structure and the
non-ionic nature of the biopolymer give it favorable solution properties, such as
thermal stability, charge neutrality, salt tolerance, pH insensitivity, and shear resis-
tance. Indeed, Rivenq et al. (1992) found that the biopolymer remains stable at high
temperatures (90–100 �C) in the absence of oxygen for at least 3 months. Further,
scleroglucan tolerates temperatures of up to 130 �C, while HPAM degrades signif-
icantly at temperatures above 70–80 �C.Scleroglucan’s tolerance is due to an
absence of easily degradable groups, such as acrylamides, in its backbone (Fournier
et al. 2018). Moreover, in regards to its long-term thermal stability, the biopolymer
maintains about 95% of its initial viscosity at 100–105 �C over 2 years (Fournier
et al. 2018; Kozlowicz et al. 2020).

Fariña et al. (2001) found that the viscosity of scleroglucan remains stable when
shifting a pH to either highly acidic or moderately alkaline. However, although the
polymer retains its original viscosity at a low pH value, it starts losing its viscosity at
a pH greater than13, which is likely due to a change from the triple-helical arrange-
ment to a single-stranded conformation in the process of denaturation (Fariña et al.
2001). Nonetheless, because of its non-ionic nature, the biopolymer’s viscosity is
insensitive to high ionic strengths, maintaining constant values of viscosity at a wide
range of salinity values (Fournier et al. 2018; Rivenq et al. 1992). Scleroglucan can
maintain stability in seawater for 1 year of storage, and in synthetic seawater, it has
insignificant viscosity loss, proving that the biopolymer is well suited to harsh
reservoir environments, particularly offshore applications (Jensen et al. 2018;
Seright et al. 2021). Finally, scleroglucan has a favorable injectivity in regards to
low permeability cores, even at high concentrations, and its rod-like chains are
oriented in the direction of flow during polymer flooding (Fournier et al. 2018).

Different researchers studied the performance of scleroglucan in EOR applica-
tions and compared it with other well-known polymers for this purpose at the same
running conditions. For instance, Kalpakci et al. (1990) found that scleroglucan has
superior thermal stability compared to xanthan; in which scleroglucan maintained its
initial viscosity at 100 �C for more than 2 years whereas xanthan lost 70–80% of its
initial viscosity at 100 �C within the same period of time. Liang et al. (2019),
compared scleroglucan with xanthan and HPAM and found that both scleroglucan
and xanthan were less sensitive to salinity, while HPAM showed a decrease in
viscosity with the increase in salinity. Thermal stability of the three polymers within
90 days at 85 �C showed that the viscosity of scleroglucan remained stable; on the
contrary, the viscosity of xanthan and HPAM drops drastically. Polymer flooding
tests showed excellent mobility control by all of the three polymers with 13, 11, and
10% of oil recovery obtained by scleroglucan, xanthan, and HPAM respectively,
underpin the potential of scleroglucan to be used in the EOR applications (Liang
et al. 2019).

Furthermore, 30 years ago, scleroglucan biopolymer was injected at field scale in
North Sea Reservoir. Nonetheless, there are still no pilot studies of scleroglucan
polymer flooding so far (Pu et al. 2018). In fact, the major drawback limiting the use
of scleroglucan in EOR applications is the plugging tendency of the polymer caused
by its poor filterability. The reason behind this behavior is the fermentation broth
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residues and polymer aggregates present in the polymer solution injected in the
reservoir (Fournier et al. 2018). Therefore, to overcome this limitation researchers
tried to improve filterability by modifications in the biosynthesis process and in post
purification and treatments. Rivenq et al. (1992), noted an improvement in the
scleroglucan filterability when using ultrafiltration along with heating at 90 �C for
at least two days, eliminating all of the suspended aggregates. Recently, a new
EOR-grade scleroglucan with high purity was developed to meet the requirements
for EOR applications. Physical and chemical testing of the developed EOR-grade
scleroglucan indicated it has superior viscosifying efficiency, good filterability and
injectivity, and tolerating high salinity and temperature, making it well-suited for the
proposed use in the harsh reservoirs (Jensen et al. 2018; Fournier et al. 2018;
Kozlowicz et al. 2020).

4.2 Schizophyllan

Schizophyllan is a non-ionic water soluble homoglucan polysaccharide that is
produced extracellularly by the fungus Schizophyllum commune, a white-rot ubiq-
uitous mushroom that grows in the forests of Germany (Joshi et al. 2016; Pu et al.
2018; Quadri et al. 2015). The polymer is biodegradable, environmentally compat-
ible, non-toxic, and highly stable; consequently, it has been used widely for various
health and food applications. For instance, schizophyllanhas been used as an anti-
aging and healing agent for skin as it helps with skin cell proliferation, reduces skin
irritation, and assists with the recovery of burnt skin after direct sunlight exposure.
Schizophyllan has also been used as an immunestimulating agent in many vaccines
and as an immunotherapeutic agent for cancer treatment since the late 1980s.
Clinical studies of patients with uterine, lung, and gastric cancers have shown that
schizophyllan injections have the potential to prolong the lives of cancer patients
(Gao 2016). However, its use in petroleum industries has not been well investigated
(Ogezi et al. 2014), although it has recently received attention from both scientists
and engineers in this regard. It has been shown to have features highly desirable in
oil industries as it possesses an excellent viscosifying efficiency and a high resistance
against harsh reservoir conditions (Mukherjee et al. 2018).

Schizophyllan is produced by fermentation by which glucose monomers in the
feedstock are polymerized to the schizophyllan, which is in turn being secreted to the
fermentation broth and separated completely from the cellular debris (Leonhardt
et al. 2014). The chemical structure of schizophyllan is identical to the previously
described polymer; scleroglucan (Gao 2016). To be more precise, the backbone
chain consists of linearly linked β-1,3 D-glucose residues with one β-1,6 glucose
side chain at approximately every third glucose molecule within the chain
(Mukherjee et al. 2018; Pu et al. 2018). In aqueous solutions, schizophyllan adopts
a triple-helical structure stabilized by interchain hydrogen bonding, this conforma-
tion in fact is the basis for its attractive properties such as its superior viscosifying
efficiency and thermal stability (Quadri et al. 2015).

96 S. H. Al-Araimi et al.



This triple helical overstructure and intermolecular interactions of this biopoly-
mer resulting in high thermal stability as well as high mechanical stability
(Leonhardt et al. 2014). Quadri et al. (2015), found that schizophyllan had a positive
thermal stability and salt tolerance, where no viscosity loss was observed in a study
conducted over 8 months at temperature of 120 �C and salinity of 220 g/L under
anaerobic conditions. Similarly, Joshi et al. (2016), found that schizophyllan is
isothermal over a wide range of temperatures (25–60 �C). Long term thermal
stability studies of schizophyllan at 130 �F (54.4 �C), 195 �F (90.5 �C) and between
230 �F (110 �C) and 265 �F (129.4 �C) have shown half-life values of several years,
exceeding 10 years (Leonhardt et al. 2014). Besides thermal stability, loss of
viscosity due to salinity has not been observed at all at any salt concentrations
(Leonhardt et al. 2014). The absence of charged functional groups in the structure of
schizophyllan is the one of the main reasons for its high resistance to the very high
salinity level reaching up to 250,000 ppm TDS (Mukherjee et al. 2018). In terms of
rheological properties, schizophyllan has a pseudoplastic properties with shear
thinning behavior, highly depends on the concentration. To illustrate, at low con-
centration schizophyllan showed viscoelastic properties, whereas at high concentra-
tion it showed a solid-like state conformation (Pu et al. 2018).

On the top of the good stability performance, schizophyllan provides superior
viscofying efficiency and injectable into the tight cores (Wazir and Manap 2020).
The success of any polymer in a polymer flooding project is mainly depends on
maintaining the mobility control while propagating deeply in the reservoir.
Schizophyllan have shown good mobility control with no plugging tendency or
injectivity problems (Quadri et al. 2015; Wazir and Manap 2020). Owing semi-rigid
rod-like structure, schizophyllan molecules might oriented themselves to pass
through the core, in a similar way it passed through a membrane filter when such
constant pressure methods were applied (Mukherjee et al. 2018). Approximately
28% additional heavy crude oil was recovered from Berea sandstone core plugs over
residual oil saturation, after schizophyllan injection (Joshi et al. 2016). In a similar
way, after 65% of oil recovery achieved by five pore volume water flooding, the
percentage of oil recovery reached 75% by four pore volumes schizophyllan
flooding, proving that this biopolymer is not only improving the oil recovery but
also speeding up the recovery process (Gao 2016). Hence, from all the previous
characteristics, schizophyllan have shown that it meet the technical requirements
needed for EOR polymer flooding. Apart from its technical abilities, the fact that this
polymer is classified as environmentally friendly due to its biodegradability and low
eco-toxicity make it an ideal option for EOR applications (Wazir and Manap 2020).

In comparison with other commercial polymers used in EOR applications such as
HPAM and xanthan that have a single chain and double helix structures, respec-
tively, schizophyllan with its tertiary structure showed superior performance in terms
of viscosifying efficiency and mechanical stability (Leonhardt et al. 2014;
Mukherjee et al. 2018). Gao (2016) compared the stability of HPAM, Xanthan
and schizophyllan at the same running conditions and found that all polymers
performed well at low temperatures. However, when the temperature increased up
to 90 �C, the viscosity of schizophyllan declined mildly, maintaining 90% of its
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original viscosity, whereas HPAM and xanthan degraded much more severely,
losing 32 and 50% of their original viscosity, respectively.

All these attractive properties of schizophyllan promoted testing this novel
biopolymer at the field pilot scale for the first time in a mature onshore oil field in
Northern Germany in early 2014 (Leonhardt et al. 2014). By the end of 2015, more
than 283,000 barrels of schizophyllan were injected, resulting in an increase in the
oil production rate by over 20% compared with the previous rate under
waterflooding (Pu et al. 2018). The field pilot results have been very positive so
far proven good injectivity and improved oil production (Gao 2016), highlighting
the potential of schizophyllan as an ideal eco-friendly alternative to the commercial
polymers used in EOR at the current time.

4.3 Pullulan

Pullulan is one of the most popular commercially emerging biopolymers produced
extracellularly by species belonging to the genus Aureobasidium (Singh et al. 2008).
The biopolymer was firstly observed by Bauer (1938) as amorphous slime matter
secreted by the polymorphic fungus A. pullulans. Later, Bernier (1958) successfully
isolated and identified the polymer, and Bender et al. (1959) gave it the name
pullulan. Bender and Wallenfels (1961) characterized its chemical structure as
maltotriose repeating units connected internally by α-1,4 glucosidic linkages;
between each adjacent maltotrioseare α-1,6 glucosidic linkages (Al-Araimi et al.
2021; Cheng et al. 2011).

Owing distinctive glucosidic bonds in the polymer backbone, pullulan gained an
attractive physiochemical properties including structural flexibility, enhanced solu-
bility along with adhesive properties and ability to form fibers and biodegradable
films (Cheng et al. 2011). Pullulan is white to off-white tasteless, odorless powder,
forming a viscous solution when dissolving in water (Prajapati et al. 2013). It is
stable up to 250 �C where it starts to be decomposed, with no significant change in
viscosity with heat, pH, and salinity (Prajapati et al. 2013). Pullulan has generally
regarded as safe (GRAS) status in US for a wide range of applications because its
non-toxicity, biodegradability, non-carcinogenicity and non-immunogenicity (Singh
et al. 2008; Prajapati et al. 2013; Al-Araimi et al. 2021).

Numerous microbes were found to produce pullulan, such as Aureobasidium
spp., Tremella mesenterica, Cytaria spp., Cryphonectria parasitica, Teloschistes
flavicans, and Rhodototula bacarum (Singh et al. 2008). However, the species
belong to Aureobasidium are still the most popular producers of pullulan biopolymer
due to their high production yield.

Aureobasidium is a fungal genus distributed worldwide. It is found on dead plants
and has been isolated from soil, air, water, plant leaves, food materials, textile,
painted walls, wood and bathroom surfaces (Cheng et al. 2011; Moubasher et al.
2012). Aureobasidium species are known for their biotechnological and commercial
significance. They have ability to produce an extracellular polysaccharide (EPS),

98 S. H. Al-Araimi et al.



commercial hydrolytic enzymes, antimicrobial compounds and biosurfactant (van
Nieuwenhuijzen et al. 2016).

Taxonomically, the genus Aureobasidium is classified under the family
Saccotheciaceae of the order Dothideales (Wijayawardene et al. 2014). In fact,
with the development of the different taxonomical tools and molecular techniques,
different species have been included and excluded from this genus, so far five main
species have been confirmed to this genus; A. pullulans, A. melanogenum,
A. subglaciale, A. namibiae, and A. mangrovei (Zalar et al. 2008; Gostinčar et al.
2014; Nasr et al. 2018). A. mangrovei was the latest discovered species that was
firstly reported from leaves of mangrove trees in Iran (Nasr et al. 2018), and then
reported from plant debris in Sultanate of Oman (Al-Araimi et al. 2019).

Pullulan has high commercial significance and has long been exploited for many
industrial applications such as cosmetic and manufacturing industries. Due to its
edibility, pullulan has been used by food industries as a stabilizer, binder, intensifier,
beverage filler, dietary fiber, thickener, texture improver and food packaging. More-
over, it has been utilized as a novel molecule in biomedical applications in drug
delivery, gene delivery, medical imaging, corneal wound healing, and tissue engi-
neering (Singh et al. 2019; Cheng et al. 2011). In fact, pullulan got the acceptance for
use as in pharmaceutical tablets and is listed in the Japanese Standards for Ingredi-
ents for drugs (Prajapati et al. 2013). All these applications highlighting the fact that
pullulan is one of the most important polymer used recently worldwide.

The potential of pullulan for EOR applications has been investigated recently by
Al-Araimi et al. (2021). The newly discovered strain Aureobasidium mangrovei
SARA-138H was used for the pullulan production, which shows the high potential
of this strain as a pullulan producer. The fermentation conditions were optimized and
among different tested biotic and abiotic factors, sucrose as the carbon source in the
medium, a pH of 9, incubation at 25 �C, and 250 rpm agitation were preferable to
produce a maximum of 10 g/L of pullulan. Rheological analysis of the polymer
solution indicated that pullulan has a shear thinning behavior with the maximum
viscosity of 318 cP achieved under the optimized conditions. Core flooding exper-
iments showed that the recovery percentage of heavy oil was 36.7% for the pullulan
solution (10 g/L) and 20.23% for the diluted pullulan in brine at the ration (1:1) at
concentration 5 g/L. A 20-day injectivity test revealed that pullulan chains are
orienting themselves to pass smoothly through the core, having no tendency to
cause a blockage. All these properties concluding the high potential of pullulan
biopolymer as an excellent candidate for polymer flooding with a high percentage of
oil recovery comparable with polymers used in oil filed around the world (Al-Araimi
et al. 2021).

5 Summary and Outlook

Fungi have been used to produce considerable quantities of different compounds, including
biopolymers, for thousands of years. They either accumulate the biopolymers intracellularly
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or secrete them extracellularly in response to various biotic and abiotic stresses as protective
defense mechanisms. These naturally produced polymers have been exploited in many fields
and have been used to support and/or improve the lives of human beings in different ways.

Among these different fungal biopolymers are three that have been shown to have
potential for use in EOR: scleroglucan, produced by Sclerotium spp.; schizophyllan,
produced by Schizophyllum commune; and pullulan, produced by Aureobasidium
spp. The structural conformations and chemical compositions of the polymers
provide stabilities, mechanical strengths, and rheological properties that allow the
biopolymers to tolerate reservoirs with harsh conditions, such as high temperatures
and high salinities. Consequently, all three meet the technical requirements for
polymer flooding and can replace commercially used synthetic polymers. In partic-
ular, schizophyllan was successfully introduced to the field on a pilot scale ata
mature onshore oil field in Northern Germany; the polymer increased the field’s
oil production rate by over 20%. However, both scleroglucan and pullulan have
produced favorable lab results and are ready to be field tested to evaluate their
abilities to enhance oil recovery on a large scale as well.
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Fungal Polysaccharides as Biosurfactants
and Bioemulsifiers

Luciana Luft

Abstract Fungi play a substantial role in tackling major challenges in the world.
Applications of fungal processes and materials is directly related to the increase in
sustainability by more efficient usage of natural resources. Filamentous fungi are
useful in several industrial fermentation like production of scleroglucan, an extra-
cellular polysaccharide formed by species of the genus Sclerotium. The polysaccha-
rides have been reported to be used as surface-active compounds, that is, the fungal
polysaccharides exhibit bioemulsifier and biosurfactant properties, giving them
promising characteristics for biomedical, pharmaceutical, agricultural, food and
other industries field. Due to these eco-sustainable characteristics, price as well as
standardized production, fungal polysaccharides signify an alternative to replace
their synthetic counterparts, making their production economically competitive and
attracting the attention of the global market. On this context, this chapter focuses
production of polysaccharides from different filamentous fungi.

Keywords Amphipathic complex · Bioactivity · Biopolymers · Eco-friendly
properties · Exopolysaccharides · Microbial biotechnology · Multifunctional
biomolecules · Polysaccharide-protein-lipid complexes

1 Introduction

Over the years, the production of polymers by petroleum extraction and refining
processes have increased a lot and causing several environmental impacts. This
overgrowth has raised serious concerns about environmental and socioeconomic
aspects. Both aspects, as the possible scarcity of this nonrenewable source and high
cost, are driving new routes in the production of polymers. As society has increased
its environmental awareness, increases the concern of sustainable economic systems
dependent on renewable sources. Currently, the biotechnology possibilities the
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production of biologically derived polymers, called biopolymers, that is, the poly-
mers production is not restricted only to fossil resources, and can be derived or
extracted from microorganisms (Quintana-Quirino et al. 2019), plants (Kora et al.
2012), animals (Ranganathan et al. 2019), renewable raw materials (Joye 2019), or
synthesized chemically from basic biological building (Chanchal et al. 2014).

A class of biopolymers, designated as multifunctional biomolecules of twenty-
first century, which has received considerable attention due to their functional
abilities and eco-friendly properties like specificity, biodegradability, low toxicity,
stable under different environmental conditions (e.g. temperature and pH), and
relative ease of preparation are the surface-active compounds (SAC) produced by
filamentous fungi (Table 1). According their physicochemical properties, molecular
weight and mode of action, these compounds are classified as biosurfactants or
bioemulsifiers. Generally, these terms have been used interchangeably to describe
SAC. Although amphiphilic, both classes present individual functions in nature,
based on their physiological roles and physicochemical properties (Uzoigwe et al.
2015). The biosurfactants are low molecular weight compounds such as fatty acids,
glycolipids, lipopeptides, phospholipids, and polymeric polysaccharide-protein
complexes (Kopsahelis et al. 2018), and their main function is lowering the interfa-
cial tension (Sałek and Euston 2019). The bioemulsifiers are high molecular weight
compounds like heteropolysaccharides, lipopolysaccharides, proteins, lipoproteins
or complexes of these components (Kourmentza et al. 2019), which adsorb fairly
slowly to the surface of droplet and confer long-term stability (Sałek and Euston
2019).

Biopolymers consisting of polysaccharides, polysaccharides bound to proteins; or
polysaccharides bound to lipids have been labeled as efficient SAC (Amargo-De-
Morais et al. 2003; Luna-Velasco et al. 2007; Silva et al. 2014). Calvo et al. (2009)
suggested that addition of hydrophobic substance to culture media influences
directly the quantity of proteins and carbohydrates of the biopolymer. Besides the
amount, the nature and ratio of the nitrogen and carbon sources, the physical
parameters and nutritional limitations influence the types of polymer produced.
Thus, they play an essential role on the structure of microbial SAC as well as
yield, while change of substrate usually influence the structure of the product and
consequently leads to changes in the properties.

Different properties of SAC compared to chemically synthesized materials and
the abundance of substrate make them appropriate for commercial applications.
Surfactants and emulsifiers are used in combination to prospect their desirable
properties in consumer product formulations (Sałek and Euston 2019). They have
wide application as emulsifiers and demulsifiers, functional food ingredients,
foaming, wetting and spreading agents, detergents, and can be used in various
industries including foods, beverages, pharmaceuticals, organic chemicals, cos-
metics, agrochemicals, fertilizers, pulp and paper processing and paint industries,
petroleum, petrochemicals, mining, metallurgy, and others (Vijayakumar and
Saravanan 2015). In addition to these applications, there is a crescent number of
reports on their diverse biological activities. The main bioactive properties such as
antimicrobial and antioxidant activities demonstrate great potential for medicinal
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applications (Osińska-Jaroszuk et al. 2015). The current chapter identifies the pos-
sible applications of some promising SAC produced from filamentous fungi.

2 Fungal Polysaccharides

Fungal polysaccharides are hydrophilic substances that increase the viscosity of a
system after to disperse or dissolve in water (Barreto et al. 2011). Some of them are
derived from the edible mushrooms or the organisms GRAS (Generally Recognized

Table 1 Surface-active compounds: fungal species, type, emulsifying index (E24), surface tension
(SF) and production yield

Fungal species Type E24

SF
(mN/m) Yield Reference

Aspergillus niger Chitin-glucan
complex

– – 0.085 g/
g

Mislovičová
et al. (2000)

Curvularia
lunata

Polysaccharide-
protein complex

95%
(kerosene)

– 2.6 g/L Paraszkiewicz
et al. (2002)

Penicillium
citrinum

Polysaccharide-
lipid-protein
complex

60% – 0.54 g/
L

Camargo-De-
Morais et al.
(2003)

Penicillium sp. Polysaccharide-
lipid-protein
complex

93%
(kerosene)

– 2 g/L Luna-Velasco
et al. (2007)

Penicillium
chrysogenum

Lipopeptides – – – Konishi et al.
(2008)

Aspergillus
fumigatus

– 11.17 (EU)/
g (diesel oil)

– – Castiglioni et al.
(2009)

Fusarium
fujikuroi

Trehalolipids 20 – Morita et al.
(2011)

Fusarium sp. Lipopeptides 32 5.25 g/
L

Qazi et al. (2013)

Cunninghamella
echinulata

Polysaccharide-
lipid-protein
complex

80% (burnt
motor oil)

36 – Silva et al.
(2014)

Fusarium sp. Lipopeptides 70%
(kerosene)

32 1.21 g/
L

Qazi et al. (2014)

Aspergillus
flavus

Glycosides – 20 13.6 g/
L

Ishaq et al.
(2015)

Ustilago
scitaminea

Glycolipids – 25.2 25.1 g/
L

Lourenço et al.
(2017)

Aspergillus
brasiliensis

Polysaccharide-
protein complex

– – 1.6 g/g Sánchez-
Vázquez et al.
(2018)

Rhizopus
arrhizus

– 91.7%
(burnt motor
oil)

31.8 – Pele et al. (2018)
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as Safe), or even from filamentous fungi. They comprehend a broad assembly of
biopolymers those are form many intracellular inclusions or part of the cell wall
(intrapolysaccharides, IPS) and serve as energy reserve, or are excreted extracellu-
larly (exopolysaccharides, EPS) when the microorganism is under stress conditions
or after the growth phase, provide a mechanism for cell protection or by attachment
to other surfaces (Giavasis 2014).

When polysaccharide chains is attached to protein or lipid residues the ability to
stabilize oil-in-water emulsions increases and can be defined as polymeric surfac-
tants (Vijayakumar and Saravanan 2015). In a reversible form, the protein or lipid
(hydrophobic part) binds the hydrocarbons, while the polysaccharide binds to the
protein producing a stable oil-in-water emulsion (Evans et al. 2013). Liposan as an
extracellular water-soluble emulsifier consists of carbohydrate (83%) and protein
(17%), synthesized by the Candida lipolytica, is one of the examples of
polysaccharide-protein complex (Cirigliano and Carman 1985). Emulsan is an
example of polysaccharide–lipid complex, an extracellular heteropolysaccharide
emulsifier of Acinetobacter calcoaceticus (Shoham et al. 1983).

There are increasing number of reports have been developed on bioactive fungal
polysaccharides produced by different filamentous species (Table 2). There are
evidences that the bioactivities of some polysaccharides depend on their chemical
structural characteristics, including molecular weight, composition of monosaccha-
ride, the nature and configuration of the glycosidic linkages, degree and size of the
branch points, conformation, solubility and charge on the polymer (Synytsya and
Novák 2013). The knowledge of the structures and biological properties, as well as
the fermentation process of microbial polysaccharides is crucial for understanding
their physiological activities and possible industrial applications (Kumar et al. 2018).

Table 2 Summary of some polysaccharide bioactivities from filamentous fungi

Bioactivity Fungal species Reference

Antioxidant Lasiodiplodia sp. Kumar et al. (2018)

Aspergillus fumigatus Jin and Zhao (2014)

Botryosphaeria
rhodina

Giese et al. (2015)

Antimicrobial Lasiodiplodia sp. Kumar et al. (2018)

Botryosphaeria
rhodina

Sacchelli et al. (2019)

Antitumor Aspergillus terreus Li et al. (2016)

Aspergillus fumigatus Jin and Zhao (2014)

Aspergillus fumigatus Jin and Ning (2013)

Botryosphaeria
rhodina

Geraldelli et al. (2020)

Diaporthe sp. Orlandelli et al. (2017)

Immunomodulatory Lasiodiplodia sp. Kumar et al. (2018)

Botryosphaeria
rhodina

Weng et al. (2011)
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The process of biotechnological production of polysaccharides is submerged
fermentation. This has some limitations and its main challenge is to obtain purified
biopolymers (Akila 2014). Ensuring high productivity and polysaccharide yields is
not possible, as there are no general conditions for cultivation suitable for all
microbial producers. Cultivation times for fungi are generally longer (2 to
32 days) than for bacteria (0.5 to 7 days), while in some cases results in lower
volumetric productivity. Although, fungi like Aureobasidium pullulans and Sclero-
tium rolfsii can attain high productivity values (up to 18 and 13 g/L.day of pullulan
and scleroglucan, respectively) (Freitas et al. 2017). Pullulan, scleroglucan, emulsan,
alasan, liposan, lipomanan and other complexes of polysaccharide protein are the
widely studied and relevant polymeric bioemulsifiers/biosurfactants (Luft et al.
2020; Santos et al. 2016). However, most of these are produced by yeast and bacteria
(Adetunji and Olaniran 2021). The surface-active polymers produced by filamentous
fungi have not been adequately explored, and only some of them have been
produced on an industrial scale.

2.1 Pullulan

Pullulan is a water soluble polysaccharide consists of α 1,4 and α 1,6 bound glucose
units. It is an edible polymer, tasteless, odorless, non-mutagenic, nontoxic and
non-hygroscopic. Due to its distinct properties, that include excellent transparent
film-forming ability, moisture absorptivity, and adhesivity, it is widely used in
various industrial applications (Singh et al. 2021; Sugumaran and Ponnusami
2017). Pullulan is known as a valuable tool in basic research as a well-known
model substance due its strictly linear structure (Singh and Saini 2012). A great
number of studies referring to this polysaccharide produced by the black yeast
Aureobasidium pullulans, even though it is not specificity of this species (Ruiz-
Herrera and Ortiz-Castellanos 2019). The filamentous fungi Cryphonectria
parasitica has been used for pullulan production (Corsaro et al. 1998; Delben
et al. 2006; Forabosco et al. 2006). As pullulan produced by Aureobasidium
pullulans is costly, the discovery that C. parasitica produces high quantity of
pullulan stimulated the use of these strains for the purpose of industrial applications
(Corsaro et al. 1998). The cost of pullulan is three-fold higher than other poly-
saccharides like xanthan and dextran (Sugumaran and Ponnusami 2017). The com-
mercially available pullulan is over 90% pure, with mono-, di- and oligosaccharides
being the main impurities (Park and Khan 2009). Pullulan has been exploited by its
principle producer, Hayashibara Company (Okayama, Japan), since 1976, as an
edible coating and a thickening agent (Freitas et al. 2017). A worldwide marketing
license for film-based products of oral care contain pullulan has been granted to
Pfizer by Hayashibara Biochemical Labs (HBL). In Canada, the product is marketed
under the brand name Listerine (Singh and Saini 2012).
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2.2 Scleroglucan

The scleroglucan is a branched neutral homopolysaccharide consists of β-glucan
secreted by Sclerotium sp., which has attracted much attention from industry and
academia since its first description was as early as 1960s (Schmid et al. 2011).
Different biotechnological and biomedical applications of scleroglucan are devel-
oped due to its water solubility, hydrolysis resistance, viscosification, electrolyte and
temperature properties. Since the 1970s, it has been marketed and is presently
available under different trademarks for applications like enhanced oil recovery in
the food, pharmaceutical and cosmetic fields (Castillo et al. 2015; Freitas et al.
2017). Scleroglucan as a commercial product also known with other product names
based on the company which produces the polysaccharide (e.g. Actigum and
Clearogel) (Coviello et al. 2005). Owing to its capability to form a very low energy
dispersion, the scleroglucan is stable oil-in-water emulsions. Perhaps, the combina-
tion of its ability to prevent coalescence and suspending effect causes the stabilizing
effect. Its properties may be governed by the molecular mass as well as the recovery
methods (Survase et al. 2007).

2.3 Nigeran

Nigeran is a linear α-glucan with alternate α-1,3- and α-1,4-glycosidic linkages,
obtained from the mycelia of Aspergillus niger and other filamentous genera such as
Aspergillus and Penicillium (Synytsya and Novák 2013). The synthesis of this cold-
water insoluble polysaccharide improved by depletion of the nitrogen and carbon
sources in the media and metal ions (e.g. copper) increases its accumulation (Gupta
and Mukerji 1982). Its easiness of extraction from the hyphal wall with boiling water
and its outstanding solubility properties make its convenient identification possible.
The pure form of nigeran can be obtained from cold water (Bobbitt and Nordin
1978).

2.4 Pseudonigeran

Pseudonigeran is a linear (1 ! 3)-α-d-glucans, which are abundant polysaccharides
in the cell walls of many fungi. However, these polysaccharides are specific for the
Dikarya, and therefore they are not present in fungi belonging to the lower phyla
(Ruiz-Herrera and Ortiz-Castellanos 2019). Horisberger et al. (1972) isolated this
polysaccharide from mycelium of filamentous fungi Aspergillus niger. Later, similar
glucans were isolated from the mycelium of Penicillium chrysogenum (Wang et al.
2007).
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2.5 Elsinan

The water-soluble extracellular polysaccharide elsinan is isolated from Elsinoe
leucospila (Tsumuraya et al. 1978), Elsinoe fawcetti and Elsinoe ampelina. It is a
glucan essentially linear, consisting both (1 ! 4)-α- and (1 ! 3)-α-linkages and is
mainly composed of (1 ! 3)-α-linked residues of maltotriose (Synytsya and Novák
2013). When these fungi grown in an appropriate medium (28–30 g/L from 5%
sucrose), considerable amount of elsinan are obtained. Due to its unique structure
(non-ionic nature), it possesses interesting rheological properties, such as gelation at
a high concentration, high viscosity at a low concentration, forming resilient and
oxygen-impervious films (Misaki et al. 2000). Its aqueous solution exhibits high
viscosity. There are several applications of elsinan like various types of film in
pharmaceutical, cosmetics, food, forestry, agriculture, fisheries, and stock raising
(Park and Khan 2009).

2.6 Botryosphaeran

The botryosphaeran is a (1 ! 3)(1 ! 6)-β-D-glucan produced by the fungus
Botryosphaeria rhodina. It is an exopolysaccharide soluble in water with high
molecular mass, it consists of a main chain of (1 ! 3)-β-d-glucan with about 22%
of side chains at O-6 consisted of β-d-Glcp and gentiobiosyl residues (Barbosa et al.
2003). Many studies demonstrated the biological properties of botryosphaeran and
its value in health applications to develop new products of pharmaceuticals and
foods (Silva-Sena et al. 2018). These bioactivities included immunomodulatory
(Weng et al. 2011), antitumor (Malini et al. 2015), strong anticlastogenic (Miranda
et al. 2008), hypoglycemic, hypocholesterolemic, hyperlipidemic (Miranda-Nantes
et al. 2011), and antioxidant activities (Giese et al. 2011). Botryosphaeran produced
by mild sulfonylation that exhibited the property of anticoagulation (Mendes et al.
2009) and antiviral activity (Sacchelli et al. 2019).

3 Application of Fungal Polysaccharides

3.1 Biomedical and Pharmaceutical

The polysaccharides have a wide variety of pharmacologic activities (e.g. antitumor,
antiviral, immune regulation, hypoglycemic, antiaging, and blood lipid activities,
especially in antitumor immunity) (Deng et al. 2020). The capacity of natural poly-
saccharides in stimulation of innate immunity by the activating immune cells with
minimal adverse reactions have been studied (Li et al. 2021). These polysaccharides
immunotherapeutics promising a future in cancer therapy and are classified as
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biological response modifiers (BRMs). β-glucans are the most relevant BRMs
among the carbohydrate BRMs (Survase et al. 2007). In addition, the polysaccha-
rides are used in wound dressing compounds and have been useful in tissue
engineering as films, scaffolds, and hydrogels (Agrawal et al. 2014).

3.1.1 Antimicrobial Activity

Scleroglucan, in addition to having higher immune stimulator and antineoplastic
activity, also has greater antimicrobial activity than any other β-glucan (Park and
Khan 2009). The exopolysaccharide, designated as Lasiosan, synthesized by
Lasiodiplodia sp. (strain B2; MTCC 6000) displayed broad-range antimicrobial
(antibacterial and antifungal) activities against many pathogenic bacteria
(Chromobacterium violaceum, Enterococcus faecalis, Escherichia coli, Klebsiella
planticola, Micrococcus luteus, Staphylococcus aureus) and yeast Candida (Kumar
et al. 2018). Scleroglucan also has antiviral effect. The attachment and entry of the
virus into the cell may be prevented or reduced by its binding on the host cell
membrane. There are two explanations for antiviral activity. The first is the binding
of scleroglucan with cell membrane glycoproteins, which prevents the interaction
between the host cell plasma and the virus. The second can be that scleroglucan is
internalized after the virus enters the cell, encapsulating and inhibiting the virus
activity. However, for the case of scleroglucan, a polysaccharide with high molec-
ular mass, the host cell penetration is unlikely (Survase et al. 2007). The chitosan
extracted from Aspergillus brasiliensis proved its powerful antimicrobial action
against meat contaminants. The sensory and microbiological quality of minced
meat was increased after its application as a biopreservative (Tayel et al. 2014).
The chitosan extracted from Cunninghamella elegans also have been presented
antimicrobial activity. De Oliveira et al. (2014) applied chitosan obtained from
C. elegans as a coating on table grapes, which inhibited the post-harvest pathogenic
fungi such as Botrytis cinerea and Penicillium expansum. Moreover, the tested
chitosan did not affect the quality (physical, physicochemical or sensory character-
istics) of the grapes during the storage period.

3.1.2 Antioxidant Activity

Antioxidants of natural origin are of great importance to the human body, protecting
it from free radicals, slowing the progress of many diseases and aging. The purified
exopolysaccharide Lasiosan, produced by ascomycete fungi Lasiodiplodia sp.,
showed potential antioxidant activity, reducing and eliminating DPPH free radicals,
lipid peroxyl radicals and superoxide anions (Kumar et al. 2018). Botryosphaeran, a
β-(1! 3; 1! 6)-D-glucan produced by endophytic fungus Botryosphaeria rhodina
(MAMB-05), known to exhibit in vitro antioxidant activity (Giese et al. 2015).
Lasiodiplodia theobromae strain (MMPI) produced the lasiodiplodan, which is an
exocellular β-(1 ! 6)-D-glucan exist in a triple-helix conformation and its
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carboxymethylation exhibited an increase in the EPS antioxidant capacity (Theis
et al. 2017).

3.1.3 Immunomodulatory Activity

Even though the mechanisms involved in the antitumor action of natural polysac-
charides are partially known, the study of them on tumor immunotherapy is of
utmost importance. Many of polysaccharides are employed as adjuvants in for
diverse types of tumors (Pires et al. 2013). They are BRMs, which result in immune
enhancement mainly by activation the host immune system. Polysaccharides are
known to regulate the host immune system as well as activate the antitumor activity
of immune cells in the microenvironment of a tumor (Li et al. 2021). Regarding
antitumor activity, scleroglucan is more efficient than other exopolysaccharides
(Survase et al. 2007). According Pires et al. (2013), polymers of high molecular
weight seem to show better antitumor action compared to smaller ones. Kumar et al.
(2018) investigated the immunostimulatory functions of Lasiosan by examining its
effects on the generation of ROS, NO and cytokines by the macrophages. The
in vitro models demonstrated that Lasiosan was quite effective.

3.1.4 Wound Dressing

Although the traditional dressings made up of biocompatible animal materials,
which may be rejected due human’s immune reactions. Incorporation of synthetic
polymers into granulation tissue remain in the body once the wound is healed.
Therefore, dressings must contain a perfect balance of features, facilitating the
rapid, assured wound healing, safe and biocompatible (Kofuji et al. 2010). Chitosan
could be easily processed to form gels, nanofibers, membranes, beads, scaffolds,
nanoparticles, and sponge forms those are useful in wound healing purposes
(Archana et al. 2013). Due to the nontoxicity, inertness, antibacterial function,
healing potential, gel-formation, extraordinary affinity to proteins, anesthetic effect
and haemostasis, chitosan has attracted high attention in biomedical material inven-
tions as a potential component of wound dressing (Agrawal et al. 2014; Anbazhagan
and Thangavelu 2018; Kurakula and Raghavendra 2020). Chitosan-glucan complex
is an advanced wound dressing, which have many benefits as solid form,
antibacterial function, healing potential and drug carrying capacity compared to
the traditional dressing materials like gauze and cotton wool will not active in
wound healing process (Abdel-Mohsen et al. 2016). Pullulan can be used as drug
carriers, and also can be employed as medical adhesives (U.S.Congress 1993),
acting as a plasma extender with no undesired side effects, completely excreted
after metabolic turnover.
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3.2 Fungal Polysaccharides in Food and Cosmetics

In the food and cosmetic industries, polysaccharides have useful qualities such as
emulsifiers (Banat et al. 2000), anti-adhesive agents and antimicrobials (Singh and
Cameotra 2004). Due to their functional properties, these compounds are an indis-
pensable part of food products that require sensory superiority, stability and longer
shelf life (Nitschke et al. 2009). Chitosan have shown great promise for use in food
industry. Owing to its high antimicrobial function against several microorganisms,
chitosan can serve as preservative. It also serves as potential natural antioxidant by
chelation of metal ions and is useful to stabilize lipid-containing food stuffs to
prolong the shelf life (Aranaz et al. 2009). The high moisture holding and film-
forming properties of chitosan resulted in a number of used in the cosmetics and
personal care products (U.S.Congress 1993). Emulsification plays a vital role in the
phase dispersion, solubilization of aromas, and in development of consistency and
texture. Surface-active compounds find application in bakery, products derived from
meat (Nitschke and Pastore 2002) and milk, from which the addition of emulsifiers
enhances the texture and creaminess, influencing the rheological properties of flour
and the emulsification of fats (Araujo et al. 2013). Scleroglucan applications may be
useful in various skin care products and in the formulations for hair sprays (Survase
et al. 2007).

3.2.1 Anti-Adhesive or Biofilm Inhibition Activity

The anti-adhesive activity is desirable to avoid the formation of biofilms on surfaces
to which the food will come into contact. It is possible to reduce the adhesion of
pathogens on surfaces commonly used in food industries by conditioning them with
biosurfactants (Araujo et al. 2013). The most common means of bacterial growth in
the environment is biofilm formation. Mixed populations of Candida albicans and
many bacteria coexist to produce biofilms, which cause infections related medical
device as well as nosocomial infections (Kumar et al. 2018). Pre-conditioning of
surfaces with biosurfactants can considerably decrease microbial contamination of
materials and inhibit or decrease the subsequent formation of biofilms (Araujo et al.
2013). Lasiosan obtained from Lasiodiplodia sp. strain B2 showed effectiveness in
inhibition of biofilm (80–90%) against several pathogens (Chromobacterium
violaceu, Klebsiella planticola, Micrococcus luteus, Staphylococcus aureus, and
S. aureus MLS16), and moderate biofilm inhibition (70–80%) against other bacteria
(Bacillus subtilis, Escherichia coli, and Pseudomonas aeruginosa). Lasiosan is the
first report showed anti-biofilm activity, while such activity was not reported by
other fungal EPS (Kumar et al. 2018).
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3.2.2 Enzyme Immobilization

Chitosan is widely employed as a support to immobilize enzymes and whole cells,
since it has considerable advantages such as biodegradability, form versatility, cost,
nontoxicity, and high affinity towards proteins. Chitosan isolated from
Syncephalastrum racemosum was used as a film support for immobilization of lipase
(Amorim et al. 2003). The results showed that this filamentous fungi is a relevant
producer of chitosan with application capacity as an immobilization support. Gels of
pullulan have been employed for enzyme immobilization. The hydrophilic pullulan
gel possessing a three-dimensionally reticulated structure, acquired by the reaction
between pullulan and a bifunctional compound, is used as a carrier (Singh and Saini
2012).

3.3 Agricultural and Environmental Applications

Polysaccharides have a wide range of applications in agriculture. Among them, the
main applications in plants are induction of the defense, improvement in physiolog-
ical properties, and the increase in the shelf life of post-harvest products. Further-
more, application to the soil as a nutrient is highly effective in combination with
other fertilizers. In addition to being useful in reducing fertilizer losses due to the
coating capacity of polysaccharides, which is important to keep the pollution of
environmental under control (Sharif et al. 2018). In mineral solubilization, sorption
of heavy metals and removal of hydrocarbon and eliciting plant resistance, the
activities of fungal EPS offered several possibilities of potential environmental and
agricultural applications (e.g. plant bioprotection, soil/water bioremediation, and
biofertilization) (Osińska-Jaroszuk et al. 2015). Scleroglucan is considered as a
great antisettling agent for phytosanitary products. It helps in preparation of spraying
mixtures and increases the contact of the droplets sprayed on the leaves. It could also
be used in seed coatings, pesticides, and defoliant sprays (Survase et al. 2007).

3.3.1 Biocontrol Agent

Chitin/chitosan are biocontrol agents against many pathogenic microorganisms and
have been used as a promising replacement to chemical pesticides. Wu et al. (2005)
compared the bioactivities of fungal chitinous materials isolated from Aspergillus
niger andMucor rouxiiwith commercial chitin and chitosan. The crude fungal chitin
and chitosan have the same or higher efficiency than the commercially purified
chitosan from crustacean exoskeleton. The fungal chitinous materials presented
antibacterial activity against Salmonella typhimurium by significantly reducing the
lesions on apples caused by plant pathogens (Botrytis cinerea and Penicillium
expansum). In addition, use of fungal EPS as potential biofertilizers as well as
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elicitors of the systemic resistance in plants, recent studies have shown their ability
to enhance the bioherbicidal activity (Osińska-Jaroszuk et al. 2015). Crude broth
from Phoma sp. increased the bioherbicidal activity due to the concentration of EPS
in the medium, indicating that these compounds might enhance the toxicity (Luft
et al. 2021). The same effect was seen for EPS roduced in the fermentative broth by
Fusarium fujikuroi (Todero et al. 2020). The antimicrobial activity of EPS from
Hirsutella sp. was attributed with the biopesticidal potential (Li et al. 2010).

3.3.2 Growth Promoter and Elicitor of Plant Resistance

Fungal chitosan is a relevant candidate useful as growth stimulator for plant tissue
culture. Its unique combination of properties (growth and protection promoter,
environmental friendly, and biodegradable) makes fungal chitosan an appropriate
biocontrol agent with a large perspective in the field of horticulture. Effect of fungal
chitosan on the growth and development of meristemic tissue of orchids in solid and
in liquid culture medium (Nge et al. 2006). The authors concluded that chitosan
possesses the ability to induce the differentiation of orchid tissue and the fungal
chitosan is effective on protocorm propagation in liquid medium. Restanto et al.
(2016) investigated impact of fungal chitosan on the growth and development of
seeds in solid medium. The growth of explants of seed into protocorm-like bodies
was enhanced up to 4-folds in the presence of fungal chitosan. Application of
pullulan to control the release of nitrogen in the fertilizer prevents the burning of
crops, so this polysaccharide is considered a good agent for solid fertilizers (U.-
S. Congress 1993).

The exopolysaccharides (EPS) can act as elicitors of systemic plant resistance,
but their ability to induce resistance have remained to be more studied (Osińska-
Jaroszuk et al. 2015). An oligosaccharide obtained from Fusarium oxysporumDzf17
is responsible to an enhance the activity of defense-related enzymes in Dioscorea
zingiberensis suspension cells as well as seedling cultures (Li et al. 2014). The EPS
of Botrytis cinerea served as suppressor of the jasmonic acid signaling pathway,
induced accumulation of salicylic acid in tomato, and enhanced resistance against
the bacterial pathogen Pseudomonas syringae (El-Oirdi et al. 2011). Chitin and
chitosan also possess the ability to control plant disease through eliciting the plant
defense system. Recently, Zhou et al. (2020) studied the impacts of nanochitin on the
biosynthesis of key enzymes as well as molecular mechanism leading to the induc-
tion of the plant defense Phytophthora.

3.3.3 Bioremediation

The bioremediation has emerged as a sustainable and recognized innovative tech-
nology to enhance the quality os soil contaminated by heavy metals and hydrocar-
bon. The polysaccharides can be widely used to enhanced the biodegradation of
pollutants, and indirectly promote plant growth due their antimicrobial activity.
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Surface-active compounds accelerate the desorption of hydrophobic pollutants those
strongly bound to soil particles (Sachdev and Cameotra 2013). Chitosan and
scleroglucan have been assessed for their use in bioremediation of toxic phenolic
compounds and oil recovery, respectively (Survase et al. 2007). Jia et al. (2011)
investigated degradation of pyrene in contaminated soils in the presence of EPS
isolated from the culture Aspergillus niger. The authors observed that the introduc-
tion of EPS into soils increased the reduction of pyrene, indicating that the applica-
tion of EPS is relevant for the bioremediation of soil contamination by polycyclic
aromatic hydrocarbons. Aspergillus fumigatus also produced a polysaccharide with
sorption ability for two heavy metals: copper and lead (Yin et al. 2011). Besides that,
these surface-active polysaccharides can also increase the degradation of certain
chemical pesticides present in the soil. The bioremediation of these contaminants can
be sucessfully used as a biotechnological tool to reduce the environmental impacts
caused by pesticides in agricultural regions located mainly around watersheds
(de Lima et al. 2018).

3.3.4 Soil Treatment

Recovering the strength of the soil by increasing its cohesion is fundamental as a
counter measure to desertification. But, it is not possible to complement the sands of
all arid or semi-arid regions with fine cohesive soils. Chang et al. (2015) presented a
new concept to enrichment of soil cohesion using β-glucan. Polysaccharides treat-
ments are a promising alternative in prevention desertification due to their unique
hydrogel characteristics, soil erosion resistance, retention of soil moisture, and
promotion of cultivation. Others studies have shown the chances of using poly-
saccharides to reduce the erosion and to strengthen the soil in agricultural and
geotechnical practices (Chang and Cho 2012; Orts et al. 2000). Chang and Cho
(2012) used a commercial glucan (Polycan™) produced from A. pullulans towards
improvement of the strength of Korean residual soil. In practice, this polysaccharide
enhanced the compressive strength of soil over 200%, becoming a competitive
option for aspect economic to replace the use of less environment friendly cement
in terms of engineering performance, cost effectiveness, and environmental
degradation.

3.3.5 Water and Wastewater Treatment

The polysaccharides are potential flocculants due to their biosorption,
biocoagulation, and bioflocculation capabilities (More et al. 2014). Chitinaceous
materials have been used to eliminate a great variety of water pollutants. Integrating
these natural polymers into an existing system improves the effectiveness towards
water treatment and reduces or eliminates the synthetic chemicals (Kaur and Dhillon
2014). Flocculation technique is one of the most commonly methods in wastewater
treatment to remove the suspended particles and to enhance the effluent quality,
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while biosorption is a potential technology for the treatment of textile industrial
effluents. Extracellular polymeric substances are very important in these processes.
Their interactions with cells have a significant impact on microbial flocculability.
Biopolymer flocculants aggregate cells and particles through bridging and mecha-
nism of charge neutralization. Thus, the biopolymer is capable to absorb the particles
to form flocs. In biosorption, the extracellular polymeric substances capacity is
related to the polysaccharides, lipid and proteins contents. The functional groups
induce attractive forces between the cations and biomass (More et al. 2014). In
treatment of aquaculture wastewater, chitosan serve as an adsorbent, coagulant and
bactericide (Aranaz et al. 2009). Pullulan can be used as an aggregating or floccu-
lating agent responsible for precipitation of potash and uranium clays, and ferric
hydroxide from the slurries used in mineral beneficiation (U.S. Congress 1993).

Extracellular polymeric substances are also very important in the wastewater
sludge thickening and dewatering processes. Two types of binding mechanisms
between these compounds and water molecules are involved during thickening
and dewatering, electrostatic interactions and hydrogen bonds (More et al. 2014).
Different species of filamentous fungi have been investigated for application in
treatment processes, such as dewatering, sedimentation and degradation of organic
compounds. An example is the filamentous fungi Penicillium expansum (BS30) used
to simultaneously for improvement of sludge settling as well as dewaterability
(Subramanian et al. 2008). The degradation of polysaccharides produced by
Mucor sp. (GY-1) (Wang et al. 2015) and Talaromyces flavus S1 (Liu et al. 2017)
improved the sludge dewaterability.

4 Patents of Fungal Polysaccharides

Filamentous fungi are vital in production platforms of the biotechnological indus-
tries (Chambergo and Valencia 2016), although its potential in the production of
biopolymers is still considered an unexplored market (Pessôa et al. 2019). The
patents on producing surface-active polysaccharides by fungi for different purposes
at an industrial level have been increased, including wound healing, wastewater
treatment, biofertilization, and bioprotection, among others. Some of these patents
are summarized in Table 3.

Recent patents developed for agriculture applications, such as the patent
CN112680360A, which discloses that the filamentou fungi Aspergillus sydowii is
a plant growth promoting agent, has strong inhibiting effect on bacteria and fungi,
can promote the germination of plant seeds, and can achieve the growth promoting
effect by regulating the content of endogenous hormones in plants (Yang et al.
2021). The Brazilian patent number BR102013003043A2 refers to fungal chitosan
abilities as biofertilizer and bioprotector. The product was produced mixing potas-
sium and phosphate rocks, along with sulfur and the inoculum of bacteria
Acidithiobacillus, organic matter inoculated with diazotrophs free bacteria, and
chitin and chitosan producing fungi (Cunninghamella elegans,Mucor circinelloides,
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M. javanica and M. rouxii). This production yielded a product purely biological
based with a high fertilizer and protection against phytopathogenic microorganisms
exist in the soil (Stamford et al. 2015).

Chinese patent number CN112708566A provided an invention for producing
extracellular polymers by Aspergillus niger, disclosing an optimized culture medium
for possible environmental applications. The process comprises the selection of

Table 3 Summary of some patents based on fungal polysaccharides during the last decade

Title Patent number Reference

Method for producing a polymer product from
multidimensional aggregated components as barrier or
carriers of living microbial cells and biological barriers
in plastic and textile

WO2012145803-A2 Dierickx et al.
(2012)

A method for the production of a compound of interest WO2012001169-A1 Peij et al.
(2012)

A medicinal fusidic acid cream made using sodium
fusidate and incorporating a biopolymer, mometasone
as a corticosteroid and clotrimazol as antifungal agent,
and a process to make it

WO2012049542-A1 Vanangamudi
et al. (2012)

Biofertilizer and bioprotector with fungal chitosan
produced from mixed biofertilizers with phosphate and
potassic rocks inoculated with bacteria acidithium and
dyratic bethycatine butterials

BR102013003043A2 Stamford et al.
(2015)

Gas-core microvesicles composed of phospholipids and
biopolymers

BR102014028264-
A2

Pontarolo
et al. (2014)

Process for the fermentation of fungal strains WO2016091892-A1 Briechle et al.
(2016)

Method for preparing an aqueous solution of beta-
glucan

WO2016087521-A1 Rollie et al.
(2016)

A kind of glucan-Glucomannan compound CN108938455-A Yuan (2018)

A kind of Exopolysaccharide Production From The
Fermentation waste liquid and sophorolipid complex
biological emulsifier and preparation method and
application

CN109876731-A Yin et al.
(2019)

A kind of method that solid state fermentation prepares
high immunological activity Dendrobium candidum
endogenetic fungus polysaccharide

CN109234332-A Lou et al.
(2019)

Method for improving application effect of
Trichoderma in orchard

CN111955485A Li et al. (2020)

Aspergillus galactomannan detect reagent box CN212533004U Yu and Zhou
(2021)

Aspergillus sydowii and application thereof in promot-
ing plant growth and preventing and treating plant
diseases

CN112680360A Yang et al.
(2021)

Optimized culture medium and culture method for
producing extracellular polymer by Aspergillus niger

CN112708566A Liu et al.
(2021)

Aureobasidium pullulans with improved beta-glucan
yield and application thereof

CN112175843A Wei et al.
(2021)
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Aspergillus niger strain with high polysaccharide yield, the spore suspension prep-
aration, the carrying out strain fermentation culture, followed by extraction, purifi-
cation and chemical components quantification and structures of polysaccharide
generated in different growth stages, and finally exploring the complexation and
mechanism of the polysaccharide and heavy metal ions. In a second phase, the
invention provides important reference for further understanding the migration and
transformation process of heavy metals in water environment and further disclosing
the mechanism of heavy metal adsorption of the biological membrane (Liu et al.
2021).

The patent number WO2016087521-A1 refers to a method of producing an
aqueous solution comprising at least one β-glucan from a filamentous fungus.
According inventors, these aqueous solutions of β-glucans have advantageous
physicochemical properties, so that they are particularly suitable for polymer
flooding (Rollie et al. 2016). Vanangamudi et al. (2012) disclose an invention
(WO2012049542A1), which is useful for treating skin inflammations, fungal or
bacterial skin infections and also other skin sores including skin burns. The lotion
is composed by chitosan and others active ingredients. In summary, the production
of fungal surface-active compounds and its several applications have driven the
bio-industrial sector for its commercial-scale production, however there are still
several challenges for biotechnology to attain a relevant standard.

5 Epilogue

A wide range of opportunities for applying fungal polysaccharides in various
biotechnological fields has attracted the attention of many researchers. The major
objective of this chapter was to furnish a review of the main surface-active com-
pounds (SAC) produced from filamentous fungi. Some topics covered in this chapter
were the roles of SAC as wound dressings, enzyme immobilization, soil and
wastewater treatment. The findings presented indicate that these surface-active poly-
saccharides produced by different species of filamentous fungi beyond presented
potential as bioemulsifiers and biosurfactants, also have bioactive properties. How-
ever, the majority of compounds in these categories are relatively at the research and
patents stage, except pullulan and scleroglucan which have a strong global market.
This approach to the surface-active compounds produced by filamentous fungi
represents an attractive alternative for fields of industry.
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Challenges and Advantages of Building
with Mycelium-Based Composites:
A Review of Growth Factors that Affect
the Material Properties

Ali Ghazvinian and Benay Gürsoy

Abstract Scholars and industries are studying the use of fungi-based materials as
sustainable alternatives for materials in the several industries. Fungi are the decom-
posers of nature. They secrete enzymes through their vegetative root that is called
mycelium and break down biopolymers of organic matter to simpler structures of
carbon-based nutrients. Mycelium-based composites (MBC) are the most widely
used form of fungi-based materials. These are foam-like, light-weight, and biode-
gradable composite materials. Since MBC do not depend on fossil fuels during
production, are renewable, and create no waste throughout their life cycle, their use
in architectural applications are being increasingly explored. In this chapter, we
review the ongoing efforts to explore and enhance material properties of MBC to
render them more suitable for the architecture, engineering, and construction (AEC)
industry. In the AEC industry, MBC are currently used as insulation panels, load-
bearing masonry components, and cores for sandwich structures. In this chapter, we
review the methods used to enhance the material properties of MBC. Since material
properties of MBC depend on various cultivation and post-processing factors, the
effect of the growth factors on the final material outcome are reviewed from
scholarly papers written and published from 2012 to 2021 related to MBCs and
their use in design, architecture, and construction industry.

Keywords Biomaterials · Mycelium · Bio-design · Bio-fabrication · Material
exploration

1 Introduction

Mycelium-based composites (MBC) are fungal biomaterials that gained a lot of
interest in the last decade among the design fields. Fungi kingdom includes organ-
isms such as mushrooms, molds, yeasts, truffles, and toadstools. Although they share
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similar features with both animals and plants, fungi are neither considered animal
nor plant. Instead, these are unicellular or multicellular organisms, made of carbon
with cell walls of chitin that cannot photosynthesize (McGaw 2018). The most
significant difference of the fungal kingdom from animals and plants is their
filamentous structure.

In contrast to animals and plants, which have organs and tissues, fungi are made
of long and branching cellular structures called hyphae. Mycelium is the root part of
a fungal body that has a hyphal structure. Through mycelium, fungi decompose
organic substrates: Hyphae secrete enzymes and break down the biopolymers of
organic matter into simpler structures of carbon-based nutrients, making these ready
for digestion by fungi. The result of this process is a layer of bound organic matter,
fluffy or compact, that covers the rest of the organic matter. Appels et al. (2019) call
this layer “fungal skin.” The characteristics of fungal skin depend on several factors
such as fungi type, substrate, and environmental conditions during cultivation.
Researchers have been exploring the decomposition process of mycelium to gener-
ate novel bio-based materials. These are grouped under two major categories: pure
mycelium and mycelium-based composites (MBC). The complete degradation of
organic matter results in the pure mycelium. Pure mycelium is a soft, paper-like
material used for synthetic leathers and biodegradable papers (Jones et al. 2021).
MBC, on the other hand, are foam-like and lightweight materials generated by
stopping the decomposition process of the fungi. This stop can be done by either
drying or heating hyphae, which hibernates or kills the fungal mycelium respec-
tively. Different grades of MBC can be produced by changing the parameters
influencing the cultivation process. These parameters are related to the various
steps of cultivating MBC, discussed in the following sections. This diversity of
products enables the use of this material in multiple applications such as
insulators (Dias et al. 2021; Schritt et al. 2021), structural and semi-structural
components (Moser et al. 2017; Ghazvinian 2021), furniture (Karana et al. 2018),
packaging (Abhijit et al. 2018; Mojumdar et al. 2021), and electronic boards
(Vasquez and Vega 2019a, b).

The primary motivations behind using this bio-composite in different industries
are reducing the reliance on fossil fuels, embodied energy, and waste. In addition,
compared to conventional materials of use, MBC produce considerably less carbon
footprint (Elsacker et al. 2020) and is entirely biodegradable (Zimele et al. 2020).
Another advantage of using MBC is the possibility of cultivating this material on a
wide range of agricultural waste, such as wood stems, sawdust, husks, hulls, peels,
and straws (Elsacker et al. 2021). This shift enables the re-entry of waste materials
into the circular economy (Vallas and Courard 2017). Despite these advantages,
there are particular challenges regarding the industrialization of MBC, especially for
large-scale production (Derme et al. 2016).

This chapter reviews the ongoing efforts to explore and enhance material prop-
erties of MBC to render them more suitable for the AEC industry applications,
following the literature review method proposed by Pickering and Byrne (2014).
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2 Background on MBC Cultivation and the Parameters
that Influence the Material Properties

Several growth factors affect the material properties of MBC. The production of
MBC has different stages depending on the design intentions. In most cases, it
follows a three-stage process as inoculation, growth, and ceasing. In the first
inoculation stage, the substrate is mixed, sterilized, and fungal spawns are added.
Based on the literature, during the inoculation stage, fungal species used for myce-
lium growth, substrates on which mycelium grows, and supplements used have the
most significant effects on material properties of MBC (Elsacker et al. 2020). The
second stage is growth. It is the stage in which mycelium grows in sterilized
containers. Changing the environmental conditions during the growth process (i.e.,
humidity, temperature, light) can change the material properties of MBC (Appels
et al. 2019). The last stage is ceasing. It is the stage in which mycelium growth is
paused or stopped by drying or heating. Some characteristics may be enhanced by
hot or cold-pressing (Liu et al. 2020). Figure 1 illustrates these different stages of
MBC production, along with the factors influencing each stage. Each of these factors
has a different effect on the material outcome. In the following section, these factors
are reviewed.

2.1 Inoculation Factors

2.1.1 Fungal Species

MBC are made of two main parts, the binding agent and the filler. Mycelium is the
binding agent of MBC. Most fungal species used in composite production are white-
rot fungi and brown-rot fungi, belonging to the saprophytic fungi group. These fungi
species convert dead organic matter into mycelial mass. White rot fungi decompose
all compounds in wood, including lignin, and the outcome is white. Brown rot fungi
decompose cellulose and hemicellulose, and the outcome is brown (Lundell et al.
2014).

Fig. 1 Stages of MBC production and the factors affecting each stage
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Most scholars who use MBC to design objects and architectural structures do not
reveal the fungal species used in their designs to keep their technology and processes
protected (Vasquez and Vega 2019b). Patented, readily inoculated mixtures devel-
oped by the company Ecovative are being extensively used in design explorations
(Holt et al. 2012). Pleurotus, Trametes and Ganoderma genera typically stand out
due to their faster and more efficient growth rates. While Pleurotus ostreatus (Grey
Oyster mushroom) is the most used species of the Pleurotus genus; Pleurotus
albidus, Pleurotus sanguineus, Pleurotus pulmonarius (Indian oyster), Pleurotus
salmoneostramineus (Pink oyster), and Pleurotus eryngii (King oyster) species are
also commonly used in MBC cultivation. Among the Trametes genus, Trametes
versicolor (Turkey Tail) and Trametes multicolor are frequently used for cultivating
composites. Abundance, lignin digestion, and the ability to grow on several natural
waste products render Ganoderma lucidim (Reishi) and Ganoderma appalantum
(Artist’s bracket) species suitable for MBC cultivation.

Besides these three genera, there are other genera that the researchers have
studied for MBC cultivation. To begin with, Polyporus brumalis, Lentinula edudes
(Shiitake), and Ceriporia lacerate are more known species (Jones et al. 2019a and de
Lima et al. 2020). Ceriporia lacerate is suitable to be used with non-sterilized
substrates. The purpose of the research by Shao et al. (2016) is to reduce the energy
and cost needed for the sterilization process and ease and enable large-scale produc-
tion of MBC. Jones et al. (2019b) studied Agaricus bisporus (White Button),
Allomyces arbuscula, Mucor genevesis, and Trametes versicolor. They compared
the effect of each of these fungal species on hyphal branching during the production
of mycelium-based matter, specifically nanopapers. Wimmers et al. (2019) used
uncommon species of brown rot fungi. They compared these with well-known white
rot fungi species for insulation purposes. Fomitopsis pinicola, Gloeophyllum
sepiarium, Laetiporus sulphureus, Phaeolus schweinitzii, and Piptoporus betulinus
are brown rot fungi studied in this research. They also looked at Trichaptum
abietinum, which is a white-rot fungus. The results show that white-rot fungi grow
faster, and their products are denser than brown rot fungi. Some scholars present
novel strategies for inoculation and their influence on the material properties of
mycelium-based materials. Zhang et al. (Zhang et al. 2019) optimized the “inoculum
quantity” to assess how much spawn is needed to yield a better growth and
mechanical behavior for Pleurotus ostreatus cultivated with corn straw as substrate.
Appels et al. (2018), compared the mechanical properties of MBCs cultivated by
wild and genetically modified versions of Schizophyllum commune. They reported
that mechanical behavior of MBCs cultivated with wild species was close to natural
materials, while with modified fungi, MBCs presented thermoplastic behavior.

2.1.2 Substrates and Supplements

The second part of the composite is the substrate, which is considered the filler of
MBC. Depending on the growth ability of fungi on dead organic matter, scholars
have studied different waste materials for producing MBC. The most commonly
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used substrates in the literature are straw, woodchips (in smaller particles: sawdust),
and hemp. Substrates have two prominent roles in composite production. They
simultaneously act as fillers and as nutrients for mycelium growth. One of the
reasons why researchers experiment with various substrates is to find mixtures in
which substrates can fulfill both purposes. Woodchips seem more appropriate for
filler: Wood is denser and more rigid than other waste materials. In literature,
woodchips and sawdust from different trees have been used, such as eucalyptus,
oak, pine, apple, vine (Attias et al. 2017), birch, aspen, spruce, pine, and pine fir
(Wimmers et al. 2019). In order to be used as nutrients for mycelium, simpler and
softer substrates have also been studied. Wheat, rice, corn and soybean straw, hemp
hurd, and fiber are among the other common substrates used to produce fungal
composites. Beyond the two main goals outlined above, researchers also explored
recycling waste or byproducts of agriculture as substrates. Some studies used rice
hulls, flax waste, coconut, cotton burs, switchgrass, sorghum stalks, kenaf, sugar-
cane bagasse, blackstrap molasses, cotton stalk, cotton ginning waste, and plant
husks.

The results of these studies show that mixing different substrates work better for
MBC cultivation, as this way, substrates can function both as fillers and nutrients.
However, some researchers report that the size of the substrates and how they are
processed have a more significant effect on the physicochemical and mechanical
behavior of MBC than the type of substrates used. For example, Elsacker et al.
(2019) have found that powder-like substrates are not suitable to sustain mycelium
growth since they do not provide enough air and nutrients. On the contrary, chopped
fibers yield more coherent and smoother fungal skins with better mechanical prop-
erties. It is also shown that the particle size affects the growth rate (Shao et al. 2016).
For instance, when the straw is chopped to less than 2 mm particles, it failed to fully
colonize in 5 days with Ceriporia lacerate, while the same mixture with straw
chopped to 3–8 mm particles has fully cultivated in the same time frame (Shao
et al. 2016). However, existing research also demonstrates that loosely packed
substrates yielded lower mechanical properties (Appels et al. 2019).

Fungi need carbon and nitrogen as essential nutrients. When there are not enough
nutrients in the fillers, supplements can be added. Wheat bran (Sisti et al.
2021; Ghazvinian et al. 2019; Bruscato et al. 2019; Teixeira et al. 2018) and wheat
grain (Jones et al. 2017a; 2018a, b) are among the common supplements used for this
purpose. Supplements can also enhance the mechanical properties of MBC; Glass
fines (Jones et al. 2018a), fiber fabrics (Ziegler et al. 2016), and nanofibers
(Sabantina et al. 2019) are supplements that can be used to improve the load-
bearing capacity of MBC.

2.2 Growth Factors

As previously mentioned, the way the MBC are cultivated and processed consider-
ably affects their material performance (Nashiruddin et al. 2021). Mycology research
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identifies some primary factors during the cultivation phase: humidity, temperature,
and light/darkness. Several researchers explored time as a cultivation parameter to
study its effect on growth, compressive strength (Teixeira et al. 2018), thermal
conductivity (Yang et al. 2017), and fire resistance of MBC (Jones et al. 2018b).
These various explorations present the optimized time to grow each species,
resulting in more coherent and uniform composites with thicker fungal skins.
However, different fungal species require other environmental conditions for opti-
mal growth. From this perspective, fungi are classified as neutrophilic, mesophilic,
and extremophilic. While neutrophilic and mesophilic fungi thrive better in normal
conditions, extremophilic fungi need extreme temperature, humidity, or acidity for
growth (Jones et al. 2017b). Along these lines, (Appels et al. (2018) tested the
growth of fungi in different environmental conditions with changes in light and
amount of carbon dioxide. They found that in the light, increasing the CO2 content
enhances the mechanical strength. In contrast, in the dark, the results were the
opposite.

2.3 Ceasing/Post-Processing Factors

The way that the growth process ends and the post-processing of the product can also
influence the outcome of the cultivation. Pressing is among the factors that influence
the material performance of MBC the most after the cultivation process is ceased.
Pressing can be done at high and low temperatures. Researchers who studied the role
of pressing on the mechanical behavior of MBC report that hot-pressed MBC
samples have better mechanical properties than cold-pressed ones. Hot-pressing
shifts the performance of materials from “foam-like to wood-like” by enhancing
their homogeneity and stiffness (Appels et al. 2019). In order to find the optimum
temperature for hot-pressing the composites, Liu et al. (2019) tested pressing the
material with different temperatures and have found that 200 �C is the optimum
temperature for pressing Ganoderma lucidim grown on the cotton stalk. They report
that the composites burn and deform beyond this temperature, and lower tempera-
tures do not yield workable results. Besides the factors outlined above, there is
research on ways to suppress fruiting body formation. This way, ceasing is not
necessary. Providing a biochemical solution, Chang et al. (2019) studied treatments
to eliminate the heat-killing stage of the cultivation process in order to decrease the
cost and energy needed for composite production and using the potential self-healing
ability of the material.
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3 Assessing the Material Properties of Mycelium-Based
Composites

There is no consensus on the method to test and assess the material properties of
MBC. Scholars performed tests using standards related to different materials such as
sand, concrete, and foams. Experiments realized to assess the physicochemical and
mechanical characteristics of MBC can be divided into two groups. One group of
scholars used standards for particle-based materials to test these characteristics.
Another group used standards related to rigid bodies, such as concrete and polysty-
rene. According to the literature, MBC are not strong enough to bear tensile loads.
The characteristics reported show that MBC work better under compression (Attias
et al. 2020). The load-bearing capacity of most MBC is comparable to expanded
polystyrene (EPS) (Girometta et al. 2019). The results of tensile and flexural strength
tests indicate that the non-compressive properties of MBC are not reliable for
construction purposes. In studies related to thermal insulation agency and fire
reaction of mycelium-based materials, scholars have used tests developed for similar
materials, such as polystyrene and EPS, to compare this biodegradable material with
its most similar, petroleum-based competitors. Results in most of the studies show
that MBC can be used as alternatives for their petroleum-based correspondents if
mass production can be achieved (Jones et al. 2019a). For acoustic purposes,
standard ISO10534 has been used. Results indicate that OSB and MDF tiles can
be replaced with mycelium-based tiles of either pressed or non-pressed composites
(Pelletier et al. 2013; Pelletier et al. 2017).

From another perspective, one crucial stage in working with novel materials is to
simulate their behavior using computational tools to have a broader sense of their
response to different conditions. For example, Islam et al. (2018) developed a
computational model that can predict the behavior of mycelium-based materials in
parametric regimes that are not easily accessible by experimenting. There are also
studies to predict the behavior of mycelium in hybrid use as a core for sandwich
structures (Jiang et al. 2019; Wong et al. 2019). Jiang et al. (2019) also created a cost
model for sandwich structures built with MBC to calculate the equivalent annual
cost of composite manufacturing.

4 The Use of Mycelium-Based Composites in Design
and Architecture

Over the past years, designers have started to employ MBC in their designs for
various purposes, including electronic boards made out of mycelium (Vasquez and
Vega 2019a, b), industrial packaging (Jones et al. 2020), parts for the aerospace
industry (Travaglini et al. 2019), shoe soles, vegan leather, and other functions. The
initial integration of MBC to architectural design was through molded bricks and
blocks, wall and ceiling panels cultivated for insulation purposes (Jones et al.
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2017b). Recently, researchers started to explore the structural aspects of MBC to be
used in architectural skeletons. There are a few recent projects built with MBC on an
architectural scale. Since MBC performs better under compression (Heisel et al.
2017), architects and designers mostly explored using MBC to build funicular
structures: From simpler compression-based structures such as arches and vaults to
more complex funicular trees (Heisel and Hebel 2019). Construction methods for
MBC are mainly based on the aggregation of discrete masonry elements, such as
MBC bricks or blocks (Ongpeng et al. 2020). There are recent efforts to build
monolithic structures with MBC as well (Dessi-Olive 2019). In terms of fabrication
techniques, molding is the most well-known technique, although recent studies
explore additive manufacturing or 3D printing using MBC (Bhardwaj et al. 2020;
Soh et al. 2020; Jauk et al. 2021; Colmo and Ayres 2020; Goidea et al. 2020) and
subtractive manufacturing with abrasive wire cutters (Elsacker et al. 2021). Figure 2
illustrates some of these architectural projects employing MBC.

The first architectural prototype built in 2009 with MBC is theMycotecture Alpha
by Phil Ross. This was a barrel vault structure made of mycelium-based bricks
(Ganoderma lucidim), and has been exhibited in a gallery. After the end of the
exhibition, the bricks were brewed into herbal tea. Following this effort, David
Benjamin of The Living studio, in collaboration with the companies Arup and
Ecovative, designed and built the 13-meter-high HyFi Tower using more than
10,000 MBC bricks in 2014 (Fig. 2a). The design of this tower, as well as the
MBC bricks used, had more complex forms than the Mycotecture Alpha. The tower

Fig. 2 (a)HyFi Tower (image credits: Kris Graves), (b)MycoTree (image credits: Carlina Teteris),
(c) El Monolito Micelio (image credits: Jonathan Dessi-Olive), (d) Circular Garden (image credits:
Carlo Ratti), (e) The Growing Pavilion (image credits: Oscar Vinck)
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has been demolished and the MBC bricks have been composted at the end of the
three-month exhibition as part of the MoMA PS1 Young Architects Program.
Yassin-Areddia and Beetles 3.3 designed and fabricated a shell-like structure with
a triangular timber grid, covered with organic matter and coconut pith inoculated
with mycelium in 2016. Following these efforts, the Block Research Group at ETH
designed and built a funicular structure, MycoTree in 2017, employing 3D graphic
statics method for form-finding (Fig. 2b). This method enables the generation of
forms in which parts are only subject to compressive forces.MycoTree was a hybrid
structure made of MBC and bamboo, and the researchers have designed and built a
similar follow-up structure in 2019 called the Mycotree II. Jonathan Dessi-Olive
explored the possibilities of building monolithic structures with MBC. In 2018, he
designed and built MycoArch, Thick and Thin, and El Monolito Micelio, the latter
being the largest monolithic structure built with MBC so far (Fig. 2c). It was a groin
vault built with the help of a complex system of formworks and falseworks, which
has been composted after demolition. In Milan Design Week 2019, Carlo Ratti
cultivated more than a kilometer-long MBC in pipe-like formworks to build the
Circular Garden (Fig. 2d). In a more recent use of MBC in architecture, Pascal
Leboucq and Erik Klarenbeek designed and built the Growing Pavilion in 2019
(Fig. 2e). This pavilion is made of a wooden frame, covered with MBC panels as
claddings. All these architectural structures are currently experimental in nature and
inform each other about the possibilities, challenges and advantages of using MBC
in the architectural context. The architectural projects built with MBC are reviewed
in detail in an upcoming publication (Ghazvinian and Gursoy 2022).

5 Conclusions

In this section, we are revisiting the main questions that this review aims to address.

5.1 Environmental Benefits of Employing MBC
in Architecture and Design

Regarding the environmental benefits of using MBC in design and architecture,
MBC can address the main requirements of circular economy and sustainable
development. The production process of MBC does not rely on fossil fuels. This
material results in fewer greenhouse gas emissions and a considerably lower impact
on global warming. On the one hand, compared to its competitors, less distance is
needed to transfer the ingredients, as MBC can be cultivated with different species
and on several substrates found in various cultivation sites. On the other hand, while
conventional masonry materials often require very hot temperatures, there is no such
need to heat the material in the case of MBC production, except for heating to cease
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the mycelium growth and for hot pressure curing, both of which require low
temperatures.

Moreover, the inputs of mycelium cultivation can come from the byproducts or
wastes of other industries. After completing its lifetime, this bio-based and com-
postable material can be biodegraded and used as fertilizers if it is not mixed with
chemicals or pesticides during cultivation. This way, MBC can contribute to the
circular economy: Instead of ending in landfills, MBC can have another lifecycle. In
addition, because of their high thermal insulation capabilities, MBC, when used in
construction, can improve the building insulation systems passively, resulting in less
usage of gas and electricity for air-conditioning.

5.2 Constraints and Affordances of MBC for Architecture
and Design

Although MBC offers numerous environmental advantages, to employ MBC in the
industry as an alternative to conventional material, better material properties in
mechanical and environmental aspects are needed. As mentioned, the mechanical
properties of MBC are limited. In terms of environmental loads, humidity, rain, and
severe temperature fluctuations influence the material performance of MBC nega-
tively. In specific built examples, the MBC structures have broken down because of
the environmental effects and not because of mechanical failure (Dessi-Olive 2019;
Gruber and Imhof 2017). Another bottleneck of using MBC in the building industry
is the limitations of cultivation size due to the need for sterilization and pasteuriza-
tion. In addition, specific fabrication techniques used in MBC production are
controversial to the environmental benefits of employing MBC in construction.
For instance, formworks used in MBC production become environmental wastes.
An alternative solution can be to design and create novel formworks, which can
serve as nutrients for the mycelium or be taken apart to be reused. Another option
can be to adapt 3D-printing technologies as an alternative to molding (Bhardwaj
et al. 2020; Goidea et al. 2020).

5.3 Strategies to Enhance Material Properties of MBC
for Architecture and Design

Several parameters are affecting the material properties of MBC. Cultivation factors
can significantly alter the outcomes. Considering that material properties of bio-
materials are not always predictable and that the construction industry primarily
relies on standardization, it is necessary to explore the effects of cultivation factors
on the material outcomes of MBC to be able to use them in large-scale and large
quantity applications in architecture and design. The mechanical performance of
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MBC is in direct correlation with the substrate mixture and the post-cultivation
procedure. Therefore it is necessary to understand and control these parameters to be
able to use MBC in the industry. Post-processing, on the other hand, is challenging
for large or complex elements. For such products, novel methods for post-processing
need to be developed. Another strategy to integrate MBC in architecture and
construction is to explore structural forms that can compensate for the weaknesses
of MBC’s mechanical performances. This is where advanced computational design
technologies that enable form-finding, simulation, and optimization of structures by
considering the material properties of MBC can come into play.

To conclude, to take full advantage of MBC in design and architecture, it is
necessary to go back and forth between bottom-up material explorations and
top-down design explorations that involve form-finding and fabrication. These are
not only causally linked but also strictly interdependent. Therefore, when designing
with MBC, architects and designers should either have complete control over the
material properties of MBC and manipulate these according to their needs or design
by considering the material properties of MBC that they cultivate.

6 Future Studies

This review paper is part of an on-going research to explore the structural aspects of
MBC in architecture for temporary and/or low-rise constructions. The focus is on
enhancing the material properties of MBC by investigating the factors that affect the
nature and growth of the cultivated materials. Based on the constraints and
affordances of MBC, structural systems that work under compression are developed
using computational form-finding techniques, generative design and optimization
methods. With this respect, several large-scale architectural structures are being
designed and built, and the implementation of advanced digital fabrication methods
to MBC cultivation are being explored. These digital fabrication methods will
expand the possibilities that MBC offer as an architectural element by providing
autonomy, flexibility, and repeatability to its manufacturing process.
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Applications of Fungal Mycelium-Based
Functional Biomaterials

Sehrish Manan, Omer Muhammad Atta, Ajmal Shahzad, Mazhar Ul-Islam,
Muhammad Wajid Ullah, and Guang Yang

Abstract The utilization of biological systems has been receiving considerable
attention in the past couple of decades in the development of bio-based functional
materials. This has been largely inspired by the use of green, biodegradable, and
environmentally sustainable materials for the development of new functional bio-
materials. The utilization of renewable resources for the production of materials
introduces fast-growing and biodegradable fungal mycelium-derived materials for
various applications. Mycelium secretes enzymes and decomposes the substrate to
take nutrients for growth and make an interwoven three-dimensional network. The
elastic, porous, stiff, and dense mycelia are rich in antioxidants, antiviral, and anti-
inflammatory compounds. The properties of mycelium-derived materials are greatly
dependent upon the feeding substrate, fungus type, and processing conditions. Both
pure mycelial materials and their composites secure an important position in the race
of utilization of renewable resources for material synthesis. This chapter summarizes
the utilization of mycelium-based materials for numerous applications like cos-
metics, medicine, textile, construction, packaging, and the food industry. It also
describes the potential of mycelial-derived materials as an alternative to the tradi-
tional insulators, packaging materials, and bovine leather. It further explains the
importance of mycelium-based functional foods, cosmetics, and medicines.
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1 Introduction

Fungi are eukaryotes having diverse habitats and morphologies and capable of
building large colonial zones (Ibrar et al. 2020). The fungi are known to colonize
their feeding substrate by invading the elongated thread-like structures known as
hypha. The hypha grows and penetrates the substrate to make a three-dimensional
intermingled network called mycelium. The mycelium can produce enzymes for
substrate breakdown into simpler components for accessible nutrients uptake by the
fungal cell. Fungi use these simple nutrient components and increase their biomass
through hypha branching (de Ulzurrun et al. 2017). Most of the filamentous
mushroom-forming fungi are famous for breakdown the agricultural waste com-
prised of lignocellulose such as sawdust, rice husk, and wheat straw (Hawksworth
and Lücking 2017). Some fungi penetrate into the substrate as well as grow on the
surface, while some grow out of the substrate or on the surface of liquid culture
medium and form a compact fluffy skin-like material known as “fungal skin”.

In the past, mushrooms were mainly used for edible or therapeutic uses owing to
their high nutritional and medicinal value (Poucheret et al. 2006). Among the
different parts of fungi, mycelium is a rapid and self-growing vegetative part that
can be a source of green bio-based materials due to its growth on biological/
agricultural waste. The mycelium-based materials, both alone and in combination
with other materials, find applications in different areas. The synthesis procedure for
pure and composite mycelium–derived material is different. The production of pure
materials involves complete degradation of the substrate, while composites are
obtained by heating or drying the substrate during colonization (Pelletier et al.
2013; Islam et al. 2018). The fungal type, substrate, synthesis method, environmen-
tal conditions, post-synthesis treatments, and type of reinforcing material used for
composite synthesis define the final structural and physico-chemical properties of the
materials (Jones et al. 2017; Appels et al. 2019). The manufacturing process of
mycelial material is considered environment-friendly owing to its ability to recycle
waste materials, hence this process does not cause any damage to the eco-network,
such as via excavation of natural resources. Besides, the natural adaptability of fungi
to diverse environments poses an advantage to its sustainable growth and ability to
grow and decompose a variety of substances. Moreover, the mycelium-based mate-
rials are biocompatible and biodegradable (Chambergo and Valencia 2016).

The filamentous network, along with the bioactive compounds like polysaccha-
rides, phenols, polyphenols, carotenoids, etc., in edible/medicinal fungal species
(Zhang et al. 2021), are ideal properties to develop mycelium-based films for
medical applications. In the last decade, several researchers have developed
mycelium-based films and scaffolds for their applications in wound healing, drug
delivery, tissue engineering, and several other areas (Khamrai et al. 2018; Narayanan
et al. 2020). Mushrooms also possess anti-inflammatory, antioxidant, and good
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moisture retention properties. Currently, mushrooms are part of most beauty prod-
ucts. Several mushroom-based lotions, serums, ointments, creams, and facial packs
are used as moisturizers, whitening agents, or antiaging products (Mohorčič et al.
2007; Stanikunaite et al. 2009; Wu et al. 2016a). Mycelium-based leather is also a
good substitute for bovine leather having similar features to bovine leather in terms
of stiffness, strength, and moisture resistance (Meyer et al. 2021). The mycelium-
based textiles also serve as biosensors for various medical conditions, such as
electromyography signals and biophotonic sensing (Adamatzky et al. 2021). More-
over, mycelium smart wearables are capable of self-grow and self-heal compared to
electronic wearables, which can be a major breakthrough in the industry of smart
wearables. Mycelium can adopt the shape of the mold, grow fast into a dense
material, and decompose naturally in a few weeks. Mycelium-based material is an
excellent choice to replace conventional packaging materials such as polystyrene
and polypropylene-based materials, especially when we consider eco-friendliness,
sustainability, density, and strength (Abhijith et al. 2018).

This chapter summarizes the applications of mycelium-based biomaterials in
various fields, including medicine, food, textile, packaging, cosmetics, and construc-
tion engineering (Fig. 1). It further describes the usage of fungal extracts as a
functional food for therapeutic purposes and their use in various antiaging and
skin whitening cosmetics products. It also highlights the issues with smart electronic
wearables and discusses the importance of mycelium materials in the field of self-
repairing intelligent wearables and conventional leather substitutes in the textile
industry. The chapter further explains the acoustic and thermal absorbance of
mycelium-based panels and their fire resistance capacity to develop acoustic and
thermal insulators in the construction industry.

2 Applications

2.1 Food

Mushrooms are known for their nutraceutical compounds like polysaccharides,
antioxidants, biologically active proteins, and terpenes (Ma et al. 2018; Mingyi
et al. 2019). The mushroom-based diet is not just only proteinaceous but also
provides vitamins, minerals, and high fiber content. Currently, mushroom-based
functional foods are in high demand, especially the foods prepared from mushroom
fruit bodies and mycelia (Rathore et al. 2017). Several studies reported that mycelia
are capable of solubilizing and accumulating almost all kinds of minerals. An
antioxidant compound, ergothioneine, is present in large amounts in fungal myce-
lium compared to the fruiting bodies of Phellinus linteus (Lee et al. 2008). Another
study reported a high content of volatile compounds in mycelia rather than the
mature fruiting bodies of Pleurotus species (Kabbaj et al. 2002). In a study, the
powder obtained from mycelia of different mushrooms was used in the development
of fortified bread which did not affect the rheology and texture of the final product
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(Ulziijargal et al. 2013). Bread also confined enough amounts of ergothioneine and
γ-aminobutyric acid even after baking at high temperatures. Meat analogs with
A. bisporus mycelium possess enhanced texture, better springiness, high hardness,
and good umami properties compared to soy-protein-derived meat analogs (Kim
et al. 2011). Scleroglucan gained by fermentation of S. rolfsii fungus has been
utilized as a texture stabilizer in sausages and desserts (Ioannis et al. 2005). Clinical
data showed that mycelia as a drug have the potential to intervene and prevent
various aggressive diseases. Several pharmaceutical marketing brands are trading
mycelium-based nutraceuticals from medicinal mushrooms in the form of powders
and capsules. Mycelium extracts of Cordyceps, besides inhibiting the progression of
liver cirrhosis, also helped in healing the already developed liver cirrhosis in
experimental rats. Moreover, their positive effect on coronary and cerebral blood
circulation are revealed by researchers. They are involved in lowering blood pressure
either directly through dilatory effects of or by regulating M-cholinergic receptors

Fig. 1 Illustration of potential uses of various mycelium-based biomaterials in different areas
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(Tuli et al. 2014). According to the findings of a study, the mycelial extract of
L. edodes prevented the in vitro growth of human breast cancer cells and showed
immunostimulatory property by demonstrating mitogenic and comitogenic activities
(Israilides et al. 2008). Bioactive component ergosterol, a precursor for vitamin D
synthesis is present in mycelia of A. bisporus, G. lucidum, and L. edodes. It has been
found that the extended exposure of mushrooms to UV-B light can effectively
increase their potential to produce vitamin D2 (Sławińska et al. 2016). For example,
the consumption of button mushrooms grown under UV-B light enhanced the
vitamin D content in humans, which was similar to the commercially available
vitamin D supplements (Urbain et al. 2011). The ergosterol-rich mushrooms can
also treat tumors besides preventing osteoporosis. After 20-days oral supplement of
ergosterol extracted from A. blazie markedly treat prostate cancer in experimental
models (Yu et al. 2009). A few mushroom-based nutraceuticals are listed in Table 1.

Fungus–based foods are in wide consumer demand around the globe due to their
distinct and umami flavor. The presence of different volatile compounds like oct-1-
en-3-ol, octan-3-ol, octan-3-on, and oct-1-en-3-on in mushrooms are responsible for
their unique flavor (Moliszewska 2014). Beside these volatile compounds, some
other molecules such as guanosine-5 0-monophosphate and adenosine-5-
0-monophosphate also contribute to the flavor-fullness of mushrooms by stimulating
the flavors of several amino acids, mainly the glutamic acid (Mau 2005). The
P. eryngii, L. edodes, and A. aegerita, mycelia contain an adequate amount of free

Table 1 List of some mycelium-based commercial products available in the market. Table adapted
from Rathore et al. (2019)

Product Name Ingredient Dose Benefits

Mycelium Pro
Ultimate
Immune
AMFM
capsules

Mixture of Beta glucan derived
from G. lucidum, C. sinesis,
A. blazie, H. erinaceus,
Flamulina velutipes, L. edodes
and Coriolus versicolor

2 cap-
sules/
day

Helps balance the body’s natu-
ral defense to maintain wellness
year-round

Cordyceps Cordyceps mushroom extract
and mycelial biomass

2 cap-
sules/
day

Beneficial in respiratory and
cardiovascular health

Power potion
(Body health
booster)

Mixture of 8 mushroom extracts
Inonotus obliquus, G. frondsa,
C. militaris, P. ostreatus,
H. erinaceus, L. edodes,
T. versicolor and G. lucidum

1 g Potent anti-inflammatory
adaptogens deliver huge health
enhancing properties. Boost
brain function, improve gut
health and support adrenal &
nervous system

Host Defense –
MyCommunity
Extract

17 mushroom mycelium blend
includes G. lucidum,
T. versicolor, C. sinesis, etc

1 mL Helps in immune strengthening

Lion ‘s Mane
mushroom
powder

H. erinaceus mycelial biomass
and fruit bodypowder

I
teaspoon

Help support immunity, sports
performance, recovery, cogni-
tive health, blood sugar balance
and overall health and wellness

Seek Doctor’s advice before use
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amino acids that can serve as a source for extraction of free amino acids to enhance
flavors of various food products. Mycelia from C. militaris are commercially used as
functional foods and nutraceuticals in Taiwan (Rathore et al. 2019). A mushroom-
based meat analog containing corn starch, wheat gluten, and soy protein is recently
developed by a group of Korean researchers. The texture, chewiness, springiness,
hardness, cutting strength, and cohesiveness of the mean analog enhanced with the
increment of mushroom content, whereas a decline in water-holding capacity and
solubility of nitrogen was noticed. This meat analog also has enhanced antioxidant
levels (Ahirwar et al. 2015; Cho and Ryu 2020).

2.2 Medicine

The demand for sustainable and eco-friendly biopolymers is increasing because of
global pollution and large urbanization. The use of renewable sources and living
systems is increasing in the field of material science and nanotechnology to develop
renewable and biodegradable polymers. Presently, the main focus is to use materials
and polymers that are naturally available, cost-effective, sustainable, biodegradable,
and possess good physio-chemical properties. Researchers have developed and
investigated several natural polymers, including cellulose (Di et al. 2017; Farooq
et al. 2020; Khan et al. 2021; Mao et al. 2021; Xu et al. 2021), pectin (Munarin et al.
2012), lignin (Thakur et al. 2014), chitosan (Luo et al. 2015; Ul-Islam et al. 2019),
gelatin (Khan et al. 2016, 2018), etc., to produce polymer-based biomaterials. Bio-
polymers are promising candidates for applications in tissue engineering and in the
development of regenerative medicines because of their great similarity with the
extracellular matrix, biocompatibility, biodegradability, and tuned structural prop-
erties. Many fungal species have been part of traditional medicine since ancient
times because of their therapeutic products. Mushrooms fruiting body and mycelia
contain antiviral, anti-inflammatory, antioxidant, and antimicrobial compounds
(Chen and Seviour 2007; Gunawardena et al. 2014). Several fungal-based antiviral
polysaccharides are extracted and investigated for their activities against lethal
viruses (He et al. 2020). To date, the China Food and Drug Administration
(CFDA) has permitted the use of some fungal-based patent drugs in the form of
capsules, tablets, liquids, and injections against chronic hepatitis to enhance immu-
nity with negligible chemotherapy effects (http://www.sda.gov.cn/WS01/CL0001/).
The Poria cocos-derived polysaccharides are capable of producing anti-influenza
(H1N1) and anti-HBsAg antibodies at fairly high concentrations, which induce
stable and long-lasting immunity (Wu et al. 2016b). The sulfated poly-L-lysine
from the fruit bodies of Pleurotus abalonus successfully inhibited the expression
of HIV-1 reverse transcriptase (Wang et al. 2011). The polysaccharide also showed
hypoglycemic function in diabetic mice as well as demonstrated antioxidant prop-
erties, mainly in scavenging hydroxyl and 1,1-diphenyl-2-picryl-hydrazyl radicals.
The mycelial extract from Agaricus brasiliensis showed inhibitory action against
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several strains of herpes simplex virus (HSV) such as KOS and 29R strains of
HSV-1 and 333 strain of HSV2 (Cardozo et al. 2013).

The interwoven 3D structure of mycelia provides strength and facilitates interac-
tion with host components. The high mechanical strength and porous nature, as well
as the medicinal properties of various fungi, make them attractive biomaterials for
medical applications like tissue engineering, drug delivery, and wound healing.
Curcumin, having antimicrobial, antioxidant, and healing properties (Sajjad et al.
2020), was loaded into the mycelium patch to treat burn wounds (Khamrai et al.
2018). The developed film was capable of sustained release of drug at the wound
site, and provided better healing due to continuous drug supply (Mohanty et al.
2012). It is proposed that the therapeutic efficacy of a drug-loaded material is directly
related to the drug release kinetics and concentration at the site of infection. A
sponge-like wound dressing called rhizochitin was developed using the mycelial
matrix of Rhizopus stolonifera. An in vivo study showed healing of 40%more area in
the treated group than control in mice model after five days of the wound covering
with rhizochitin dressing (Chien et al. 2015). Recently, a novel biomimetic fungal
scaffold has been developed through the mycelia of Aspergillus sp. The chitin-
glucan polysaccharides are crosslinked with fungal-scaffold (F-scaffold) and tested
in vitro for skin tissue engineering. The 3D filamentous F-scaffolds showed good
biocompatibility and hemocompatibility with human keratinocytes for skin tissue
engineering applications (Narayanan et al. 2020).

2.3 Cosmetics

Cosmetics refers to the products used to beautify the skin, hairs, and nails, also
known as personal care products (Millikan 2001). In general cosmetics industry
deals with two types of products: cosmeceuticals for topical use and nutricosmetics
for oral administration. In addition to the positive effects on a person’s appearance in
terms of skin whitening, wrinkle, and acne-free cosmetics products should be
non-toxic, having no side effects on consumer’s health. Considering this point,
many fungal species have been explored and valued as the natural sources of various
bioactive materials for a long period (Hyde et al. 2010). Explicitly, mushrooms
extracts contain several compounds such as phenols, polyphenols, omega 3, 6, and
9 fatty acids, vitamins, ceramides, terpenoids, lentinan, etc., which are beneficial for
skin and hair (Poucheret et al. 2006; Ahmad et al. 2013; Camassola 2013; Wu et al.
2016a). Such chemical compounds possess antimicrobial, antioxidant, anti-aging,
anti-wrinkle, and skin whitening effects (El Enshasy and Hatti-Kaul 2013; Kalač
2013). The anti-inflammatory and regenerative function and the nutritional value of
different mushrooms make them beneficial in developing cosmeceuticals and
nutricosmetics.

The extracts of various mushrooms are used in moisturizing, antiaging, skin
whitening, anti-acne facial products, and hair serums or creams. The lipids and
amount of water held in the stratum corneum define the physical appearance and
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function of the skin. The application of moisturizer limits the skin humidity loss and
appearance of fine lines. A typical moisturizer either contains hyaluronic acid,
pantothenic acid, or 6-palmitoyl-L-ascorbic acid as the active moisturizing ingredi-
ent (Sator et al. 2003). A fungal-based moisturizer improves the quality and texture
of the skin and balances the water content of skin cells. The moisture retention
capability of carboxymethylated polysaccharides acquired from Tremella was
65.7% after 96 h; hence it could be used in developing moisturizing products
(Wang et al. 2015). In another study, the addition of only 0.05% Tremella-derived
polysaccharides to a cosmetic product enhanced the moisture-holding capability in
comparison with 0.02% hyaluronic acid (Liu and He 2012). Fomes officinalis
mushroom powder was patented in the USA to treat the shiny look of skin and to
improve skin appearance (Marie et al. 2003). Aging is a slow and steady process that
results in the dysfunction of all body organs. Particularly in the skin aging process,
the collapse of skin elastin and collagen takes place. The antiaging products are
meant to prevent, slow, or reverse the aging process, and antioxidants effectively
play their role by not only maintaining the body’s repair system but further boosting
it (Lupo and Cole 2007; Ocampo et al. 2016). Mushrooms like L. edodes and
V. volvacea are rich sources of antioxidants that can pave the way in several the
development of various cosmetic products (Dubost et al. 2006; Keleş et al. 2011).
L. edodes are capable of preventing skin oxidative damage by inducing two antiox-
idant enzymes known as superoxidase dismutase and glutathione peroxidase
(Cheung et al. 2003).

In an experiment on mice with atopic dermatitis, the application of extract from
P. cornucopiae fungal species significantly treated atopic dermatitis in the experi-
mental group (Tomiyama et al. 2008). The extract of P. nebrodensis has been
approved as effective skin whitening agent, hence it can be used as a bioactive
product to treat pigmentation and melasma of skin (Dangre et al. 2012). Likewise,
bioactive compounds isolated from the mycelium of G. fromosanum reduced the
skin discoloration via tyrosinase inhibition, an enzyme involved in skin pigmenta-
tion (Hsu et al. 2016). In addition, several marine fungi also showed inhibitory
features against tyrosine, therefore capable of becoming the potential ingredients of
skin-whitening products (Li et al. 2003). Furthermore, Shiitake were used as a skin
exfoliator, which effectively regenerated skin and enhanced the elasticity as well as
brought glow to the skin (Jikai 2002). More extracellular melanin production by
Gliocephalo trichum simplex showed proficient UV absorbance, demonstrating its
potential use in the manufacturing of sunscreens (Jalmi et al. 2012). Recently
Penicillium decumbens fermented Scutellaria baicalensis, a common Chinese med-
icine, showed enhanced anti-acne potential than the non-fermented counterpart (Zhu
et al. 2020). A list of commercially available mushroom-based cosmetic products
and their function is provided in Table 2.
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Table 2 Cosmetic products containing mushrooms and their ingredients. Table adopted from
(Wu et al. 2016a) under the Creative Commons Attribution (CC-BY) license

Product Fungal specie Function

Aveeno Positively Ageless
Daily Exfoliating Cleanser, U.
S

Lentinula edodes Lift away dirt, oil and makeup and
fight signs of aging

One Love Organics Vitamin D
Moisture Mist, U.K.

Lentinula edodes Part lightweight moisturizer and part
toner

Osmia Organics Luz Facial
Brightening Serum, U.S.

Lentinula edodes Skin looking bright and luminous

CV Skinlabs Body Repair
Lotion, U.S

Ganoderma lucidum Wound-healing and anti-
inflammatory

Dr. Andrew Weil for Origins
Mega-Mushroom Skin Relief
Face Mask, U.S.

Ganoderma lucidum Anti-inflammatory properties

Four Sigma Foods Instant
Reishi Herbal Mushroom Tea,
U.K

Ganoderma lucidum Immunity boost

Kat Burki Form Control
Marine Collagen Gel, U.K.

Ganoderma lucidum Boost collagen, improve elasticity
and provide hydration

Menard Embellir Refresh Mas-
sage, France

Ganoderma lucidum Skin antiaging

Moon Juice Spirit Dust, U.S. Ganoderma lucidum Immune system

Tela Beauty Organics Encore
Styling cream, U.K.

Ganoderma lucidum Provide hair with sun protection and
prevent color fading

Yves Saint Laurent Temps
Majeur Elixir De Nuit, France

Ganoderma lucidum Antiaging

Vitamega Facial Moisturizing
Mask, Brazil

Agaricus subrufescens
(also known as
A. brasiliensis)

Renew and revitalize skin

Kose Sekkisei cream, Japan Cordyceps sinensis Moisturizer and suppress melanin
production

Root Science RS Reborn
Organic Face Mask, U.S.

Inonotus obliquus Anti-inflammatory to help soothe
irritated skin

Alqvimia Eternal Youth cream
Facial Máxima Regeneración,
Spain

Schizophyllum
commune

Antiaging and lifting

Sulwhasoo Hydroaid, Korea Schizophyllum com-
mune extract

Hydrating cream promoting clear,
radiant skin

La Prairie Advanced Marine
Biology Night Solution,
Switzerland

Tremella fuciformis Moisturizer which nourishes, revi-
talizes and hydrates skin

BeautyDiy aqua circulation
Hydrating Gel, Taiwan

Tremella
polysaccharide

Moisturizing gel

Surkran Grape Seed Lift Eye
Mask, U.S.

Tremella
polysaccharide

Improve skin around eyes

Hankook Sansim Firming
cream (Tan Ryuk SANG),
Korea

Ganoderma lucidum
and Pleurotus ostreatus

Make skin tight and vitalized

(continued)
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2.4 Packaging

Currently, industrial globalization and consumer demand urge more supply of
packaging material. For instance, petroleum-derived expanded polystyrene (EPS)
is used for a wide range of packaging applications. Several important characteristics
of EPS, like lightweight, moisture resistance, and moldability, make it a suitable
packaging material. EPS remains solid at room temperature, melts at high temper-
atures, and re-solidifies when the temperature falls down thus it can find various
potential packaging applications. Although EPS has a good shock absorber acoustic
properties and is suitable for transporting and storing delicate and fragile stuff, its
production is an energy-consumable process and involves the emission of green-
house gases (Abhijith et al. 2018). Additionally, the EPS is non-biodegradable and
non-recyclable, thus hazardous to the environment. The strategy to develop
biocomposites derived from pure bio-based resources could be a
possible substitute to conventional petroleum-derived packaging materials for var-
ious applications (Ziegler et al. 2016). The unique features of mycelium-based
materials like lightweight, durable, low cost, high strength, biodegradable and
non-toxic nature presents it as an ideal material for a variety of applications such
as packaging material for fragile items, food items, and electronics (Chambergo and
Valencia 2016; Yang et al. 2017). The ability of mycelium to cast the shape of a
mold during growth is an attractive feature to develop mycelium-based materials for
fancy and decorative packaging for special items. A customized mycelium material
can also be produced by providing a specific substrate, temperature, and fungal strain
during growth (Yang et al. 2017; Manan et al. 2021). The characteristics of mycelial
material primarily depend on the fungal strain, feeding substrate, growth conditions,
manufacturing method, and post-synthesis treatments (Yang et al. 2017; Appels
et al. 2019). A mycelium-patent by a Shenzhen-based Chinese company was
developed by growing a fungal strain on wheat straw. The produced material was
flexible, biodegradable, and lightweight. Another naturally dyed orange-red
pigmented packaging material was produced using fungus P. cinnabarinus. The

Table 2 (continued)

Product Fungal specie Function

La Bella Figura Gentle Enzyme
Cleanser, Italia

Ganoderma lucidum
and Lentinula edodes
extracts

Antioxidants and vitamin D

Pureology NanoWorks
Shineluxe, France

Ganoderma lucidum,
Lentinula edodes, and
Mucor miehe

Anti-age and anti-fade

Snowberry Bright Defense Day
cream No. 1, New Zealand

Mushroom extract Hydrate and illuminate dull skin,
along with anti-bacterial properties
to help prevent acne

Murad Invisiblur Perfecting
Shield, U.S.

Mushroom peptides Diminish fine lines and wrinkles by
aiding regulation of collagen and
elastin
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synthesized material possesses high buoyancy, hence can be scaled to manufacture
sea buoys (Cerimi et al. 2019). A green bio-block based on mycelium composites
with different agricultural waste was synthesized. P. ostreatus was grown on
sawdust, sugarcane bagasse, wheat bran, and a mixture of these materials to make
mycelium composites. The composites were hydrophobic with exceptional thermal
insulation and mechanical stability, thus paving the way as packaging materials,
paneling material, and filtration membrane for the exclusion of lethal dyes and
pollutants (Joshi et al. 2020). Recently, a novel humidity-resistant mycelium com-
posite was developed by growing Agaricus bisporus, and Trichoderma asperellum
on oat and rapeseed husk (Tacer-Caba et al. 2020). The developed composites are
strong, hydrophobic, and not affected by a change in temperature or moisture content
of the environment. The composite grown on rapeseed cake is more water-resistant
comparable to oat cake.

2.5 Construction

In the last few decades, the rapid expansion and construction of urban sprawl are
exerting extensive pressure on the construction industry for a constant availability of
building stuff like cement, bricks, acoustic absorbers, thermal panels, etc. The
manufacturing of traditional building materials requires more energy and emits
greenhouse gases that cause environmental pollution (Madurwar et al. 2013). The
exhaustion of natural resources, like stones and sand, is creating an alarming
situation because the present pace of their consumption in the building industry is
not viable. The worldwide sustainable development policy is targeted towards
replacing non-renewable resources with renewable counterparts. The bio-based
materials are capable of effectively diverting the traditional linear economy model
to the viable bio-economy (Butu et al. 2020). The organic salvaging capacity of
fungi is drawing attention in the development of the bio-economy. The growth of
mycelium on low-cost agricultural waste, high strength, hydrophobicity, more
thermal resistance, and nonflammable properties suggest it as an ideal material in
the construction industry (Manan et al. 2021). Moreover, tunable and controllable
characteristics during growth without the involvement of complex and expensive
procedures are another attraction to use mycelium-materials in construction (Haneef
et al. 2017).

To develop a mycelium-composite, fungal strain is grown on a substrate such as
rice husk, sugarcane brass, wheat straw, sawdust, or a liquid medium. The mycelium
secretes enzymes to break down the substrate and start their growth and take the
mold shape. The foam-like chemical and physical characteristics of mycelial-based
composites are appropriate for their use in non-structural construction, such as the
door cores and insulation panels (MycoComposite™—Ecovative Design n.d.). The
soaked mycelium composite in the soy-derived resin can be used for semi-structural
construction applications like flooring, paneling, closets, and other decorative pur-
poses (Jiang et al. 2019). The low density and thermal conductivity of mycelium
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materials provide better insulation features. Mycelium composites with straw and
hemp fibers have low density and thermal conductivity, thus making it an excep-
tional insulating material. The mycelium-based composite could be a better substi-
tute to replace the traditional insulators such as sheep wool, glass wool, EPS, and
kenaf (Jones et al. 2020). A study proved that agricultural stock-fed mycelium
composites could absorb 70–75% of the generated sounds waves and provide
good acoustic absorbance (Pelletier et al. 2013). Material porosity also exhibits a
strong influence on its sound absorbance. A study claimed that less porous material
aids better acoustic absorption compared to material with large pores (Samsudin
et al. 2016). Additionally, mycelium materials give excellent termite resistance via
using natural termicides and possess good fire resistance compared to conventional
construction materials (Jones et al. 2020). Economic and sustainable fire-resistant
and acoustic absorber panels are developed by growing mycelium on Miscantus
(Dias et al. 2021). Miscantus is known for its fire resistance properties, and thin
fibers of mycelium provide better resistance to sound waves upon vibration and
provides better sound absorbance.

2.6 Textile

2.6.1 Mycelium Leather

The leather industry has a long history due to the easy availability and non-toxic and
biodegradable nature of leather. Since ancient times it has been considered a durable
and strong material and used for a broad range of applications. In the current era,
alarming global warming and the sustainability of industrial products raise demand
for renewable fossil-based raw materials for every type of industry (Ashby 2013;
Karana et al. 2013). Despite its bio-based origin and renewability, the conventional
development of leather-based material is facing serious concerns owing to the
emission of greenhouse gases of cattle breeding. Moreover, questions have been
raised over the sustainability of the leather industry and animal welfare (Meyer et al.
2021). Likewise, consumers are demanding meat-free products or product of pure
animal origin is not preferable. These concerns raise challenges in cattle farming for
leather production (Ashby 2013).

As an extremely flexible material, fungal mycelium can be potentially used to in
the development of leather-like materials (Fig. 2). Presently, the development of
leather-like materials from fungus is one of the main targets of the fast growing
global commercialization efforts. Mycelium-derived leather is comprised of nonwo-
ven mycelium mats harvested from solid or liquid state substrate-fermentation,
which is further treated chemically or physically to mimic the original leather. The
mechanical properties are tuned via several micro or nanoscale treatments, including
acetylation, denaturation of proteins, chitin crosslinking, material densification, and
dyeing of mats (Jones et al. 2021). Despite a thousand-year history of crafting felt-
like materials, known as ‘amadou’ from mushroom fruiting bodies, only a few
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products are commercialized, such as Amadou Leather™. The internal fleshy part of
the basidiocarp is manually pulled out from the soaked or fresh species, cut into
pieces, and then extensively beaten with a wooden hammer to slacken off the fibers
to make it stretchable during crafting. To mold hats, 20–30 piece is stretched on a
wooden mold, whereas small pieces are used to make bags, belts, scarves or table
clothes (Pegler 2001; Papp et al. 2017). Naturally brown colored nonwoven amadou
mat is light weighted and eco-friendly vegan leather. The brown color is due to the

Fig. 2 Fungi-derived leather substitutes. (a) Traditional Corund-style amadou crafted hats and
handbags, (b) Stella McCartney mini-pouch made from Mylo™, and (c) backpack made from
PURA Flex™. Images reproduced, with permission, from Grado Zero Innovation (Firenze, Italy),
Bolt Threads Inc. (Emeryville, USA), and MOGU SRL (Inarzo, Italy). Figure reproduced from
(Gandia et al. 2021)
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high melanin content in basidiocarp (Kalitukha and Sari 2019). Although the
material is soft, breathable, and capable of absorbing the moisture that makes it an
ideal material for making shoe soles and watches straps but highly fragile and
vulnerable to break when wet (Meyer et al. 2021). Moreover, the material is also
antibacterial and antifungal in nature that makes it suitable for the fabrication of
dressings and bandages (Kolundžić et al. 2016). Soft-felt-like material, generally
known as the German-felt, was produced using fungus Fomes fomentarius. German-
felt is used to make gloves, bandages, hoods, hats, and even trousers (Schmidt 2006;
Seniuk et al. 2011).

Mylea™ (MycTech, Indonesia), a mycelium-derived leather alternative, has
improved tensile strength and durability compared to Amadou Leather™ and is
more similar to bovine and synthetic polyurethane leather substitutes in terms of
mechanical properties (Florentina and Cristina 2010). The elongation break of
mycelia leather can be improved by adding a glycerol-like plasticizer to gain
rubber-like stretching properties (Appels et al. 2020). The mechanical properties
can also be increased by combining mycelium with various polymers to form
composite materials. Reshi™ (MycoWork, USA) nonwoven mycelium mats with
reinforcement materials like polystyrene and polylactic acid surface coating have a
smooth surface and better mechanical properties (Meyer et al. 2021). In addition,
Reshi™ resistance to color fading on exposure to UV light, perspiration, water
spotting resembles bovine leather (Gandia et al. 2021).

2.6.2 Smart Wearables

Smart wearables are the devices that enhance the function of gadgets or clothes.
These wearables serve as an interface between environmental stimuli and the wearer.
The integrated high level of technology aids easy detection of stimulus and operates
accordingly. Smart wearables are responsive to the wearer and broadly categorized
into three subgroups. The first group is comprised of passive smart wearables which
can sense the user and environment. The second group contains the reactive smart
wearables, which are capable of sensing the user and environment and perform some
actions in response. The third group contains some advanced smart wearables which
can sense, react, and adapt their behavior to given signals. Textile-embedded sensing
systems have been produced and commercialized for various biomedical and safety
applications. Smart wearables are used to record temperature, electromyography
signals, electrocardiography signals, biophotonic sensing, oxygen, moisture, and
salinity content (Sibinski et al. 2010; Adamatzky et al. 2021). Generally, the
intelligent wearables should be soft, able to bend/wrap, amenable to extension,
and tough (Rajan et al. 2017). A lack of self-growth and self-healing abilities limit
the application of electronic wearables in the field of self-growing and soft robotics.
However, the development of slime molds on the body of robots/clothes can sense
biochemical, mechanical, and optical signals but is highly fragile and dependent on
environmental conditions.
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Fungi could be a better alternative to slime mold. The filamentous mycelium-
based materials are emerging as reliable, economical, and eco-friendly replacements
for high cost, hazardous conventional packaging, construction materials, and fabric
(Adamatzky et al. 2021; Jones et al. 2021). Fungi can sense chemicals, light, gases,
electric fields, and gravity. Several studies proved that fungi show a clear response
towards toxic metals, pH change, CO2 accumulation, mechanical stimulation, and
stress inducers (Howitz and Sinclair 2008; Adamatzky 2013; Beasley et al. 2020).
Thus, the wearables with mycelium patches/incorporated mycelium fabric act as a
sensorial network for a variety of applications. Fungi respond to various physical or
chemical stimuli via modification in their electrical properties (Adamatzky 2013;
Beasley et al. 2020). Such a feature would permit the mycelium-based materials to
serve as a new smart wearable. Moreover, fungal materials provide sustainable
infrastructure in terms of extension and interconnectivity. In addition, mycelium is
able to sense the environmental signals and also respond according to the stimulus,
which is an extraordinary feature that can be used to convey and translate the fungal
responses into the Boolean circuits, and consequently used in the manufacturing of
fungal wearables with biological processing system (Beasley et al. 2020; Adamatzky
et al. 2021). A recent study reported the development of fungal wearables with a
hemp fabric colonized with the mycelium of oyster fungus Pleurotus ostreatus. The
stretching capacity and response towards attractants and repellents were studied on
the basis of changes in the electric field activity. The research opens the gate to
developing fungal-based intelligent wearables for several other applications, such as
biomedical applications (Beasley et al. 2020; Adamatzky et al. 2021). An experi-
mental setup for the development of fungal wearable incorporated into the real cloth
and connected with electrodes is shown in Fig. 3.

3 Conclusion and Future Prospect

The mycelium materials are derived from mycelial biomass grown on liquid or solid
media. In addition to the chemically defined media, such mycelia biomass is also
produced by utilizing various agricultural wastes. This process not only recycles the
environmental wastes but converts the agricultural and forestry residues into useful
and environmentally compatible, multipurpose, and cost-effective materials. Cur-
rently, mycelium-based materials are emerging alternatives to conventional packag-
ing, insulators, and leather. High porosity, more sound absorbance, low thermal
conductivity, and less density of mycelium-derived panels are more appropriate for
thermal and sound insulators instead of synthetic foam or wood fibers. In the current
era where the production of quality food is gaining significant importance, it is of
utmost importance to explore alternative resources, like mycelium, for the produc-
tion of functional foods. Their nutritional and therapeutic potential could be further
enhanced by combining with other bioactive materials of known functionalities, thus
could greatly contribute to human health. To date, the potential of only a few fungi to
produce various functional materials has been explored. Further studies to explore
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Fig. 3 (a) Overall view of the experimental setup. (b) Close up of the fungal wearable incorporated
into real cloth. (c) Exemplar locations of electrodes. Figure reproduced from (Adamatzky et al.
2021)
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mycelia pharmaceutical, nutraceuticals, and nutricosmetics properties provide a base
for sustainable mycelium materials for food, medicine, and cosmetic applications.
Moreover, a combination of interdisciplinary studies with the latest genomics and
metabolomics techniques helps to tune the properties of mycelium material at the
molecular level. Molecular regulation of properties of mycelium materials paves the
pathway for more fungal species in the arena of material science.
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Fungal Biopolymers as an Alternative
Construction Material

Sabu John

Abstract Mycelium composites are a class biopolymeric composites, consisting of
cost-effective and environmentally sustainable materials. Globally, this class of
composites is currently experiencing burgeoning research interest. With increasing
pressure on cheaper materials with sustainable and ‘green’ credentials, mycelium
composites hold some promise in this space, particularly in the construction indus-
try, where the cost-performance indicator is a critical consideration. This material
type uses the biological phenomenon of fungal growth to transition agri-waste
materials to low-cost and low energy-embodied construction materials. Mycelium
composites are inherently lossy in constitution and hence, have natural thermal and
acoustic insulating properties. They have also shown impressive fire-resistant prop-
erties. These lossy properties, however, do not attribute good mechanical properties
to mycelium composites, which are further compounded by its low hydrophobicity.
However, some recent developments in the processing of the mycelium composites
using 3D printing technologies by chemical manipulation of its constituents and self-
healing mycelium structures, point this class of composites towards more flexural,
robust, and strength-based semi-structural applications.

Keywords Mycelium · Mechanical properties · Fire and water resistance ·
Manufacturing

1 Introduction

Over the past ten years, the building and construction industry has been confronted
with increasing demand, due to a burgeoning global population and for the materials
used in this industry to have a reduced carbon footprint (Madurwar et al. 2013;
Pheng and Hou 2019; UHPC 2020). Manufacture of these conventional building
materials can be deleterious to the natural environment (Madurwar et al. 2013). In
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nominal living domains, the embodied energy in the use of materials, including its
fabrication, transportation to site can be up to 36% (Sartori and Hestnes 2007). Often
they consist of energy in the materials used in the construction industry can be
significant, especially when concrete and the accompanying steel reinforcements are
used. In addition, there is a growing demand from the construction industry,
worldwide to employ materials with lower carbon footprints (UHPC 2020).

With the growing world population, especially in Asia, where 4.5+ billion (Roser
et al. 2019) people need to produce food, there is a significant production of
associated agricultural residues like straw and rice husks. The aggregated organic
production of India and South East Asia from these agricultural by-products is up to
1 billion tons per annum (Bhuvaneshwari et al. 2019; Tun et al. 2019; Nawawi et al.
2019b). These by-products are considered to have a low utility value and are usually
disposed or burned, which exacerbates the climate change problem (Defonseka
2014).

Mycelium (vegetative part of filamentous fungi) binds organic matter in a natural
biological process, which results in value-added products(Holt et al. 2012; Pelletier
et al. 2013; Jones et al. 2017; Haneef et al. 2017; Islam et al. 2017) from from agri-
and industrial waste materials (Sustainability Victoria 2019; DPCleanTech 2019).
The mycelium bonds with the agricultural substrate to form a bio-polymer compos-
ite, in a way that is not unlike that of conventional bonding of synthetic polymers and
fillers or fibres to form polymeric composite materials (Pelletier et al. 2013; Thakur
and Siṅgha 2013).

The virtues of mycelium-derived materials against traditional synthetic materials
with their low cost, embodied energy, density and biodegradability (Arifin and
Yusuf 2013; Haneef et al. 2017; Abhijith et al. 2018). Using a range of suitable
agricultural substrates, fungi species and processing techniques, mycelium compos-
ites can be engineered to meet specific physical and mechanical properties, such as
strength, heat resistance, thermal and sound insulation (Holt et al. 2012; Pelletier
et al. 2013; Jones et al. 2017; Haneef et al. 2017). The paves the way for a
biodegradable substitute to synthetic planar resources (e.g., plastic sheets and
films) (Haneef et al. 2017), low-density substances (e.g. synthetic plastics and
foams) (Holt et al. 2012; Pelletier et al. 2013; Travaglini et al. 2013; López Nava
et al. 2016), and semi-structural supplies (e.g. decking,, flooring, furniture and
paneling) (Jiang et al. 2016, Jiang et al. 2017, Islam et al. 2017, Abrams 2014).
These applications enable green or sustainable practices in the construction industry.

However, mycelium composites currently suffer from a few issues, primarily
stemming from their lossy morphological constitution, or structurally sub-par
mechanical properties, high hydrophilicity and its shortfalls in large-scale
manufacturing. These limitations make the case for further research in the field.
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2 Mycelium Composite Processing and Current Mycelium
Commercial Products

2.1 Mycelium Composite Processing

Mycelium is the collective name given to the hyphae, which is the vegetative
filamentous structure of a fungus. Fungi being natural entities, their products are
renewable valuable structural polymers like chitin and chitosan (alternatives to
cellulose polymers in plant cell walls) (Fig. 1). Chitin is a linear macromolecule
consists of N-acetylglucosamine units, which is the major component of exoskele-
tons of most of the insects and other arthropods (Rinaudo 2007).

The hyphae tubular cell walls consist principally of chitin. It also has chitosan,
glucan, cellulose and relatively small amounts of proteins present (Bartnicki-Garcia
1968; Wessels et al. 1990).

Mycelium composites of fungi are manufactured by low-energy process, sche-
matically shown in Fig. 2. Any carbohydrate-based raw material can be used as the
fibrous substrate for the mycelium to feed on (Kavanagh 2005; Jones et al. 2017).
The substrate type can however, dictate the eventual mechanical and physical
properties of the mycelium composite.

Fig. 1 Structures of chitin (a), chitosan (b) and cellulose (c). (Reproduced from Jones et al. 2020—
Under a Creative Commons Attribution 4.0 International License)

Lignocellulosic 
material, such as low-
cost agricultural 
products and forestry 
by-products

Hydration

Homogenisation 
to increase 
surface area 
using processes 
such as blending, 
grinding and
milling.

Sterilisation to 
remove microbial 
competition.

Inoculation using 
spores, hyphal 
tissue, fruiting 
body tissue.
Undertaken for 
days to months in 
ambient or 
controlled 
environment.

Dehydration: This 
neutralizes the 
fungus and 
increases its 
stiffness, using 
processes such as 
air and oven 
drying and hot 
pressing.

Fig. 2 Mycelium composites fabrication process (Modified from Jones et al. 2020—Under a
Creative Commons Attribution 4.0 International License)
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Substrates are hydrated in water and the duration of this hydration process is
substrate dependent (Elsacker et al. 2019). Other substrates like rice hulls absorb less
amount of moisture, thus making the duration of soaking less important compared to
the inoculation media (e.g. wheat grains), those are highly swelling and demands
long soaking duration (48 h) (Jones et al. 2018a). The soaked raw material is
subsequently blend to increase the surface area and sterilized (Elsacker et al. 2019;
Jones et al. 2020).

By natural fungal growth, the mycelium composite is formed in a mould, which
binds the organic substrate with the growing mycelium sourced from spores in a
liquid or a fruit body tissue (Holt et al. 2012; Jones et al. 2017, 2018a, 2020).

On inoculation, moulds can be preserved under ambient conditions or in an
environment at ~25–27 �C for a growth period for several days to months based
on the fungal species and substrate used to achieve desired degree of bonding
(Griffin 1996; Jones et al. 2017).

After the growth period, the mycelium composite is released from the mould and
subjected to elevated temperatures and air dried at about 50 �C for 48 h to neutralize
or denature the fungal material (Jones et al. 2018a). Hot pressing can further
dehydrate and increase the flexural stiffness of the mycelium composite (Jones
et al. 2020).

2.2 Current Commercial Products

Current commercial products include materials for insulation and door cores. The
composites of mycelium are commercially available for such applications in the
USA and Indonesia, however, technical information about these composites is
presently not publicly available (Ecovative Design LLC 2019a, b, MycoTech
2019) (Fig. 3a). Similarly, the mycelium-based acoustic insulation foams are avail-
able (Ecovative Design LLC 2019b, Mogu 2019) (Fig. 3b). Flexible mycelium
structures are increasingly gaining traction in the textile and construction industries
(Ecovative Design LLC 2019a) (Fig. 3c). The use of bio-resins with mycelium
composites can expand its applications to semi-structural uses such as floorings
and cabinets (Mogu 2019; Jiang et al. 2019) (Fig. 3d).

Fungal mycelium foams are used for packaging purposes and the IKEA
expressed concern in adopting such materials for packaging (Dell Inc 2016, Gosden
2016). Apart from the aforementioned examples of commercial applications of
mycelium composites, the wider uptake, of any significance, for this sustainable
bio-polymeric composite, is yet to materialize. However, there is some mycelium-
based material activity in the Australia, Austria Belgium, Indonesia, Italy, Nether-
lands, Switzerland and USA (Huynh and Jones 2018, Ecovative Design LLC
2019a, b, MycoTech 2019, MycoWorks 2019, KrownDesign 2019, Officina
Corpuscoli 2019, TUDelft 2019, Zurich ETH 2019, Utrecht University 2019).
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3 Material Properties of Engineered Mycelium Composites

3.1 Effect of the Mycelium Growth Interactions on Composite
Mechanical Performance

Recent investigations on chitin-glucan extracts derived from fungal mycelium have
found the mycelium binder to be relatively sturdy (tensile strengths up to 25 MPa
(Jones et al. 2019b) and for that of fruit body extract up to 200 MPa (Nawawi et al.
2019a). The fungal mycelium constituent of composites, owing to its density and
weak interface with the substrate, is often attributed for its narrow mechanical
performance (Travaglini et al. 2013; Jiang et al. 2019). The appears to be a fungi-
dependent variation in the substrate-mycelium interface bonding strength (Jones
et al. 2018a, b) and this does appear to influence the mechanical properties of the
product.

The hyphal architecture, based on its mono-, di and trimitic morphology is also
reported to not significantly affect the mechanical properties of the mycelium
composite, especially when compared to the influence of the amount of mycelial
biomass (binder) in the mix (Jones et al. 2019a, 2020).

Fig. 3 Fungal mycelium composite construction materials as particleboard replacements for wall
paneling and door cores (a), acoustic foams (b), flexible insulation foams (c) and resin-infused
laminate flooring (d) (Reproduced from Jones et al. 2020—Under a Creative Commons Attribution
4.0 International License)
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3.2 Influence of the Substrate Filler on Composite
Mechanical Performance

Both physical and mechanical qualities of grown mycelium composites are often
reley on the substrate. As such composites typically have a density ranging between
60 and 300 kg/m3, with composites produced using agricultural byproduct filler
phase (e.g. bast fibers or straw), possessing lower densities (60–130 kg/m3) com-
pared to the composites containing the byproducts of forestry materials
(e.g. sawdust: 87–300 kg/m3) (Table 1).

From Table 1, it shows that sawdust (0.05–0.18 MPa) consists of higher tensile
strengths compared to straw substrates (0.01–0.04 MPa). Fungal growth, powered
typically by simple sugars (e.g. fructose, glucose and sucrose) appears to be directly

Table 1 Density, Youngs modulus, UTS values of as-grown mycelium composites with fibrous
and particulate agri-filler substrates for various loading configurations (Reproduced from Jones
et al. 2020—Under a Creative Commons Attribution 4.0 International License)

Loading
Substrate
Type Substrate

Density
(kg/m3)

Youngs
Modulus
(MPa)

Ultimate Tensile
Strength (Mpa)

Tension Fibrous
particulate

Rapseed
strawa,
Beech
sawdusta,
Red Oak
sawdustb

115
170
300

3.0
13.0
1.3

0.025
0.05
0.18

Compression Fibrous Flax hurdc

Hemp hurdc

Wheat
strawd

99
94
192

0.73
0.64
–

–

–

0.17

Particulate Pine
shavingsc

Red oak
sawdustb

White oak
sawdustd

87
300
552

0.14
1.0
–

–

0.49
1.1

Flexure Fibrous Cotton
fibresa

Rapeseed
strawa

130
115

1.0
1.5

0.05
0.14

Particulate Beech
sawdusta

170 9.0 0.29

However, scanty data is available on the mechanical properties of mycelium composites for
different groups of substrates
a Appels et al. (2019)
b Travaglini et al. (2013)
c Elsacker et al. (2019)
d Ghazvinian et al. (2019)
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linked to enhanced tensile strength of composites of the mycelium (Travaglini et al.
2013; He et al. 2014; Jones et al. 2019b, 2020).

Fibrous substrates (like sawdust) appear to yield lower compressive strengths
compared to particle-based substrates (like straw) (Xia et al. 2013; Ashby et al.
2018). The inverse correlation between increased porosity and compressive strength
suggests that the extent of digestion of the fungus will increase the porosity of
composite, hence its mechanical performance. (Kavanagh 2005). The compressive
features of as-grown fungal composites have also been known to be largely inde-
pendent on the particle size of the substrate filler phase (Islam et al. 2018).

For flexural strength, substrate morphology appears to be an insignificant factor,
even though the expectation of heightened flexural strength is expected, especially
when the fibres are aligned in the flexural loading direction (Chand and Fahim
2008). Again, the significance of binder presence, due to adequate nutrition, seems
to have a stronger influence on flexural strength than substrate morphology (Jones
et al. 2020).

Studies on G. lucidium and P. ostreatus by Haneef et al. (2017) to explore the
effect of nutrition types on the growing mycelia, it was shown that when using pure
amorphous cellulose as well as a cellulose potato-dextrose broth (PDB), the presence
of PDP resulted in a lower Young’s modulus and a higher strain to failure, compared
to the mycelium grown with just cellulose.

To summarize, the more fungal growth present, due to appropriate nutrient
content in the substrate, the higher the mechanical performance. This performance
level is however limited to low-strength foam-based mycelium composites, unless
further downstream processes, such as cold or hot pressing, as discussed below, is
implemented (Jones et al. 2019b, 2020). In addition, in some studies such as in
Haneef et al. 2017, it was shown that the nutrition of the growing mycelium can
influence the mechanical qualities of the mycelium composite. This raises for the
prospect that certain mycelium species can be engineered to possess desired mechan-
ical properties by tailoring its growth with appropriate nutrition sources.

3.3 Enhancement of the Mechanical Properties of Mycelium
Composites

Consolidation using compression by hot or cold pressing improves the mechanical
properties of mycelium composites by decreasing its porosity and enhancing its
density (Dai et al. 2007). In the mycelium composites produced by P. ostreatus
developed on rapeseed straw, the cold pressing was linked with a significant
improvement in tensile strength (0.01–0.03 MPa) as well as higher elastic modulus
(2–9 MPa) (Appels et al. 2019). In addition, significant improvement was seen the
flexural properties of the moulds with higher flexural strengths (0.06–0.21 MPa) and
moduli (1–15 MPa).
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Greater improvements in mechanical performance can be achieved using hot
pressing procedures. The tensile properties of hot-pressed P. ostreatus and
T. multicolor composites established on rapeseed straw showed significantly higher
compared to as-grown samples (Appels et al. 2019). In addition, the hot pressing
improves the flexural strength of P. ostreatus and T. multicolor composites grown on
the rapeseed straw (Appels et al. 2019). Pressing, both hot and cold, results in
reduced moisture, which results in lower failure strain (Sombatsompop and
Chaochanchaikul 2004).

The inclusion of styrene-butadiene rubber, or natural reinforcements
(e.g. cellulose nanofibrils) in mycelium composites has shown some marginal
benefits (Jones et al. 2020).

The mycelium composites produced by cotton seed hulls with P. ostreatus
showed compressive strength up to 177 kPa, it is almost doubled by addition of
5 vol% styrene-butadiene rubber (343 kPa) according to He et al. (2014). Such
feature is due to the void volume reduction as well as increased volume density
(181–225 kg/m3) in association with the inclusion of the latex—polymeric micro-
particles in water (He et al. 2014). A smaller quantities of nanocellulose could be
used to increase the mechanical performance with improved in flexural strength (Sun
et al. 2019).

Low threshold amounts of nanocellulose was found to produce viable improve-
ments in mechanical performance of the mycelium composites and that the inclusion
of latex showed a small improvement in mechanical performance, albeit at increased
cost and with reduced environment sustainability benefits (Jones et al. 2020).

3.4 Thermal Conductivity Properties of Mycelium Composites
for Insulation Applications

The mycelium composites, incorporating hemp fibres and straw have low densities
(57–99 kg/m3) as well as thermal conductivities (0.04–0.08 W/m∙K). These perfor-
mance values compare well with synthetic insulators (e.g. glass wool, 57 kg/m3,
0.04 W/m∙K; extruded polystyrene insulation, XPS, 34 kg/m3, 0.03 W/m∙K)
(Papadopoulos 2005) besides other natural insulators like sheep wool (18 kg/m3,
0.05 W/ m∙K) and kenaf (105 kg/m3, 0.04 W/m∙K) (Asdrubali et al. 2015).

A comprehensive comparison of mycelium composites as a viable low density as
well as low thermal conductivity material, in comparison with commercial building
insulators is reported in Jones et al. 2020.
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3.5 Acoustic Properties of Mycelium and its Composites
as Noise Barriers

Mycelium, given its inherent lossy structure, is an excellent acoustic absorber,
showing good sound absorption for low (<1 kHz) to mid-frequency range noise,
which is the typical frequency range from vehicular-based road noise (Pelletier et al.
2019). Mycelium composites can be used with other suitable substrates to enhance
its low frequency sound absorption properties (Pelletier et al. 2013). For higher
frequencies, integration with conventional materials like cork or felt is suggested
(Pelletier et al. 2019).

For the construction industry, machining and shaping of the acoustic boards can
be an important consideration. In one study, it was shown that the depth of mycelium
growth does affect the look and machining qualities of the board, with a direct
relationship between mycelium growth depth and machinability (Pelletier et al.
2013). In the same study, however, reduced board density and hence, lower machin-
ability, resulted in improved sound absorption. The inverse correlation of sound
attenuation with density, however, was not significant when measured across the
entire study (Pelletier et al. 2013).

The rice straw is the best individual substrate fillers to achieve the acoustic
absorption were (52 dBa), while other substrates like flax shive (53.5 dba), hemp
pith (53 dBa), sorghum fiber (54 dBa) and switchgrass (55 dBa) show variable
results. Better acoustic absorption could be attained through mixing various fillers
(50–50 wt%). The best combinations incluce: rice straw-cotton bur fiber (47 dBa),
rice straw-sorghum fiber (45.5 dBa), and sorghum fiber-switchgrass (47 dBa) (Jones
et al. 2020).

3.6 Thermal Degradation and Fire Safety Properties
of Mycelium and its Composites

The fungal mycelium, on its own, has no prominent or useful fire-retardant qualities,
typically exhibit a three-stage thermal degradation, degradation and fire reaction
properties are typical for the cellulosic and other biologically-derived substances
(Haneef et al. 2017, Jones et al. 2017, 2020). Even though the hyphal constituents
(e.g. chitosan and hydrophobins: the cysteine-rich proteins form a hydrophobic
layer), have been found to increase the fire retardancy in the fabrics, however, they
do not occur in sufficient quantities to offer fire retardancy in the mycelium
(El-Tahlawy 2008; Hu et al. 2013; Alongi et al. 2014; Costes et al. 2017; Jones
et al. 2018b).

Hydrophobins are reported to promote char formation by allowing dehydration
rather than de-polymerisation of polysaccharides (Alongi et al. 2014). However,
genetically modified Schizophyllum commune biomass of mycelia lacks its
hydrophobin gene has been reported to have higher char yields (32 wt% average)
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compared to the wild type S. commune biomass (27 wt% average) (Appels et al.
2018). About 20–30 wt% carbonaceous char is usually formed at 450–600 �C for
mycelial bio-mass on pyrolysis in a nitrogen atmosphere (Haneef et al. 2017; Appels
et al. 2018; Jones et al. 2018b).

Hyphal density of the mycelium, as shown with markedly increased hyphal
density with growth time between 6 and 18 days, was shown to not cause a
significant variation of fire resistance properties (Jones et al. 2018a), implying a
low threshold of hyphal density for effective fire resistance in mycelium composites.

Fillers or additives like glass fines, lignin, and rice hulls have been shown to
significantly improve improved fire reaction, thermal degradation, and safety prop-
erties of mycelium composites (Jones et al. 2018a, 2020). Table 2 compares the fire
safety performance of mycelium composites containing various fillers and additives,
such as glass fines, rice hulls and wheat grains, with synthetic polystyrene insulation
and particle board.

3.7 Water Absorption Properties of Mycelium Composites

Hydrophilicity of mycelium composites is an issue of concern (Jones et al. 2020).
The mycelium composites of fungi are typically hydroscopic, which increases the
weight by ~40–580 wt% in contact with water for 48–192 h (Holt et al. 2012, López
Nava et al. 2016, Appels et al. 2019, Elsacker et al. 2019, Sun et al. 2019). The
strong water-absorption capacity of mycelium composites is the result of their
cellulosic filler constituents, which contain abundant accessible hydroxyl groups
(Zabihzadeh 2010), and the porous hydrophilic mycelium binder and biologically-
derived filler phases promote the wicking (Chung et al. 2011; Li et al. 2013; Wei
et al. 2015).

In a recent investigation (Appels et al. 2020) of mycelial films using S. commune
as the fungal species, using glycerol to reduce the water contact angle (WCA), hence
increasing its hydrophilicity. In this study, it was demonstrated that by using 32% of
glycerol, the highest hydrophilicity of the treated mycelium, with a WCA of 49� 3�,
emerged. The fungal mycelium films with 32% glycerol resulted in the lowest uptake
of water, when assessed over a 24 hour period (Appels et al. 2020). However, with
32% glycerol treatment of mycelium, the Young’s modulus and strength both
dropped, but with an increase to strain at failure.

Further upstream processing can also affect the uptake of water. For example,
cold- or hot-pressed mycelial composites experience less than half the water uptake
of air-dried composites (~250 wt% compared to ~580 wt%) (Jones et al. 2020). This
is probably because pressed materials have lesser void volumes, which hinders
capillary action as well as the water uptake (Dai et al. 2007).
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3.8 Termite Resistance of Mycelium Composites

The termites are a scourge of the building industry, with termites reported to be able
to destroy the wall and timbers of a home within 3 months of construction in
Australia (Fumapest Group 2021). The cost of termite infestation globally runs
into several billion dollars (Logan and Buckley 1991).

Mycelium composites have no inherent termite resistant properties, comprising
completely biological and predominantly lignocellulosic material (Jones et al. 2020).
Hemp-based mycelium composites have high termite-resistance, exhibiting high
termite mortality rates (directly related to efficacy or repellence by termite treat-
ments) and low mass losses resulting from termite infestation over 4 weeks
(16–53 wt%). The mass loss for Kenaf-based or Corn-based composites is more
than Hemp-based mycelium composites.

Natural termiticides, the most effective guayule resin (Bultman et al. 1998) and
vetiver oil (Zhu et al. 2001). One coat of these oils provides a complete termite
mortality as well as associated with mass losses up to 18–28 wt% and 16–27 wt%.
Such mass loss is significantly lower than for untreated composites (42–62 wt%) and
an untreated southern yellow pine (Pinus taeda) used as a reference sample (80 wt%).

3.9 Manufacturing Mycelium Composites at Scale
and the Use of Mycelium-Derived Leather in Internally
Furnished Structures

3.9.1 Extrusion and Mycelium-Derived Leather

With the aforementioned favourable properties of mycelium composites as a viable a
construction material, particularly with enhanced mechanical properties, recent work
Soh et al. (2020) has explored the possibilities of 3D printing mycelium composites,
by amending its pre-cured consistency, using chitosan, as schematically shown in
Fig. 4. By mixing chitosan with bamboo-mycelium to obtain an extrudable mix,
albeit with a reduced compression strength (40 kPa) after 20 days, compared to a
bamboo-mycelium mix without chitosan (240 kPa). Despite decrease in mechanical
properties, such composition has added the virtue of extrudability for complex
shaping, those are requirements for direct writing of structures and the additional
exploration of mycelium-bound materials for several structural applications. This
development might have prospects in architectural forms, especially with low-load-
bearing applications for the construction and design industries.

Recently, companies like Ecovative, Mogu and MycoWorks (Ecovative Design
LLC 2019b; Mogu 2019; MycoWorks 2019) have developed mycelium-based
leather-like materials. These products and processes, involving mycelium-based
leather-like products are summarized in Jones et al. 2021. These products can indeed
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be used as architectural features or a coverings for internal furniture, particularly for
those with animal rights, social and environmental concerns. Some challenges of
fungi-based leather include, consistency of mechanical properties, thickness and
colour. Of course, flexural strength and hydrophobicity will be critical research
directions, regarding the development of fungi-based leather.

3.9.2 Live and Multifunctional Large-Scale Structures

Recently, work on hybridizing live with conventional building materials has been
reported (Elsacker et al. 2021). The advantages of this hybridization route include
self-healing structures from the live component of this composite ensemble. In
Elsacker et al. 2021, large scale living mycelium formwork structures were shaped
using an on-site robotic wire cutting technique. The concept of living architecture is
not new. Vallas and Courard (2017), indicate that vine bridges found in many parts
of the world, such as Japan, Indonesia and India, have been around for centuries and
that these structures can be classed as living structures. Vallas and Courard (2017)
suggest that with the current trend of aiming for the sustainability of building
materials, living architecture can help meet this demand using mycelium-based
building structures.

Although the hitherto discussed manufacturing of mycelium composites involves
denaturing or killing off the mycelium with heat, ways to keep the mycelium partly
alive, merely by supressing the growth of its fruiting bodies is discussed by using a
glycogen synthase kinase-3 inhibitor (Chang et al. 2019). The concept of biominer-
alization using micro-bacterial activity to precipitate calcium carbonate from sand-
gelatin scaffolds, is also proposed (Heveran et al. 2020).

Bamboo 
fibres

Schematic of Mycelium + Sawdust + 
Bamboo Fibres

Incubation + Growth Addition of Chitosan in acetic acid 
followed by the deconstruction of the 
mycelium/bamboo/sawdust/chitosan mix

Extrusion3D printed Chitosan/mycelium 
Structure

Fig. 4 Schematic of the process for the chitosan/mycelium for possible 3D printing of mycelium
(Adapted from Soh et al. 2020)
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Research into optimal substrates, hybrid structures (live mycelium + conventional
materials) and growth media, controlled growth features, 3D or 4D (3D + time)
printing techniques, post-processing of mycelium tissue and genetic engineering
could also allow the desirable mechanical properties of such materials to be realised
at scale. Also, by hybridizing mycelium with rubber, applications of fungal-derived
flexible materials could be expanded to heavy-duty and possibly semi-structural
products, especially when strain resilience is desired.

The concept of building ‘at destination’ was discussed at NASA, using melanin-
rich mycelium to attenuate radiation and other integrated bio-sensors (Rothschild
2018). Even though this concept was planned for future mission to Mars, where
payloads on rocket ships to Mars will be at a premium, this concept can be extended
to applications on Earth, where construction of buildings in hard-to-reach places,
especially with environmental concerns, is needed. This application can also be
embedded with multifunctional capabilities, such as biosensors. This ‘at-destination’
concept can also be extended to mycelium-based internal structures, such as furni-
ture and other non-or semi-structural applications.

3.10 Relative Cost-Performance of Mycelium Composites

The issue of cost is critical, especially in the cost-sensitive construction industry.
This topic is understandably not yet widely reported in the literature, given the
current stage of development of mycelium composites, globally and restrictions
based on propriety considerations. In addition, the cost discussion is dependent on
the intended application, be it for insulation, packaging, semi-structural or structural
applications.

For example, it is reported that for rice hull- and wheat grain- based mycelium
composites containing 50% glass fines are 6- to 12-folds inexpensive than the
extruded particleboard and polystyrene based on 2018 prices in Australia (Jones
et al. 2018a). This comparison was based on the fire resistance properties of these
mycelium composites exceeding that for the extruded polystyrene and particleboard,
as seen in Table 2.

The expectation, however, is that when added properties such as strength and
water resistance are considered, the costs will increase. In addition, when adaptation
of the mycelium processing is made for the large-scale manufacturing and
multifunctionality, the cost will initially trend upwards. However, with time, econ-
omies of scale and maturing technologies, the unit cost of mycelium composites
should begin to drop to levels, which will be cost-performance competitive with
existing commercial construction products.
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4 Outlook and Future Applications of Mycelium Materials
for the Construction Industry

From the above discussion of mycelium composites in this chapter, it is clear that
mycelium holds significant promise in the construction industry, especially when its
processing costs and at-scale manufacturing impediments are reduced.

From the discussion above, it is clear that mycelium composites have promising
prospects in the area of packaging (Holt et al. 2012; Dell Inc 2016; Gosden 2016;
Abhijith et al. 2018; Ecovative Design LLC 2019a), thermal insulation
(Papadopoulos 2005, Holt et al. 2012, Asdrubali et al. 2015, Yang et al. 2017,
Elsacker et al. 2019) and acoustic absorption foams (Pelletier et al. 2013; Mogu
2019; Pelletier et al. 2019) with fire resistant properties (Jones et al. 2017, 2018a,
2018b, 2020), in addition to panelling, flooring and furnishings (Ecovative Design
LLC 2019a, b; MycoTech 2019; Mogu 2019; KrownDesign 2019). All these
properties are much sought after in the construction industry worldwide.

Both research and commercial developments in mycelium composites have
paved the way for its use in the construction sector in the near future. The hydro-
phobicity of fungal mycelium material could see the extension of mycelium-based
films to coating (Haneef et al. 2017; Jones et al. 2019a) or textile (Janesch et al.
2020) applications. The other applications of importance for mycelium stem from
the polymers like chitin, chitosan and β-glucan. Extraction of such polymers for use
in 3D printed structures, production of films, production of sheets, reinforcement for
polymer nanocomposites, and nanopapers (Nawawi et al. 2019a; Soh et al. 2020),
pave way towards new doors in the place of synthetic polymers through these
applications, thus in turn enlarge the use of mycelium into the realms of most
construction products as traditionally made from synthetic polymers, particularly
for semi-structural components and architectural features. In addition, in earthquake
prone regions of the world, using lightweight mycelium bricks for housing, where
the falling bricks during an earthquake, would no longer pose a threat to human life.
This is an attractive proposition indeed, if the issues of strength (compared to
conventional building bricks) and water resistance are resolved.

5 Conclusion

This chapter outlines the current virtues and drawbacks of mycelium composites.
This biopolymer-based composite is low in embodied energy and processing cost
and high in environmentally sustainable and biodegradable material constituents.
Applications include thermal and acoustic insulation (given its inherent lossy mor-
phology), flooring and cabinetry. They are also known to exhibit better fire safety
and fire reaction qualities than the materials used for traditional construction pur-
poses (e.g. extruded polystyrene insulation and particleboard).
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Recent 3D printing of mycelium composites, incorporating chitosan is proposed
for the manufacturing process towards deployable semi-structural construction com-
ponents. In addition, the recent concept of hybridizing live large-scale mycelium
structures with conventional construction materials, to harness structural self-healing
properties, holds some promise in the at-scale manufacturing space for multi-
functional mycelium structures.

However, mycelium composite’s lossy morphology results in markedly reduced
mechanical strength. In addition, its high moisture uptake and its difficultly in large
scale manufacturing at a competitive price point, limits its current industrial
deployment.

Hence, future research and advancement of these materials is required to power
this ‘green’ evolution in the construction industry, particularly in strength improve-
ment, coatings to enhance its hydrophobicity, introduction of its multi-functionality,
such as self-healing capability and large-scale batch manufacturing. When these
challenges are met, the expectation is that mycelium composites will be competitive
with currently used construction materials, on a cost-performance basis.

5.1 Sub-Sectional Attribution (to Jones et al. 2020)

Due to the reproduction of Tables 1 and 2 and Figs. 1 and 3 from Jones et al. 2020,
parts of Sects. 2.1, 2.2, 3.1, 3.2 and 3.6 are reproduced from Jones et al. 2020 –

Under a Creative Commons Attribution 4.0 International License.
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Packaging Applications of Fungal
Mycelium-Based Biodegradable Composites

Rejeesh C. Rajendran

Abstract In a world that demands the use of sustainable practices for producing
more eco-friendly products, the idea of a circular economy prevails through the
gradual reduction in consumption of finite resources. Mycelium is that collection of
filamentous fibers extending out from the hyphae of any fungus. Mycelium is a
biomaterial that is renewable in nature and has the capability to grow quickly on
agricultural wastes. Thin fibers grown from the fungus can bind the matrix material
to form biocomposite materials that are strong as well as biodegradable. These bio
composite materials can be easily molded into various shapes suitable for the
manufacturing of shock resistant packaging materials, and can also be used as a
construction material or as an insulation material. They use cost-effective raw
materials to form the biocomposite and the developed material is a sustainable
substitute to synthetic materials like expanded polystyrene (EPS). These attributes
make the mycelia-based bio composite material to have every chance of becoming a
material of choice in packaging applications. This chapter gives an overview of the
current state of the art technologies and the challenges ahead in the development of
mycelium-based bio composite materials regenerating from agro-industrial waste.
While the main focus is on the packaging applications of fungal mycelium-based
biodegradable composites, the chapter also focuses on a variety of applications as a
viable substitute for synthetic polymer materials like expanded polystyrene.
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1 Introduction

One of the few sectors that saw an exponential growth during the COVID-19
pandemic is the e-commerce sector with millions of people opting for a home
delivery through online shopping/teleshopping for retail essential goods and even
groceries. The pandemic has essentially changed the way people used to shop retail
goods. According to recent reports from Salesforce, digital sales have ballooned
71% in the second quarter of 2020 and 55% in the third, which created a surge in the
use of packages and packaging materials that are bound to end up in landfill sites,
and incineration chambers, or worse in water bodies and the natural environment.
The amount of plastic waste generated as a part and parcel of packaging is at a
staggering level and is growing at a frightening rate. The excellent versatility and
manufacturability of plastic materials have made tremendous improvements to the
economic well-being of society; however, a price has to be paid in the form of
depleting resources and environmental deterioration (Ashok et al. 2018).

Packaging materials do serve a purpose which is mostly dedicated to protecting
things, improving usability and allows safe handling (Ashok et al. 2016). The
recyclability of packaging materials like polystyrene or polypropylene is often
oversold and it is estimated that only less than 14% of the global annual production
of nearly 86 million tons of plastic packaging gets recycled. Instead of getting
recycled, a considerable portion of the packaging waste that have been generated
is destined for landfill, or to the incineration chamber. It may also end up in the
natural environment which unfortunately includes our waterbodies and oceans,
where they turn harmful to marine life (Ellen MacArthur Foundation 2017). How-
ever, a recent market survey indicates that with increasing awareness about the
environment among the customers, they have an affinity towards plastic-free alter-
natives which drives the companies to adopt alternative materials and strategies to
reduce their plastic footprint. In an attempt to minimize the undesirable conse-
quences of packaging waste, research has been in place all over the world that
focuses on the development of alternative materials that are sustainable and biode-
gradable which are mostly derived from renewable agricultural sources (Ashok et al.
2016, Abhijith et al. 2018, Ellen MacArthur Foundation 2017, Ashok et al. 2018).

Expanded Polystyrene or Styrofoam is a lightweight material that is safe for use
with food. It is a preferable packaging material for food, electronics and other fragile
products all the while being a less eco-friendly petroleum derivative (Rosato and
Rosato 2012). While considering factors like emission of greenhouse gases or
energy consumption, production of polystyrene leaves a very serious negative
impact on the environment. Expanded Polystyrene has become a major constituent
in municipal solid waste and marine debris and it is also detrimental to wildlife since
they are extensively used for manufacturing disposable products like food plates or
food containers. These products made from polystyrene are neither biodegradable
nor recycled and are mostly used only once before it turns out to be waste after their
useful life (Rosato and Rosato 2012; Arifin and Yusuf 2013).
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Fungus is considered as dreadful but they have a major role in the decomposition
of biological wastes and thus makes it vital in our ecosystem (Miles and Chang
2004). Manufacturing of biodegradable materials through Bio-design practices is an
important leap in this area of research recently. Moist media and living organisms
like fungi and algae, are the essential building blocks to grow these designs rather
than manufacturing them (Ghazvinian et al. 2019). The fungi-based packaging
materials developed from mushroom mycelium have been extensively studied and
reported in the past decade. Mycelium based foams developed from agricultural
residues or materials like sawdust can be considered as a cost competitive alternative
with comparable properties to conventional Styrofoam. Incorporation of mycelium
composite materials for packaging applications could reduce the consumption of
Styrofoam, and will enhance sustainability through eco-friendly packaging
(Vilaplana et al. 2010; Cooper 2013).

Mycelium is a natural glue that binds onto surrounding particles like sawdust, coir
pith, hay, or rice husk to create a dense network of hyphae (Miles and Chang 2004).
Mycelium biocomposite materials are grown in molds with different shapes as per
the final requirement, where they grow quickly into a dense compact material. The
material is dehydrated to prevent further growth after it has been grown to the
required shape and density. Mycelium-based materials are completely biodegradable
and it will decompose within a few weeks without the help of external stimulus. The
cost of these materials can be reduced when it is processed on a mass scale in batches
and it is easier to biodegrade after its useful life than recycling (Jiang et al. 2013).

This chapter reviews the current state of technology and achievements that have
been made on utilizing mycelia for bioremediation of agro wastes. It also reveals the
various mycelium packaging materials that have been developed and discusses their
characteristics for being projected as a sustainable alternative for conventional
packaging materials like Expanded Polystyrene.

2 Demand for Sustainable Materials in Packaging

According to a report, it is estimated that approximately 9.15 billion tons of plastic
materials have been manufactured worldwide since the 1950s, of which around 30%
are currently in use, only 9% have been reused, and more than 60% are in landfills
after their useful life. At this rate of production, it is expected to have around 28.6
billion metric tons of plastic in the world by 2050 (Geyer et al. 2017). Packaging
materials made from plastic are non-biodegradable but can be shredded to small
fragments. The polymer chain of these fragments gets weakened when they are
exposed to sunlight, but the environmental impact caused by these milli fragments is
not yet conclusive (Tudryn et al. 2018).

Different materials have different processes suitable for their recycling and the
conversion rates also may vary with respect to the plastic (Hopewell et al. 2009).
Polyethylene terephthalate (PET) allows repeated recycling with a restoration rate of
about 19.5% by weight, while polystyrene plastics like extruded polystyrene or
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expanded polystyrene can be recycled only with a recovery rate of just 0.9% by its
weight which places them amongst the least recycled plastics. Moreover, freight
companies usually charge their services after considering factors like weight and
volume of the goods to be transported. Considering that, the transportation cost of
the EPS will be relatively very high as it requires a large volume to weight ratio and
the light weight structure really makes it a poor choice of material for primary and
secondary recycling. For each ton of plastic being turned into waste, the energy
consumption required for transportation is approximately 0.49 million BTU all the
while emitting 0.04 metric tons of carbon dioxide (Containers and Good 2016;
Mojumdar et al. 2021).

Disposing plastic waste through combustion is a common practice which adopts
the waste-to-energy (WTE) approach to generate energy. Though the combustion of
plastic wastes can release exorbitant amounts of carcinogenic pollutants and heavy
metals, other recycling options that involves collection of plastic wastes and their
transportation are also harmful to human health and the environment, just like WTE
incineration (Rigamonti et al. 2014).

During the 1980s, manufacturers introduced starch-based polymers to polyethyl-
ene blends and begin to market them as “ecofriendly” (Iles and Martin 2013).
Biodegradable plastic materials from renewable sources are considered as a substi-
tute for synthetic polymers and were extensively studied and used (Ashok et al.
2016). The different types of bioplastic materials that were suitable for packaging
application included the

1. Polysaccharides like starch or cellulose extracted from biomass
2. Polymers like Polylactic Acid (PLA) or polyacrylates from chemical synthesis of

renewable bio-based monomers
3. Polymers like Polyhydroxyalkanoates (PHA) from microorganisms or genetically

modified bacteria (Ashok et al. 2016).
With the growing awareness of environment and sustainability issues caused

by packaging materials, there is an increasing demand to find ecofriendly mate-
rials derived from renewable sources with comparable properties to substitute
traditional packaging materials. Suitability of packaging materials depends on
their mechanical and thermal properties which can be improved through steps like
using a plasticizer, blending of polymers or reinforcement with nano-materials.
More research that focuses on developing environmentally benign and competent
alternative materials that are also economical, needs to be investigated in order to
fulfill the demand for plastic-based packaging materials.

3 Role of Mycelium in Biocomposite Materials

Mushrooms are unique organisms with body structures and reproductive modes that
may look like plants but are in fact fungi. Mushrooms are heterotrophs that must
digest food to live, unlike autotrophs like plants that make their own food through
photosynthesis. Mycelium (collection of hyphae), fruiting body and spores are the
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essential parts of fungi anatomy. Hyphae are long, branched filamentous structures
that help in absorbing nutrients from decaying organic matter. While mycelia forms
the vegetative part of the fungus and thereby is a growth agent, the fruiting body is a
reproductive structure that produces spores. Fungal spores are haploids (carry only
one chromosome for each gene) involved in fungal reproduction as they can
germinate on damp soil (Mojumdar et al. 2021).

Mycelium gets attached to the medium on which it is grown. The digestive
enzymes secreted from hyphae tips have the ability to break down organic waste
material to a matter of less complex body plan which allows the hyphae to grow on a
substrate. This process of degradation of the substrate materials during which
mycelium grows on the substrate by bonding and partially replacing the substrate
with a strong biomass of the fungus is called colonization (Appels et al. 2019). Once
the mycelium-based bio composite material grows into the required shape and
density, further growth of mycelium has to be arrested. Heating and drying are the
two ways that can be used to cease the growth of mycelium based bio composite
materials. Drying process can temporarily cease the growth of fungi leading to
hibernation. It also means that by providing favorable environmental conditions
like moisture, the mycelium can grow again. However, heating of mycelium arrests
any further growth by permanently destroying them.

A large variety of mycelium based bio composite materials can be developed by
varying the fungal species used for inoculation or by changing the type of substrates
or additives used. Properties of mycelium bio composite materials can be influenced
through optimizing the factors like growing conditions or processing techniques.
Several studies have reported the properties of different mycelium biocomposites
compared against the conventional plastics like polystyrene (Attias et al. 2017;
Haneef et al. 2017; Jones et al. 2017).

Mycelium bio composite materials are made by growing them into the required
shapes in customized moulds. Mycelium grows around substrates like sawdust or
coir pith by binding them together and the result is a compostable material which is
an environmentally benign substitute to expanded polystyrene and other polymers
used for cushioning of packaging goods. However, their ability to compete with
synthetic materials as a protective packaging material in terms of cost and perfor-
mance is yet to be established (Ellen MacArthur Foundation 2017).

Fungi grows with a filament like structure to form branches and this architecture
helps them to grow quick in soil. Elongation of fungal hyphae is strictly due to the
deposition of polysaccharides (Gooday 1995). The forward movement of vesicles
with new cell membranes causes the hyphal tips to extend. The excretion of lytic
enzymes enables the hyphae to grow through the substrates allowing them to receive
nutrients in the form of solutes. The redistribution of internal metabolites throughout
the structure is done through translocation. (Olsson 1995). Active hyphae are
involved in activities like nutrient uptake, branching and translocation while inactive
hyphae are no longer directly involved in those activities. Hyphal tips are the ends of
those active hyphae which are extended by using the nutrients inside the fungus.
Thus, a hyphal tip extends to become hyphae as it begins to form branches and
receive nutrients from adjacent material. Whatever be the environment, fungus needs
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the presence of certain elements or their combination for their steady growth.
Elements like carbon, hydrogen, nitrogen, sulphur, phosphorus, oxygen and several
others including metals are of special interest in this context (Boswell et al. 2003).

4 Potential of Mycelium Biocomposite Materials
for Packaging Applications

Labelling of green products and marketing them as such had an appeal only with a
smaller customer base until recently, however, an increase in awareness about the
positive effects of using sustainable and renewable materials has brought in positive
changes in perception to a larger customer base. There has been an increase in
purchase power among the eco-conscious consumers who happen to be mostly the
younger generation which has made a shift in the sales and marketing landscape and
has inspired the manufacturers to focus more on sustainable materials. Consumers
are now more inclined towards greener products that advertise sustainability and
towards the companies that are keen on corporate social responsibility. The com-
bined effect of these value based thinking has made it look like a viable proposition
and has encouraged the manufacturers to incorporate sustainable business practices
to their manufacturing chain that consists of stakeholders like suppliers, consumers
and employees (Matthews and Rawlings 1999. Mohanty et al. 2005, Kazmierski
2012).

If this increased customer affinity can be channelized to a growth in sales, the
companies that switch to sustainable packaging materials from conventional mate-
rials like polystyrene could benefit from increased sales revenue. They might also
enjoy a young dedicated customer base who is keen on purchasing eco labeled
products even after paying a slight premium in price for sustainability. Consumers
are now aware of the waste generated as a result of e-commerce and buying
consumable goods and they are the more interested to minimize the packaging
waste than ever (Abhijith et al. 2018).

Corporates who advertise their commitment to ecological and socially responsi-
ble business practices are more likely to get a considerable boost in sales and
revenue. Retail sales data of selected goods across several brands in different
countries suggests that the products marked with a green labelling on its packaging
has experienced an annual increase in average sales by 2%, in comparison with the
brands without a green labelling that showed a meager 1% increase in sales. Products
having environmental benefits experienced a whooping increase in annual sales by
5%, but obviously with the help of marketing promotions. The increase in sales and
revenue of products will help to quickly overtake whatsoever the additional costs are
associated with redesigning of their packaging (Abhijith et al. 2018).

Bio design and growing of fungal mycelia in suitable moulds use living organ-
isms to create a viable substitute for polystyrene based foam in conventional
packaging. The development and use of mycelium based biocomposite foam
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supports a commitment to use renewable materials for better sustainability. Figure 1
shows Mushroom based foam being used for some of the several applications in
packaging. At the time when these materials can be developed cost effective, it could
change the status quo for good and would reduce the use of non-biodegradable
petroleum derived synthetic waste materials that adds to the pollution. Also, the
agricultural wastes for growing mycelium biocomposite material could derive addi-
tional value from this increased demand. This could very well turn as an added
income to the farmers who could utilize these as raw materials instead of incinerating
it.

These materials are designed for single use and after its useful life, it will
biodegrade either in a compost pit or in landfills instead of remaining there without
decomposition forever. Mycelium biocomposite materials are capable of creating an
impact in the area of sustainable packaging and will make oil-based plastic materials
obsolete and radically change the way the environment has been affected due to
non-biodegradable packaging materials. Mycelium based packaging materials have
the potential and will make those persistent oil-based plastic materials obsolete and
radically change the way industry impacts the environment. Raw materials to be
used as substrate to grow mycelium can be any feedstock material (agricultural
by-products) that are locally available in abundance, which makes it suitable for
manufacturing the biocomposite foam from anywhere in the world. Minimal logis-
tics and transportation is sufficient if the raw materials and finished products are
produced locally, using local feed stocks (Abhijith et al. 2018; Jiang et al. 2013).

These shifts in customer behaviour has an impact in global economy and it is
being noticed by the corporate giants like Coca Cola and Unilever and they have
included sustainability as a core value of their brand. Customers around the world
are vocal on local and sustainable products more than ever. The use of mycelium

Fig. 1 Mycelium composite material molded for packaging applications
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biocomposite materials in packaging will offer the businesses a new way to tap into
the values of potential customers and a reduction in environmental impact.

5 Early Adopters of Mushroom-Based Packaging

Any change in business practices in order to transform the present methods to
sustainable packaging might seem like an unnecessary cost, especially for smaller
firms with tight margins. However, despite the size of the business, a radical
rethinking of the packaging process can be done in order to reduce the harm it
does to the environment and focus more on sustainability. While packaging is an
important entity in the marketing of any product, a large part of it turns as disposable
waste once the item has been unpacked. Mycelia is a natural binder that can grow on
agricultural by products like corn, coir pith or oat husks to make sufficiently durable
cushioning materials that could substitute expanded polystyrene in practically every
application. More and more firms have declared their commitment to reduce depen-
dency on Styrofoam during the past few years and they are actively looking for
alternative materials for their products.

Ecovative design is a New York based biotech company and is a pioneer in
manufacturing of mushroom based foam. They have gone a long way in making the
process efficient, all the while maintaining the key properties of material intact.
Corporates like Dell is one of the early adopters that has announced their decision to
use the eco-friendly fungal mycelium based foam for shipping their servers in its
packing cases. They have extensively tested these material in their labs to ensure that
the same amount of safety is provided to their products when compared to traditional
expanded polystyrene foam. While they satisfy the necessary requirements, cush-
ioning from mycelium materials are found to be more suited for heavy goods like
servers. Mycelium based packaging materials for a standard server can be grown in
the mold usually in one to 2 weeks’ time. The use of ecofriendly packaging materials
comes as a part of the firm’s plan for a more sustainable shipping strategy. Not only
that mycelium is renewable which makes it a green solution, the organic based
mycelium foams can be composted easily after its useful life (Abhijith et al. 2018,
Mojumdar et al. 2021).

Ford motor company has decided to make use of mycelium-based foam in
automotive parts like bumpers, side doors, and dashboards. The immediate future
will see a new generation of cars with more biodegradable components while at
present, about 15 kg of synthetic foam is present in each car being manufactured and
Ford is likely to replace at least a part of it with eco-conscious alternatives. These
materials can be decomposed in a short period after its useful life unlike petroleum
derived synthetic foam. The furniture giant Ikea, is also determined to reduce its use
of petroleum-based synthetic packaging materials and is keen to substitute polysty-
rene. Mycelium based cushioning materials is one among the few alternative mate-
rials under consideration (Abhijith et al. 2018; Mojumdar et al. 2021).
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6 Production of Mycelium Biocomposite Materials

The production of the mycelium biocomposite samples can be divided into two
phases. In the first phase, the mycelium/mushroom roots of Pleurotus ostreatus
species of oyster mushroom are grown and the biocomposite samples are prepared in
the second phase.

6.1 Phase 1: Growing of Mycelium

Mycelia is usually grown in a basal medium such as mineral salt, and is
supplemented with nutrients like sources of carbon, nitrogen and inorganic com-
pounds (Zhu et al. 2015). Factors like initial pH, carbon source, nitrogen source and
presence of inorganic compounds has a heavy influence on the process of microbial
mycelia production under submerged fermentation conditions. While factors like
fermentation temperature, time, rotation speed and inoculum size affect the fermen-
tation process. A few organic compounds that influences the production of mycelium
are ZnSO4, MgSO4, CuSO4, CaCO3, K2HPO4, KH2PO4, and Zn(CH3COO)2 (Zhu
et al. 2015).

The Pleurotus ostreatus species oyster mushroom has been reported as a most
favorable choice used for the development of mycelium (Sivaprasad et al. 2021; Hoa
and Wang 2015). Oyster mushroom spawns have more life and can endure higher
temperatures when compared to other species of mushrooms (Zhu et al. 2015). The
growth of mycelium is enhanced by using a medium of potato dextrose agar (PDA),
(HI media MH096). The bio composite material has been reported to be prepared in a
matrix of growth promoting materials like sawdust or coir pith. Fine particles of the
substrate are more suitable for growth of mycelium as the size of particles have a
direct impact on binding. Once the required growth of the sample is achieved then it
is chemically sterilized and the excess moisture is driven out.

The fruiting body of the mushroom was sliced into tiny parts and was kept at the
base of a mixture of steam sterilized Potato dextrose agar (PDA) medium and
distilled water. An incubation temperature between 24 �C and 27 �C is important
for growth of mycelium and the samples were kept at 25 �C for about 5–7 days.
(Islam et al. 2017; Bruscato et al. 2019). Figure 2 shows the various samples of
fungal mycelium.

The microscopic images of mycelium under different stages of its growth are
shown in Fig. 3. These pictures are captured at an interval of 7 days. The first image
is captured on the seventh day just after the mushroom is moved to dextrose agar.
The image has been contaminated with the presence of external fungi. Mycelium
was again freshly sub cultivated and a second image showing development of
mycelia was captured on 14th day. The third image captured on the 21st day
shows mycelium growing without contamination (Jose et al. 2021).

.
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6.2 Phase 2: Preparation of the Biocomposite Materials

Mycelium formed in the first phase is placed in the sterilized substrate at a temper-
ature of 25 �C and relative humidity of 80% and provide a source of nutrition for
further growth of mycelium. Sterilization process will kill the microbes present
inside the mixture and will cease the growth of mycelia and it takes at least a
week for the mycelium to attach entirely to the substrate. It is then transferred to
the mold so that the bonds become closer and form a stable structure (Jose et al.
2021). Figure 4 show the biocomposite sample developed from sterilized sawdust
and mycelium fungus.

The shelf life of the material is a priority as these bio composite materials can only
be a viable substitute to polystyrene if their shelf life is also good as they mainly find
their application in the packaging industry, where it might also have to be stored for
extended periods. Fungal mycelium-based biocomposite materials are reported to
have a lower shelf life and attempts have been made to improve their shelf life by
adding coir pith as a substrate material along with saw-dust in the ratio 2:3
(Sivaprasad et al. 2021). The presence of lignin in coir-pith makes it difficult for

Fig. 2 Mycelium fungus

Fig. 3 Microscopic images of growing mycelium
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the microbes to digest them. Hence the presence of coir-pith can significantly
increase the shelf life of mycelium composite materials than when they are prepared
alone with sawdust as the substrate. However, any reduction in the amount of
saw-dust has led to a reduced growth rate as it is the main nutrient supplier for
mycelia in and a decrease in the amount of coir-pith can lead to a decrease in shelf
life as the lignin content is reduced (Bruscato et al. 2019; Shashirekha and
Rajarathnam 2007; Islam et al. 2018).

Figure 5 shows the process of preparing the mycelium composite material
samples. The spawns are evenly distributed in the mold initially before the mold is
filled with matrix (saw-dust coir-pith mixture) material. Once the inoculant and
substrate are placed in the mold, the mold is fully wrapped but with sufficient
holes punctured to maintain enough ventilation and humidity. The molds filled
with saw-dust coir-pith mixture and spawns are kept in a laminar airflow cabinet
for around 2 weeks and during which, their growth is monitored and water is sprayed
every 2 days to ensure the required humidity. On completion of the growth period,
the sample is dried in a hot air oven at a temperature of 140 �C for 20 mins
(Sivaprasad et al. 2021). Drying of the samples drive out the moisture in it and in
the process makes it light in weight. It also inhibits the further growth of mycelium
Fig. 6 shows the various samples fabricated with different shapes and size.

Fig. 4 Mycelium-sawdust
bio composite foam
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7 Properties of Mycelium Biocomposite Materials

Promising results were observed when the dense mycelium bio composite samples
were subjected to various characterization tests. Tests like thermogravimetric anal-
ysis (TGA) and Differential Scanning Calorimetry (DSC) analysis indicated that the
thermal stability of mycelium-sawdust bio composite specimens are far more supe-
rior when compared to that of expanded polystyrene (Jose et al. 2021). Mycelium bio
composites are made of biodegradable raw materials like mushroom roots and
sawdust, and this biodegradable nature of mycelium composite materials is a
significant influence for its selection as an alternative material to replace expanded
polystyrene in packaging applications. Sustainable materials have been an important
player in the strategy to reduce environmental pollution. Mycelium bio composite

Fig. 5 Process of preparing the samples

Fig. 6 Mycelium bio composite samples fabricated in different shapes and size
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materials require only minimum energy for their production and thus is a strong
competitor to expanded polystyrene in packaging applications.

7.1 Toxicity Test

Incineration is not the best way of waste disposal for either EPS or mycelium bio
composite materials. However, the non-biodegradable polystyrene waste is more
susceptible to accidental fires in waste landfill sites especially if they are not wholly
covered with soil as they are meant to be. Mycelium based bio composite material
will quickly biodegrade in outdoor environmental conditions so that the instances
involving their burning in a landfill site will be rare (Bruscato et al. 2019; Girometta
et al. 2019). When polystyrene is burned, it emits hazardous gases and releases
particulate matter to the atmosphere. A toxicity test was performed using a Respi-
rable dust sampler (Envirotech, APM 460 NL) in order to find the extent up to which
the amount of particulate matter concentration and hazardous gases has been emitted
when polystyrene and mycelium composites were burned. Combustion products
contained traces of gases like nitrogen dioxide, carbon monoxide, and sulfur dioxide.
The amount of particulate matter released into the atmosphere is shown in Table 1
(Jose et al. 2021).

Results of toxicity tests suggests that burning of expanded polystyrene releases
more toxic substances than mycelium bio composite samples. The results are in
agreement with the previous results reporting the flame-resistant nature of
mycelium-based composites due to high char residue and release of water vapour
(Jones et al. 2018).

The burning of mycelium bio composite materials release more carbon monoxide
and Sulfur dioxide than when EPS is burned. This is due to the presence of saw dust
material as substrate in the bio composite. However, the amount of particulate matter
released is very less for the bio composite than that of EPS. Nitrogen dioxide
emissions from bio composite material is nearly half that of EPS. Even though
mycelium bio composite materials release significant amounts of Sulfur dioxide and
carbon monoxide when burned, the instances of mycelium bio composite material
catching a fire is very rare as they degrade very quickly leaving little chances of an
accidental fire.

Table 1 Combustion products of mycelium sawdust composite material

Sl. No. Combustion products in μg/m3 Expanded Polystyrene Mycelium bio composite

1 Sulfur dioxide 95.59 167.87

2 Nitrogen dioxide 89.78 43.80

3 Particulate matter 1643.0 153.31

4 Carbon monoxide 49 92
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7.2 Scanning Electron Microscopy and Energy Dispersive
Spectrum Analysis

The Scanning Electron Microscopy (SEM) image of mycelium composite materials
clearly indicate the presence of a network-like microstructure with fine filament
distribution in the matrix while polystyrene is reported to have a plate-like structure.
It is evident that the mycelium composite also has a well-defined structure when
compared to EPS with long polymeric chain structures The open cell structure of
mycelium composite material is responsible or the cushioning effect of the foam
material which enables it as a suitable alternative for packaging applications (Jose
et al. 2021).

The SEM image of mycelium composite (see Fig. 7(a)) at a magnification of
500X shows mycelium filaments binding loosely packed sawdust matrix. The air
voids present in the structure is responsible for the lightweight characteristics of the
mycelium composite material. Figure 7(b) shows the Energy Dispersive Spectrum
(EDS) which reveals the elements present in the sample and they are potassium (K),
carbon (C), oxygen (O), magnesium (Mg), Aluminium (Al), and Silicon (Si) (Jose
et al. 2021).

The matrix of mycelium bio composite materials has a continuous orientation
throughout the material which indicated that their physical properties are consistent
throughout the material. (Girometta et al. 2019).

7.3 Density and Moisture Content

The average bulk density for mycelium - sawdust composites were found to be
178.5 kg/m3 when polystyrene has a density of 1040 kg/m3. Mycelium composite
materials are biologically grown without applying any compressive forces. Samples

Fig. 7 Mycelium bio composite specimens (a) SEM image (b) EDS spectrum
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with a higher density can be achieved through compressing and densifying of the
material. However, this densification can bring out radical changes in other proper-
ties of the material. The effect of densification in mycelium based materials is
sparsely studied or reported. (Jose et al. 2021).

The moisture content in mycelium composite samples were around 30% while
EPS has nearly zero water retention. Moisture retention is a serious determining
factor especially when the primary application is in the field of packaging. Applying
a thin film of lamination over the surface can greatly increase the moisture resistance
of mycelium composites which also increases the shelf life but it comes at the cost of
reducing the biodegradability.

7.4 Water Absorption Test

The average density of mycelium-based material after water absorption is about
318.309 kg/m3. Biocomposite samples remained afloat despite gaining 120–185%
mass as shown in Table 2 (Sivaprasad et al. 2021; Attias et al. 2020). The mycelium
composite was able to retain its dimensions without any deformation, decomposition
or warping even after absorbing water. This indicates that the composite material is a
suitable substitute for packaging applications where the product needs to be stored
for a limited amount of time.

A biocomposite material that absorbs water is definitely not an ideal feature for a
packaging material. However, the mycelium composite material can be considered
when the items packed are dry and free from liquids.

7.5 Acoustic Impedance Test

Mycelium composites have superior sound absorbing properties than EPS as evident
from Table 3. Mycelium biocomposite material has a higher sound absorption
coefficient compared to EPS. Sound waves are either absorbed or reflected and are
only partially transmitted through the bio composite (Sivaprasad et al. 2021).

Table 2 Water absorption of
mycelium composite material

Sl No. Time (h) Weight (kg) Volume (cm3)

1 0.5 0.065 157.0796

2 1 0.095 171.5969

3 2 0.115 171.5980

4 4 0.135 181.8390

5 24 0.15 158.319

6 48 0.155 188.832

7 96 0.160 188.832
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The average sound absorption coefficient for mycelium composite is 0.2275
while that of EPS is 0.13. The average sound absorption coefficient of 0.2 is kept
as a standard benchmark for categorizing material as a sound insulator or not. Since
the average sound absorption coefficient of composite is above 0.2, mycelium
composites have a great potential in the field of sound insulation of walls, doors,
and ceilings of concert halls, cinema, auditorium, and broadcasting studio
(Girometta et al. 2019; Li and Ren 2011).

7.6 Mechanical Strength of Mycelium Composites

It is observed that the average value of compressive strength and compression
modulus of biocomposite material is superior to that of EPS. The flexural modulus
of mycelium biocomposite is about five times the flexural modulus of EPS. Since the
biocomposite material has a higher compression modulus and compressive strength
than EPS, it is safe to assume that the biocomposite material is stronger in compres-
sion than EPS. The biocomposite material is capable of taking higher compressive
loads when compared to EPS, which will help to reduce the thickness of material to
be used for packaging which in turn reduces cost. (Sivaprasad et al. 2021).

7.7 Thermal Conductivity and Limiting Oxygen Index

The thermal conductivity of mycelium biocomposite is a little greater than that of the
EPS samples. The mycelium composite has a thermal conductivity of about
0.069950 W/m-k whereas the EPS sample has 0.053984 W/m-k. For the same
temperature difference, mycelium biocomposite can transfer more heat compared
to EPS, hence expanded polystyrene is marginally a better insulator (Sivaprasad
et al. 2021).

The observations from Table 4 indicate that the LOI of EPS is less than 21% and
that of the biocomposite is greater than 21%, therefore the biocomposite is self-
extinguishing and has fire-retardant properties (Rejeesh and Saju 2017). The LOI of
mycelium biocomposite is 23% which is classified as a fire-retardant material
whereas EPS has an LOI of 19% which can be classified as a flammable material.

Table 3 Sound absorption
coefficient of mycelium
composite

Sl.no Frequency (Hz) EPS Mycelium biocomposite

1 250 0.04 0.17

2 500 0.05 0.19

3 1000 0.10 0.33

4 1600 0.33 0.22
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8 Application of Mushroom Biocomposites

It was in the 1980s, where Shigeru Yamanka a Japanese scientist reported the gluing
power of mycelium to be effective in the paper industry and in manufacture of
building materials (Mojumdar et al. 2021). Recently, mycelium is being used in
many industries like design, fashion, packaging, architectural design, etc.

The possibility of using mycelium bricks were also exploited to find new appli-
cations including the construction sector. Mycelium bricks were used to build a
tower as tall as 40 feet and it is the largest structure reported to be made from
mushroom materials. Over the past few years, mycelium has been used in building a
few architectural projects like Hy-Fi Tower, the Mycotecture alpha, MycoTree
(Abhijith et al. 2018; Mojumdar et al. 2021). David Benjamin designed a temporary
structure of the Hy-Fi tower in the form of three 13-m tall intersecting cylinders built
with 10,000 blocks of mycelium and the tower remained for 3 months in summer
(Mojumdar et al. 2021). Phill Ross, the cofounder of MycoWorks designed a small-
scale pavilion Mycotecture Alpha. (Karana et al. 2018).

It has also been tried as an insulation material similar to insulation boards, leading
to a more energy efficient building It also achieved class A fire rating without using
toxic fire retardants. According to Ecovative, their product can be used in many more
applications than just packing cases. (Abhijith et al. 2018).

Myco Board is an engineered wood substitute that has the potential to replace
wood, plywood or similar engineered wood products (Fig. 8). Engineered wood
products that use formaldehyde resins can be substitute by a resin less technology
where particles are bonded together with naturally occurring mycelium

Fig. 8 Myco-boards made
from mycelia

Table 4 Thermal conductivity and LOI

Sample Material Thermal conductivity (W/m-K) LOI (O2%)

1 Expanded polystyrene (EPS) 0.053984 19

2 Mycelium biocomposite 0.069950 23
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Myco-boards are expected to substitute popular fabricated wood substitutes like
medium density fiber boards and particle boards (Abhijith et al. 2018).

Greensulate is a trade mark fire-retardant board from Ecovative Design that is
primarily used for sustainable insulation (Abhijith et al. 2018; Casini 2016).
MycoWorks and MOGU Inc. have been successful in producing synthetic leather
from mycelium. The product is durable, flexible, sustainable and waterproof. “Future
of Plastics” is a project started by OFFICINA CORPUSCOLI that focuses on the
development of kitchenware and substitutes to disposable plastics (Mojumdar et al.
2021).

MOGU have been developing mycelium-based wall and ceiling panels
(Mojumdar et al. 2021). A Shell Mycelium domed building has been constructed
in India for Kochi Muziris Biennale 2016 (Mojumdar et al. 2021).

Various investigations to find newer applications for mycelium composites
especially in the field of architecture arein place world wide. The objective is to
improve the mechanical, thermal and chemical properties of mycelium-based bio
composites and find a way for affordable, and durable, structures which can chal-
lenge environmental threats and weather.

9 Conclusion

Fungal mycelium-based bio composites are a centre of attraction not just because it
is a sustainable choice instead of the conventional non-biodegradable packaging
material, but they are also researched into newer applications like air purification
filters or as insulation panels. The manufactured mushroom based packaging mate-
rial has to maintain a consistent density with a binding material that is a microbe. The
real challenge also lies in the scaling up of the production of mycelium composite. In
general, factors like reproducibility, or mechanical and thermodynamic properties of
mycelium bio composites are still inferior to synthetic materials. These synthetic
materials have been in use under extreme conditions for a long time now and are
found useful in a variety of applications. However, the investigation on mycelium
composites has only recently gained momentum and thus it is safe to conclude that
these materials have all the potential to substitute the conventional packaging
materials which are mostly petroleum derived synthetic materials. Mycelium bio
composite materials as an alternative to expanded polystyrene could largely change
the way how packaging industry works currently but it is expected to happen silently
than as a radical shift.
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Fungi for Material Futures: The Role
of Design

N. Ivanova

Abstract The last decade has seen a rapid growth in design interest, research and
development of mycelium-based technologies for various applications across tex-
tiles, fashion, product, furniture and architecture domains. Building on an ancient
relationship between fungi and humankind—well documented by ethnomycology
literature and advanced through both biotechnology and creative practice—a new
partnership between design, science and industry leaders has pioneered the market
introduction of fungi-derived products. The careful crafting of material, aesthetic and
performance properties, paired with an open, collaborative and conscious approach
to material innovation, has meant that the early concept designs, protypes, and
commercially realised applications, present a holistically considered future of myce-
lium products, environments and systems. This chapter charts an overview of key
moments, considerations and stakeholders in this growing design domain, with a
view to providing a resource for the next generation of innovators, who will advance
the scope and future applications of fungi in design.

Keywords Mycelium · Materials · Innovation · Biodesign · Biofabrication · Design
thinking · Sustainability · Interdisciplinarity

1 Introduction

We’re on a journey to create a more sustainable world. But what if the best way to work for
nature was to work with it? And what if the answer was right under our feet. . . (adidas 2021)

Thus begins the launch of adidas’ latest concept shoe—the Stan Smith MyloTM—a
mycelium-based interpretation of their iconic footwear design. The product was
launched recently as part of a newly-established fashion consortium between Stella
McCartney, adidas, lululemon and Kering who, in October 2021, announced an
industry-first partnership and investment in consumer biomaterials, to advance the
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productisation and market realisation of MyloTM (Fig. 1). MyloTM is a fungi-derived
alternative to leather. It is developed by engineering the vegetative growth of
filamentous fungi (mycelium) into material sheets that could be fashioned into a
range of fashion and sportswear products.

MyloTM is only one of a range of mycelium-based design propositions which
began to enter textile technology and design realms since the early nineties, and has
since gained rapid momentum due to the parallel advances in three key areas:

Science-led companies, e.g., Ecovative,Modern Meadow and Bolt Threads amongst
others, have invested effort, talent and resources towards the development and
commercialisation of victimless1 alternatives to animal-based, or ecologically
harmful petroleum-based materials and products. This sits well within the grow-
ing domains of bioeconomy2 (Butu et al. 2020; Lee et al. 2020) and circular

Fig. 1 Mylo™ ‘leather’ and material swatches. © Bolt Threads

1‘Victimless Leather’ (Catts and Zurr 2004) was a miniature prototype of a stitch-less jacket grown
from immortalised cell lines on a biodegradable polymer matrix which explored the future of
lab-grown ‘leather’.
2The bioeconomy aims to “reduce the dependence on natural resources, transform manufacturing,
promote sustainable production of renewable resources from land, fisheries and aquaculture and
their conversion into food, feed, fibre, bio-based products and bio-energy, while growing new jobs
and industries”. https://ec.europa.eu/programmes/horizon2020/en/h2020-section/bioeconomy.
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economy3 (Meyer et al. 2020), and is in alignment with the objectives of the UN’s
Sustainable Development Goals.

The design community developed a keen interest in exploring novel processes of
fabrication, namely biofabrication (Lee et al. 2020), and began collaborating with
scientists to ‘grow’ design products, as opposed to traditional methods of pro-
duction that rely heavily on extraction of finite natural resources. Biomaterials,
bio-inspired design and biofabrication entered design parlance through the works
of designers, such as Suzanne Lee (2005, 2011, 2012), Nancy Tilbury (2009),
Carole Collet (2012) and Maurizio Montalti (2010a, b, c) amongst others, who
went on to educate and inspire many of today’s designers working in this field.

A new type of environmentally and socially conscious, value-driven consumer
emerged—one, who would not compromise on the quality of products they buy
at the expense of planetary health, and would hold companies accountable to
sustainable, transparent and ethical processes of resourcing, manufacturing, sup-
ply chain, and end-of-use management (Fletcher 2008; Fletcher and Grose 2012;
Thackara 2015).

The parallel development in these areas, an overall change in mindset towards open
innovation, collaboration and transparency, and the urgency of the environmental
crisis, helped create the right context and time to successfully bring to market
mycelium-based materials and products.

The following sections provide a design-focused discussion on the value and
applications of fungi for materials and consumer products. This is informed by the
author’s personal interest and design enquiry in the development of novel bio-based
materials for applications in textiles, fashion and furniture.

Key questions that are explored throughout this chapter, with a view to opening
up thinking and opportunities for further collaborative design-science-industry
investigation, include:

What are the benefits of introducing fungi-based4 materials and products? How do
we ensure integrity of narrative and market realisation?

Who are the key stakeholders in bringing these products to market? How do we
develop an approach that is inclusive of scientific, design, market, corporate and
environmental considerations and benefits?

What are the current gaps and opportunity areas in realising a mycelium-based
future for consumer products?

What is the value of design thinking, research and practice in advancing engage-
ment with, perception and realisation of consumer biomaterials?

3The circular economy aims to “redefine growth, focusing on positive society-wide benefits. It
entails gradually decoupling economic activity from the consumption of finite resources, and
designing waste out of the system. Underpinned by a transition to renewable energy sources, the
circular model builds economic, natural, and social capital.” https://www.
ellenmacarthurfoundation.org/circular-economy/concept.
4‘Fungi-based’ and ‘mycelium-based’ are used interchangeably throughout this article, as the fungi
currently used in design, which are referenced in this publication, are all filamentous.
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2 The Beginnings of Fungi Material Innovation

2.1 The Untapped Material Potential of the Fungi Kingdom

As a natural resource and raw material for design, fungi appear to be relatively
untapped (Cooke 1977; Deshmukh and Rai 2005; Kendall 2013; Stamets 2004). The
diverse kingdom, comprising the well-known mushrooms, toadstools, bracket fungi,
moulds, yeasts and lichens, is estimated to include between 2.2 and 3.8 million
species, of which less than 10% have been described (Willis 2018). Their varied
morphology, natural properties, and existing biotechnological applications (Hamlyn
1991; Moss 1987; Singh and Aneja 1999; Stamets and Chilton 1983), create scope to
consider a multitude of novel uses that bring together mycology, cutting-edge
biotechnology, market leaders, and visionary design thinking and craft. As Charaya
and Mehrotra (1999) aver, “In the emerging ‘age of biotechnology’, the fungi are
expected to provide a wider range of useful products and processes for human
welfare under the banner of what is called ‘fungal biotechnology’”.

The roles fungi play for life on Earth have been predominantly the subject of
scientific research. Their importance as plant, animal and human pathogens is well
documented, and their beneficial applications have long been developed by biotech-
nology sectors, for example, in food and beverages production, medicine, agricul-
ture, and perfumery (Moss 1987; Wainwright 1992). Fungi are key biological factors
in sustaining the planet’s ecosystem biodiversity and dynamics (Boddy 2013; Boddy
and Coleman 2010). Their natural properties to recycle carbon, nitrogen and other
essential elements that feed the soil, have formed the basis for applications such as
mycofiltration, mycoforestry, mycoremediation and mycopesticides, which Stamets
(2004) proposes as a means to “the mycological rescue of the planet”.

Charaya and Mehrotra (1999) further emphasise the unique properties of fungi
that make them an appropriate and useful natural resource for novel products, e.g.,
their ability to produce a variety of enzymes, conferring upon them the ability to
colonise and degrade various substrates; the potential to synthesise a great variety of
metabolites; and the large surface area of the hyphae through which fungi can
interchange substances with their environment. In circular design, where a major
concern is how we keep products in use for longer, or how we recycle and upcycle
materials that are already in use, this indicates a beneficial application for upcycling
by-products not only from the design industry itself, e.g., from fashion and archi-
tecture, but also from agriculture, food and beverage production.

In a global call to action, to unlock the potential of plants and fungi for sustainable
development, Antonelli et al. (2019) assert: “Humans have been using biodiversity
for hundreds of thousands of years, but at no time in our history has it been more
crucial to accelerate our exploration of the useful properties of the species that
inhabit the world around us.”

For a designer, the access to such an immense and varied resource triggers the
imagination of the myriad potential uses for fungi across the design process—from
new bio-based raw materials, e.g., fibres and composites, through colour and
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finishing agents, e.g., pigments as well as enzymes used to treat denim, to a range of
consumer products across fashion, architecture and product design. Furthermore,
this enables us to completely reimagine processes of fabrication through the adop-
tion of biodesign processes from the biotechnology and medical industries, as well
as the entire product lifecycle—on one hand from the consumer perspective, and on
the other, from a systems perspective as a new bioeconomy.

2.2 A Biofabricated Future

Since ancient times developments in fabric production, technology and function
have been interwoven with the advances of human society (Trochmé 2002). Histor-
ically textile products have been derived from natural plant and animal resources
including cotton, linen, wool and silk, which resulted in a well-established, possibly
subconscious affinity to materials of natural origin; their physical and aesthetic
properties being associated with softness, comfort and luxury: “[Even] the raw
fibre in its natural state is visually evocative of its potential usefulness to man, the
small cloud-like formations of the cotton bolls suggestive of a comforting end
product.” (Hallett and Johnston 2010).

The multi-disciplinary nature of material and textile production has long triggered
the imagination, of both scientists and artists, about how technology and innovation
could advance and enrich the composition of our manmade world and everyday
objects. Corbman (1985), p. 310) documents the works of English naturalist Robert
Hooke who, in 1664, envisaged that it would be possible to make “an artificial
glutinous composition, much resembling, if not full as good, nay better, than that
excrement, or whatever other substance it be out of which the silkworm wire-draws
his clew”. Hooke’s vision came into realisation through the invention of nitrocellu-
lose by Louis Marie Hilaire Bernigaud de Chardonnet in 1885 as an alternative to
silk. This marked the beginning of a line of man-made materials, e.g., viscose rayon
(Handley 1999), which aimed to deliver improved quality and performance at a
lower economic cost (Corbman 1985; Hallett and Johnston 2010; Trochmé 2002).

Today, the production of man-made, yet bio-derived materials, is being advanced
through the use of biotechnology and biofabrication processes traditionally
employed in the biomedical industries (Camere and Karana 2018; Lee et al. 2020).
Camere and Karana (2018) explain that through the use of low-energy processes that
harness the natural properties of living systems, growing design,5 or biofabrication,
offer a process and resulting materials that “are not only harmless to the environ-
ment and biodegradable, but they can even nurture the cultivation of new materials
in their end of life.” Furthermore, Camere and Karana assert that, beyond merely

5The material design practice which entails growing materials from living organisms to achieve
unique material functions, expressions, and sustainable solutions for product design (Montalti
2010b; Camere and Karana 2018).
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offering a replacement for environmentally harmful plastics, such materials could
extend and advance the functionality of traditional objects through meaningful
applications for a long-term and sustainable change.

At the turn of the century, the idea of alternative biobased materials began to
attract design attention and experimentation. Advances in biotechnology and syn-
thetic biology were inspiring creatives to apply traditional methods of design
thinking and craft, to draw upon a new palette of media such as bacteria, skin and
bone tissue, algae and moss. This was the beginning of ‘bio’ material innovation
(Lee et al. 2020), which set out to explore a range of alternative biobased6 materials.
The new media, often grown in the design studio, or cultured in the lab where
scientific collaboration was possible, presented a new and exciting process of
fabrication—‘growing design’ (Camere and Karana 2018; Montalti 2010c) as a
potential method of self-assembly and material construction resulting in
‘biofabricated’ materials and products (see Lee et al. 2020, p. 7 for a full list of
terms). The concept designs proposed a plethora of new material possibilities, user
experiences, production and consumption models.

One of the pioneers in this design domain was Suzanne Lee, who first explored
whether one could ‘grow’ a material, through experimentation with a kombucha tea
fermentation process that dates back to ancient Japanese methods. The idea emerged
through conversation with a biologist as part of Lee’s research for her book Fash-
ioning the Future (Lee 2005), which led to the inception of BioCouture. The
material—a type of bacterial cellulose—was grown in a vat of the kombucha recipe
until a sufficient layer would form on the top, which could be then harvested and
either moulded directly into a desirable form, e.g., a tote-bag, or conventionally cut
and sewn to create a garment, e.g., a denim jacket. The resulting material resembled
the feel and strength of vegetable leather.

To bring to life the potential applications for this novel material in an accessible
format, Lee used the bacterial cellulose to recreate iconic fashion articles, e.g., a
kimono, a court shoe (Fig. 2), bomber and biker jackets. Sustainable methods of
decoration, such as vegetable dyeing and oxidation, were applied to mimic the
aesthetic and enhance the cultural familiarity and high-street appeal of these arte-
facts. The familiarity of the finished prototypes helped stakeholders visualise and
understand how BioCouture could offer a new line of sustainable, organic,
biocompostable and biodegradable products to the market (Lee 2011, 2012).

BioCouture, and similar projects exploring processes of fermentation (Franklin
and Cass 2014; Lee 2011), tissue culture (Catts and Zurr 2004; Congdon 2013;
Forgacs 2013; Tilbury 2009; Thompson et al. 2006) and synthetic biology (Ginsberg

6Biobased materials are “wholly or partly derived from biomass, such as plants, trees or animals
(the biomass can have undergone physical, chemical or biological treatment)” (https://www.cen.
eu/work/areas/chemical/biobased/Pages/default.aspx) and exclude those derived from fossil
sources. Traditional examples of biobased materials would include, but are not limited to: natural
fibres (e.g., cotton, wool and silk), manmade cellulosics (e.g., viscose), natural polymers (e.g.,
chitin, keratin and casein), animal leathers and their alternatives, through to polycotton blends
(where the biocontent meets the minimum stipulated requirement).
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and King 2009-2011; Collet 2012), raised questions about the meaning of traditional
interactions between the human body and clothing, and the moral and ethical
considerations around the use of living materials, manipulated or otherwise. They
probed what the material makeup of our world post-2050 could be, and highlighted
that, in a future where any material could be engineered and programmed at the
cellular level, designers had a new role and a great responsibility to bear, as creators
of both living and non-living matter.

In light of environmental concerns, sustainability and wellbeing, it was consid-
ered that such methods, which built on naturally occurring processes and were
advanced by biotechnology, synthetic biology and material science, would require
less human labour, fewer natural resources and low-energy production conditions, to
be ultimately kinder to the planet and human health.

Forget harvesting fields of cotton then spinning and weaving cloth. Imagine if we could
grow clothing. I grow sheets of bacterial-cellulose in a green tea solution to produce a textile
material [. . .] My vision is to produce desirable textiles and clothing with the utmost respect
for the natural world. (Lee 2009)

However, in the two decades between 1990 and 2010, few designers the world over
were exploring fungi as a potential resource for design fabrication. In fashion in
particular, there are only a few well documented examples from that period.

In 1997, Belgian designer Martin Margiela’s presented a series of experimental
works for his solo exhibition ‘9/4/1615’ at the Boijmans van Beuningen Museum of
Rotterdam. In collaboration with a microbiologist, Margiela treated one replica
garment from each of his previous collections with bacteria and moulds, as a
means of critiquing the transient nature of the fashion industry through the natural
cycle of creation and decay on Earth.

Fig. 2 BioCouture shoe as
exhibited at Alive: New
design frontiers (Collet
2013) © Author’s archive
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Australian designer, Dr. Donna Franklin used the mycelium and fruit bodies of
the fungus Pycnoporus coccineus (orange bracket fungus) to construct a ‘living’
dress (Franklin 2004). The resulting work entitled ‘Fibre Reactive’ (Fig. 3) was
exhibited at the Biennale of Electronic Art Perth (Franklin 2004) and the Second
Skin exhibition at the Smithsonian Cooper-Hewitt, National Design Museum (2006)
amongst others.

When the author’s investigation of fungi as a potential material for fashion and
textiles fabrication began in 2010, the idea that one could design an artefact out of
mycelium, which would cohabit our everyday environment, or even replace some of
the materials we have used for thousands of years, e.g., cotton, was still novel,
foreign, and well situated in the ‘What if. . .?’ sections of speculative exhibitions
(Ivanova 2011; Montalti 2010c).

A pertinent example is Maurizio Montalti’s conceptual project ‘Continuous
Bodies: cycles of decomposition triggering a symbiotic partnership between humans
and fungi’ (Montalti 2010a) which proposed the use of a mycelium shroud as a

Fig. 3 Donna Franklin,
‘Fibre Reactive’ dress,
Pycnoporus coccineus, silk
organza, 2004.
Photographer: Robert Firth.
Image courtesy of
SymbioticA
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sustainable medium to decompose the human body when buried, and transform the
toxins produced during the process of decay into useful compounds for the soil,
thereby including the human being as part of nature’s eternal cycle. This speaks
directly to the work of Stamets (2004) who calls fungi “the interface organisms
between life and death”, in reference to their natural properties to recycle carbon,
nitrogen and other essential elements that in turn feed the soil, trees and other plants.

In product design, artist Phil Ross and designers Maurizio Montalti and Eric
Klarenbeek were amongst the first to explore the natural properties of mycelium to
decay, bind and solidify matter, to grow furniture and architectural elements, e.g.,
chairs and building blocks. In 2007, the US company Ecovative Design LLC was
founded by Eben Bayer and Gavin McIntyre after graduating from Rensselaer
Polytechnic Institute (RPI), New York (NY), to exploit the properties of mycelium
to self-assemble lignin and cellulose. Ecovative used mycelium to transform agri-
cultural byproducts into composite materials which could offer sustainable alterna-
tives to packaging and insulation materials. A more detailed description of the
extended practice of Ross, Montalti, Klarenbeek and Ecovative, as well as others,
is provided in Sect. 3 ‘Fungi applications in contemporary design and bioconsumer
products’.

2.3 Ethnomycology

Much less known are some of the miscellaneous ethnomycological7 uses of fungi
outside of food and medicine, which date back at least 8000 years (Boddy and
Coleman 2010; Dugan 2011; Harding 2008; Spooner and Roberts 2005).

For example, dried fruit bodies of Haploporus odorus, which has anise-like
smell, were worn as scented body adornment by indigenous people, to enhance
manhood and create a spiritual link with the Gods. Shaggy and common inkcaps
(Coprinus comatus and Coprinus atramentarius) were used to manufacture ink.
Timber stained in blue-green by the green elfcup (Chlorociboria aeruginascens) was
incorporated into small saucer-like objects named Tunbridge ware, after the town of
Tunbridge Wells in Kent, UK where they were produced (Harding 2008; Spooner
and Roberts 2005). Fomes fomentarius and other bracket fungi, e.g., the willow
bracket (Pjellinus ignarius), the birch bracket (Piptoporous betulinus), the maze gill
(Datronia mollis) and the chicken of the woods (Laetiporus suplhureus), were used
as tinder to carry fire (Harding 2008). The black shiny rhizomorphs of Polyporus
rhizomorphus were fashioned into belts in Gabon, and the horse-hair-like hyphae of
Marasmus crinisequi were used for jewellery strings in Congo and Indonesia
(Spooner and Roberts 2005).

7Ethnomycology is a field of studies concerned with the various cultural receptions and uses of
fungi by humankind throughout history (Dugan 2011, Singh and Aneja 1999).
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For the benefit of design, such miscellaneous applications provide an invaluable
starting point for thinking and development around novel bioconsumer products. A
case in point is the suede-like material Amadou, which is derived from the tinder
polypore Fomes fomentarius. For hundreds of years craftsmen in Hungary, Bohemia
and Romania have extracted the inner, fleshy part of the fruitbody, i.e., the fibrous
trama (Cooke 1977; Gandia et al. 2021), and made this into sheets of the leather-like
material—varying in size depending on the maturity the fruitbody—which were then
used to fashion hats and other wearable artefacts sold at town markets and fares
(Boddy and Coleman 2010; Dugan 2011; Gandia et al. 2021; Spooner and Roberts
2005).

The species listed above are some of the fungi that are currently of greatest
interest to designers and industry, due to their well-documented beneficial uses
and applications. Through a multi-disciplinary exchange in material innovation,
what was once taken from nature, as with the Fomes fomentarius fruit body to
become a hat, could be scientifically engineered and replicated to create mycelium
foams, and leather-like materials and composites, that can replace finite resources
and environmentally harmful materials and products.

2.4 Fungi for Colour and Paper

An area of growing interest in the creative sector is the use of fungi for dyeing
(Fig. 4) and paper. Mushroom dyes which were initially used by indigenous cultures
as war paints and early forms of makeup and cosmetics, have a long-standing
tradition, which stems from the production of ‘orchil’ and ‘cudbear’ dyes from
lichens (Spooner and Roberts 2005).

Nowadays, a range of fungi species have been tested and described as an
alternative to plant-based or chemical dyes, which can be used to dye fibres from
plant and animal origin, as well as manmade protein materials. This is thanks to a
global movement and an international community of mushroom dyers that began in
Mendocino, CA in the 1960s with Miriam Rice (Jan 1918–Aug 2010) who seren-
dipitously discovered that a clump of Sulphur tufts gave a yellow dye. Rice went on
to experiment with a range of fungal species and yarns, documenting the process and
resulting colours, and passing the knowledge onto others via workshops and sym-
posia (Johansson 2016; Rice and Beebee 1980, 2007).

Using traditional methods of plant-based dyeing which rely on the use of mor-
dants to (1) extract the pigment from the source, and (2) bind the pigment to the fibre,
fungi can yield a full spectrum of colour (Fig. 5), and often times a range of different
colours from the same fungus. For example,Dermocybe phoenicea var. occidentalis,
could give a range of pastel pinks, bright reds, browns and dark purples by regulating
the pH using white vinegar and washing soda (Rice and Beebee 2007).

A known benefit of fungi dyes is the chitin content of the fungal cell wall, which
yields dye results that are wash- and colour-fast, compared to some of the outcomes
from plant-based dyeing.
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Further applications, developed by members of the International Fungi & Fibre
Federation (IFFF) include the use of fungi to extract pigments for watercolours and
myco-stix™ (Johansson 2016; Mushrooms for Color 2017; Rice and Beebee 2007),
and to produce hand-crafted paper (Fig. 6) from trimitic polypores such as
Piptoporus betulinus, Fomitopsis pinicola, Fomes fomentarius, Trametes hirsuta,
Trametes ochracea, Cerrena unicolor, Lenzites betulina, Daedalea quercina and
Ganoderma applanatum (Johansson 2002; Johansson 2016; Rice and Beebee 2007).
Much like the paper made from crustaceans, the paper derived from fungi is chitin-
based and of high value. The paper colour would vary depending on the natural
colour of the bracket, but could be modified during the making process, e.g., by
using waste dye baths from the mushroom dyeing process. An additional benefit of
making paper from fungi, is their high lignin content, as also noted by Hamlyn
(1991), which means that the production of the paper does not require an additional
binding agent, thereby not compromising the wholly natural composition of the
paper.

For the author, an engagement with the International Fungi & Fibre Federation
through their biannual international symposium in Jaca, Spain in 2012, presented a
rare opportunity to experience first-hand fungi dyeing, paper-making and
watercolour painting processes (Ivanova 2012a). Being part of a global community
of artisans who carry a rich knowledge base of mycological science, chemistry,
textile technology, spinning, weaving and dyeing, helped identify which fungi

Fig. 4 Samples of fungi dyed wool—various species. © Author’s archive
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species would have the right properties for applications within the fashion and
textiles domain (see further Sect. 4.1 ‘Material experimentation’).

2.5 Fungi in Textile Technology: Early Experiments

In 1991, Dr. Paul F Hamlyn and a group of scientists at the British Textile
Technology Group (BTTG), were examining the roles of fungi in deteriorating
textiles—a particular issue with the uniforms of troops fighting in tropical regions
during World War II. Manmade materials were not popular at that time. This meant
that uniforms were made of cotton, which easily degraded in hot and very humid
conditions. This investigation into the roles of fungi in bio-deterioration of textiles,
which in itself had significant implications for the protection of cultural heritage and
artifacts (Breuker et al. 2003; Hamlyn and McCarthy 2000), led to a new line of
enquiry looking at the potential beneficial applications of fungi in textiles—first
published in Textile Technology International (Hamlyn 1991).

The filamentous structure of fungal mycelium indicated the type of materials that
could be produced, and the properties of fungi provided a rationale for the range of
applications. The novel cell wall chemistry, based on chitin suggested a potential use

Fig. 5 Silk scarves dye project by the Scottish Fungi Dye Group (Members include: Marilyn
Caddell, Patricia Gow, Marilyn Clark, Chris Simpson, Anna S King, Janette McKeown, Rita Barth,
Gil Osirio, Joan Gale, Dee Crewdson, AnnMulley and Jean Mounter). Fungi dyes used: Cortinarius
sanguineus (caps) – reds, Phaeolous schweinitzii + iron – soft greens /blue, Innonotus hispidus +
iron—khaki greens, Phaeolous schweinitzii—yellow, Cortinarius semisanguineous (stalks)—
peach, Innonotus hispidus—gold, Hapilopilus nidulans + ammonia—purples, Paxillus
atromentosus, Paxillus atromentosus + iron—silver /dark greys. © The Scottish Fungi Dye Group
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of fungal materials for wound dressings and medical textiles (Hamlyn and Schmidt
1994). The fine filamentous structure indicated that microfungal nonwovens, or
composite mats, could serve a range of applications requiring absorbent, binding,
filtration and drug delivery properties. The speed of growth (biomass available in
days), low-energy requirements and natural properties, pointed to market opportu-
nities of varying scale and value, i.e., low value products such as absorbent mate-
rials, binding agents, filtration products; and high value products, e.g., artificial
leather, metal-ion bisorption and would healing.

The fungal species that were tested by Hamlyn and his team included Aspergillus
oryzae, Mucor mucedo, Rhizomucor miehei and Phycomyces blakesleeanus. Cul-
tures were grown in bioreactors, resulting in a broth of very fine branched filaments
which could be fabricated through wet-laying using standard laboratory paper-
making equipment, either on their own, or mixed with conventional fibres, e.g.,
wood pulp or polyester. Alternatively, they could be freeze-dried to produce an
absorbent pad of pure mycelium (Fig. 7).

Further research by Hamlyn and Schmidt (1994) explored the potential therapeu-
tic application of fungal filaments in medical textiles for wound dressing materials.
Sadly, pursuit of commercial applications was considered futile at the time, due to
patents existing in the area of chitin-based medical textiles (Ivanova 2013a). How-
ever, in recent years, there has been a renewed interest and research in the use of
fungi for high-performance paper-like materials, wound dressing materials, and
water purification filters (Gandia et al. 2021).

Fig. 6 Paper swatches produced from Piptoporus betulinus, Fomitopsis pinicola and Fomes
fomentarius. © Johansson 2002 (left) and Mushroom paper created from various species
© Johansson 2016 (right)
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3 Fungi Applications in Contemporary Design
and Bioconsumer Products

Over the last decade we have seen a rapid growth in interest and developments in
fungi materials across a variety of design applications. Foams and sheets grown from
pure mycelium are being made into high-quality paper, textiles and leather-like
materials. Biocomposites of mycelium grown on agroindustrial byproducts are
finding commercial applications as packaging materials, insulation, building blocks,
furniture and interior panels. Due to the beneficial properties of fungi, the scope for
environmental impact through a new range of novel sustainable mycelium materials
appears enormous: upcycling of byproducts and waste from other industries; a
low-energy process associated with heterotrophic fungal growth; versatility of

Fig. 7 Absorbent mycelium pad (left) and paper swatches (right) gifted by Hamlyn to the author’s
collection. © Author’s archive
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outputs; and biodegradability of the products at the end of their use. (Appels and
Wösten 2020; Camere and Karana 2018; Gandia et al. 2021; Karana et al. 2018;
Robertson et al. 2020).

The following section provides an overview of leading fungi applications across
domains and at various scales. This list is by no means exhaustive, but rather
highlights key practitioners who have paved the way for widespread adoption of
mycelium-based materials by designers, industry and consumers alike.

3.1 From Building Blocks to ‘Leather’

In the early 90s in San Francisco, artist Phil Ross began a creative practice inspired
by the beauty, life cycle, medicinal properties and rich diversity in form, texture and
colour of reishi mushrooms (MycoWorks 2021). In 2008, his ongoing experiments
in creating living sculptures from fungi, led to the inception of ‘mycotecture’—a
term he used to describe the art of designing and building with fungi. The process
was used to create strong, yet lightweight structures that could be deployed as
building blocks to construct architectural frames, or alternatively moulded into
domestic objects, e.g., chairs (Fig. 8), by placing the live mycelium into a desirable
shape. The work was exhibited internationally and earmarked fungi as a one-to-
watch innovative and sustainable material.

In 2013, Philip Ross partnered with a long-term artistic collaborator—Sophia
Wang—to found MycoWorks, where, together with a small team of creatives, they
began to refine Ross’ biotechnique into a patented Fine Mycelium technology. This
entailed engineering mycelium during the growth phase to create dense, interlocking
structures of filamentous growth. The technology was initially used for panels and
moulded forms for interior and structural design, similarly to Ross’ early works.

Soon after, in 2016, the team began to pursue a new application of this technology
for flexible mycelium materials which would have the look and feel of bovine
leather. MycoWorks assert that, in comparison with other ‘mushroom leather’
alternatives which are made of compressed mycelium foams,8 their Fine Mycelium
technology allows them to engineer the desirable leather strength, performance and
aesthetic properties during the mycelium growth phase. This offers a level of control
over the finished products, to meet the required quality standards in the fashion and
footwear industries.

In parallel, in Green Island (New York), Ecovative was founded in 2007 as a
mycelium technology company to develop sustainable, biodegradable alternatives to
styrofoam packaging and insulation materials (Ecovative 2021). Their early products

8Mycelium foams are typically produced via solid-state fermentation on pre-colonised ligno-
cellulosic substrate, e.g., sawdust, whereby a thick foamy mycelium sheet is formed on the surface
of shallow moulds, which is then harvested and compressed to decrease its thickness. See further:
Gandia et al. (2021).
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were based on a patented mycelium bonding technology, which exploited the natural
properties of mycelium to self-assemble lignin and cellulose, in order to transform
agricultural by-products, e.g., hemp hurd, into composite materials, which are now
marketed under the brand MycoCompositeTM.

Today, Mushroom® Packaging is a separate branch of Ecovative and is licensed
to companies across USA, Europe, the UK and Oceania. The mycelium technology
itself has been further developed into a range of materials for applications in the built
environment, and for consumer products ranging from high performance footwear,
through leather alternatives, to skincare (Ecovative 2021). The latter are based on
two new technologies for flexible fungal materials:MycoFlexTM, which according to
Gandia et al. (2021), is the only commercially available pure mycelium foam; and
ForagerTM, which uses an aerial mycelium farming technology to create sheets of
the material that can be then processed by traditional tanneries into animal leather
alternatives.

The most recent company to join the mycelium technology landscape across the
Atlantic is Bolt Threads. Bolt Threads was founded in 2009 by a bioengineer, a
biochemist and a biophysicist to develop biobased materials that counter the toxic
processes, petroleum-based polymers and non-biodegradable materials of industries
such as textiles and fashion. Following on from their first product, MicrosilkTM

which was based on an advanced technology to mimic to production of spider silk, in
2018, Bolt Threads launchedMyloTM (Fig. 1, p. 210)—a mycelium-based alternative

Fig. 8 ‘Yamanaka Furniture’ by Phil Ross (2022) as exhibited at Alive: New design frontiers
(Collet 2013) © Author’s archive
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to leather (Threads 2021). MyloTM was first prototyped into fashion products by
designer Stella McCartney through a recreation of her iconic Falabella bag, which
was showcased for the first time at the Fashioned from Nature exhibit at the Victoria
& Albert Museum in London (2018–2019).

The collaboration between Bolt Threads and Stella McCartney has set the
blueprint for the following stages of development and market realisation of
Mylo™ through international partnering and multidisciplinary working: with mush-
room growers in the Netherlands using vertical farming to minimise ecological
footprints; European leather tanneries to meet the aesthetic and performance require-
ments of traditional leather; and the fashion and sportswear industries who have the
capability, resources and talent to bring mycelium-based products to market at scale.

What remains a key driver throughout the entire process of realisation is the
sustainability imperative. Whilst the current MyloTM leather alternative is not fully
plastic-free9 and biodegradable, due to the processes involved in the material
fabrication and finishing required to meet consumer expectations for softness,
strength and suppleness. This level of transparency and attitude towards continuous
improvement of the environmental impact of the process and finished product,
paired with a realisation that “a material’s potential for impact depends on brand
and consumer adoption, and a majority of consumers will not accept big sacrifices
in quality compared to leather”, highlights one of the main areas in the domain of
mycelium-based consumer products that would require further attention, research
and development.

3.2 The Role and Impact of a Single Designer

In parallel, Italian-born designer based in the Netherlands Maurizio Montalti, has led
the introduction of fungi-based materials over the last decade in Europe and beyond.
His Master’s dissertation at Design Academy Eindhoven ‘Continuous Bodies: cycles
of decomposition triggering a symbiotic partnership between humans and fungi’
(Montalti 2010a) considered the properties of fungi to decompose matter of both
natural and synthetic origin. Through a series of material experiments and pro-
totypes, Montalti began to probe a new domestic landscape of ‘cultivated’ objects
which would replace the environmentally harmful plastics (Montalti 2010b, c).

The early works included various domestic objects which were ‘grown’ into the
desirable shape and form using moulds, by either utilising local waste, or by
biodegrading existing polymeric materials. To describe his process of working
with living mycelium, Montalti used the term ‘growing design’, which he compared
to a method of ‘slow’ 3D printing, whereby the speed of printing would correspond
to the time needed for the fungi to grow (Montalti 2014).

9Mylo is currently certified as 50–85% bio-based https://boltthreads.com/technology/mylo/.
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In Europe, Montalti’s work, vision, and openness to collaborate and educate
(Corpuscoli 2021) established a more versatile, wholistic and collaborative approach
in the pursuit of fungal futures. This had important implications for the uptake and
future development of fungi as a novel sustainable material, as well as inspiring and
educating the next generation of biodesigners working with mycelium through
extensive international lecturing and teaching practice.10

3.2.1 A Collaborative and Inclusive Approach Pushing the Boundaries
of Material Properties and Applications

In 2010 in Amsterdam, Montalti founded Officina Corpuscoli as one of the first
design-led consultancies committed to studying and developing mycelium-based
technologies. Through collaboration and co-creation with scientists and designers,
Montalti not only explored the mechanisms underlying the structural and decorative
properties of mycelium, but also identified opportunities for their improvement by
assessing natural variations, environmental growth conditions, and genetic qualities
of the selected mycelia. Pertinent examples of this include:

• ‘The Future of Plastic’ exhibition (2014), which was commissioned by, and
exhibited at the Fondazione PLART (Napoli). The show comprised a range of
everyday objects which provoked the audience to rethink and reimagine the
make-up of everyday environments (Fig. 9);

• The collaboration with the Fungal group of the Utrecht University’s Microbiol-
ogy Lab and Stichting Mediamatic as part of the NWO-funded project ‘Mycelium
Design’ (2014–2015), which invited artists and designers to explore the wider
material qualities and potential applications of fungi. This provided Officina
Corpuscoli with multi-perspective feedback about design-led requirements for
the properties and performance of mycelium materials for specific products and
applications. The outcomes of this engagement were presented as part of the
exhibition ‘FUNGAL FUTURES / Growing Domestic Bio-Landscapes’ (2016).
This inclusive and collaborative approach led to the development of novel
material concepts, qualities, and design solutions (Fig. 10);

• A commission by the Museum of Modern Art (MoMA) for the exhibition ‘Items:
Is Fashion Modern?’ (2017–2018) brought about a collaboration with Liz
Ciokajlo (OurOwnsKIN) to create a mycelium-based prototype for a MarsBoot.
This was as a design provocation to explore the evolution of our material culture
in the twenty-first century, and specifically the values that drive the creation of
new worlds. The fabrication process combined a range of hi-tech and low-tech
processes to produce components of both pure and composite mycelium mate-
rials, with different physical and technical qualities (Fig. 11).

10Including positions as Head and Mentor for the MADMaster (Materialisation in Art and Design)
at Sandberg Instituut, Associate Researcher at Design Academy Eindhoven, Artistic Director at
dieDAS – Design Akademie Saaleck.
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3.2.2 Establishing a Company that Diversifies Application

The range of material explorations, prototyping and collaborative effort, led to a
realisation of the need to standardise and scale up mycelium technology, in order to

Fig. 9 ‘The Future of Plastic’ exhibition by Maurizio Montalti at Fondazione PLART in Napoli
(Montalti 2014) © Corpuscoli / Maurizio Montalti

Fig. 10 Fungal Futures (2016) © Officina Corpuscoli /Maurizio Montalti
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realise the power and responsibility of design to create more sustainable materials
and products that positively impact the industry and society at large. In 2015,
together with project partners, Montalti founded Mogu in Inarzo (Northern Italy),
to develop a range of mycelium-based composites and pure mycelium materials
which would follow the principles of the circular economy (Mogu 2021). The light,
low density, strong, resistant, shock-absorbing, performative applications of fungi-
based materials were translated into an ever expanding range of commercial appli-
cations such as flooring, acoustic interior panels (Fig. 12), fashion and furniture.

3.3 Mycelium Meets Advanced Technologies

Additive manufacturing, also referred to as 3D printing, has offered an alternative
method for biofabrication, which Robertson et al. (2020) assert, could allow for the
creation of previously unobtainable design morphologies, as well as extending the
capability of 3D printing to provide an economically viable mass production
method.

A pioneer in this space is Eric Klarenbeek, of design studio Klarenbeek and Dros
(2021), who adapted a 3D-printer to print straw injected with mycelium. This
method enables him to create strong, solid and lightweight structures with intricate
detail. The work began in 2010 through a series of experiments developing cold
paste extrusion-based mycelium printers. Later, several extruders were combined, to
enable simultaneous printing with living mycelium and biopolymer scaffolding
(FDM printing), to create more robust construction elements and larger structures.
These resulted in the creation of a mycelium chair which used PLA scaffolding
(Fig. 13).

However, the early prototypes revealed a limitation of the existing biopolymers
used in 3D printing, which were not the optimal growth media for mycelium. This

Fig. 11 Caskia/Growing a MarsBoot by Maurizio Montalti (Officina Corpuscoli) and Liz Ciokajlo
(OurOwnsKIN). © George Ellsworth
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resulted in further research and development using algae- and seaweed-based bio-
polymers, to improve the technology, extrusion methods and suitability for specific
strains of fungi, to enhance the speed of growth, and the strength and overall
properties of the final designs (Fig. 14).

The improved method also delineated wider applications within architecture. A
collaboration with Biobased Creations of Dutch design company New Heroes and
Dutch Design Foundation, led to the creation of a fully biobased installation—‘The
Growing Pavilion’ ( 2019), which formed part of Dutch Design Week 2019.

The advancement of mycelium technologies, the collaborative and interdisciplin-
ary efforts to refine material properties, the alignment with the sustainability agenda,
and the scaling up of production and commercialisation, have shifted the design
discourse over the last 10 years—from a ‘what if?’ space probing a future where our
material world and everyday environments would be made of mushrooms, through
the excitement of having a new medium and a new process to ‘grow’ design, to a
space where consumer engagement and uptake, aesthetic and performance proper-
ties, and a wholistic narrative between material properties, application and sustain-
ability, are becoming the key focus of design attention and further development.

The latter question, about how we normalise novel, yet obscure materials from
fungi, has been the focal point for the author’s design investigation into the use of
fungi for bio-based materials and products. The following section provides a per-
sonal narrative of the activities and key considerations in developing mycelium-
based textiles and domestic objects.

Fig. 12 Mogu—Radical by Nature—Acoustic Mycelium Panels. Photography by A.WORLD
PRODUCTIONS © Mogu
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Fig. 13 Mycelium chair made using an adapted 3D printing process by Eric Klarenbeek.
© Klarenbeek & Dros

Fig. 14 Mycelium chair made using the improved 3D printing process, exhibited at the Centre
Pompidu, Paris (2019). © Klarenbeek & Dros
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4 A Design-Led Case Study: The Role of Human
Engagement

A starting point for the enquiry was the Russian documentary film ‘Плесень’
(‘Mould’) by Dmitry Vassilev’s (2009), which explored the roles fungi play for
life on Earth, from fungal diseases caused by Aspergillus niger, to beneficial uses
such as antibiotics through the discovery of penicillin:

It first appeared on Earth 200 million years ago. It kills and saves lives. It is often called the
“devil’s bread” and “God’s spit”. We don’t even think what ancient secrets and hidden
powers might be concealed in this cursed and blessed phenomenon. . .mold. (Vassilev 2009)

In 2010, when the applications of fungi in design described above where still in their
infancy, the film provoked thinking about the potential role of design in communi-
cating the useful properties and value of fungi, to counter negative associations of
fungi with mould, decay, disease and deterioration,11 which may have been a reason
for the initially slow uptake of fungi in the newly emerging field of biofabricated
design.

Psychologically, the popular association of fungi with mould brings about a
behaviour of disease-avoidance. It is related both to our evolutionary past and the
fear of contamination, which Rachman (2004) describes as “an intense and persis-
tent feeling of having been polluted or infected or endangered as a result of contact,
direct or indirect, with a person/place /object that is perceived to be soiled, impure,
infectious or harmful. . .”. This perceived state evokes emotions such as disgust and
impurity, which are usually influenced by visual and olfactory stimuli that can be
produced by decaying matter (Fig. 15).

The film inspired a year-long design investigation for a Master’s project in
Fashion at Kingston School of Art (Ivanova 2011). The project explored how,
through careful crafting of design and aesthetic properties, we could (1) overcome
negative associations of fungi to propose applications within the fashion domain,
and (2) educate the public about the importance and value of fungi to humankind.
This involved a series of experiments with mould growth on textiles and paper,
which were conducted with support from Professor Lory Snyder from the School of
Life Sciences, Pharmacy, and Chemistry at Kingston University London.

Through the use of macro photography (Fig. 16), the beauty of microscopic
moulds formed the basis for a garment collection that explored the potential value
of fungi within sustainable fashion. Different textiles techniques, including digital
printing on silk chiffon, flocking and laser cutting, were then used to translate the
narrative into garment designs (Fig. 17). The collection also included several pieces
with living moulds, encapsulated within sealed PVC components of the dress, to
provoke audience engagement with the idea of wearing clothing made from, or still
containing, living organisms.

11Attitudes, perception and use of fungi can vary dramatically across cultures (Rolfe and Rolfe
1925).
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In the context of fashion, where there exists a very immediate, intimate and
sensorial relationship between the human body and the garment, it appears imper-
ative to consider how we introduce novel bio-based materials from fungi (Ivanova
2013c). This formed the basis for a doctoral design research investigation, which
aimed to advance engagement and perception of fungi, alongside any further
developments in the chain of market realisation (Ivanova 2015).

The review of science literature and contemporary design practice—some of
which is covered in the previous sections of this chapter—provided a starting
point for the author’s investigation into the use of fungi to fabricate textile-like
structures. Preliminary questions that formed the basis for this investigation centred
on identifying which fungal species would be best suited to fabricate soft, yet
structurally sound materials. The design process was open ended, to allow for
material forms and design applications to emerge organically from the natural
properties of fungi. An early realisation was the need for partnering and interdisci-
plinary work, to advance both the fabrication and the uptake of mycelium-based
materials.

Answering the above questions entailed a simultaneous pursuit of collaborations
with scientists and the development of a design-led methodology to test engagement
with fungi in the context of fashion.

4.1 Material Experimentation

Early on in the research process, it became apparent that attempting to ‘grow’ a
material in the design studio, without scientific input and technology, would lead to
outcomes with many limitations. Support was therefore sought from several

Fig. 15 Aversion response to moulded fruit, expressed by a workshop participant (Kingston
School of Art, 2012). © Ezzidin Alwan
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Fig. 16 Mould growth on paper and textiles. © Author’s archive

Fig. 17 Garment designs inspired by mould, showcased at Vauxhall Fashion Scout (Freemasons’
Hall London, Sept 2011). © Ezzidin Alwan
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scientists across the UK who provided invaluable guidance, feedback and training,
as well as access to resources and facilities.

Dr. Paul F Hamlyn from the British Textile Technology Group, who had pioneered
research on the use of fungi for medical textiles as described earlier in this chapter
(Hamlyn 1991; Hamlyn and Schmidt 1994) was interviewed to understand the
possibilities of using existing textile technologies in working with fungi, as well
as some of the early limitations of fabricating textile forms (Ivanova 2013a).

Prof Lynne Boddy, MBE FRSB FLSW, Professor of Microbial Ecology at Cardiff
University, who leads research on the ecology of wood decomposition, helped
identify cord-forming fungi as the preferred species for material fabrication
(Ivanova 2013b). In nature, these fungi form cords with strong tensile properties
in their search for new food sources and interaction with other microorganisms in
the soil (Fig. 18).

Dr. Bryn Dentinger, Dr. Begona Aguirre-Hudson and Dr. Heidi Doring—mycolo-
gists at the Fungarium at the Royal Botanic Gardens Kew (Ivanova 2012b)—
enabled early experiments to be conducted by providing space, resources and
in-kind support for the research.

From the above, it appeared possible to imagine that, depending on the morphology
of the fungal mycelium and the type of growth media and process, we could fabricate
a variety of textile-like structures, e.g., a mycelium cord, a felt-like fungal mat, a
membrane, or a lace-like structure. These could be either conventionally fabricated
by appropriating existing textile technologies, or grown as bio-films using existing
biodesign and biotechnology methods.

This led to series of experiments, conducted at Cardiff University and the Royal
Botanic Gardens Kew, aimed at testing the potential of different fungal species to
create textile-like structures on their own, and as composite materials with fabrics.
Some of the early outcomes (Fig. 19) explored the behaviour and properties of
various species in response to traditional textiles, e.g., linen, silk and netting. It was
observed that some fungi develop stronger, cord-like mycelium when grown on
protein-based textile materials, particularly net-like and open weave fabrics.

Fig. 18 Cord-forming fungi at the laboratory of Professor Lynne Boddy, Cardiff University.
Images taken by the author with permission, 2013
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4.2 Advancing Engagement and Perception

In parallel, another experiment conducted with Dr. Simon Park from the University
of Surrey explored the potential of cheese-moulds such as Penicillium roqueforti and
Penicillium camemberti to form textile-like biofilms when cultured on milk
(Fig. 20). The resulting materials had the appearance of suede and demonstrated
both anti-bacterial and water-repelling properties (Fig. 21).

These early experiments began to outline some of the benefits of bio-based
materials. For example, ‘living garments’ could provide a route for re-introducing
and re-engaging with specific micro-organisms into our everyday, with a view to
re-balancing our environment and relationship with nature, and potentially improv-
ing health and wellbeing.12

However, if this scenario were to be realised in manufacturing, a pertinent
question that would arise would be about how a high-street brand would engage
with the complex challenges of selling such a concept to the consumer. Mould, to be
converted into a durable material, would face the challenge of overturning its
inherent negative associations with decay, disease and deterioration. Shifting this
perception would be necessary in order for the material to succeed in a market place
that increasingly demands transparency of material sourcing, production, and height-
ened aesthetic awareness from consumers (Fletcher 2008; Fletcher and Grose 2012).

History provides a pertinent example of the challenging and lengthy process of
introducing technical and material inventions to wider fashion and textile markets.
At the turn of the twentieth century, an alliance between the three global industries of
chemistry, textiles and fashion succeeded in synthesising the first man-made mate-
rial, viscose rayon, produced from chemically pulped-down wood (Handley 1999).
Over the following decades studies of polymerisation in natural fibres, led to the
invention of nylon by DuPont in the 1930s (DuPont 2014).

Fig. 19 Mycelial textile structures on netting and open weave cotton fabric. © Author’s
archive 2013

12Some scientists postulate that the move towards an increasingly hygiene-monitored urban
environment, could be a likely cause for some contemporary autoimmune and idiopathic diseases
(Dunn 2011; McKenna 1992).
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Nylon was introduced to potential markets in 1939, as part of DuPont’s Children
of Science exhibition at New York World’s Fair, under the slogan ‘better things for
better living’ (Handley 1999). The initial promise from science behind this new
material was affordable luxury, as an alternative to the relatively more expensive
silk. Ultimately, significant time and effort in branding and promoting the new
‘beauty fibres’ was required “in order to convince users and consumers that
synthetics were as ‘good’ and ‘luxurious’ as silk” (Handley 1999). Generic
man-made textiles, e.g., viscose, acetate, polyamide, polyester and acrylic, were
translated into brand names arising from blends of these materials such as ‘Dacron’,
‘Terylene’, ‘Trelenka’, Crimplene’, ‘Orlon’, ‘Courtelle’, ‘Tactel’, ‘Tencel’, etc.

Fig. 20 MycoCouture: cultured form P. roqueforti and P. camemberti (Park and Ivanova 2013).
Image courtesy of Dr. Simon Park

Fig. 21 Close up of the MycoCouture surface showing its hydrophobic properties (Park and
Ivanova 2013). Image courtesy of Dr. Simon Park
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However, early synthetic fabrics and their marketing as ‘artificial silk’ did not
meet consumer expectations, and evoked a negative public perception bound by the
“artificiality, and counterfeiting of the authentic”, as stated in a report commis-
sioned by DuPont in 1927:

DuPont had realised that selling a new material meant selling an abstract concept, which
relied on associations with comfort, performance, economy and luxury. (Handley 1999)

The story of nylon serves as an example of a timeline of the market assimilation
process of novel materials, related terminology, and an urgent requirement for a shift
in societal perception and attitudes. Negative perception of synthetics and how they
were publicly received, was fuelled by the popular perception of science as ‘unnat-
ural’ at the time, and was further exacerbated by the poor tactile, visual and
behavioural qualities of the early synthetic materials. It took decades for fashion
designers, namely the French couture houses, to develop the potential of synthetic
materials, and, “deep within the collective psyche still lingers a suspicion, if not a
prejudice, against the words ‘plastic’ and ‘synthetic’.” (Handley 1999).

With hindsight, a more wholistic or a stakeholder approach by the design, science
and engineering sectors, with due consideration of all human, material and sensory
factors, would have led to a speedier and more fluent integration of synthetic
materials on the marketplace.

From the above, the further development of mycelium-based materials by the
author, focused on the presentation and education of audience groups via workshops,
design probes, seminars and exhibitions (Fig. 22), to best present the advantages and
disadvantages of newly developing materials, to make them socially acceptable and
desirable (Ivanova 2015). An inclusive approach, which invites stakeholders, e.g.,
end-users and consumers (Eikhaug and Gheerawo 2010; Sanders and Stappers 2008;
Suri 2007), to engage with novel and challenging material concepts and related
experience at the early stages of their development, was considered invaluable to
inform the design process, and ensure the desirability and market viability of such
concepts.

4.3 Design Collaboration: Mycelium + Timber

The potential challenges associated with human engagement and perception with
fungi applications for clothing, e.g., questions related to allergies, health and safety,
but also concerns about the need to evolve performance and durability—which
would require a lengthy process of refinement of material properties and product
functionality—led to a consideration of where fungi-based materials may find a
more natural, psychologically comfortable, and easy-to-integrate application. This
speaks to a bigger vision for designing a material world, environments and objects in
a sensitive and sensible way, wherein conscious decision and choice of raw material,
processes, design aesthetic, function and presentation becomes a holistic narrative,
but also a guidepost for design production and integrity.
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In 2016, the author met Sebastian and Brogan Cox of furniture design company
Sebastian Cox Ltd. (Cox 2017) who were looking to explore the naturally occurring
relationship between fungi and wood through the design of domestic objects and
furniture. The project was driven by a shared vision of made objects, created in a
rational way, with complete alignment and integrity between choice of materials,
design process, aesthetic, outcome and application. Through a combined expertise in
mycelium, wood and design, the team pursued the development of a furniture
collection that would evolve material culture in the context of sustainability and
biodiversity, and positively impact the way people choose the objects in their home.

There were several key considerations:

4.3.1 Purpose

The project was initially inspired by an image of two tree branches that were bound
together by the black fruitbody of an unidentified polypore, which Sebastian took on
one of his trips to the woods in Kent. This suggested a potential application of
mycelium as a natural alternative to the glues used in engineered wood products.

In our workshop we don't use composite wood materials because I've never been quite
satisfied with the binding agent holding the wood together [. . .] As a result, I've always had a
kind of fantasy interest in ‘'reinventing’ a type of MDF and finding new ways to bind wood

Fig. 22 ‘Mouldy’ T-shirts: design probes co-created with research participants, PhD Design
Research exhibition, November 2012, Kingston University London. © Author’s archive
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fibres into either sheets or mounded forms, ideally without glue. (Sebastian Cox in Frearson
2017)

This image became symbolic of the overarching ethos and purpose of the collabo-
ration, which was later named Mycelium + Timber (Cox and Ivanova 2017). The
vision for Mycelium + Timber focused on the marriage of the naturally occurring
properties of fungi with existing carpentry processes and techniques, to create
domestic objects that equally celebrate fungi and wood, rather than solely using
woodchip waste from the studio mill as a substrate for a composite material.

4.3.2 Species

The team embarked on a series of experiments, set up in a purpose-built lab in the
Cox’ workshop, which aimed to identify the right match between fungal species and
the hardwoods that the studio worked with, to utilise the (waste) resource that was
available in the best possible way.

An imperative was to work with locally sourced wood, e.g., birch, ash, sycamore
and chestnut, in line with the overarching sustainability narrative of the collection,
and in alignment with the ethos of Sebastian Cox Ltd. In addition to the by-products
of the workshop’s milling and furniture making processes, the team hoped to find a
fungus that would grow well on green coppiced hazel (Corylus avellana) and goat
willow (Salix caprea). Goat willow grows in abundance, which presents a challenge
to woodland management, but has little economic value and is often considered
waste.

Fungal species were selected based on their wood-decaying properties, their
ability to grow in culture and their speed of growth, as well as the above guiding
principle of being local to the South-East of England. It was considered important
that the fungi were safe to use, i.e., with known medicinal, food or other
ethnomycological applications, to overcome any future potential challenges with
health and safety, or perception.

4.3.3 Process

An imperative was to learn from, and work with the living material, which was
realised through an extensive review of literature at the Fungarium at the Royal
Botanic Gardens Kew, and a series of experiments. Fomes fomentarius emerged as
the most suitable species that worked effectively with coppiced hazel and goat
willow (Fig. 23).

The process entailed growing grain culture of Fomes fomentarius on sterilised
greed wood waste (1.5 h at 60 �C) for 2 weeks, after which time the composite
material could be moulded to shape (Fig. 24), and let to grow for a further 2 weeks to
take up the desirable form. As previously discussed, this process has no extreme
requirements for ambient temperature, humidity or light. Once the growing process
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is complete, the finished artefacts are kiln-dried to remove moisture and terminate
any further growth.

4.3.4 Properties

Some of the key observations about the behaviour and properties of mycelium that
were considered in the design development and pursuit of applications included:

• Changes in colour, texture, and material properties due to variation in growing
and environmental conditions;

• Ability of the mycelium to take up both the shape and surface properties of the
mould within which it is grown;

• The binding properties of mycelium, which indicated applications for seamless
joining of different furniture components;

• The lightness of the composite material which suggested applications for domes-
tic objects that are not weight bearing, unless reinforced with integrated wooden
structures;

• The spongelike natural give of the pure mycelium foam, which formed as a top
layer in culture vats or moulds, and in turn indicated a suitable application for
cushioning and insulation (Fig. 25);

• Sensorial properties including a pleasant, woody or earthy smell, and soft-to-
touch velvety texture;

• Hydrophobic and fire-retardant properties.

Fig. 23 Petri dish with
Fomes fomentarius grown
onto wood shavings. © Petr
Krejčí
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4.3.5 Outcomes

The above properties guided the creation of prototypes for two domestic objects: a
ceiling pendant in two different sizes, and a stool. These were considered the most
appropriate applications that would work well with the natural properties of myce-
lium, as opposed to trying to enforce a particular shape or design. Further consid-
erations included how to achieve a desired aesthetic without the need for extensive
human labour, or the employment of additional hi-tech processes, which would not
sit well with the overall sustainability narrative.

The ceiling pendants (Fig. 26) were grown within reusable moulds in the shape of
a witch’s hat. A hand-turned wooden rose and a woven rim were integrated in the
design to translate the natural relationship between fungi and wood into lightweight,
incredibly strong and completely compostable pieces of design. A similar process, of
growing mycelium around a purpose-made wooden frame were used to create the
stool, whereby the stool itself became the mould for the mycelium growth (Fig. 27).

4.3.6 Presentation

The presentation of these early prototypes was a carefully considered process to
introduce the collection in a way that would normalise fungi-derived products for
applications in the home. Mycelium + Timber was first displayed during London

Fig. 24 Preparation of light shade formers filled with ‘myceliated’ wood for a second growth
phase. © Petr Krejčí
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Design Festival 2017 as part of the Design Frontiers exhibition at Somerset House.
The domestic environment of Somerset House—with its wooden floors, fireplace
and large windows (Fig. 28)—was opportune, to allow the audience to engage with,
and imagine, what it would feel like to own, and care for, mycelium furniture and
domestic objects; a departure from their presentation within a gallery or museum
context.

The installation presented the research and creative process—from the raw
materials to the finished prototypes—to illustrate the translation of the remarkable
and ancient material relationship between wood and fungi into strong, lightweight
and entirely compostable forms that can be applied to furniture design through the
use of previously overlooked materials. Visitors were able to touch the objects on
display, feel their velvety texture, and even smell them if they so wished (Fig. 29).

The transparency of the production process, including objects being ‘grown’ for
the duration of the exhibition, captured the audience imagination, with many ques-
tions ensuing about other potential applications and the evolution of the aesthetic
properties. Overall, the exhibition was successful in fulfilling its intention to take
mycelium-based products out of the lab, or the gallery space, and into a collective
appreciation of their value and applications within the home.

Fig. 25 A cross-section of
moulded component
illustrating different
properties of the composite
material.©Author’s archive
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5 Conclusion and Future Vision

This chapter set out to trace the value and applications of fungi within the domain of
design for bioconsumer products. The natural properties of fungi, linked directly to
their role within the Earth’s ecosystem, have delineated multiple beneficial uses,
which biotechnology is converting into commercial applications. In this space,

Fig. 26 Ceiling pendants made using green wood waste bound by mycelium. © Petr Krejčí

Fig. 27 Two mycelium stools made using green wood waste bound with mycelium to a wooden
base and legs. © Petr Krejčí
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several roles have emerged for design and designers in the entire chain of market
realisation.

5.1 Future Casting

Innate to design thinking is the ability to imagine new futures and applications,
beyond what is currently scientifically feasible, or viable in relation to the market.
Through design methods, e.g., speculative prototypes, design probes, concept draw-
ings and moving image, designers are able to map and visualise the scenarios and
systems that would be required to realise mycelium products, as well as raising
questions about the wider implications, ethics, and responsible creation of new
material futures. A pertinent example here was the Caskia MarsBoot by Montalti
and Ciokajlo (Sect. 3.2).

5.2 Probing and Prototyping

Unlike other material revolutions, such as the invention of synthetics which was
referenced above (Sect. 4.2), the development of mycelium-based materials for

Fig. 28 Mycelium + Timber display at London Design Festival 2017, Design Frontiers, Somerset
House. Image courtesy of London Design Festival. © Ed Reeve

244 N. Ivanova



design applications has been largely championed by artists, designers and design
entrepreneurs, e.g., Franklin, Ross, Montalti and Klarenbeek. A curiosity to explore
new fabrication processes and media, through design experimentation and

Fig. 29 Audience engagement with Mycelium + Timber artefacts during London Design Festival
2017. Design Frontiers, Somerset House © Author’s archive
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interdisciplinary collaborations, have enabled creatives to prototype early forms and
applications for fungi in design.

5.3 Design-Mindedness

Design-mindedness speaks to the ability of designers to think holistically about
purpose (need), application, functionality, fabrication, aesthetic and audience
engagement and impact, in the development of new market propositions. In the
case of fungi, which may bring about negative associations with mould, mildew,
decay and rot, it has been imperative to consider how we educate, evolve perception,
and normalise mycelium products, in parallel with scientific developments and
research to bring such products to market.

5.4 Craft and Narrative

Working with the natural properties of select fungal species, building on traditional
craft and making techniques, and introducing advanced technologies, e.g., 3D
printing, has enabled designers to advance the material aesthetic, design narrative,
and applications for fungi in design. In that, sustainability becomes more than a
rationale for the development of mycelium products, but rather an integrity of
thought and practice about how these products are being brought to market
(as evidenced by the Cox and Ivanova case study presented in Sect. 4.3).

5.5 Commercialisation

Over the last decade, design-science-industry partnerships, e.g., MycoWorks,
Ecovative, Officina Corpuscoli,Mogu and Bolt Threads, have attracted funds, talent,
stakeholders and resources, to refine mycelium technologies and scale up materials
and products for applications as wide as packaging, insulation, flooring, acoustic
panels, apparel and cosmetics amongst others. In this space, the role of design is to
lead creatively, and push the boundaries of the visual and material language being
developed around these new products.13 In fashion in particular, where there exists
an intimate relationship between the garment and the human body, leaders in the

13Beyond the examples of practice referenced in this chapter, designers and design studios who are
advancing the applications, material and sensory properties of mycelium-based products include:
Valentina Dipietro, Biohm and Mycelium Tectonics (product design and architecture); blast.studio
(3D printing); Mycotech Lab, Aniela Hoitink and Kristel Peters (fashion) amongst others.
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fashion and sportswear industries have begun to introduce concept artefacts that
recreate their iconic designs with fungi-derived materials, e.g., adidas’ Stan Smith
MyloTM shoe and Stella McCartney’s Falabella bag, to make mycelium materials
more accessible to the wider consumer.

The next stage of development for fungi-based applications in design, is
concerned with overcoming current limitations related to scalability and the
processing of finished products, to meet the demands of performance and aesthetic
as expected of conventional consumer goods. At present, the introduction of addi-
tives and finishing agents, e.g., through the use of traditional tanning processes in the
production of mushroom ‘leather’, limits the biodegradability of the final outcomes
(Material Innovation Initiative 2020). In the first instance, other natural substances
and compounds could be developed to improve the sustainability markers of some
mycelium composites; a specific example being the use of fungi as dyes themselves,
which is still a commercially underexplored resource. Ultimately, with the advance-
ment of science, desirable properties could be engineered and pre-programmed at the
growth phase.

Furthermore, in relation to advancing scalability and market uptake, one approach
that has not been fully considered in the context of fungi-derived materials yet, is that
of inclusive design. The tools of inclusive design—traditionally employed to include
the needs and requirements of people who are excluded from mainstream design
consideration based on ability, age and other demographic factors (Coleman 1994,
Clarkson et al. 2003, Eikhaug and Gheerawo 2010)—could be deployed in this new
context, to advance the sensory properties of mycelium materials, scope new
applications, and diversify business models. An inclusive design approach would
help realise a mycelium-based future with long-term sustainability in achieving
planetary, societal and economic impact.
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Part III
Other Macromolecules



Production of Bioresins from Fungal
Mycelia

Lai Jiang

Abstract One of the novel ways of producing low-cost and environmentally-
friendly bioresins is through the growth of fungal mycelium. In this chapter, the
most popular fungal species and cultivation substrates are introduced, followed by
factors that affect the synthesis of biopolymers, which include nutritional factors,
modes of cultivation, environmental factors, as well as required mineral elements.
Finally, a comprehensive literature review is provided which involves most of the
research and studies performed regarding the growth of fungal mycelium in making
biomaterials to date. Fungal mycelium-based biomaterials are new and promising
future engineering materials that are expected to be widely used in the industry in the
future.

Keywords Bioresin · Substrates · Mycelium · Basidiomycota · Pleurotus

1 Introduction

Mycelium is the root network of fungus, a vegetative part that consists of thread-like
hyphae. Filamentous fungi grow through filaments that form an interconnected
network known as mycelium. Most fungi use mycelium to absorb nutrients includ-
ing carbon and nitrogen. Enzymes from fungi will enter the food source through
hyphae to biodegrade biological polymers into smaller monomers. These monomers
are then absorbed by the mycelium through diffusion and active transport. Myce-
lium’s dense network binds the substrate into a structurally adequate material
composite by consuming plant-based waste products (e.g., sawdust). Fungi obtain
energy by using organic material as a carbon source and convert it with oxygen just
like animals and humans do, with additional demand for nitrogen, sulfur, phosphor,
and other micronutrients. All these nutrients can be extracted by fungi from organic
waste streams such as plant material. Mycelia go easily undetected by eyes when
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formed in soil or organic waste. When growing out from the soil and forming
fruiting bodies, mycelium can be seen directly, the most conspicuous are mush-
rooms. Mushrooms only represent a small fraction of the total biomass of the fungus.
Mycelia of many mushroom-forming fungi such as Pleurotus ostreatus (PO; oyster
mushroom), Schizophyllum commune (SC; split gill fungus) and Trametes
multicolor (TM; turkey tail) feed on plant waste material such as straw and wood.
The substrate is being biodegraded while being invaded by fungal hyphae, and the
non-degraded material was binded by the hyphae together at the same time (Wösten
et al. 2018).

Filamentous fungi are indispensable in research and industry and have been used
as production organisms in biotechnology. Today, the filamentous fungi mycelium
has some new applications. Given the experience of farming edible fungi on plant
and animal waste materials as the substrate (Wösten 2018), one attractive extension
is the fabrication of structures that contain fungal biomass as the filler binded
together by mycelium (Haneef et al. 2017). The filamentous fungi mycelia digest
lignocellulosic materials and form entangled networks to improve mechanical
strength and other properties (Sun et al. 2019), thus unveiling new ways for
implementing fungi as a bioresin in biocomposites productions. Petroleum-based
polymers release a large amount of CO2 along with their entire life cycles. The use of
mycelium-based bioresins is regarded as sustainable and contributes to the transfor-
mation to a sustainable economy, which is the biggest challenge our society is facing
today (Appels et al. 2019). In contrast to the modern fossil-based economy, circular
economy approaches allow cycles to be closed by novel recyclable materials that can
be generated from wastes and secondary streams (Elsacker et al. 2019). Fungi-
related sustainable product development and applications can be found in the
packaging and textile industries as isolation material, as well as in the automotive
industry with promising properties such as hydrophobicity, low or high density,
insulation, or fire retardance.

Mycelium-based biocomposites are composed of plant waste substrates bonded
by fungal mycelium. These materials are getting increasingly attractive to the
scientific as well as the industrial world. For instance, Jiang et al. (2016, 2017a, b,
2018, 2019) developed a novel manufacturing process that involves myceliated
substrates binding textile-based integral tooling that makes fully biodegradable
biocomposites and investigated many technical issues involved in the process.
Mycelium-based biocomposites offer benefits over other engineering materials as
follows (Wösten et al. 2018):

1. Lower manufacturing and energy costs;
2. Complete production cycle following a cradle-to-cradle principle: the waste of

other processes (e.g., organic wastes from farming) can be used as the feed for
making biocomposites, which can be biodegraded and reused as the soil for plants
at the end of their service;

3. Low density therefore can be used for making lightweight products;
4. Fire-proof and good insulation properties;
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5. Versatility in producing materials from transparent films to leather and brick-like
materials;

6. Possibility for products with complex geometry designs.

The major limitations of mycelium-based biomaterials are:

1. Special growth environment is required (controlled CO2, and O2, humidity,
temperature, and light, which consumes energy to sustain the environment);

2. Instability and uncertainty of the final material’s properties due to the growing
process of biological material.

2 Fungal Species and Cultivation Substrates

2.1 Fungal Species

Basidiomycota and Ascomycota are the two divisions considered better for
mycelium-based materials in the fungi family because they can form larger and
more complex organic structures compared to other fungi (Wösten et al. 2018).
Lignocellulosic substrates are colonized by many species due to the various degra-
dative processes in fungi. The most efficient degradation of the lignocellulosic
compound has been demonstrated to be the wood-decay fungus, most of which
belong to Basidiomycota. Fungi in this phylum have two important properties which
make them better suited for producing biocomposites: septa and anastomosis. Septa
are special transverse cell walls with an opening. When hypha becomes damaged,
this opening can be closed to avoid the draining of cytoplasm through the rapture,
which will decrease the colony damage and therefore lead to faster colonization of
the substrate. Anastomosis increases the growth speed of mycelium by fusing two
different hyphae when they are in touch. Additionally, fast nutrient transport can be
achieved through a more homogeneous mycelium network generated with the help
of anastomosis (Lelivelt 2015).

The Pleurotus genus has about 40 species. This fungus grows on a variety of
lignocellulosic substrates and forms nutritious shell-shaped fruiting bodies that are
rich in protein, vitamins, and minerals. The Pleurotus genus includes several sets of
taxa and species distributed worldwide, many of which are of great economic
interest. However, their investigation has been repeatedly hampered by problems
related to vague initial identification, misuse use of taxonomic names, and conclu-
sions based on fragmentary and incomplete data (Butu et al. 2020).

2.1.1 Pleurotus sp.

Pleurotus sp. is the world’s third most common species of cultivated mushroom after
button mushrooms and shiitake mushrooms at the moment due to its stability of cap
and stem, its cooking qualities, and longer shelf life (Golak-Siwulska et al. 2018).
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Various components in cultivation substrate, such as basic plant substrates, sawdust,
mango, wheat straw, jackfruit, rice rind, straw, coconut, waste cotton, and corn cobs
are beneficial for its growth.

Pleurotus sp. mycelia penetrate the substrates by physical pressure and enzymatic
secretion to break down biological polymers into a smaller nutrient that is easily
absorbed and transported, such as glucose (Haneef et al. 2017). The mycelium and
fruiting bodies of Pleurotus sp. contain bioactive substances that exhibit anti-
diabetic, anti-inflammatory, immunostimulatory, antioxidative, and antibacterial
properties. Extracts from Pleurotus species can be used for dietary supplements
productions, organism’s immunity enhancements, and used for cosmetics produc-
tions, foods additives as probiotics, or natural preservatives (Girometta et al. 2019).

Great scientific interest is in Pleurotus sp. since the important phytochemicals in
its structure, but the most important aspect is the enzymes it secretes, which can
decompose the substrates, develop interwoven filamentous structures, or decompose
plant components that are difficult to be hydrolyzed, like lignin. Girometta et al.
(2019) demonstrated that the mycelium of Pleurotus sp. can be shaped to produce
packaging materials, insulating panels, bricks, and many other design objects like
furniture and office products in recent research.

2.1.2 Pleurotus ostreatus

Pleurotus pulmonarius and Pleurotus ostreatu are the two most economically
significant species of oyster mushrooms. Oyster mushroom is a white-rot edible
fungus, which is strongly saprophytic and highly adaptable. It is easy to cultivate and
can fruit on various agro-industrial wastes. Its production continues to increase
rapidly worldwide (Yildirim et al. 2012; Girometta et al. 2019; Liu et al. 2018).
The fruiting bodies of oyster mushrooms are highly nutritious and health-promoting.
Many species in the Pleurotus genus have been used as sources of substances based
on their medicinal properties such as high-molecular-weight bioactive compounds
(e.g., polysaccharides, peptides, proteins) and low-molecular-weight compounds
(Yildirim et al. 2012; Josephine 2015; Girometta et al. 2019).

2.2 Cultivation Substrates

In the structure of bio-composites, mycelium is coupled with other non-fossil
materials derived from biological processes, such as plant materials, for the natural
growth of the fungal organism on these substrate compounds (Yildirim et al. 2012).
Based on substrate degradation and development of reproductive structures, myce-
lium hyphae show various specializations. The fungal organism produces biomass
by using the nutrients degraded from the substrate, resulting in a compact layer of the
fungal organism. The chemical, functional, and sensorial characteristics of
macromycetes are affected by substrates used in mushroom cultivation (Appels
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et al. 2019; Bellettini et al. 2019). Mycelium degrades and colonizes the organic
substrate, using the products of degradation as feeding elements to extend its hyphae
to form a denser network. The substrate must provide the necessary nutrients, such as
nitrogen, carbon, vitamins, minerals, and water for the mycelium to grow. Most
fungi degrade both cellulose and lignin, although being shifted toward a cellulose or
lignin preference. Such a preference is both determined by species and the environ-
ment. The choice of substrate is closely linked to the fungus species as each species
grows on completely different substrates and a thorough study of the choice of this
component is required for the development of this type of composite material (Butu
et al. 2020).

The substrate needs to have the appropriate nutrients for the fungus growth, not
only to keep them alive but also to improve the mechanical properties the mycelium
compound will acquire after growth. Many different substrates have been used for
Pleurotus ostreatus cultivation, with the most commonly used carbon courses being
oats, wheat straw, coffee waste, rye and cotton, and wood shavings in particular
birch wood (Golak-Siwulska et al. 2018; Josephine 2015; Elsacker et al. 2020;
Pelletier et al. 2017; Attias et al. 2017; Zhang et al. 2017; Agustina et al. 2019;
Bruscato et al. 2019).

The most used substrates are common agricultural wastes originating from
vegetal for solid biocomposites, except for chicken feathers mentioned in one
study (Lelivelt 2015). Forestry waste, including tree wood and bamboo fibers, is
another major category being used. Glass fines and plastic waste are mentioned in
some studies, however, these may result in problems for recycling and reuse of
biocomposites. Silk and wool are also considered in some patents besides vegetal
substrates (Cerimi et al. 2019).

Both pure mycelium and a substrate combined with mycelium can be used as
bioresins. If mycelium has completely consumed the substrate it grows in, this will
create pure mycelium-based bioresins (Fig. 1, right). By varying the environmental
growth conditions, and chemical and physical treatments, it is possible to fabricate

Fig. 1 Mycelium-based biocomposite (left) and pure mycelium (right) (Karana et al. 2018)
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materials similar to paper, textile, rubber, and wood out of pure fungal mycelium.
The main constraints of fabricating pure mycelium-based materials are the long
production process and low yields. On the contrary, it is much faster to produce
fungal biocomposites (Fig. 1, left) by combining mycelium with substrates with a
high yield. Biocomposites are heated to kill the live fungus in order to stop mycelium
from consuming the substrate completely. Depending on the fungus type, plant
waste substrates and physical and chemical treatments can be used to produce
biocomposite materials similar to cardboard, hardboard, soft board, and brick. The
exact factors influencing the mechanical properties of fungal materials (hyphal
architecture, cell wall composition, composite constituents, and growth kinetics,
etc.) are discussed by Jones et al. (2017b). Haneef et al. (2017) also studied ways
to control and tune the physical properties of mycelium materials grown on cellulose
and cellulose/potato-dextrose. They concluded that differences in relative concen-
trations in lipids, polysaccharides, chitin, and proteins of the materials affected their
morphology and mechanical properties.

3 Factors Affecting the Synthesis of Biopolymers

3.1 Hypha

A hypha is the long branching filamentous structure of a fungus. They are called
mycelium for most fungi and are the main mode of vegetative growth. A hypha
consists of one or more cells surrounded by a tubular cell wall. In most fungi, hyphae
are divided into cells by internal cross-walls called “septa”. The septa are usually
perforated with pores large enough to allow ribosomes, mitochondria, and some-
times nuclei to move between cells. The main structural polymers of the fungal cell
wall are polysaccharides commonly known as chitin and chitosan. Some fungi
contain aseptate hyphae, that is, their hyphae are not separated by a septum
(Wikipedia 2020).

3.2 Chitin and Chitosan

Chitin can be easily found in fungi, generated by Ascomycetes, Basidiomycetes, and
Zygomycetes. It is an important element of cell walls and membranes of mycelia,
stalks, and spores. However, it is not contained by all fungi. It is the major
component of primary septa between mother and daughter cells of Saccharomyces
cerevisiae and also one of the main components of the hyaline outer wall of spores of
four arbuscular mycorrhizal glomus species (Sbrana et al. 1995). The chitin of fungi
possesses principally the same structure as that of the crustacean chitin. However,
fungal chitin is associated with other polysaccharides such as glucans and mannans,
which do not occur in the exoskeleton of arthropods (Kaplan 1998). The chitin of the

260 L. Jiang



white-rot fungus Rigidoporus lignosus is not detectable during the process of
infection due to degradation by enzymes excreted as a defense response by the
host cell (Nicole and Benhamou 1991). Another white-rot fungus, Phellius noxius,
does not contain chitin in its fungal sheath (Nicole et al. 1995). The mycelia, the caps
and stalks of fruiting bodies of four edible mushrooms (Lycophyllum shimeji,
Lentinus edodes, Volvariella volvacea, and Caju) contain chitin as a minor compo-
nent (Cheung 1996).

Chitosan occurs naturally in Mucorales species such as Rhizopus, Absidia, and
Mucor. The presence of chitosan in a basidiomycete has only been reported in
Lentinus edodes (Shiitake mushroom), while Bacteria (Schizomycetes) and Slime
molds (Myxomycetes) are devoid of chitin (Akila 2014).

Because of significant advantages, recently, there has been increased attention on
the synthesis of chitin and chitosan from fungal mycelium. Crustacean resources are
limited by season and fishery, whereas mushroom mycelium can be obtained
through convenient fermentation processes without geographic or seasonal restric-
tions (White et al. 1979; McClements 2006). Crustacean chitin and chitosan may
have different physicochemical properties, whereas fungal chitin and chitosan have
relatively constant properties due to controlled fermentation conditions (Rane and
Hoover 1993). Fungal chitin and chitosan are more effective in inducing plant
immune responses and are potentially more suitable for agricultural purposes
(Knorr et al. 1989). Many fungal species including Absidia coerulea, Absidia
glauca, Absidia blakesleeanus, Aspergillus niger, Gongronella butleri, Lentinus
edodes, Mucor rouxii, Phycomyces blakesleeanus, Rhizopus oryzae, and
Trichoderma reesei have been investigated for the production of chitin and chitosan
(Chatterjee et al. 2005; Arcidiacono and Kaplan 1992; Synowiecki and Al-Khateeb
2003; Hu et al. 1999; Tan et al. 1996). Of all the species studied, the most studied is
Mucor rouxii, and the amount of chitin and chitosan in the mycelium can reach 35%
of the dry mass of the cell wall (Wu et al. 2004). Fungi are usually harvested at later
stages of exponential growth to maximize the production of chitin and chitosan
(Akila 2014). Although fungi can grow on solid media, cultures to isolate chitin and
chitosan are usually performed in potato dextrose broth (PDB), yeast peptone
glucose broth (YPG), or salt medium with molasses (MSM) (Chatterjee et al.
2005). The extraction process from fungal sources is similar to that used industrially,
except that desalination is not required due to the low mineral content of the fungal
mycelium (Akila 2014). This process involves three steps:

(a) Alkaline treatment to remove proteins and alkali-soluble polysaccharides.
(b) Acid reflux to separate chitin and chitosan.
(c) Precipitation of chitosan under alkaline conditions.

Protein removal by alkali treatment is generally performed with 1 M NaOH at 95 �C
for 1–6 h and at 121 �C for 0.24–1 h. Separation of chitosan by acid treatment is
usually performed with 2–10� ethylenic acid or HCl at 95 �C for 3–14 h. When chitin
and chitosan were extracted fromMucor rouxii, 2% NaOH was used at 90 �C for 2 h
for alkali treatment, and 10% acetic acid was used at 60 �C for 6 h for reflux. Hu et al.
(1999) applied to autoclave at 121 �C for both alkaline and acid treatment of Absidia
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glauca mycelium. However, the temperature and time of the treatment had to be
reduced to 25 �C and 1 h to keep away from the polymerization of chitosan while
being extracted from zygomycetes. Most of the studies in this field deal with the
fermentation process to supply fungal mycelia for chitin and chitosan extraction.
Noticeably few researchers have focused on the fungal waste from industrial fer-
mentations or mushroom enterprise. However, thinking about the quantity of waste
that accumulates in processing, the citric acid and mushroom industries specifically
from Agaricus bisporus growing practices can provide plenty of raw materials for
fungal chitin and chitosan production. Citric acid is the most extensively used
organic acid within the beverage, food, and pharmaceutical industries. Industrial
production is based on Aspergillus niger submerged fermentation. The contempo-
rary global requirements for citric acid production are around 400,000 tons/year
(Kristiansen et al. 1999). Managing this waste means some extra expenses for
producers and an alternative answer for mycelial disposal. One of the effective
outputs for the spent mycelia is in food supplements, however, this type of feed
appears to be not so easy in competing with other low-price feeds (Akila 2014).

3.3 Nutritional Factors and Mode of Cultivation

The production of microbial polymers is usually facilitated by the high carbon or
nitrogen content of the medium. Nitrogen sources are growth-limiting nutrients,
whose concentrations are adjusted to achieve the desired biomass concentration. As
cations can affect the rheological properties of polymer solutions, care must be taken
to optimize the concentration of salts used as nutrients in the medium (Papagianni
2016).

Continuous culture is not used for the production of microbial polymers. At
higher growth rates desirable for high productivity, and increased ratios of the
carbon source is used to produce biomass rather than polymer. In addition, while
some microbially produced polymers are unstable in continuous culture, the stability
of the strain is not an issue in short-lived batch culture (Anderson and Wynn 2001).

For some microorganisms, the carbon source determines both the quantity and
quality of formation and the quantity of the product synthesized. Ordinarily, the
carbon source concentration affects the efficiency of carbon source conversion into
polymers e.g., the conversion efficiency of glucose to the polymer by Xanthomonas
campestris by increased concentration of glucose (Rogovin et al. 1961).

A source of nitrogen is required for both cell growth and the synthesis of enzymes
that form polymers, but excess nitrogen tends to decrease the conversion of carbo-
hydrate substrates to extracellular polymers (Kang and Cottrell 2012).
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3.4 Other Environmental Factors

Temperature is often critical in polymer synthesis. In general, the optimal temper-
ature for cell growth is also the best for product formation. Most of the polymer
producers are mesophilic. During fermentation, large volumes of hot air and high
levels of agitation are used to avoid inefficient mass transfer caused by high
viscosity. Another important factor is pH. The bacterial polymers of possible
commercial significance appear to have an optimal pH for synthesis between 6.0
and 7.5 (Cohen and Johnstone 1964). For fungal gum production, the optimum pH
lies between 4.0 and 5.5 (Ziegler et al. 2016).

3.5 Mineral Elements

Many microorganisms have strict requirements for specific mineral composition.
Among these elements, K, P, Mg, Ca, Mo, Fe, Cu, and Zn are required. However
certain elements can inhibit product formation. As a result, the mineral requirements
for polymer synthesis vary from species to species (McNeely and Kang 2012).

4 Literature Review on Fungal Species and Substrates Used
in Producing Mycelium-Based Bioresins

To date, many research teams have investigated different fungal species and sub-
strates in producing mycelium-based materials. In this section, a comprehensive
review is performed for most studies that have been performed so far to help the
potential production of fungal bioresins in the future. Table 1 shows a summary of
the literature sources this review is based on.

Holt et al. (2012a, b) reported on a process developed by Ecovative Design, LLC
for growing fungal species on agricultural biomass to produce environmentally
friendly packaging products (EcoCradle™) and insulating panels (Greensulate™).
The purpose of this study was to develop and evaluate six mixtures of recycled
cotton plant biomass (CPB) materials as substrates for the colonization of selected
fungi in the production of molded packaging materials. The mixture consisted of
treated CPB, cottonseed husks, starch, and gypsum. The four ingredients had the
same mix ratio for all six blends, the only difference being the CPM particle size.
The particle sizes of CPB varied from 0.1 to 51 mm. In addition to the six cotton-
based blends, two methods, grain and liquid, were used to inoculate the blends with
fungal spores resulting in 12 treatments. The blends were inoculated and the test
specimens were grown in tools (plastic molds) for 5 days and then dried to remove
moisture. The recipe for each blend was identical except for the particle size range of
the cotton-based materials. The difference in the inoculums was that one carried the
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Table 1 Fungal species and substrates used for producing mycelium-based materials (Butu et al.
2020)

Fungal species Major components in the substrate References

Ganoderma sp. Cotton plant biomass Holt et al.
(2012a, b)

The phylum of Basidiomycetes Rice straw, hemp pith, kenaf fiber,
switch grass, sorghum fiber, cotton
bur fiber, flax shive

Pelletier
et al. (2013)

Trametes villosa, Pycnoporus
sanguineus, Coriolopsis rigida

Post-consumer waste from bottle caps
of PP and EVA, eucalyptus, pine
wood flour

Catto et al.
(2014)

Coriolus versicolor, Pleurotus ostreatus Wood chips, hemp hurd, loose hemp
fiber, and non-woven mats of hemp
fiber

Lelivelt
et al. (2015)

Ceriporia lacerata Soybean straw, wheat bran, gypsum Shao et al.
(2016)

Ganoderma sp. Kenaf/hemp mix and corn stover/
hemp mix

Jiang et al.
(2017a, b)

Basidiomycetes based fungi Cotton burs, switch-grass, rice straw,
sorghum stalks, corn stalks, kenaf

Pelletier
et al. (2017)

Pleurotus pulmonarius, Pleurotus
ostreatus, Pleurotus salmoneo-
stramineus, Aaegerita agrocibe

Woodchips of eucalyptus, oak, pine,
apple, and vine

Attias et al.
(2017)

Daedaleopsis confragosa, Ganoderma
resinaceum, Trametes versicolor

Kenaf, hemp, and corn fibers Bajwa et al.
(2017)

Ganoderma lucidum, Pleurotus
ostreatus

Cellulose, PDB-cellulose Haneef
et al. (2017)

Trametes versicolor Rice hulls Jones et al.
(2017a, b)

Basidiomycete fungi Corn stover Tudryn
et al. (2018)

Irpex lacteus Birch sawdust, millet grain, wheat
bran

Yang et al.
(2017)

Trametes versicolor Rice hulls, glass fines Jones et al.
(2018a, b)

Trametes versicolor Wheat grain Jones et al.
(2018a, b)

Pleurotus ostreatus, Pleurotus eryngii,
Pycnoporus sanguineus

Coconut powder, wheat bran Teixeira
et al. (2018)

Oxyporus latermarginatus,
Megasporoporia minor, Ganoderma
resinaceum

Wheat straw Xing et al.
(2018)

Ganoderma lucidum Palm sugar fiber, cassava bagasse Agustina
et al. (2019)

Trametes multicolor, Pleurotus ostreatus Beech sawdust, rapeseed straw, cotton
fiber

Appels
et al. (2019)

Colorius sp., Trametes sp., Ganoderma
sp.

Woodchips (pruning residues) apple,
vine crops

Attias et al.
(2019)

(continued)
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fungal spores on kernels of grain whereas the other had the fungal spores suspended
in the liquid. The liquid inoculum was easier to use in the process and provided a
more consistent distribution of fungal spores when applied to the blends. The grain
inoculum generally resulted in higher densities due primarily to the added weight of
the grain. The densities were higher than desired (32.04 kg/m3) due in large part to
the inclusion of cotton plant particles<2 mm. In future studies, cotton plant material
having a diameter < 2 mm will not be used. No single treatment outperformed the
other treatments in all categories evaluated. Most of the treatments performed

Table 1 (continued)

Fungal species Major components in the substrate References

Pycnoporus sanguineus, Pleurotus
albidus, Lentinus velutinus

Sawdust, wheat bran Bruscato
et al. (2019)

Trametes versicolor Hemp, flax, flax waste, softwood,
straw fibers

Elsacker
et al. (2019)

Pleurotus ostreatus Sawdust, wheat bran, straw Ghazvinian
et al. (2019)

Polyporus brumalis, Trametes
versicolor, Agaricus bisphorus

Wheat straw, rice hulls, sugarcane
bagasse, blackstrap molasses

Jones et al.
(2019)

Ganoderma sp. Ground corn stover, grain spawn Pelletier
et al. (2019)

Pure white-rot basidiomycete Mixture of spruce, pine, fir wood
particles

Sun et al.
(2019)

Fomitopsis pinicola, Gloeophyllum
sepiarium, Laetiporus sulphureus,
Phaeolus schweinitzii, Piptoporus
betulinus, Pleurotus ostreatus,
Polyporus arcularius, Trametes
pubescens, Trametes suaveolens,
Trichaptum abietinum

Sawdust/paper birch, aspen, lodgepole
pine, subalpine fir, white spruce

Wimmers
et al. (2019)

Ganoderma lucidum D-Glucose, alkali lignin Antinori
et al. (2020)

Pleurotus ostreatus Wheat bran, sugarcane, sawdust Joshi et al.
(2020)

Ganoderma lucidum Cotton stalk Liu et al.
(2020)

Ganoderma lucidum Bamboo fibers Ridzqo
et al. (2020)

Pleurotus ostreatus Rubberwood sawdust, corn grain Shakir et al.
(2020)

Pleurotus ostreatus, Pleurotus
citrinopileatus, Pleurotus eryngii,
Ganoderma lucidum

Husk psyllium, chicken feathers,
flour, textile

Silverman
et al. (2020)

Trichoderma asperellum, Agaricus
bisphorus, Lentinula edodes, Pleurotus
ostreatus, Ganoderma lucidum,
Kuehneromyces mutabilis, Flammulina
velutipes

Oat husk, rapeseed cake Tacer-Caba
et al. (2020)
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similarly to each other for the response variables measured. Overall, the use of
cotton-based fungal mycelium packaging material is a viable alternative to polysty-
rene packaging. As refinements in processing and biomass blend development
continue, the physical and mechanical properties of the product should improve.
The improved physical properties will make agricultural residue-based fungal com-
posites suitable for a variety of applications where fossil fuel-based materials are
currently used.

Arifin and Yusuf (2013) studied the production of green composite and unveiled
the potential and properties of synthetic foam mycelium using rice husk and wheat
grains. Through this research, a composite foam sample was prepared using rice
husks and wheat grains as reinforcement materials, and mycelium as the matrix. The
percentage effect on the physical properties, microstructure and porosity of rice hulls
was studied. Three sample percentages: 50% RH + 50% WS, 70% RH + 30% WS,
and 30% RH + 70% WS were tested. This research determined whether the prop-
erties of a potential mycelium matrix could replace a major source of polystyrene
production. The potential of the mycelium properties, and rice husk and wheat grain
mixture characteristics were determined to create a resource and energy-saving
approach through 100% natural circulation for insulated packaging.

Pelletier et al. (2013) examined the use of a novel new renewable resource for
sound absorption. The new proven material is based on a fungus that grows on semi-
hydrophobic substrates of agricultural by-products such as millet, sorghum stalks,
rice straw, kenaf, flaxseed and hemp. Because this new composite has limited
density control, a variety of substrates have been tested, the main control being
component selection. Mycelium was described by Holt et al. (2012a, b), which
consisted of the principle processing steps of: (1) fiberized agricultural byproducts,
(2) steam processing the fiberized agricultural byproducts to render mold spores
inert, (3) inoculating the circulate processed fibers with Basidiomycetesbased fungi,
(4) putting the inoculated fibers into 16� 16 cm molds at a depth enough to generate
a final nominal thickness of 2.5 cm, (5) growing fungi on the fiberized byproducts in
a controlled environment chamber in a dark, warm, and humid environment for
4–6 days. Compared to standard traditional foam insulation boards, The research
results showed mycelium-based boards are a promising bio-based composite alter-
native. An additional advantage of this new material is that it can be produced at a
lower cost in comparison to the traditional petroleum-based foams while being
biodegradable at its end of service life.

Catto et al. (2014) evaluated the biodegradability of wood-plastic composites
(WPC). The materials used were post-consumer waste from bottle caps of PP and
EVA (present in the inner lining of the stoppers supplied by Prisma Montelur
Thermoplastics in “flakes” form), and two types of wood flour: eucalyptus and
pine of the species Eucalyptus grandis and Pinus elliottii, respectively. Wood
flour was sorted on 32 and 16 mesh Tyler sieve systems with selected particle
sizes from 250 to 500 mm. The mixture was processed on a single screw extruder
(L/D ¼ 22) perforated to a temperature profile of 170–190 �C, a screw speed of
65 rpm and “pellets form”. Samples were weighed and placed in duplicate in
Erlenmeyer flasks with 30 ml of distilled water and sterilized by autoclaving at
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127 �C in a vertical autoclave CS-100 Primatec with 100 L capacity and variable
working pressure from 1 to 1.5 kgf/cm2. The fungi selected for the experiments were
Trametes villosa (TV), Coriolopsis rigida (CR), and Pycnoporus sanguineus
(PS) species, which were previously isolated from Petridi shes from autoclaved
and incubator cultured agar malt extract (AEM) in the ambient temperature of
25 �C in the dark. After a week, the fungus was inoculated into each sample
(substrate) from the previous culture and then placed in a greenhouse at 25 �C in
the dark for 60 days. Monitoring was performed by culturing different types of fungi
(basidiomycetes) on different substrates using gravimetric analysis and visual mon-
itoring of composites to evaluate the species of fungi exhibiting increased growth
rates and their relationship to different wood types. An assessment of the potential
biodegradation of these substances was made Based on the presented results, it was
concluded that TV fungus interacts best with wood embedded in the composite in
both Eucalyptus grandis and Pinus elliottii.

Lelivelt et al. (2015) demonstrated a detailed production method for mycelium-
based materials and the display of structural properties of these materials. The
process of creating mycelium-based materials consists of six steps. It takes four
steps to grow mycelium and two more steps to make it a usable material (Montalti
2014). The process is shown in Fig. 2. The first step is to create a habitat for the

Fig. 2 Standard production process of mycelium-based material (Lelivelt et al. 2015)
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fungus. The substrate can be any cellulosic materials such as straw, wood, and hemp.
After substrate selection and mixing, the substrate must be sterilized to prevent
contamination by other organisms during growth. This can be done by boiling the
substrate in water or by treating it with hydrogen peroxide. After sterilization, the
desired fungus spawn was inoculated into the substrate. In order to create a very pure
and reliable spawn, it is desirable to use pre-grown spawns raised by specialized
companies operating under specific conditions (Montalti 2014). The fungal group
for use is preferably Basidiomycota because they can aggregate mycelium into dense
masses (Carlile and Watkinson 1995). Inoculation must be done under semi-sterile
conditions to prevent contamination and can be performed by mixing the spawn with
the substrate. After inoculation, the fungus must be done by mixing the spawn and
substrate. After inoculation, the fungus should colonize the substrate (Step 4 in
Fig. 2). At this stage, it is important to provide favorable growth conditions.
Although these conditions depend on the type of fungus, some conditions are
universal to all Basidiomycetes. First, growth must take place in the dark. For
Basidiomycetes, the presence of light is a signal that a free surface has been reached.
On these surfaces, Basidiomycetes begin to produce fruiting bodies (i.e., mush-
rooms). When growing fungi for mycelium, it is important to prevent the formation
of fruiting bodies. This is because the fruiting body slows down the growth process
and creates irregularities in the mycelium. Second, the humidity must be very high.
The relative moisture content of the air should be between 90 and 100% (Yadav and
Tripathi 1991). However, this is sufficient for the substrate to contain sufficient
moisture for the growth phase. The exact moisture content depends on the substrate
and species, but a substrate that is ‘wet to the touch’ is considered sufficient (Wösten
2014). Airflow is also required. Fresh air is essential because mycelium needs
oxygen and produces CO2 as it grows. However, fresh air also increases the
likelihood of contamination, so controlling the airflow is a good idea. The low
CO2 content is also an indicator that the basidiomycetes have reached the free
surface. This stimulation leads to the formation of fruiting bodies that do not
contribute to the growth of mycelium. Therefore, a high CO2 content must be
maintained. The optimum temperature for growth varies depending on the species,
but in general, Basidiomycetes do not grow above 40 �C. In most cases, room
temperature is sufficient. However, fungi can overheat in an enclosed environment
because they generate heat during growth. Under growing conditions optimized for
large-scale agricultural mycelium, the growth phase takes 16 days (van der Horst
2014). Typical growth conditions for Basidiomycetes are listed in Table 2. Growth
should be stopped after the growth phase, which is essential. Otherwise, the fungus
will eventually absorb the entire substrate or begin to form fruiting bodies.

Table 2 Growing conditions
of Basidiomycota (Lelivelt
et al. 2015)

Humidity 90–100% (moist to the touch)

CO2 High

Light None

O2 Necessary for growth

Temperature <40 �C (heat is generated during growth)

268 L. Jiang



Termination of the mycelium growth phase can be achieved by heating the myce-
lium. When the growth has stopped, the sample can be removed from the mold. In
the final stage, a coating can be added to improve material properties.

Shao et al. (2016) reported the use of an unsterilized substrate consisting mainly
of soybean straw used to grow Ceriporia lacerata to obtain soybean straw mycelium
composite material (MSCM). C. lacerata was initially grown on Potato Dextrose
Agar (PDA) medium at 25 �C for 7 days and then stored at 4 �C. About 3 cm2 of the
slant culture was inoculated into every 500 ml baffled shake flask containing 150 ml
of first-order inoculation culture medium. Then, it was incubated in a rotary shaker
incubator shaker at 150 rpm and 25 �C for 3.5 days. 7.5 ml of first-order seeds were
inoculated into each 500 ml flask containing 150 ml of culture medium for second-
order seeds. They were then incubated for 3 days in a rotary shaker incubator at
150 rpm and 25 �C. A stainless-steel tub (Φ58 � 18 cm) with a lid was used as the
culture vessel. Each bath was filled with 1 kg of dry culture substrate and inoculated
with 375 ml of second-order seeds without adding a bactericidal or antibacterial/
bacteriostatic agent. The moisture content of the culture substrate was about 65%,
and it was incubated at 25 �C for 5 days. The culture substrate was inverted and
stirred once a day. The inoculated culture substrate was cultured at 25 �C for 5 days
to allow the mycelium to completely colonize the culture substrate. After 5 days, the
culture medium was crushed into small particles and placed in a mold. For the next
4 days, the molds were incubated at 25 �C to grow mycelium for weaving and
binding the individual particles into a solid. After culturing in the mold for 4 days,
the culture was taken out of the mold and incubated for 3 days at 25 �C and at least
85% relative humidity. Finally, the culture was dried at 60 �C and MSCM was
prepared for the dried culture. The effect of the particle size of soybean straw on
MSCM production was evaluated. The thermal conductivity, compressive, and
sound absorption properties of MSCM were tested. The results showed that
C. lacerata could be cultured with unsterilized substrates and used to generate
MSCM. This promoted mycelial growth and MSCM formation, and the grain size
of soybean straw were larger within a certain range. And the test results showed that
MSCM has high compressive strength, good thermal insulation, and good sound
absorption properties.

Ziegler et al. (2016) conducted a study to evaluate the potential of innovative
biocomposite materials patented by Ecovative Design, LLC. for commercial prod-
ucts and packaging. Biocomposites use fungal mycelium as a matrix to bind plant
cellulosic fibers. Test samples were made from various combinations of fiber-fungal
strains using cotton waste and hemp cores as well as surface fibrous tissue. The
composite is created using a patented process that involves wrapping the shaped
fibers between two sets of mats and then incorporating the fungal mycelium seeds
into the mold and surface adhesive mats of the composite to initiate fungal growth
throughout the material. Biocomposites have a multi-layered structure with two
bonding layers on the top and bottom. Surface-bonding mats may consist of natural
fiber fabrics such as burlap, which allows the fungus to germinate to form the
structure of agricultural fibers. Plant fibers were tightly wrapped between the binding
layers. Mycelium was inoculated into this mixture and allowed to germinate into the
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binder and core of plant fibers in an environment favorable for fungal growth.
Mycelium has evolved into a number of distinct branched filamentous structures
called hyphae. Mycelium hyphae usually penetrate the plant fiber matrix and weave
the fiber particles together to form a bonding mat. The hyphae grow over time to
form a mesh frame densely filled with fibers, effectively tying these fibers together
(Bayer 2010). When the mycelium completely enveloped all the plant fibers and
achieved optimal growth, the material was exposed to high temperatures to kill the
mycelium and make it dormant. At this point, the mycelium provides adequate
bonding to the fiber core and completely covers the surface of the bonding mat,
leaving a white or grayish-white velvety surface. The mycelium is heat treated
(110 �C, 24 h) to inactivate the product before use, making it safe as a packaging
material. In addition, the selection of antimicrobial fungal strains can impart these
properties to biocomposites. The physico-mechanical properties of biocomposites
have been evaluated to gain a complete understanding of the material, which may
lead to future applications.

Jiang et al. (2017a, b) tested a non-traditional approach to the production of
biocomposite multilayer structures in which all materials are obtained naturally,
including fabrics made from natural fibers (jute, hemp, and cellulose) as skin,
Ganoderma sp. mycelium-bound agricultural waste as the core, and bioresin as the
matrix. The core substrate is first combined with the mycelium with pre-grown
“regrind” material (kenaf/hemp mixture, then corn straw/hemp mixture (both
50/50 wt%)) and then cut into smaller pieces with a trommel. The growth tray is
rinsed with water, wiped dry, and sprayed with an alcohol solution for sterilization.
Both layers of the same fiber reinforcement are also sterilized with a 10% hydrogen
peroxide solution and then placed appropriately on the bottom of the cultivation tray.
The trays were then filled with 120 g of regrind (amount determined to sufficiently
fill the mold cavity) and covered with two layers of reinforcement, then covered with
mating tray covers to provide light compression and held in place with binder
clamps. It is located around the flange of the mold. Each filled and closed growth
tray was placed in a semi-permeable polypropylene bag that creates and maintains a
high humidity (up to 98% RH) environment for the mycelium fungus to breathe.
Incubation procedures lasting 5 days were carried out on growth racks at Ecovatice
Design’s facility at room temperature (24 �C). If dried without reinforcement skins
attached, the 2.5 cm thick wet core should be dried to the specified thicknesses by
heat press with slight compression to match the thickness of the reinforcement skin
during resin infusion. After the growth phase, the core should be dried at a temper-
ature high enough to remove moisture (�70–80 wt%) and inactivate (kill) the
mycelium. Otherwise, the core will continue to grow and break down the substrate.
As a preliminary study for comparison with the thermo-compression process, six
cores were completely dried in a convection oven at 82 �C for 12 h and 93 �C for 8 h
(standard cycle for Ecovative’s packaging ecobatic mycelium products). In addition,
6 other cores were thermo-compressed using Model 2518 Carver press and dried at
250 �C for 20 min to the specified thickness (two samples per reinforcement type).
Temperatures >250 �C can lead to unwanted carbonization of the core surface and
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20 min was chosen as the upper limit for the cycle time of the Ecovative Design heat
press.

Pelletier et al. (2017) investigated the use of novel new renewable resources for
sound absorption. The new test substance was based on a fungus grown on semi-
hydrophobic substrates of agricultural by-products such as cottonwood, millet,
sorghum stalk, corn stalk, rice straw, and kenaf. It forms a light-weight natural
bio-composite board. Basidiomycetes were cultures on agricultural by-products
pulverized in various proportions using a hammer or grinder and then sieved to
exclude particles smaller than 0.853 mm, (#20 mesh sieve) to make subjects.
Mycelium was grown from the by-product using the procedure described in (Holt
et al. 2012a, b). The main processes include: grinding of agricultural by-products;
steaming the fibrous agricultural by-product to inactivate mold spores; Steamed fiber
inoculation with Basidiomycetes-based fungi; placing the inoculated fibers in a
16 � 16 cm mold of sufficient depth to obtain a final nominal thickness of 2.5 cm;
Fungi are grown on fibrous by-products in a controlled environmental chamber
under dark, warm, and humid conditions for 4–6 days to produce low-density
fiberboards associated with the fungal mycelium matrix. Converting these
low-density boards to new high-density boards requires additional post-processing
steps. The compression process starts with a low-density board heat-treated at
100 �C for 10 min at various elevated pressures. No adhesives or binders have
been added to the construction of the high-density board. The only binders were
chitinous polymers deposited from natural mycelium and the natural growth of
fungi. The results of this study indicate that these mycelium-based compression
boards are promising alternatives to bio-based composite materials for acoustic
baffle panels. This new material offers a completely natural and sustainable alterna-
tive to modern composite panels such as Medium Density Fiberboards (MDF) and
Oriented Strand Boards (OSB). Attias et al. (2017) reported the cultivation of several
fungi species from various local crop wastes to evaluate the best combinations of
fungi-plant material for future applications. Four types of fungi: Pleurotus ostreatus,
Pleurotus pulmonarius, Aaegerita agrocibe, and Pleurotus salmoneostramineus
were grown on eucalyptus, oak, pine, apple, and vine chips. Wood chip substrates
for this experiment were pruned native trees and crops from the Galilee region of
Israel. The average particle size was 5 � 15 mm. The substrate was thoroughly
mixed with (50% w/v) water, and then a 14 cm diameter Petri dish (150 g of the wet
substrate in each dish) was placed and sterilized in an autoclave (1 h, 121 �C). Each
dish was inoculated with a 7 mm diameter mycelium colony grown on agar and then
incubated at 25 �C for 4–5 weeks. Samples were tested for selected properties
including chemical change (pH, electrical conductivity, water, carbon and nitrogen
content) in organic matter, mycelium growth rate, density and quality. The high
correlation between the loss of organic matter and growth parameters of fungi helped
to evaluate the effectiveness of a set of fungi. The best results are P. ostreatus
mycelium grown on vine and apple substrates.

Bajwa et al. (2017) evaluated biocomposite boards made from three different
cellulosic fibers: kenaf (Hibiscus cannabinus) core, hemp (Cannabis sativa) core,
and corn (Zea mays) straw. Cellulose fibers include Daedaleopsis confragosa
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(D. conf.), Ganoderma resinaceum (G. res.), and Tramates versicolor (T. ver.).
Biocomposite boards were manufactured by Ecovative Design, LLC. in their labo-
ratory located in Green Island, NY. The manufacturing process consisted of pas-
teurizing and sterilizing the cellulosic material at 115 �C for 28 min, cooling it to
35 �C or less, and then inoculating with fungus strain. The inoculum was transferred
to a plastic mold, sealed and incubated at 24 �C for 5 days. Then, the mycelium
colonized boards were sterilized in a convection oven at 60 �C for 8 h to inactivate
fungi growth and prepare a final product. The details of the manufacturing process
are described in a previously published study (Holt et al. 2012a, b). The resulting
biocomposite boards were evaluated for termite resistance using four termiticides:
guayule resin (Parthenium argentatum), vetiver oil (Vetiveria zizanioides), cedar oil
(Juniperus virginiana), and borax, according to ASTM D3345–01 standard. The
results showed the effects of different types of termiticides on cellulosic
biocomposites associated with fungal mycelium. The results of this study showed
that natural vetiver and cedar oils and guayule resin can be used as an effective
treatment for mycelium-bonded cellulose composites to increase resistance to
termites.

Haneef et al. (2017) obtained films based on the mycelium of two species of
edible and medicinal fungi, and Pleurotus ostreatus Ganoderma lucidum, grown on
different substrates and compared their properties with other bio-based polymers
produced by microorganisms such as bacterial cellulose and PHB. Growth of the
mycelium material in this study was achieved by feeding two natural polymer
substrates, pure amorphous cellulose and a mixture of cellulose and potato dextrose
broth (PDB). A polysaccharide-based medium was used as a nutrient. However,
those containing PDB was more readily absorbed by the mycelium due to the higher
concentration of simple sugars. The mycelium film was heat treated at the end of the
growth period to stop fungus growth and obtain a final fibrous film. The physico-
chemical properties of self-grown films were determined by two types of physio-
logical properties and most importantly by various nutrient substrates. The authors
have found that the addition of PDB to the growth medium affects the secondary
structure of the G. lucidum proteins and increases the protein ratio of P. ostreatus.
While increasing the relative concentration of lipids in films based on this microor-
ganism since then. Also, the relative presence of chitin was decreased in both
species. These deformations had a significant impact on the final mechanical prop-
erties of the mycelium-based films. When the nutrient substrate contained PDB, the
self-grown fibrous material exhibited lower elastic modulus and increased elonga-
tion at break. This substrate makes the mycelium less rigid and more flexible than
cellulose-fed materials. In addition, the PDB mycelium had a higher decomposition
temperature and stronger hydrophobic properties than the cellulose-fed mycelium.
Research has shown that mycelium-derived substances are naturally occurring multi-
component substances that can be modulated by altering their nutrient substrates and
represent a novel method for low-cost, high-volume production of functional
materials.

Jones et al. (2017a, b) reported that mycelial biocomposite grown from rice husks
were evaluated and compared with commercially available extruded polystyrene
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(XPS) foam. The fast-growing and commonly available white fungus Trametes
versicolor (Basidiomycota) was selected for this study based on its lignin degrad-
ability and high growth rate. The fungal inoculum was purchased from Aussi
Mushroom Supplies (Melbourne, Australia) as the mycelial masses of digested
wheat grains sealed in plastic bags with filter patches. Rice husks were selected as
the substrate material based on their silica content, low cost and polysaccharide
(cellulose and lignin) content and were purchased from CopRice (Melbourne,
Australia). Before use, soaked (48 h in Milli-Q® Type 1 ultrapure water) and
sterilized (autoclaved for 90 min at 121 �C and 103.4 kPa). It was then combined
with a 25 wt% Trametes versicolor inoculum using a sterile blender. Low seed
weight was chosen to maximize the content of the composite rice hull. The inocu-
lated substrate was then dispensed into sterile plastic molds (duplicates) prior to
incubation for 12 days in standard atmospheric conditions (25 �C, 50% RH) to allow
the mycelium to colonize the rice husks and produce composites (Fig. 3a). After the
incubation period, samples were dried at 50 �C for 48 h to dehydrate and denature
the fungal material (Fig. 3b). The fire response properties of these materials were
measured under heating conditions with a cone calorimeter, which can produce a
correlation for well-developed indoor fires (e.g., heat flux of 50 kW/m2). This flame
retardant set reduces the amount of heat and toxic fumes emitted during combustion,
making the mycelium biocomposite safer for use in construction applications where
thermal shock resistance is required.

Tudryn et al. (2018) conducted a study that provided insight into the effects of
processing methods and composition of biopolymer composites from agricultural
waste/fungus on structural and mechanical properties. Composites were obtained by
growing mycelium on corn straw. Corn straw particles were sorted using different
sieves by size. Three ranges of particle sizes were used: (a) 1.7–6.7 mm,
(b) 0.9–1.7 mm, and (c) 0.4–6.7 mm. The average aspect ratio of all three fillers
was from 15 to 20 as measured by light microscopy. Corn straw had a low starch
content of 1% and a neutral detergent fiber content of 72%, which did not signifi-
cantly contribute to fungal nutrition or germination. A proprietary type of fungus
was inoculated using a vegetative mycelial tissue distributed throughout corn straw
with the addition of grains and micronutrients (simple carbohydrates, minerals).

Fig. 3 Mycelium based composite material: (a) after growth, (b) dehydrated (Jones et al. 2017a, b)
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Thus, corn straw for the biopolymer matrix is a high-modulus filler. The general
procedure for growing the composite material is shown in Fig. 4. The filter patch was
filled with 5 l of corn straw in one size range. Calcium and carbohydrates were added
to the dry mass of the bag. Water was added to the bag in the amount of 65% of the
dry weight of the corn straw. The filter patch bag and its contents were sterilized at
15 psi for 2 h. Corn was inoculated with a millet with mycelial vegetative tissue. The
mycelium was grown in the bag for 4 days after which the contents of the bag were
removed and manually milled to homogenize the growth to ensure that the mycelium
did not colonize just outside the corn straw mass. More carbohydrates were added to
promote more mycelial growth during this homogenization step. After fully homog-
enizing the ratified corn straw, the material was loosely packed into 600 � 600 � 100 tile
molds (usually 6–9 tiles are made in one bag). These tiles were left for an additional
4 days. Let it grow, then turn it over and let it grow for an additional 2 days, finally
during the tile at 100 �C for several hours to kill any mycelium or biological material
in the composite. Since carbohydrates were added as the main material of corn, there
was no significant change in the size or aspect ratio of corn straw during growth. The
effect of nutrition during inoculation after the homogenization step on flexural
modulus and strength was determined. The increase in additional nutrition during
inoculation had little effect on the overall strength or elastic modulus of the com-
posites. However, the increase in carbohydrate loading after the homogenization step
increased the yield bending stress and bulk flexural modulus. The adjacency of the
formed networks was significantly higher in the latter scenario, suggesting that the
increase in modulus and strength of the final composite after homogenization was
the result of continuous network formation of hyphae, which improved the integrity
of the matrix to transmit stress to the filler particles.

Yang et al. (2017) presented an innovative biofoam based on fungal mycelium.
Three different mixing protocols using different substrate materials including millet,
wood pulp, natural fibers, calcium sulfate, and bran and two packaging conditions
were tested to obtain samples for physical, thermal and mechanical properties. In
mixing protocol I, the substrate and live fungal culture were mixed, and packaged in
molds, and placed in a temperature and humidity controlled incubator. In mixing
protocol II, substrate and fungal culture are incubated in filtered polypropylene bags

Fig. 4 Flow chart of myceliated corn composites preparation procedure (Tudryn et al. 2018)
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for a specified period before the mixture is ground and packaged into cylindrical
molds to allow them to re-solidify into a structurally more uniform and dense foam.
Mixing protocol III is the same as protocol I, but with the addition of natural fibers
(50% of the substrate’s dry weight) during mixing. Two packaging modes: loose and
dense. The former is naturally deposited without compaction and the latter with
approximately two times the original volume of substances packed. Birch sawdust
from the neighborhood forestry industry and added nutrients have been mixed with a
certain quantity of water and pasteurized. Then, the slurry was inoculated with a
culture of Basidiomycete saprotrophic fungus, endemic to Alaska, and incubated for
some time to achieve full colonization of the nutritive substrate through vegetative
mycelium. The inoculated slurry from Protocols I and III was mixed and loaded into
cylindrical molds for further incubation. In Protocol II, the inoculated substrate was
incubated for a specific period in a filtered polypropylene bag, then crushed and
repacked into a cylindrical mold. Incubation took place in a specific range of
humidity and temperature. Samples were dried in a dryer before being removed
from the mold for testing. The tightly packed sample according to mixing protocol II
was found to have the highest dry density, elastic modulus, compressive strength,
and similar thermal conductivity, which was equal to or better than the conventional
polymer thermal foam, except for the dry density. The results show that this biofoam
has great potential as an alternative insulation material for buildings and infrastruc-
ture or as a lightweight backfill for geoengineering applications, especially in cold
regions.

Jones et al. (2018a, b) conducted a study characterizing the effects of different
proportions of agricultural and industrial wastes with high silica content on the
combustibility of mycelial composites compared to conventional synthetic building
materials. Soak rice husks and wheat grains (primary function to support fungal
growth) in Milli-Q® Type 1 ultrapure water for 48 h and sterilize at 121 �C,
103.4 kPa for 40 min before use. The fine glass additives (the main function of
modifying material properties) were sterilized as above. Substrates and additives
were then combined in various proportions with Trametes versicolor wheat grain
inoculum using a sterile blender. The inoculated substrate was placed in a sterile
plastic mold, closed under standard atmospheric conditions (25 �C, 50% RH) and
incubated for 12 days to allow the mycelium to bind to the substrate and additives.
After incubation, the sample was dried at 50 �C for 48 h to completely remove the
adsorbed moisture and to denature the fungal material (Fig. 5). The results showed
that the mycelium composite was safer than the conventional building material
considered, resulting in much lower average and maximum heat dissipation rates
and a longer time for capping. Also, CO production fluctuated emitted much less
smoke and CO2. Although rice husks produced significant amounts of charcoal and
silica ash to improve fire resistance, composites containing fines glass particles had
better fire performance due to their significantly higher silica concentrations and
lower flammability. Higher concentrations of free fines increase the specific volu-
metric cost but decrease the cost per weight and specific gravity. The results of this
study showed that mycelial composites are very cost-effective alternatives to
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combustible synthetic polymers derived from petroleum and natural gas and woods
structures for applications including insulation, furniture, and panels.

Islam et al. (2018) investigated the mechanical behavior of mycelial composites
reinforced with biodegradable agricultural waste particles. In the composite, the
mycelium acts as a support matrix to bind the reinforcing particles within the fibrous
network structure. Composite samples were prepared similarly to the pure mycelium
samples as described in (Islam et al. 2017). Here, nutrient mycelial tissues were first
inoculated into filter patch bags with corn straw particles and nutrients (calcium and
carbohydrates) and water. The mycelium was grown for 4 days at room temperature
(~ 25 �C) and then crushed into small pieces to redistribute the growth evenly. The
material was then filled into rectangular molds (6000 � 6000 � 100) and left for an
additional 4 days for growth. In a final step, the sample was heat treated at 100 �C for
4 h to biologically inactivate the material and to deactivate the mycelium. The
compression behavior of the mycelium composite was investigated using a compre-
hensive experimental and computational method. The experimental results show that
the composite material mimics the soft elastic response of pure mycelium at small
strains and that the compression behavior of hard particles causes large strains. The
composite material also exhibited the characteristic stress relaxation and cyclic
compression hysteresis previously observed from pure mycelium.

Jones et al. (2018a, b) reported detailed thermal degradation and flame retardant
properties of fungal mycelium and biomass mycelium composites. An inoculum of a
common fungal species (T. versicolor) was purchased from New Generation Mush-
room Supplies Pty. Ltd. as a mycelium mass growing from grains of wheat. Wheat
grain (E&A Salce Pty. Ltd.) was chosen as the substrate material because of its high
nutritional value and consistency with the inoculum composition. The substrate
(wheat grain) was immersed in Milli-Q® Type 1 water for 48 h and sterilized
(autoclaved at 121 �C, 103.4 kPa for 90 min) before use. Then, a certain amount
(25 wt%) of the fungal inoculum was mixed with the substrate using a sterile

Fig. 5 Typical dehydrated square tile mycelium composites (e.g., rice husk, rice hull + glass flour,
wheat, and wheat grains + glass flour) with surface profiles for each composite sample obtained
(Jones et al. 2018a, b)
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blender. An inoculum content of less than 25 wt% increased the growth period and
the risk of contamination with other competing microbial species. The mixture was
then evenly distributed in sterile plastic molds (100 � 100 mm) and incubated at
standard atmospheric conditions for 6, 12, and 18 days. After incubation, the
samples were dried at 50 �C for 48 h to dehydrate and denature the fungus. A
representative composite of wheat mycelium is shown in Fig. 6. Measurements and
analyses of key parameters such as decomposition temperature, gases released
during pyrolysis, and residual char were performed. According to pyrolysis flow
combustion calorimetry (PCFC), the combustion propensity of mycelium is signif-
icantly lower compared to polymethyl methacrylate (PMMA) and polylactic acid
(PLA), indicating that they have significantly lower ignition and flaming combustion
tendencies and are therefore safer to use. The diameter of the mycelium decreases
after pyrolysis. The results of the conical calorimeter test showed that the presence of
mycelium had a positive effect on the response characteristics of wheat grains to fire.
It was found that mycelial growth time did not significantly improve the fire
resistance of mycelium-wheat grain composites.

Teixeira et al. (2018) reported a study that selected fungal isolates and evaluated
the cultivation period for the mechanical stability of composites made from wheat
bran-added coconut powder. The experimental design was fully randomized based
on a 5 � 3-factor scheme corresponding to the cultivation of five edible fungal
isolates (Pycnoporus sanguineus, Pleurotus ostreatus, and Pleurotus eryngii). Cul-
tures were transplanted in four replicates after complete colonization of the substrate
(days 15, 30, and 45). The isolated fungi were grown on a coconut powder-based
substrate less than 1 mm in size supplemented with 40% wheat bran and moistened
at 60–70% distilled water. The mixture (wet weight ¼ 250 g) was packaged in a
1000 ml cylindrical plastic container. The assembly was autoclaved at 120 �C and
1 atm for 1 h and repeated after 24 h. After cooling, 10 g of the fungal isolates
previously obtained on the same substrates (wheat bran and coconut powder) were
transferred to a sterile chamber. Fungal isolates were grown at room temperature

Fig. 6 Representative
mycelium (T. versicolor)—
wheat grain composite
grown for 18 days and dried
at 50 �C for 48 h (Jones et al.
2018a, b)
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until complete colonies were formed. The cultivation length of the isolated fungus
can affect overall weight and volume losses. Compressive strength and toughness
were dependent on the fungus isolate and cultivation time. The isolates of P. eryngii,
Pleurotus ostreatus, and Pycnoporus sanguineus presented potential characteristics
for the production of biodegradable composites.

Xing et al. (2018) tried to obtain a mycelium material that can be used as an
insulating material. Bio-based materials should have properties similar to conven-
tional alternatives such as expanded polystyrene in terms of physical and mechanical
properties but at a high level of biodegradability. Three species of basidiomycete
(order Polyforales) were selected because they are known to grow rapidly on agar
medium and are powerful colonizers and degraders of lignocellulose (Oxyporus
latermarginatus, Megasporoporia minor, Ganoderma resinaceum). All were orig-
inally isolated from trees (both live and dead) foam in the Nile Delta region of Egypt
(El-Gharabawy 2016) and grow rapidly (8.7–13 mm/day incubated at 25 �C on 3%
Dark Malt Extract Agar (DMEA)). Fungal cultures were generally cultivated on 3%
DMEA and incubated at 28 �C. To increase the inoculum, add 10 g of rye seeds and
10 ml of water to a 25 ml glass vial and autoclave at 115 �C for 15 min to sterilize.
After cooling, rye grains were inoculated at 28 �C with three mycelium plugs from
cultures on agar plates, with lids loosely closed to allow air exchange. After 14 days,
the rye grains were well colonized and used to inoculate straw cultures. The
orientation of the straws was random. Straw cultures were grown in polycarbonate
plant tissue culture flasks (Magenta GA7; 77 � 77 � 97 mm; Sigma). 20 g straw cut
to 3–4 cm in length was dispensed to each vial with 40 ml of water added. The vials
were autoclaved at115�C for 15 min and then inoculated with 6–8 colonized rye
grains spread around the vial after cooling down. Cultures were incubated at 28 �C
for 8 weeks with the vial lids slightly open to ensure air exchange. No resin was used
in this process. The straw block was removed from the culture vessel and dried at
70 �C. The test data showed that the mycelium brick had good thermal
performances.

Agustina et al. (2019) prepared a composite board of cassava bagasse fiber (CBF)
and palm sugar fibers (PSF) bonded with bio-adhesives from Ganoderma lucidum
mycelium. The original mycelium was transferred to potato dextrose agar (PDA).
The PDA plates were inoculated and incubated at room temperature (�30 �C) for
10 days. Four mycelial agars (�5� 5 mm) from a PDA medium of 10 days old were
inoculated into 300 ml flasks containing 100 ml of liquid medium and incubated for
8 days at room temperature (Karana et al. 2018). This material was used as an
inoculum for the production process. The production medium was mainly made of a
mixture of PSF and CBF supplemented with rice bran, CaCO3, and other ingredients
such as gypsum. The production medium was produced in three variations according
to the content of PSF and CBF. Medium A ¼ 65:35%; B ¼ 50:50%; and C ¼ 35:
65%. Each variant was coded as PRA, PRB, and PRC, respectively. Samples of
composite panels were made in two sizes (types):

• Type 1: Approximately 200 g (depending on composition) of the total solid
mixture is added with distilled water to final moisture content, then mixed as
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homogenously as possible. The mixture was then divided into two portions and
placed in a fermentation vessel with approximate dimensions of
12.5 � 12.5 � 8 cm3. Samples were then sterilized in an autoclave at 121 �C,
15 psi for 60 min, then removed and left overnight before inoculation. Samples of
Type 1 were used for Internal Bonding (IB), Density (D), Thickness Swelling
(TS), and Water Absorption (WA) tests.

• Type 2: Distilled water was added to about 231 g (depending on composition) of
the total solid mixture until the final moisture content was reached, and then
mixed as uniformly as possible. The mixture was then placed in a fermentation
box measuring approximately 30.5� 10.5� 6 cm3. Samples were then sterilized
in an autoclave at 121 �C, 15 psi for 60 min, and removed to left overnight before
inoculation. Type 2 specimens were used for moisture content (MC) and dry
bending (DB) tests.

The production medium was then inoculated with an amount of liquid inoculum. The
samples were then incubated at room temperature for 12 days. After covering with
the mycelium, the sample was compressed to a predetermined thickness using a
hydraulic press (cool press) and held for 10 min. The compressed samples were then
dried in a tray dryer 55–60 �C for about 20 h. The physical and mechanical
properties of composite boards conform to Japanese Industry Standards for particle
board, so the mycelium of Ganoderma lucidum can be used as a biological adhesive
in composite board production.

Appels et al. (2019) showed that the density, morphology, tensile, flexural
strength, and water absorption properties of mycelium-based composites can be
modulated by different types of substrates (sawdust, straw, cotton) and fungal
species (Trametes multicolor vs. Pleurotus ostreatus) and processing techniques
(no pressing, cold pressing, or hot pressing). Both types of mycelium were grown for
14 days with beech sawdust and rapeseed straw of 1–3 cm (Gedizo trading BV,
Netherlands) by CNC Exotic Mushrooms (Gennep, The Netherlands) and
non-woven low-quality cotton fibers by Mogu. By adding bran (CNC Exotic
Mushrooms) to rapeseed straw and beech sawdust, the final moisture content was
65–70%, while the final moisture content of low-quality cotton fibers was 55%. In all
cases, autoclaved bags (Sac O2, Belgium) with filter size XL were filled with 3 kg of
the substrate, sterilized, and inoculated with T. multicolor or P. ostreatus (Mycelia,
Belgium) spawns. A plastic thermoforming mold (34 � 34 � 4 cm, PETG) was
filled with a pre-grown substrate. The substrate was distributed as evenly as possible
by hand pressing the material and covered with perforated cellophane foil (0.35 μm,
industry-standard PPI). The fungus was further grown at 25 �C for 14 days in
the dark. To achieve uniform colonization on both sides, the plate was removed
from the mold to increase the growth of the side that had previously been in contact
with the mold and held in the opposite direction under the same conditions for an
additional 10 days. Heat (150 �C) or cold (20 �C) pressing was performed for 20 min
at a 30 kN pressuring force with in a CE-certified mechanical multi-plate press
(Vigevano, Italy). The thermo-compressed material was cooled to room temperature,
and the unpressed or cold-pressed material was dried at ambient conditions for
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24–48 h. The fungal species affected the colonization rate and the thickness of the
exposed mycelium called the fungal skin. The level of colonization, skin thickness,
and substrate type determine the hardness and water-resistance of the material.
Additionally, thermo-compression has been shown to shift properties from foam-
like to cork- and wood-like by improving the uniformity, strength, and stiffness of
the material. Taken together, these results demonstrate that changes in the properties
of mycelium materials can be achieved by modifying the manufacturing process.
This study highlighted the possibility of producing various mycelium-based com-
posite materials.

Attias et al. (2019) investigated the effect of substrate composition on mycelial
development and derivative characteristics. Three types of fungi were used in this
experiment: Colorius sp., Ganoderma sp., and Trametes sp. Apple and vine crop
pruning residues were crushed and sieved to a size of approximately 2 mm to obtain
a substrate. The woodchips were mixed with 1% wheat flour, 3% wheat straw, and
62% distilled water, then placed in a 700 g bag and autoclaved at 100 �C for 1 h.
Then, 3% inoculum was added to the substrate mixture under sterile conditions. The
inoculated substrate was divided into two treatments (T1, T2). Sample T1 was
transferred to the incubation vessel immediately after inoculation, and in T2 the
inoculated substrate was incubated in a filtered bag for 7 days, then mixed again with
the addition of 1% wheat flour and transferred to the growth vessel. Experiments
included six replicates of each set of fungal substrates in each treatment, for a total of
84 samples. All samples were incubated for 14 days at 23 �C and 95% humidity.
After incubation, the samples were dried at 60 �C for 48 h. During incubation,
mycelial development on each sample was visually assessed for consistency of
mycelium coverage and detection of infection. The mycelial colonization tendency
was assessed by visual inspection during incubation. The Relationship between the
visual, physical, and chemical properties of mycelium composites has been studied.
The results showed clear discrepancies in the material properties of the various
configurations tested. By altering these parameters, mycelium-based composites
can be modified to accommodate inherently different effects.

Bruscato et al. (2019) developed a bioform to replace expanded polystyrene
(EPS) using Lentinus velutinus, Pleurotus albidus, and Pycnoporus sanguineus.
The strain was stored on an agar medium (MS) containing sawdust consisting of
2 wt% crushed sawdust (Pinus sp.), 2 wt% of crushed wheat bran, 2 wt% agar, and
0.2 wt% CaCO3 dissolved in distilled water. The medium was sterilized in a Phoenix
Luferco (Brazil) autoclave at 1 atm for 30 min. After cooling to ambient temperature
(18 � 2 �C), the medium was poured into Petri dishes and inoculated into 1.5 cm
discs containing the mycelium of each culture, followed by incubation in an
Oxylab® (Brazil) chamber at 28 �C. After a mycelial growth period (~10 days),
the dishes were stored at 4 �C. The pre-inoculated medium used for the development
of the fungal strain was constructed by adding wheat grains and calcium carbonate
(1%) in a glass container and pre-sterilized for 180 min at 1 atm. Once the medium
has cooled, the bottle is inoculated by placing about 50% of the agar medium
containing the pre-grown mycelium on the surface of the medium in an appropriate
glass container. Incubation was continued for 15 days at a temperature of 24� 2 �C.
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The culture medium for mycelium development and biofoam production was pre-
pared from the main culture medium containing 94 wt% of crushed Pinus spp.
Sawdust, 5 wt% milled wheat bran, and 1 wt% CaCO3 at 66% humidity. The
medium was placed in a 10 � 6 cm (diameter � height) plastic mold and sterilized
at 1 atm for 180 min. After cooling, the medium was inoculated by adding a
pre-inoculum containing 5 wt% mycelium and incubating at 24 � 2 �C until
complete colonization of the medium. A biofoam was prepared so that the resulting
material had the same thickness (25 mm) as that of commercially available polysty-
rene foam. The biofoam product was then dried at 80 �C for 24 h. Biofoam data
classified this material as a sustainable replacement for EPS in some applications
while reducing the environmental impact of sawdust and EPS at the same time.

Elsacker et al. (2019) described five different types of lignocellulosic reinforcing
fibers (hemp (H), flax (F), flax waste (FW), softwood (S), and straw) and fiber
processing (loose (L), chopped (C), dust, pre-compressed (P), and tow (T)) in
combination with white-rot fungus, Trametes versicolor.

(a) Fiber preparation: The fibers to be cut are first soaked in water for 24 h, then
rinsed thoroughly and mixed with fresh water for 10 min. The fibers were sieved
with a 5 mm strainer, squeezed by hand, spread out on a tray, and dried at 30 �C
for 24 h. The dried chopped fibers were then transferred to an autoclavable
microbox measuring 185 � 185 � 78 mm (purchased from Sac O2, Nevele,
Belgium). Loose, tow, and dust fibers were untreated and immediately trans-
ferred to the microbox. The fibers were autoclaved at 121 �C for 20 min and the
box was left to cool for 24 h.

(b) Mycelium growth: A mixture of 20 wt% fibers, 70 wt% sterile demineralized
water and 10 wt% mycelium was placed in PVC molds (Fig. 7a). The mold was
filled with several layers and each layer was pressed with a spoon to obtain a
compact and dense sample (Fig. 7b), which was then covered with a transparent
perforated cellophane foil. Three replicates were made for all groups. Three
additional undried samples (HL, FWL, FL) were taken for visual inspection of
the cross-sections after being cut in the middle with a knife. Samples were grown
in rectangular transparent Petri dishes (120 � 120 � 17 mm) for daily visual
monitoring of growth concurrently with the preparation of the composites in
the mold.

(c) Incubation: Samples (Fig. 7b) were incubated in a microbox with a depth
filtration system providing airflow at 28 �C for 8 days. After that, they were
demolded in laminar flow and incubated in a microbox for another 8 days or
more without a mold to achieve homogeneous colonization on the side in contact
with the PVC mold (Fig. 7c). Samples PHL, PFL, PFWL were pre-compressed
after 8 days. They were placed on a base plate fixed to a table and each sample
was fitted with a lid as a surface barrier between the sample and screw clamps to
distribute the compressive force to the top surface. Each specimen required two
screw clamps. One for pressing and the other for holding removable mold parts
closed from the side (Fig. 7d). These specimens were pressed to an initial height
from 100 mm to 80 mm during the second growth phase for 8 days, then
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demolded in the laminar flow and cultured in a microbox for an additional 3 days
without mold (Fig. 7d–f).

(d) Drying process: All samples were dried in a convection oven at 70 �C for 5–10 h
until their weights stabilized.

According to the results of experiments, mycelium composite can meet thermal
insulation requirements and can replace fossil-based composites. The methodology
used to evaluate the suitability and selection of organic waste streams has proved
effective in the production of mycelium-based materials.

Ghazvinian et al. (2019) published a materials study investigating how the types
of substrates and additives used to grow mycelium affect the compressive strength of
mycelium-based composites used as masonry units in architectural construction. To
this end, we tested the compressive strength of samples grown with Pleurotus
ostreatus (a gray oyster mushroom strain) on three different substrates (sawdust,
wheat bran, and straw) with and without additives. The prepared substrates were first
sterilized in an autoclave chamber, and then Pleurotus ostreatus strain was inocu-
lated. Sterilization grew clean slates and prevented unwanted contamination. The
inoculated substrate was placed in a growth chamber where appropriate environ-
mental conditions (humidity and temperature) for growth were created. After the
mycelium had been sufficiently incubated for 2 weeks, a sample of the cultured
mycelium was transferred to a 5 � 5 � 5 cm3 plastic mold to initiate the second
growth phase. Here, the growth of mycelium made the mixture denser in the form of
plastic molds. At the end of the third day, the cube samples were removed from the
molds and heated in an oven to kill the mycelium and stop the growing process. The
obtained sample was a mycelium-based bio-composite. Finally, mycelium-based
biocomposite samples were tested for compressive strength using a 22 kips Instron
tester machine, with the complete process shown in Fig. 8.

Jones et al. (2019) conducted a study to determine the suitability of common
agricultural by-products as growth media fungi. Growth was measured by quantifi-
cation of ergosterol, a unique fungal product, in solid and liquid media. Liquid and

Fig. 8 Experiment workflow by Ghazvinian et al. (2019)
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pulverized solid agricultural by-products (wheat straw, rice husk, sugarcane offal
and molasses) were suspended (1 g/100 ml) in half-strength Carbon-free low
Nitrogen Modified Melin-Norkrans (CNMMN) medium in a 250 ml glass bottle
and heated at 121 �C for 20 min in an autoclave. Carbon- (glucose) free CNMMN
was used to confirm that the mineral nutrition of the fungus was not a limiting factor
for growth, and only the use of a carbon source (agricultural byproduct or reference
nutrient) was tested fungus. Cultures were cut into inoculum plates (Φ7 mm) using
the blunt base of a sterile 1.0 ml pipette tip. A new pipette tip was used for each
species. A single inoculum disk was suspended in each glass bottle. Each experiment
was performed using four biological replicates in flakes containing one inoculum
and incubated at 25 �C in the dark for 7 days on a Paton Scientific OP3422 orbital
shaker at 100 rpm. The contents of the glass jars were prepared for growth quanti-
fication by vacuum filtration using first-grade chromatography paper and filtration
device (EMD Millipore XX104710) and then freeze-drying. Dried frozen samples
were weighed on an analytical balance (OHAUS Explorer) and used in whole or in
part as aliquots for analysis. The results showed that fungi grow less than commer-
cial wheat grains on agricultural byproducts of rice husks, sugarcane bagasse, and
wheat straw. However, liquid molasses, a byproduct of agriculture, has contributed
to very high biomass production that surpasses widely used laboratory nutritional
malt extracts. The use of these substances provides an inexpensive, renewable, easily
isolated, and abundant alternative to the problematic crustacean chitin. When widely
implemented, high-value chitinous composites can be quickly converted from
low-value agricultural byproducts on a large scale.

Pelletier (2019) tested a natural biopolymer composed of pure fungal mycelium
grown at high temperatures of 30–35 �C in an environment with a high CO2 content
of 3–7%. Biopolymer foam originated from an organic substrate inoculated with flat
porous fungi of the genus Ganoderma belonging to the phylum class of Basidio-
mycete, order of Polyporaceae and family Ganodermataceae. Mycelium, produced
by the fungus was grown in specially designed growth chambers as detailed in
(Bayer et al. 2015). The substrate used for inoculation and fungi cultivation
consisted of 56.3% chopped corn straw, 27% kernels, 2.4% maltodextrin, 0.8%
calcium sulfate, and 13.5% nutrient complex and mineral mixture, details of which
are reported in (Bayer and McIntyre 2016). For this experiment, all nutrients were
provided by the substrate. Alternatively, however, nutrients can be provided via
liquid nutrients in hydroponics-type trophoblast cultures, which will enhance the use
of reusable inert substrates (McIntyre et al. 2013). They report that these improve-
ments will provide significant cost savings over current practices and will be
investigated further in future studies. They also noted that this improvement could
be achieved because the substrate only provides an initial support structure for the
first cycle and then a cycle of support using a previously generated mycelium layer.
The chamber is designed so that as the CO2-producing fungus grows and breathes,
oxygen is depleted in the upper space of the chamber, creating a CO2 gradient
towards the hollow orifice of the chamber, which is then released into the atmo-
sphere. In this way, the mycelium is stimulated and trained to germinate into the
voids and then germinates into the previously grown mycelium layers to find a more
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abundant O2 medium to fill the voids and provide a pure mycelium structure without
a growth medium. This new biopolymer has become a suitable alternative to
closed-cell foams and synthetic honeycombs for a wide range of applications,
from flame-retardant bio-leather, textile-supported foams used in footwear and
apparel, to scaffolds for medical-biological organisms and vegetarian meat. Studies
have shown that this new class of pure mycelial foam is a sustainable and promising
alternative to natural bio-based fibers for acoustic shielding, and an alternative to
conventional sound-absorbing, mostly made from petroleum-based adhesives and
synthetic fibers.

Sun et al. (2019) conducted two series of experiments: In the first series of
experiments, pure white basidiomycete mycelium was grown on softwood
(a mixture of spruce, pine, and fir (SPF) particle boards) particles to obtain
mycelium-modified wood and then hybridized. Various levels of cellulose
nanofibrils (CNF) are used as binders. Another series of experiments was performed
on unmodified wood particles mixed with CNF and pure mycelial tissue. To
investigate the binding mechanism of the wood mycelium particle system, two
different types of wood and mycelium mixtures were used as basic combinations
for the production of hybrid composite materials. The first form consists of the direct
mixing of wood particles with pure mycelium. The second uses wood mycelium
particles obtained by growing mycelium on wood grains. These two main mixtures
were combined with CNF in different ratios. The grain size of the wood material
used in both groups was 1.40–3.50 mm and went through a vibrating sieve. The
target density was 0.6 g cm�3, and the thickness was 9.4 mm, with stops controlled
by a thermal press. Composites made from mycelium-modified wood and CNF
showed improved physical and mechanical properties compared to composites
made from a physical blend of wood, mycelium and CNF. The mycelium modifi-
cation had a significant effect on reducing the water absorption and expansion of the
hybrid composites in thickness, and CNF increased the tensile and elastic moduli by
2.5% under the optimal conditions.

Wimmers et al. (2019) discussed the production feasibility of wood-based insu-
lation panels and whether bio-based composites can become viable alternatives to
traditional standard foam insulation panels and more expensive fibreboards (mostly
available in the European market) using fungi as the binding agent. Nine fungi
species that can biodegrade wood were chosen: Fomitopsis pinicola, Gloeophyllum
sepiarium, Laetiporus sulphureus, Phaeolus schweinitzii, Piptoporus betulinus,
Pleurotus ostreatus, Polyporus arcularius, Trametes pubescens, Trametes
suaveolens, Trichaptum abietinum. Another fungal species, Pleurotus ostreatus
was grown in an oyster mushroom growing kit. Brown rot fungi mainly break
down cellulose and hemicellulose, while fungi with white-rot break down all
major compounds in wood, including hemicellulose, cellulose, and lignin. Cultures
were grown on 2% malt extract agar (20 g malt extract, 1 g yeast extract, 15 g agar,
and 1 l water) at 21 �C in an incubator, then transferred to be stored at 4 �C in a
refrigerator for further use. Five different wood species were tested as substrates to
grow fungal cultures: hardwoods included birch (Betula papyrifera) and aspen
(Populus tremuloides), and softwoods included lodgepole pine (Pinus contorta),
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subalpine fir (Abies lasiocarpa), and white spruce (Picea glauca). The wood is
native to the Pacific Northwest region in North America and had been oven-dried
without any chemical treatments. Experiments were conducted to determine which
wood fiber combinations of selected northern tree species, wood-rotting fungus, and
growing conditions would be best for making panels. The results showed that under
certain optimal growing conditions, Polyporus arcularius and Trametes suaveolens
from birch shavings gave the best combination. In particular, the results of initial
physical verification tests, such as thermal conductivity, showed that these panels
have comparable performances to traditional insulation materials.

Antinori et al. (2020) showed that Ganoderma lucidum was maintained in
100 mm Petri dishes with potato dextrose broth (PDB) as the culture medium,
transferring the cultures to fresh medium every 30 days. Mycelium fragments
grown for 20 days were inoculated into 100 mm diameter Petri dishes containing
30 ml of either 24 g/l PDB, 24 g/l PDB with 30 g/l D-glucose, or 24 g/l PDB with
2 g/l alkali lignin. Ganoderma lucidum was grown in PDB with varying concentra-
tions of D-glucose and alkali lignin until the optimal concentration had been chosen.
The tested D-glucose concentrations were always below the aqueous limit of glucose
(909 g/l) in water, but significantly exceeded the concentrations used for standard
cell culture media with high glucose content (typically around 5 g/l) and ranged from
5 to 50 g/l. Growth was good at all concentrations tested and an intermediate one was
selected. Alkali lignin was tested at concentrations between 0.2 and 10.0 g/l as no
water solubility limits were reported. The growth of G. lucidum growth was signif-
icantly slowed down at concentrations >5 g/l, so the intermediate concentration was
selected. Water was the solvent used for each medium and all media were autoclaved
prior to use. Mycelium was cultured in a climatic chamber (Memmert, HPP 260) at
27 �C and 78% moisture in the dark. Five mycelia were harvested for each condition
every 7 days for a total of 28 days and the substrate was washed with a spatula. The
mycelia were then dried in an oven at 50 �C for 15 h before further analysis. This
study showed that even small changes in the composition of standard fungal growth
medium (PDB) can cause significant differences in the morphological, chemical, and
hydrodynamic properties of Ganoderma lucidum mycelium, and the growth rate of
mycelium is also affected by the growth substrate. Mycelium material grown in
D-glucose enriched PDB is more porous, thicker, and more prone to water adsorp-
tion associated with mycelial material grown on lignin-poor PDBs. The latter, on the
other hand, grow very rapidly following a concentric pattern and are denser and less
hydrophilic. However, all mycelium is hydrophobic with a contact angle with water
of about 120�. Mycelium has interesting properties and can be tuned on the nano-
scale, making it suitable for many applications. The methods used in this work are
adaptable to a variety of strains and conditions to allow the selection of the optimal
mycelium-based materials.

Joshi et al. (2020) studied the kinetics and morphology of Pleurotus ostreatus
mycelium grown on various agricultural wastes such as wheat bran, sugarcane
bagasse, sawdust, and mixtures of these substrates. The culture substrate (potato
dextrose agar, PDA) for the primary inoculation was prepared using 2.5% potato
dextrose (PD) broth, 1.5% agar, and 1% cellulose, and autoclaved at 121 �C for
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20 min. The warm (50–60 �C) lukewarm liquid was poured into sterile Petri dishes
until 2/3 of the dish is full. The plates were cooled inside a biosafety cabinet for
about 15 min until the medium solidified. A healthy, clean stem of P. ostreatus was
taken and divided vertically into two parts. Using sterile forceps, a bunch of pure
mycelium was harvested and placed in the center of a PDA � cellulose agar plate.
The inoculated plates were incubated at 25 �C and 60% humidity for 10–12 days.
Agricultural waste was used as a nutrient medium for the substrate along with 1.5%
agar for mycelium growth using the same inoculation protocol as the PDA. The
agar�substrate solution was prepared by adding 1.5% agar and 1 g of each of these
substrate powders to 20 ml of Milli-Q water and mixing. The agar�substrate
solution was then autoclaved, poured into Petri dishes and inoculated with fresh
P. ostreatus mycelium. The inoculated Petri dishes were stored for 10–12 days in an
incubator at 25 �C and 60% humidity. The cut and dried bio-substrates were
separately placed in a 250 ml beaker. Milli-Q water was added until the substrate
was completely wet. These substrates were then autoclaved at 121 �C for 20 min,
after which, fully grown mycelium in Petri dishes was inoculated into beakers. These
inoculated beakers were stored in the dark at 25 �C for approximately 2 weeks until
the mycelium completely colonized the substrate. The mycelium grown with the
substrate was then placed in a wooden block mold (8 � 5.5 � 3 cm) and tightly
pressed into a mass of 10 kg for 7 days. Final volume reduced by about 50%. Then,
the wooden block mold was removed, and the block in which the mycelium was
grown was stored in a sterile box for 1 week for surface mycelium growth. After that,
the bio-block of the mycelium was baked in an oven at 90 �C for 12 h, and the
resulting bioblock showed excellent thermal stability, hydrophobicity, and mechan-
ical strength. The compressive strength of this bio-block is about 6.0–7.5 N/mm2,
which is 5–6 times higher than that of polystyrene packaging materials commonly
used. These properties of bio-blocks allow it to replace non-biodegradable materials
commonly used for packaging, wall panels, and filtration of toxic waste.

Liu et al. (2020) prepared a kind of novel sustainable mycelium/cotton stem
composite in the laboratory by growing Ganoderma lucidum on cotton stems,
storing them in block mold, and then thermo-compressing them. To improve the
mechanical properties, the composites were soaked in water prior to thermo-pressing
at different absorption rates (20, 30, 40, and 50%). The results showed that as the
water absorption increased, the mechanical properties of the composite material
increased first after reaching the maximum absorption of 30 wt% after the cotton
stem saturation point. Therefore, the water contributed to a good interface between
the mycelium and the cotton stem particles. However, at water uptake >30 wt%, no
further improvement occurred due to excessive water in the cell lumen and not the
cell wall.

Ridzqo et al. (2020) studied the production of novel bamboo fiber composite
boards by a biological binding mechanism using the fungal mycelium Gigantochloa
apus. There are three types of bamboo stems: long fibers, short fibers, and powder.
Water and some extra nutrition were added to the bamboo fibers and sterilized
together. These substrates were then inoculated with Ganoderma lucidum mycelium
seeds. As the mycelium grows, the fibers were bound together. The results showed
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that these boards could potentially be used in the interior of buildings, especially in
high-rise buildings where there is a high demand for lightweight insulation and
partition boards. It is also expected to displace building components made from
unsustainable materials and technologies.

Shakir et al. (2020) investigated the mycelium of Pleurotus ostreatus as a novel,
rewarding and inexpensive biomatrix in biocomposite board production. The myce-
lial tissues used in this study were inoculated and extracted from different types of
substrates such as cellulose, starch, and glucose. For the cellulose and starch sub-
strates, rubberwood sawdust (RWS) and mycelium blocks made from corn kernels
were used, respectively. Both substrates were sterilized and inoculated with myce-
lium. For the glucose substrate, the mycelium was inoculated using sterile 10%
glucose agar in a Petri dish. The mycelium grown for each type of substrates was cut
and carefully removed after 14 days for analysis. For the glucose substrate, the
mycelium was extracted through continuous boiling and filtration using the dry
weight method to obtain pure mycelium. In addition, the inoculation time was
increased from 14 days to 45 days to prepare a mycelium tissue on the starch
substrate. The untreated mycelium tissue obtained from cellulose, starch, and glu-
cose substrates is shown in Fig. 9. The mushroom substrate was obtained from
rubberwood sawdust (RWS) and ground. An appropriate amount of RWS was
placed in a sterile plastic mold measuring 21 � 15 � 0.6 cm with a target density
of 0.80 g/cm3. RWS were incubated for 45 days in a chamber at room temperature
(~25 �C) with 80% humidity. This allowed the mycelium to inoculate and bind the
fibers together. The mycelium species Pleurotus ostreatus was used in this study.
The fully grown biocomposite mycelium board was removed from the mold, and the
fabrication process continued using a hot press machine at 130 �C and 5 MPa for
20 and 40 min. The production of biocomposites using mycelium as a binder can be
improved by using optimal particle sizes for the inoculation and shaping process.

Silverman et al. (2020) conducted a study on solid waste reduction, resource
depletion and material toxicity in the footwear industry. Mycelium composites have
been developed using edible mushroom species along with other natural materials.
In the 4 � 2 experiment, four types of mushrooms (reishi, oysters, king oysters, and
yellow oysters) and two levels of fabric (with or without a natural fabric mat) were

Fig. 9 Mycelial tissue of (a) cellulose, (b) starch, and (c) glucose substrates (Shakir et al. 2020)
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tested. Fabrics, feathers, and growth vessels were sterilized at 80–90 �C in a Stabil-
Therm® constant temperature oven (Blue M Electric Co, Blue Island, IL), and
laboratory materials were wiped with an alcohol solution prior to contact with the
mycelium mixture. Ingredients per 100 g of sawdust block mixture included 1.2 g of
wheat flour, 0.3 g of chicken feathers, 2.8 g of psyllium hulls, 50 ml of water, and 1 g
of textile for a sample containing a textile mat. These ingredients were added to the
sawdust spawn block and thoroughly mixed. This mixture was then added on top of
the wet fabric mat layer placed in the mold. A positive, significant linear relationship
was found between density and compressive strength, with higher density resulting
in improved compressive strength. The compressive strength of mycelium compos-
ites, especially those made from oyster mycelium, has paved the way for renewable
and biodegradable footwear materials.

Tacer Caba et al. (2020) evaluated the properties of fungal composites obtained
from novel fungi, including Agaricus bisporus and Trichoderma asperellum, grown
on oat hulls and rapeseed cakes after oil pressing. The four selected fungal strains
were grown in 100 ml of liquid malt extract for 1 week at 21 �C in a 250 ml
Erlenmeyer flask, sealed with a cellulose stopper and an aluminum lid, and then
sealed with parafilm. Fungal inoculum (1 cm3) was mixed with nutrient substrates
(rapeseed (RS) and oat husks (OH)) and grown in Petri dishes at 21 �C. After
2 weeks, these samples were inspected visually, mixed, and transferred to 4-well
plates (1 cm3/well) (Thermo Scientific, Denmark) to grow for an additional week.
Then, the resulting mycelium complex was dried at 40 �C for 48 h to reduce the
moisture content to 5.8–8%. The resulting eight mycelium composites were cleaved
according to the fungal strain and growth substrate. The results showed that the
mycelium composite was hydrophobic and robust, especially when grown on
rapeseed cakes. A. bisporus grown in rapeseed cake increased its moisture content
and then decreased its stiffness. The moisture resistance of this novel mycelium
composite contributes to the creation of new environmentally friendly materials.

5 Epilogue

The production of fungal bioresins is still at its very initial stage where most of the
production activities took place in research labs. Factors such as fungal species,
substrate contents, and environmental controls have significant impacts on the result
and qualities of the end product. Pre- and post-processing are very important to the
production, too. Many investigations have been performed with various combina-
tions of all these factors, however, mass production of mycelium-based bioresins is
still to be studied and properly expended from existing production scales. Overall,
mycelium-based bioresins are very promising green materials with lower costs and it
is expected to be one of the future materials to be widely used in the industry.
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Laccase Mediated Green Composite
Synthesis: A Name Synonymous with Each
Other

Komal Agrawal, Shiva Vaishnavi, and Pradeep Verma

Abstract Laccase was identified very early but the potential of the enzyme has
cached the eyes of the researchers globally for two decades. The multifarious
applications of laccase have enabled its application in various industrial and envi-
ronmental sectors. The enzyme has been used for the delignification of lignocellu-
losic biomass, paper, and pulp industries. The manufacture of fibreboard via the
chemical treatment releases formaldehyde and pollutes the environment thereby
harming flora, fauna, and humans residing in the nearby areas. Thus, the heed for
developing non-polluting technologies gained attention amongst the scientific com-
munity and laccase was one of the most apt alternatives for the synthesis of the
fibreboard via biological treatment methods. As biological treatment methods are
used the synthesis process is eco-friendly, non-polluting, and sustainable as well.
Thus, the chapter would elaborate the structure of laccase, the general mode of action
of laccase, its role in the synthesis of composite and its mechanism of action on plant
fiber. Further to gain better insight other reported applications of laccases are also
discussed along with its limitations and future prospect.

Keywords Laccase · Fibreboard · Lignocellulosic biomass · Green synthesis · Non-
polluting

1 Introduction

Around 2.45 billion years ago, oxygen (O2) concentration in the biosphere increased
which gradually oxidized water-soluble iron (Fe) II to water-insoluble Fe III. Due to
Fe III’s insolubility, iron was not readily available to the living systems for their
metabolic processes. Under this evolutionary pressure, living systems such as
aerobic organisms were forced to find naturally available iron-like metals with
high redox potentials. As a response, they started utilizing copper (Cu II/Cu I) and
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manganese (Mn III/Mn II) which had a similar function as iron (Fe II/Fe III)
(Andrews et al. 2003). Copper-containing proteins are mostly are extracellular
(Crichton and Pierre 2001). They help with O2 transport and activation, as well as
electron transfer during redox reactions. These proteins are multicopper oxidases
(MCOs) and can oxidize huge range of substrates with help of O2 as an electron
acceptor and function as electron transfer proteins (Janusz et al. 2020). One such
interesting MCO is laccase. Laccase was first described by Yoshida (1883) that he
found in exudates of Rhus vernicifera. Laccases along with peroxidases help in the
development of plant cell walls. The presence of high levels of laccase-like MCO
and its expression in vascular tissues of Liriodendron tulipifera indicated the
requirement for the uptake of high-efficiency iron pumps in lignified tissues (Hoopes
and Dean 2004). Laccases found in Anarcardiaceae resin ducts are thought to aid in
defense against herbivores as well as a bacterial and fungal invasion (Mayer and
Staples 2002). Most of the high redox potentials laccases are from fungi havng
biotechnological and industrial significance (Nunes and Kunamneni 2018). It has
been detected in several fungal strains and its production is most efficient in white-
rot fungi (Shraddha et al. 2011). Fungal laccases only need oxygen and produce
water as a byproduct. Because of their requirements and broad substrate specificity,
they are regarded as green catalysts with biotechnological applications, including
direct bio-electrocatalysis. Laccase and laccase-mediator system (LMS) have its
applications in delignification (Virk et al. 2012), biocomposites (Nasir et al. 2014),
biobleaching of pulp (Boruah et al. 2019), removal of aromatic pollutants
(Khambhaty et al. 2015), treatment of industrial wastewater (Viswanath et al.
2014), biofuel cells and biosensors (Le Goff et al. 2015; Ribeiro et al. 2014) and
degradation of diclofenac (DCF) and chloramphenicol (CAP) by laccase in presence
mediators (Nguyen et al. 2014). Laccase has sparked tremendous interest for pro-
spective biotechnological applications due to its catalytic characteristics (Abdel-
Hamid et al. 2013). Laccase TEMPO oxidation treatment has been used used on
cotton fibers for grafting octadecylamine grafting that enhanced the hydrophobic
nature of the fiber (Ding et al. 2016). Bertrand et al. (2002) found the primary
catalytic function of laccase in the lignification process. In the following year,
laccase was applied in bioremediation processes. Pozdnyakova et al. (2006), dem-
onstrated that laccase was used as a degradation tool to degrade polycyclic aromatic
hydrocarbons (PAHs). Thus, with more knowledge and research, laccase was
utilized in various industries such as food processing, textile industries, and wine
stabilization. Table 1 gives an outline of the research varied out with laccase since
2000 to present 2021.

Thus, the present chapter would discuss the general mechanism of action of
laccase, the role of laccase in the synthesis of fibreboard, and the mechanism for
the synthesis of biocomposite. Further other reported applications of laccases its
limitation and the future prospect have also been elaborated.
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2 A Fascinating MCO-Laccase

Laccases (EC 1.10.3.2) bio-catalyze a electron (e�) oxidation of substrates and then
passes four (e�) to the catalytic copper (Cu) atoms, that are oxidized without
releasing partially reduced O2 called reactive oxygen species (ROS) (Janusz et al.
2020; Mehra et al. 2018).

Table 1 Timeline and application of laccase

Year Timeline of laccase References

2000 Nonphenolic lignin degradation by laccase/1-
hydroxybenzotriazole system

Srebotnik and
Hammel (2000)

2001 Decolourization of Remazol Brilliant Blue R Soares et al. (2001)

2002 Crystal structure of laccase Hakulinen et al.
(2002)

2003 Biobleaching of kraft pulp and mediated oxidation of
nonphenolic substrate

Arias et al. (2003)

2004 Decolorization of anthraquinone dye Hou et al. (2004)

2005 Denim washing Pazarlıoǧlu et al.
(2005)

2006 Dyes decolorization Zhang et al. (2006)

2007 Paper pulp delignification Camarero et al.
(2007)

2009 Dyes degradation Sanghi et al. (2009)

2010 Decolorization of azo dyes Moya et al. (2010)

2011 Bioremediation of a mixture of pentachlorophenol,
2-chlorophenol, 2,4-dichlorophenol, and 2,4,6-trichlorophenol

Gaitan et al. (2011)

2012 Laccase bio-cathodes Gutierrez-Sanchez
et al. (2012)

2013 Dye removal Ashrafi et al. (2013)

2014 Laccase and LMS in organic compounds synthesis Mogharabi and
Faramarzi (2014)

2015 Gold nanoparticles synthesis El-Batal et al. (2015)

2016 Laccase for fruit juice clarification Lettera et al. (2016)

2017 Immobilized laccase for removal of carbamazepine Naghdi et al. (2017)

2018 Bisphenol A removal Barrios-Estrada et al.
(2018)

2019 Delignification of agroresidues Agrawal et al. (2019)

2020 Anthraquinone dye removal Agrawal and Verma
(2020a)

2021 Wastewater decolorization Amari et al. (2021)
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2.1 Structure of Laccase

The 3D structure of MCOs is mainly constructed of β-sheets and turns. They contain
a 10–20 kDa sized cupredoxin- like domain. MCOs are mainly of 3 types—2-
domain, 3-domain, and 6-domain enzymes. Laccase consist of Greek key β barrel
topology and it is ~500 amino acid residues structured in three successive domains.
The first domain consists of 150 amino acids, second domain from 150 to 300 amino
acids, and the third domain from 300 to 500 amino acids. The presence of disulfide
bonds in-between the domains I and II and between I and III stabilizes the structure
of laccase (Bertrand et al. 2002; Plácido and Capareda 2015). The structure of
laccase has been studied using crystallography, isolating plant and animal laccase
as crystals had been difficult to obtain due to the unavailability of proper purification
protocols. Despite their broad taxonomic distribution and variety of substrates, it has
been demonstrated that Cu in laccases exists in four different Cu catalytic forms per
protein unit. These four catalytic Cu atoms are type 1 Cu (T1 Cu) and tri-nuclear Cu
clusters (T2 Cu, T3α Cu, and T3β Cu) at the T2/T3 site across all multicopper
oxidases. These four Cu ions are divided into three types of structures: Type
1 (paramagnetic ‘blue’ Cu), Type 2 (paramagnetic “normal/non-blue” Cu) and,
Type 3 (diamagnetic spin coupled Cu-Cu pair). The majority of the proteins are
represented in Table 2.

2.2 General Mode of Action

Catalytic participation of laccase’s in coupling reactions is dependent on C–C, C–N,
and C–O molecule linkages. Laccase cleaves phenolic components in three ways:
Cα–Cβ cleavage, Cα oxidation, and aryl–alkyl cleavage. In laccase-catalyzed oxi-
dation, reaction the initial e� acceptor is T1 Cu that is situated in the cavity near the
enzyme surface. The reduction of T1 Cu is a rate-limiting step and the internal
electron then moves from T1 to T2 to T3 Cu. Meanwhile, at T2 and T3 Cu sites, O2

is reduced to H2O. Laccase converts phenolic compounds to phenoxyl radicals,
which are then polymerized by radical rearrangement or coupling. However, based
on the stability of the phenoxyl radicals, redox reversibility with oxidation of a
targeted substrate is observed. By acting as mediators, radical-based coupling/redox
recycling of phenolic substrates broadens the spectrum of laccase substrates (Patel
et al. 2019; Agrawal et al. 2018; Kunamneni et al. 2007).
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3 Laccase in the Synthesis of Biocomposite

The bio/wood composite is made by the use of two components the i.e., the wood
fiber and the adhesive. In the case of synthetic adhesive, formaldehyde and phenol
formaldehyde are generally used. However, due to its toxic and harsh effects, the
shift has occurred towards the biological synthesis of bio/wood composites
(González-García et al. 2011; Moubarik et al. 2010). Also, the Government of
Korea stated that the emission level above 4.0 mg/m2.h for the total volatile organic
compound (TVOC) is prohibited (JIS A 1901, small chamber method) (ASTM-
D6007-96 1996; Kim et al. 2007). The lignin component of the plants is the second
most abundantly available polymer after cellulose. As lignin has structural similarity
to the phenol-formaldehyde it has been regarded as a potential substitute for the
already available synthetic adhesive (Zhou et al. 2011; Kumar et al. 2009). However,
despite the two advantages i.e., high availability and a potential substitute for

Table 2 Sources and application of laccase in various industries

Sources Applications References

Myceliophthora thermophila Conditioner for dough Renzetti et al.
(2010)

Pleurotus ostreatus Polycyclic aromatic hydrocarbons
degrdation

Pozdnyakova et al.
(2006)

Trametes sp. Development of bioactive hydrogel
dressing

Rocasalbas et al.
(2013)

Trametes versicolor Biosensors Ardhaoui et al.
(2013)

Myrothecium verrucaria Delignification Agrawal et al.
(2019)

Myrothecium verrucaria Anthraquinone dye removal Agrawal and
Verma (2020b)

Stropharia sp. Alizarin Cyanine Green removal Agrawal and
Verma (2019a)

Stropharia sp. Column bioreactor for the removal of
Anthraquinone violet R

Agrawal and
Verma (2019b)

Myrothecium verrucaria Hazardous wastes Agrawal and
Verma (2020c)

Basidiomycete strain PV 002 Decolorization of azo dyes Verma and
Madamwar (2005)

Pleurotus ostreatus and
Phanerochaete chrysosporium

Dye decolorization Verma and
Madamwar
(2002a)

Stropharia sp. Depolymerization of lignocellulosic
biomass

Agrawal and
Verma (2020d)

Pleurotus ostreatus Gold nanoparticles synthesis El-Batal et al.
(2015)

Pleurotus ostreatus Biosensor Leite et al. (2003)

Pleurotus ostreatus Removal of Anthraquinone dye Hou et al. (2004)
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synthetic adhesive it has restricted use as most (80–85%) lignin available are either
burned or discarded (Vishtal and Kraslawski 2011; Mai et al. 2000; Pizzi 2003).
Thus, the use of lignin can be a game-changer for the industry of biocomposites and
as it is a renewable resource the fear of its scarcity in the future would not be an issue
(Agrawal and Verma 2020d).

4 Mechanism of Action of Laccase on Plant Fiber

The fiber modification has been an integral part of the synthesis of biocomposite and
various physical-chemical, methods have been applied and reported in literature e.g.,
alkaline, microwave, high temperature, and steam treatments (Verma et al. 2005,
2009, 2011; Verma and Mai 2010). However, due to high cost, energy requirement,
and less environmental sustainability, the past decades have been diverted towards
the biological and enzyme-mediated treatment of fibers. Laccase is ubiquitous and
multi-dimensional protein and has been used for the removal of lignin (Agrawal
et al. 2019; Agrawal and Verma 2020a). The biological treatment methods are
milder, specific, and more sustainable and cause minimal/no damage to the biolog-
ical structure of the fiber (Kunamneni et al. 2008). Laccase enzyme is large and
cannot penetrate the cells of the fiber it only results in surface modification (van de
Pas et al. 2011). It acts on phenolic polymers of lignin with the resulting in reduction
of O2 to H2O (Witayakran and Ragauskas 2009). It is due to these properties that
laccase is an intensively studied oxidoreductase having numerous applications and
recently in biocomposite synthesis (Agrawal et al. 2019; Agrawal and Verma
2020a, e). Also, laccase-mediated oxidation of lignin, free radicals of phenol and
polyphenols are formed. As these free radicals are highly reactive it results in
depolymerization, co-polymerization, and grafting (Saastamoinen et al. 2012).
Further, the structure of lignin exhibits similarity to phenol-formaldehyde and can
thus be a potential adhesive for the synthesis of biocomposite (Zhou et al. 2011;
Kumar et al. 2009). Despite the advantage of lignin, the major drawback is its
transformation to insoluble lignin and thus requires additional cross-linking e.g.,
maleic anhydride (Syukri et al. 2021). The laccase mediated treatment also has
numerous advantages such as improvement in crystallinity index (Agrawal et al.
2019; Agrawal and Verma 2020a) removal of amorphous phenolic and non-phenolic
components with no effect on the microfibril core that ultimately enhances the
crystallinity of the cellulose of the fiber along with surface modification to form an
effective biocomposite (Nasir et al. 2015) (Fig. 1).

5 Other Applications of Laccases

An overview of the various scientific and industrial applications has been
represented in Fig. 2 and has been elaborated in the following section.
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5.1 Paper and Pulp Industry

Wood is made of small wood fibers that are adhered to by lignin. To separate these
wood fibers chemical and physical methods of pulping are used. In chemical pulping
fibers are separated by dissolving and degrading lignin using chemical agents
whereas in physical pulping fibers are physically ripped apart (Bilal et al.
2019a, b; Singh et al. (2015). Pulping is followed by sheeting which results in the
production of paper. Chlorine-based chemicals are used for pulp bleaching; as a
result, chlorinated aliphatic and aromatic compounds are formed. The compounds
are said to be carcinogenic, mutagenic, and toxic. Extensive research has been

Fig. 1 Schematic representation of the laccase-mediated synthesis of biocomposite

Fig. 2 Applications of laccase in different industrial and scientific sectors
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undertaken in recent years to develop environmentally sustainable enzymatic
bleaching technologies. Pulp bio-bleaching has been demonstrated using laccase-
mediated systems, but the lack of proper and cheap mediators has hampered their
practicality. Laccases can remove potentially toxic phenols produced during lignin
degradation, allowing them to depolymerize lignin and delignify wood pulps.
Laccase starts by interacting with small phenolic fragments of lignin, which then
react to degrade with the lignin polymer. Moreover, the use of ligninolytic fungi to
pretreat wood chips strengthens the pulp while lowering the energy required for
mechanical pulping. It is also used to reduce the kappa number of pulp and improve
the pulp’s papermaking properties. Thus, the use of laccases in bio-bleaching
processes in the pulp and paper industry is an environmentally safe approach
(Bilal et al. 2019a, b; Virk et al. 2012).

5.2 Dye Degradation

Massive quantities of wastewaters are released by the textile industries which are
contaminated by a large spectrum of chemicals for example azo dyes, which are the
primary source of environmental pollution (Paździor et al. 2019). For the environ-
ment’s safety, treatment of industrial wastewater has become very important before
its safe release into the environment (Salem et al. 2019). These effluents contain
recalcitrant dyes (e.g., azo) that pollute the freshwater with their color and carcino-
genic intermediates such as the aromatic amines. These chemical reagents are
usually complex, synthetic and are unaffected to decolorization in presence of
H2O, light, and different chemicals. They are also resistant to various existing dye
degradation methods e.g., chemical treatments that are ineffective, and results in the
production of intermediate compounds that are mutagenic or carcinogenic (Bilal
et al. 2019a, b). As a result, the laccase-assisted dye bioremediation has gained
interest due to their diverse potential for the degradation of various dyes via
sustainable approach (Couto and Toca-Herrera 2006; Verma 2001; Verma and
Madamwar 2002a, b). Since traditional treatment methods based on chemical or
physical processes are extremely costly and involve massive quantities of resources,
various techniques have recently been investigated as alternatives. Laccase due to its
ability to catalyze reactions that can degrade a wide variety of pollutants. For textile
wastewater treatment, many aerobic and anaerobic bioprocesses have been devel-
oped and extensive research has been done fungal laccases for the production of
laccase to improve bioprocesses for the degradation of dyes (Verma and Madamwar
2005). The majority of current dye wastewater treatment processes are inefficient
and costly. As a result of their ability to degrade dyes fungal laccase mediated
remediation of dyes may provide an appealing solution for a sustainable future.
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5.3 Bioremediation

Major issues globally today are polluted air, soil, and water that have disastrous
consequences. Industrialization and the widespread use of pesticides in agriculture,
contamination of the atmosphere is major problem. Industries have been subjected to
stringent regulations to handle their waste effluents before their discharge. Numerous
remediation strategies have been reported but only a few have been adopted by the
industries. Recently, the ability of fungi to transmute diverse chemicals has sparked
the interest of the scientific community (Bollag et al. 2003). Also, low cost, high
efficiency, and environmental friendliness it has been considered as a feasible
alternative to the pre-established chemical-physical methods (Balcázar-López et al.
2016). Further, enzymatic therapy is now being considered as an substitute strategy
for the removal of xenobiotics (Balcázar-López et al. 2016). Laccases can remediate
polluted soils via immobilization as they can oxidize toxic organic contaminants
including chlorophenols, PAHs, etc. (Zhang et al. 2008; Niu et al. 2013). Farnet et al.
(2000) investigated the ability of Marasmius quercophilus laccase to
treatalkylphenols. Saparrat et al. (2010) investigated the detoxification of
“alpeorujo,” which is a solid by-product from the olive oil extraction industry by
Coriolopsis rigida laccase. Laccase has been reported for the removal of
dichlorodiphenyltrichloroethane (Yuechun et al. 2010) and 2,4-dichlorophenol
(Bhattacharya et al. 2009). The degradation of PAHs by Pleurotus ostreatus laccase
has been reported by Pozdnyakova et al. (2006) and high tannin from wastewater by
Coriolopsis gallica laccase (Yagüe et al. 2000).

5.4 Food Processing

Laccases have a lot of potential as food additives and manufacturing aids in the food
industry (Osma et al. 2010). Laccase-based biocatalysts are energy-efficient and
biodegradable, making them ideal for food industries and also to produce low-cost,
nutritious foods (Brijwani et al. 2010). Laccases can reduce food processing costs
while still being environmentally friendly and to fully realize its ability a detailed
understanding of their mode of action is required. Laccase’s versatility in action and
widespread presence in many fungi species attest to its ease of use in biotechnolog-
ical processes. Despite the presence of turbidity, after treatment with laccase and
active filtration color consistency improved in fruit juices. Also, the phenolic content
of juices reduced after laccase treatment along with stability of color (Ribeiro et al.
2010). Dough enhancement additives are added in bread-making process to improve
its taste, texture, volume, and freshness. Thus, laccase addition in dough had an
oxidizing effect thereby increasing gluten structures strength in baked goods. Also it
improved the crumb structure, softness, increased volume, stability, weight, and,
reduced stickiness. It also has to be noted that where laccase decreased extensibility
in both flour and gluten dough and increased its resistance. The laccase and
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proteolytic enzymes when added to oat flour increased loaf specific volume and
reduced crumb stiffness, chewiness respectively, and eventually improved its tex-
ture. Also, Jurado et al. (2009) stated that the induction of laccase acts as a
fermentation inhibitor and increased the output of ethanol from steam-exploded
wheat straw and reduced phenolic compounds (Larsson et al. 1999). The polymer-
ization of phenols and polyphenols and the natural co-oxidation reactions have
resulted in unwanted fragrance and color changes (Ribeiro et al. 2010). Thus, laccase
has been reported and used for the clarification of fruit juices (Narnoliya et al. 2019).
Giovanelli and Ravasini (1993) investigated the use of laccase along with filtration
for stabilizing apple juice. Phenols were removed more efficiently by laccase
treatment over other treatments, such as activated coals (Brijwani et al. 2010).
Ribeiro et al. (2010) stated that treatment by laccase significantly decreased the
phenolic content of juices while increasing color stability. It has also been found to
be more beneficial as compared to traditional treatments e.g., addition of ascorbic
acid and sulfites along with the enhancement of its functionality as well as sensory
properties. Laccase also contributes in beverage stabilization, role in overall food
quality improvement, and use in the baking industry (Manhivi et al. 2018; Di Fusco
et al. 2010). Further knowledge of laccase kinetic parameters would be beneficial for
functional applications of the enzyme.

5.5 Personal Care Applications

Laccase-generated products contain antimicrobial, detoxifying, or personal care
active ingredients and has been used to synthesize anesthetics, anti-inflammatory
medicines, etc. (Upadhyay et al. 2016). Couto and Toca-Herrera (2006) stated that
the dyeing formula’s hydrogen substitution method based on laccase can resolve the
inconvenience of chemical dyes by replacing the hydrogen with oxide. In recent
years, skin lightening has been also used for cosmetics and dermatological prepara-
tions containing staining proteins. Laccase can be used as fragrant agents in personal
care items such as toothpaste, mouthwash, detergent, and soap.

5.6 Pharmaceutical Pollutants

Active pharmaceutical ingredients have been detected in wastewater, and no effec-
tive method for the removal of are currently in use at large scale. Also these
pollutants when released in water severely damages the aquatic environment or
drinking water sources (Sui et al. 2010). This perilous condition necessitated the
creation of a system for effectively removing pharmaceutical-based pollutants from
wastewater. Researchers have confirmed bioremediation and removal of various
pharmaceutically active ingredients using laccase (Rana et al. 2017; Xu et al.
2015). Lonappan et al. (2018) confirmed DCF biodegradation by immobilized
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laccase and enzyme’s binding improved when biochars were pretreated with citric
acid. Remarkably, mature pig biochar immobilized laccase demonstrated a notable
ability to fully extract DCF (500 μg L�1) in 2 h. Naghdi et al. (2017) investigated the
removal of carbamazepine by immobilized laccase. After three cycles of reusability,
the immobilized biocatalytic device retained 70% of its original operation and
removed 83% of the carbamazepine from the spiked water. In a study by Taheran
et al. (2017) used polyacrylonitrile-biochar composite that was home-prepared for
laccase immobilization to degrade chlortetracycline from aqueous solution medium.
Furthermore, the composite nanofibrous membrane-immobilized laccase demon-
strated notable chlortetracycline removal efficacy (Taheran et al. 2017).

5.7 Biosensor

Oxidation of various organic pollutants, present in wastewater, especially phenolic
compounds is catalyzed by laccases. It has a significant effect on the production of
biosensors for both environmental and clinically relevant metabolites and it does not
need any cofactors for e� transfer reactions. Due to laccase’s wide substrate range in
biosensor technology, a large range of phenolics and azides can be detected
(Rodríguez-Delgado et al. 2015; Sezgintürk et al. 2005). Laccase coupled multi-
walled carbon nano tubes-based biosensors are used to calculate the polyphenol
index in wines. A bio-sensor based on laccases coupled with multi-walled carbons
nano-tubes measures the index of polyphenols in wine. This biosensor gives a clear
and fast amperometric response to gallic acid (Di Fusco et al. 2010). The
ultrasensitive amperometric detection of nanomolar catecholamine neurotransmit-
ters (dopamine, epinephrine, and norepinephrine) is achieved by co-immobilization-
based enzyme electrodes and laccase on glassy carbon electrodes. The enzyme’s
selectivity to different phenolic compounds has been altered by the hybrid material
of Nafion/sol-gel silicate used to immobilize laccase (Abdullah et al. 2007).

5.8 Miscellaneous Pollutants

As the population is increasing, agriculture production is being improved. This has
led to heavy industrialization and excessive use of pesticides, which has caused a
dreadful environmental condition. This has polluted the soil, water and, air with
toxic chemicals which can create havoc on human health and climate. Due to these
factors, it has become a major concern for the world. Potentially hazardous sub-
stances such as fungicides, herbicides, pesticides pharmaceutical compounds, phe-
nolic compounds, PPCPs, and recalcitrant synthetic compounds can be biodegraded
by laccase. Bisphenol-A, which has a carcinogenic effect, can be degraded by
glutaraldehyde cross-linked chitosan beads. Laccase can degrade a wide range of
substances, including polyvinyl chloride (Sumathi et al. 2016), xenobiotics e.g.,
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polynuclear aromatic hydrocarbons (Dias et al. 2003; Cañas et al. 2007),
polychlorinated biphenyls (Keum and Li 2004), etc. Laccase catalysis is used to
regulate contaminants in the environment where fungal laccases can efficiently
degrade and mineralize a variety of environmental contaminants, including BPA
(Uchida et al. 2001), chlorophenol (Gaitan et al. 2011), nonylphenol (Tsutsumi et al.
2001), and chlorinated hydroxyl biphenyl (Schultz et al. 2001). It has also been used
for the removal of 2,4,6-trinitrotoluene (TNT) (Cheong et al. 2006) and catechol
(Tušek et al. 2017).

6 Limitations and Future Aspects

The main limitations of the application aspect using laccase are deactivation factors
such as inhibitors, elevated pH, temperature, and non-reusability of free laccase.
These drawbacks can be mitigated using new systems such as laccase-mediator or
immobilized-laccase catalyzed systems. The lack of capacity to produce large
quantities of active enzymes prevents its utility on a large scale. However, these
issues can be addressed by recombinant organisms or screening for naturally
hypersecretory strains. Thus, strain proficient of producing high titre of a suitable
enzyme should be selected followed by optimization of the conditions for laccase
production. Recent biotechnological advances, particularly in protein engineering
and directed evolution, have enabled essential tools for the efficient development of
better enzymes with improved properties with better applicability. Also, the produc-
tion of new enzymes has been tailored to completely new areas of application where
enzymes had not previously been used. Although laccase is still produced in limited
quantities, their prospective ability is immense; many of these remain to be revealed.
Enzyme immobilization could be used to overcome these limitations while also
boosting biodegradation efficiency and enzyme reuse. Since the discovery of
laccase, its use has expanded in a variety of sectors and has gained significant
interest in the synthesis of biocomposites.

7 Conclusion

Laccase has tremendous potential in the application of biocomposite using plant
fibers and the research must now be directed toward less focused aspects of the
enzyme to broaden the enzyme’s applications. One of the major limitations of using
laccase is the high cost of downstream processes such as laccase purification that
raises the overall cost of production, preventing it from being commercialized. As a
result, research should concentrate on the development of more efficient and cost-
effective methods for large-scale production and commercialization of laccase-based
applications. It would facilitate the development of a “greener” approach for a
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“clean” environment by contributing towards chemical-free treatment in industries,
development of a chemical-free biocomposite.
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Marine Fungi as a Source of Biosurfactants
and Bioemulsifiers

Rossana Pitocchi, Alessandra Piscitelli, and Paola Giardina

Abstract The state of knowledge of terrestrial and marine fungi is significantly
different, and the causes are diverse. However, there is no doubt that marine fungi
have a huge potential in providing new compounds with intriguing characteristics. In
this respect, biosurfactants and bioemulsifiers are an emerging class of compounds
that, thanks to their unique features, can be applied in a wide range of application
fields. Up to now, marine fungi are strongly unattended as effective source of these
compounds. Herein some examples of screening of marine fungi able to produce
biosurfactants and the characterization of their surface-active compounds are
reported.

Keywords Surface tension · Emulsion · Surface active proteins · Screening methods

1 Introduction

The richness of fungal species is generally associated with that of terrestrial fungi.
Indeed, marine fungi considerably contribute to the global fungal diversity and
recently, marine environment is proving to be an inexhaustible source of new
microorganisms producing many useful compounds thanks to their peculiar metab-
olism. The physical and chemical factors unique to the marine environment, which
can mainly influence marine fungi are high salinity and hydrostatic pressure, low
temperature, oligotrophic nutrient conditions. Because of these unique physic-
chemical properties, marine fungi are endowed with unusual physiological
adaptative systems that can be widely exploited in biotechnology.

There is a significant gap between the state of knowledge of terrestrial and marine
fungi, and the causes are diverse. One could be the relative difficulty of sampling of
marine fungi compared to terrestrial, or problems encountered in growing marine
fungi in laboratory conditions, or the lower achievable yield of certain secondary
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metabolites compared with that of bacteria. However, according to Amend et al.
(2019), the first challenge of marine mycology is in defining which fungi are truly
“marine.”

Pang et al. (2016) defined marine fungus as “any fungus that is recovered
repeatedly from marine habitats and is able to grow and sporulate on substrates in
marine environments or forms symbiotic relationships with other marine organisms
or is shown to adapt and evolve at the genetic level and be metabolically active in
marine environments”.

According to Raghukumar (2008), marine fungi can be classified as obligate and
facultative. The first are fungi that grow and sporulate only in sea water and their
spores germinate in sea water. On the other hand, facultative fungi have undergone
physiological adaptations from other environments to the marine one where they can
grow and sporulate.

Marine fungi have been isolated in a huge range of conditions, for example
associated with other organisms (plant, algae, sponges) (Kiran et al. 2009), in
deep-see sub-surfaces (Rédou et al. 2015), or even associated with dwelling
macrofauna and zooplankton (Raghukumar et al. 2010). In addition, fungi can be
isolated in oil-contaminated costal area and/or sediments (Bovio et al. 2017; Maamar
et al. 2020). Indeed, they can survive even in extreme environmental conditions, in
those habitats that appear challenging for life, since they can promptly adapt to
changing environments and tolerate several types of pollutants. This peculiar ability
is well exhibited in both terrestrial and marine environments, however, literature
about bioactive compounds produced by marine fungi is still poor compared with
that of terrestrial fungi.

In marine environment the hydrocarbon-degrading capability is widespread. One
possible adaptive system to enhance bioavailability and gain access to hydrophobic
compounds could be the production of biosurfactants (BS), substances with surface-
active properties (Kaczorek et al. 2018). Due to their amphiphilic structure, they can
lower interfacial tension and facilitate solubilisation of hydrophobic substances in
water. Indeed they can migrate to hydrophobic:hydrophilic interfaces thanks to their
amphiphilic nature, aligning their hydrophobic region facing the hydrophobic side
and their hydrophilic region facing the polar side of the interface. This alignment
balances the interfacial forces and reduces the surface tension (Sunde et al. 2017).
The capability to produce BS is most widespread among the hydrocarbon-degrading
microbial communities (Perfumo et al. 2010).

Chemical structures of BS produced by different microorganisms are extremely
diverse. Hydrophobic and hydrophilic components establish their amphiphilic char-
acter, with the hydrophobic part usually composed by fatty acids, or fatty alcohols
with variable chain lengths. The hydrophilic components can be small hydroxyl,
carboxyl or phosphate groups, or carbohydrate (mono-, oligo-, or polysaccharides)
or (poly-)peptide moieties.

According to different studies (Uzoigwe et al. 2015; McClements et al. 2017; Tao
et al. 2019), high molecular weight BS, such as hetero/lipopolysaccharides, proteins
and lipoproteins are named bioemulsifiers (BE) since they efficiently emulsify
immiscible liquids even at low concentrations and are less effective at reducing
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surface tension (Kubicki et al. 2019). Nevertheless, it can be reasonably assumed
that one kind of activity does not preclude the other. The low molecular weight
microbial products generally referred as BS, are composed of sugars, amino acids,
fatty acids. These compounds are mostly known to decrease interfacial tension
between two or more immiscible liquids, thus possessing a low critical micelle
concentration (CMC), however they can also form stable emulsions. BS are mainly
anionic and ionic compounds; cationic BS are rare and, in most cases, toxic.

Thanks to their amphiphilic nature, BS can form and stabilize foam, act as
detergent and lubricant, solubilize hydrocarbons (Kaczorek et al. 2018). Conse-
quently, they are valuable in a great variety of application fields such as medical,
pharmaceuticals, food and beverages, cosmetics, agriculture, detergent, textiles, and
petrochemical production. They represent a promising alternative with respect to
their synthetic counterparts due to their eco-friendly nature, and temperatures, pH,
and salinity resistance. Nevertheless, BS global market is comparatively low, mainly
because of poor productivity from microorganisms and expensive downstream
processes. To overcome these drawbacks genetic modification and growth condition
optimization of microorganisms can be carried out, for example using agricultural
wastes as carbon source (Bhardwaj et al. 2013; Fenibo et al. 2019).

BS indeed are considered as “green molecules” because of their wide applications
in soil bioremediation (Mujumdar et al. 2019). The use of surfactant solution in
remediation processes is assessed; different synthetic surfactants had been used for
treatment of contaminated soil and/or water. Mechanisms are diverse and depend on
the nature of surfactant, and characteristics of soil and/or water. In general, it has
been seen that surfactants can increase petroleum, and hydrocarbons solubilisation
thus helping its removal from soil and water.

Recently, promising technologies for remediation of petroleum contaminated soil
have been developed based on surfactant solution and surfactant foam flushing
processes (Karthick et al. 2019). The two main problems of synthetic surfactants
are their high toxicity and low biodegradability. Toxicity is the measure of adverse
effects caused by surfactants in the soil, whereas biodegradability is the ability of
microorganisms present in the environment to completely degrade the surfactant
(Aquino et al. 2008). Another serious problem concerning with synthetic surfactants
lies in the fact that they can easily accumulate in soil, this accumulation could cause
modification in soil characteristics. For example, soil hydrophobicity can change,
thus inhibiting the normal fluid retention in the soil and leading to the death of
microorganisms (Karthick et al. 2019).

Among marine-BS producing microorganisms, bacteria are widely studied and
even exploited in some application fields, for example they had been used in
bioremediation processes (Harayama et al. 1999), while the study of marine fungi
has been neglected for many years. Among the different genera of bacteria, the best
studied and characterized for their BS/BE producing activity are Acinetobacter spp,
Bacillus and Pseudomonas (Satpute et al. 2010; Waghmode et al. 2020). For
instance, an extensive and comprehensive collection of BS and BE produced by
several Acinetobacter strains, is given by Mujumdar et al. (2019).
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Only recently the extremely various group of marine fungi has been considered as
an excellent source of natural products. Actually, numerous secondary metabolites
from marine fungi have been characterized, showing pharmaceutically/medical
relevant bioactivities. Among these natural products, BS deserve attention for the
unique growing conditions of their producing microorganisms (Gudiña et al. 2016).

BS also display anti-biofilm and anti-adhesive activities, and anticancer activities
which are particularly relevant for medical applications. The antiadhesive ability
makes them able to decrease adhesion and colonization by pathogens, as well as to
remove pre-formed biofilms. Antimicrobial activity of surfactants is well known, but
literature mainly concerns about terrestrial microorganisms or synthetic surfactants
(Satpute et al. 2010; Coelho et al. 2020). Several studies conducted by Das et al.
(2008) show that BS produced by a marine bacterium belonging to Bacillus genera,
Bacillus circulans, possesses both good surface tension reduction with low CMC
and antimicrobial activity. They isolated and identified a BS compound as
lipopeptide, trough Thin layer chromatography (TLC) and Fourier-transform infra-
red spectroscopy (FTIR) experiment. This compound share most of the IR spectrum
pattern with a known BS, surfactin. It was found to inhibit growth of some Multi
Drug Resistant bacteria (like Klebsiella pneumoniae and other two MDR strains of
E. coli), beside several gram positive and negative bacteria. They also investigate on
substrate dependence production, doubling the yield production and antimicrobial
activity in the presence of glycerol or starch when compared to glucose (Das et al.
2008).

Mukherjee et al. (2009) moreover, isolated a lipopeptide from another Bacillus
(Bacillus licheniformis BAS509) able to inhibit most of the tested bacterial (both
Gram positive and negative) and fungal strains (Aspergillus niger, Aspergillus flavus
and Candida albicans). The antimicrobial action against bacterial strains were
checked by agar well diffusion test.

As far as the anticancer activity, many of the drugs involved in chemotherapy are
cytotoxic, non-specific and are extracted from natural sources such as plants. The
latter represent a big disadvantage because of the high processes’ costs and relative
low production. The advantages of using microbial surfactant lie for example, in the
possibility of genetically engineering microbes, that allows to increase production
yield. Furthermore, they exhibit high efficacy, low toxicity, and easy biodegradabil-
ity, which are relevant features in any anti-cancer agent (Gudiña et al. 2016). As
mentioned before, in the search of novel compounds with medical applications, BS
from marine fungi are considerably less exploited respect to the bacterial
derived ones.

Acute respiratory distress syndrome (ARDS) is a progressive syndrome which
result in inefficient oxygen transfer across alveolar membranes into the blood
(Matthay et al. 2019). Covid-19 can often cause ARDS, with the resulting lack of
oxygen to organs. One of the causes of this alveolar fluid build-up, is surfactant
dysfunction which has negative consequences on the emulsification of liquid from
this particular region. Future studies will be aimed at using BS as a novel treatment
for ARDS, through solubilizing the alveolar substrate (Smith et al. 2020).
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2 Methods of Screening and Characterization
of Surfactants

2.1 Drop Collapse Test

Drop collapse test is a very rapid, non-expensive and reliable experiment to perform
in order to establish if the sample is surface active. In addition, it requires small
volumes of sample and no specialized equipment (Bodour and Miller-Maier 1998).
The test consists in depositing a sample drop onto a hydrophobic surface and
measuring its collapsing area. When in contact with a hydrophobic surface, in fact,
BS solution collapses, spreading more extensively than water over it.

Although this test is manly qualitative, Bodour and Miller (1998) proposed an
alternative protocol that allows quantification of BS, too. Plotting drop diameter as a
function of surfactant concentration, they obtained a calibration curve with a good
range of linearity. This curve can be used to determine surfactant concentration of
unknown samples.

2.2 Oil Displacement Test

This test is based on the characteristic of surfactants to decrease interfacial tension
between different phases, and it is a semi-quantitative method to detect surfactant
presence. When oil is added to the surface of a petri dish filled with distilled water
and then a drop of surfactant solution is spotted on the surface, oil is displaced, and a
clear halo expands (Luepongpattana et al. 2017b). The more the surfactant concen-
tration is, the bigger the oil-displacement area is (Fig. 1). Similarly, to the drop
collapse test, this test is very rapid to perform, does not require big volume of sample
and does not implies particular equipment. As disadvantage indeed, a big quantity of
wastes is produced.

2.3 2,6-Dichlorophenol Indophenol (DCPIP)
Colorimetric Assay

The DCPIP based colorimetric assay is not specific to detect the presence of BS, but
it is often used as screening method for their production, since it measures the
utilization/degradation of hydrocarbons by microorganisms, that is normally related
to BS production (Obi et al. 2016).

DCPIP is blue when oxidized and colourless when reduced, being a pH depen-
dant redox indicator. If it is incorporated in a microbial culture during hydrocarbon
oxidation, electrons are transferred to DCPIP rather than to O2, nitrate and sulphate,
as usual. Therefore, degradation of hydrocarbons is visualized by monitoring loss of
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colour spectrophotometrically (Hanson et al. 1993; Varjani and Upasani 2013). This
test can be performed in agar-based culture, in the presence of hydrocarbons,
showing a discoloration halo around fungal hyphae (Fig. 2).

2.4 Emulsification Activity

Ability of surfactants to stabilize emulsions between immiscible phases is commonly
reported in terms of Emulsification Index, labelled E24. The experiment is easy to
perform and give a rapid and reliable answer. It consists in mixing surfactant solution
with a non-polar solvent (kerosene or a 65:35 mix of decane:toluene) and
homogenising them to form an emulsion (Fig. 3). Then, the emulsification index is
calculated as:

E24 ¼ emulsion layer height
total volume height

� 100

To have more detailed information about emulsion nature, thus establishing if it is
oil-in-water emulsion or rather water-in-oil, it is possible to analyse emulsions
through, for example, confocal microscopy technique. Specific dyes to stain oil
and/or surfactant molecules can be used to better visualize emulsions structure
(Blesic et al. 2017).

An intriguing feature of this experiment is the possibility to explore emulsifica-
tion activity varying several parameters besides concentration, such as pH, salinity,
temperature, etc. This is important because it allows to understand whether a
compound is suitable for a certain application field or not. As an example, for marine
bioremediation purpose, a BS must retain its emulsification ability even at high salt
concentration or high pressure.

Fig. 2 Schematic
representation of the DCPIP
discolorization method
performed in agar-based
culture

Fig. 1 schematic
representation of oil
displacement test performed
in a petri dish
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2.5 Surface Tension Measurement

Surface tension, indicated as γ, is a force to shrink the surface and has the dimension
of force per unit length (mN/m) (Abe 2019). Surface tension measurement is the
most accurate technique to detect the presence of surfactant compounds and the most
widespread methods are the Du Nouy ring and the Wilhelmy plate. Experimentally
these methods are very similar: a platinum ring in the case of Du Nouy method, and a
platinum or glass plate for the other, are immersed into the testing liquid to form a
liquid–solid–air interface. Then the force necessary to rise the ring and/or the plate is
measured by the tensiometer.

This measurement requires a well specialized equipment, big volumes of sample
(at least 10 ml) and it is more time-consuming measure. As a pro indeed, it gives no
false positive and it allows to calculate Critical Micelle Concentration, that is a very
important parameter when characterizing BS. In Table 1 some examples of γ value
of absolute solvent are reported.

3 Screening of Marine Fungal Strains Biosurfactant
Producers

A limited number of examples about BS producing strain screening, on fungal
communities inhabiting in hostile environments, can be found in literature. Indeed,
in most of these studies, these BS were only partially characterized, and their

Fig. 3 schematic representation of surfactant-emulsion formation in the presence of an immiscible
phase

Table 1 surface tension
value of different absolute
solvents. (Abe 2019)

Compound γ (mN/m)

Water 72.75

Glycerin 63.4

Toluene 28.5

Ethanol 22.8

n-hexane 18.4

Olive oil 32.9
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activities analysed using the crude extracts, while only few examples of isolation,
identification and characterization of BS compounds from marine fungi are present.
Here are briefly reported example of screening on BS producing marine fungal
strains, in which the afore described methods are used. In addition, some examples
of identification and purification of the BS compounds are reported too.

The Mycotheca Universitatis Taurinensis (MUT) represents one of the most
important banks of fungal biodiversity in Italy. The purposes of the MUT are the
acquisition, identification, preservation and distribution of macro and micromycetes.
In particular, it deals with fungal strains isolated from sites of interest, such as
landfill, marine chronically contaminated sites etc.

At this regard, in the work of Bovio et al. (2017), 67 taxa were isolated from water
samples and sediments, from a contaminated site in the Mediterranean Sea, along the
coastal zone of Sicily. For many of the identified species it is the first time of their
discovery in seawater and sediments. All isolated fungi were tested primarily for
their capabilities to grow on crude Arabian Light oil as sole carbon source, in agar-
based culture. Percentage of stimulation was estimated comparing mycelium growth
in the presence and absence of crude oil. A percentage stimulation greater than 20%
was considered as significant. All the isolated fungi were able to grow on crude oil,
although only 24% showed a good percentage of stimulation. Fungi were classified
according to their features and by molecular analysis. The most represented genera
among the water collected samples were Penicillium, Aspergillus and Trichoderma.
Four strains (Aspergillus terreus, Trichoderma harzianum, Penicillium
citreonigrum, Lulworthaiales sp.) were then selected and their capability to degrade
oil in liquid cultures was assessed using a modified protocol of the DCPIP colori-
metric assay (Varjani and Upasani 2017). Three main parameters were valued:
changing from blue to colourless of the culture medium, fungal biomass growth
and disappearance of crude oil. Petroleum hydrocarbons degradation by the same
fungi was analysed using GC-FID analysis, and two of them, A. terreus and
P. citreonigrum, showed the highest potential for bioremediation.

Another good example of screening on marine fungi BS producing strains, in
which simple and fast techniques are involved, is offered by the work of Maamar
et al. (2020). Eighty-four filamentous were fungi collected from the port of Oran,
Algeria, a chronically contaminated site, and identified through PCR analysis. BS
production was proved testing ability of fungi to grow on Arabian Light oil in
different concentration and use it as the sole carbon source. Twelve among the
fungi selected gave positive results, showing a good growth rate in the presence of
1% and 5% crude oil. No one was able to growth in the presence of 0.1% crude oil.
These 12 fungi belong mainly to Aspergillus and Penicillum genera. Further analysis
on the 12 BS producing fungi were performed using different techniques, such as
crude oil degradation assay using the decolorization method with DCPIP, oil-drop
collapse test and oil-displacement test. Just five among the strains previously
selected are the most promising BS producers and all of them belong to Penicillum
genus.

A very similar investigation on marine fungi as producers of BS was conducted
by Luepongpattana et al. (2017b). Sixteen strains were isolated from the coastal
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areas of Koh Si Chang (Thailand) and identified. Screening for BS production was
performed on the cell-free supernatant of each strain using the oil-displacement test
and the Du Nouy method. Among them, the one identified as Aureobasidium
pullulans (YTP6-14) gave the best results in both the experiments, reaching a surface
tension value of 38.4 mN/m. Optimization of growth parameters condition of this
strain was then performed.

4 Protein Biosurfactants Produced by Marine Fungi

Proteins are intrinsically partially amphipathic, being composed of amino acids with
charged, polar, and nonpolar side chains. However, the amphipilic character of a
protein is affected by several factors, such as its fold, conformational stability,
flexibility and posttranslational modifications. Surface-active proteins achieve their
function through different forms, ranging from peptides to large proteins, from
monomers to large assemblies, and from highly ordered structures to disordered
regions. Some of them can also undergo major conformational changes.

An array of surface-active proteins expressed during the life cycle of fungi, helps
their growth in liquid, semiliquid, and moist substrates, as well as into the air and
onto solid surfaces or interfaces.

Hydrophobins (HPB) are probably the most surface-active proteins known and
the best studied. They are small, cysteine rich, amphiphilic proteins typical of
filamentous fungi. Eight cysteines forming four disulfide bonds are highly con-
served, while they show a high sequence diversity, suggesting multiple biological
roles. Their amphipathic tertiary structure provides surfactant-like activity and allow
their self-assembly into amphipathic layers at hydrophobic-hydrophilic interfaces
(Berger and Sallada 2019). This feature can for example, lead to a stabilization of air
bubbles and water/oil emulsions. Nonetheless, characterization of HPBs as effective
BS and/or BE is scarce.

Class I HPB assemble into layers with a distinctive rodlet pattern. The rodlet
characteristics are common to those of amyloid structures (usually associated with
amyloid diseases) and their dissolution is only possible by treatment with strong
acids. Class II HPB assemblies are less robust and form layers with varied morphol-
ogy (Ren et al. 2013). The primary structures of Class I HPB are much less
conserved (including size variations) than those of class II, which show a high
degree of sequence conservation.

Ceratoplatanins (CP) have been included among the small fungal surface-active
proteins (Sunde et al. 2017), even if few studies on this kind of activity have been
reported so far, and their function is still a matter of debate. They were originally
assumed to be HPB-like proteins, while recent studies highlighted structural and
biological differences among these two classes of proteins. CP show four conserved
cysteines forming two disulfide bridges, and lack of a large hydrophobic patch,
differently from HPB. Another issue concerns the ability of CP to change the
wettability of surfaces. HPB layers are known to invert the wettability of surfaces,
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while CP can increase the polarity of surfaces, as reported by Frishmann et al.
(2013). Another important difference concerns the tendency of HPB to form
amyloid-like aggregate, that seems to be completely absent for CP.

Among 100 marine fungi fromMUT, 23 were selected for their ability to produce
foam in shaken cultures and analysed for the identification of new HPB by Cicatiello
et al. (2016). Six fungi were then chosen as the best producers of surface-active
proteins endowed with different characteristics. In particular, a protein produced by a
facultative marine strain of Penicillium chrysogenum (SAP-Pc) showed remarkable
emulsification ability of a water/olive oil mixture. Indeed, according to literature,
marine isolates of P. chrysogenum were good sources of new interesting bioactive
compounds (Imhoff 2016). SAP-Pc was identified as a previously unknown surface-
active protein, and was able to form amyloid-like fibrils, like class I HPB. Emulsi-
fication ability was tested using “Dectol” (Decane:Toluene 65:35 v/v) as a model oil
varying conditions as pH and concentrations, and the best result were obtained in
aqueous buffer pH 7 (E24 ¼ 70%). What is noteworthy is that E24 do not vary even
increasing protein concentration from 100 μg/ml to 400 μg/ml. Critical micelle
concentration was obtained at 28 μg/ml (2 μM) corresponding in a decrease of
surface tension of about 55 mN/m. At protein concentrations higher than about
200 μg/ml, a steep decline of the surface tension indicated the occurrence of another
aggregation phenomenon, confirmed by Dynamic Light Scattering (DLS) and
Atomic Force Microscopy analysis (Cicatiello et al. 2019).

Two Class I HPB from Penicillium roseopurpureum and Acremonium
sclerotigenum isolated from marine fungi in the screening previously described
(Cicatiello et al. 2016) were purified. Different techniques (circular dichroism,
dynamic light scattering and Thioflavin T fluorescence assay) were used to analyse
their propensity to form fibrils (Cicatiello et al. 2017). It has been demonstrated that
the formation of amyloid fibrils and the assembly morphologies depend on their
interaction with specific surfaces. Properties of protein layers can be exploited as
bio-coating for different materials.

Two of the fungal strains isolated from the oil spill contaminated site in the
Mediterranean Sea, A. terreus and T. harzianum and selected for their ability to grow
on crude oil as sole carbon source (Bovio et al. 2017), were exploited to verify the
induction of BS production to solubilize and metabolize organic molecules. Among
all the secondary metabolites that could possibly be involved in this process, secreted
proteins were explored. Only one secreted protein for each fungal strain was purified
and identified. Both proteins were ascribed to the family of CP (Pitocchi et al. 2020).
For the first time these proteins were characterized as efficient BE and BS. In
particular, the protein from T. harzianum identified as ThCP, showed a very good
capability to decrease the surface tension of water to a minimum value of 36 mN/m
at a CMC of 8x10�7 M (10 μg/ml).
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4.1 Other Biosurfactants Produced by Marine Fungi

BS of different chemical composition are only rarely isolated and identified from
marine fungi.

A marine sponge, Fasciospongia cavernosa, was collected from the Bay of
Bengal region of the Indian peninsular coast (Kiran et al. 2009). Eight sponge-
associated marine fungi were isolated from the sponge and screened for BS produc-
tion, using different tests, hemolytic assay (Carrillo et al. 1996; Moran et al. 2002),
drop collapsing test, oil displacement test. Hemolytic activity in blood agar plate
(using both human and sheep blood) is an alternative and less used screening method
to select BS producers. Indeed, BS can induce hemolysis at a given concentration
and activity is revealed as a distinct clearance zone around colony. Among the eight
isolated sponge-associated fungi, only one named MSF3 was selected as good BS
producer and further characterized. First, different growth conditions were tested
with the aim to improve BS production, varying different parameters. BS production
in each condition was evaluated through emulsification activity of the cell free
supernatant. Once assessed the best culturable conditions, only a partial chemical
characterization was performed through TLC analysis. This led to the classification
of the isolated BS as glycolipoprotein.

In the work of Luepongpattana et al. (2017b), only one fungal strain was selected
from several strains collected in the Gulf of Thailand, as promising BS producers,
Aureobasidium pullulans YTP6-14, a dimorphic fungus. Different growth condi-
tions were tested for A. pullulans varying carbon sources, among which soybean and
palm oil. Nevertheless, the maximum BS production yield (1.26 g/L) was achieved
with a mixed carbon source (glycerol and glucose). BS production was first assessed
through surface tension and oil displacement area measurement on cultural broth.
The minimum surface tension was 32 mN/m (Luepongpattana et al. 2017a). Extrac-
tion of the crude BS was then performed using ethyl acetate and a critical micelle
concentration of 39 mg/L was evaluated on the crude BS. Purification and charac-
terization of the extracted BS led to identification of the compound as 5-hydroxy-2-
decenoic acid delta-lactone, commonly named as massoia lactone (whose structure
is reported in Fig. 4). This compound shows a great ability in reducing tension and,
what is more, surface tension value does not increase neither varying pH of the
solution from 2 to 12, neither increasing NaCl concentration up to 12% (w/v).

Fig. 4 chemical structure of
massoia lactone
biosurfactant
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5 Future Perspectives

Natural products from some fungal genera, such as Penicillium and Aspergillus,
have been intensively studied, however the great potential of secondary metabolites
produced by these fungi has not yet been fully explored. Indeed, the marine
microbial world remains largely unexplored even though recent studies have been
aimed at exploring the diversity of ecosystems using molecular techniques. The
main difficulty concerns the growth of most of marine microorganisms under
laboratory conditions (Felczykowska et al. 2012; Jackson et al. 2015). A valid
alternative could be culture-independent techniques that can allow the analysis of
inaccessible marine microorganisms, avoiding the necessity of culturing them, and
the discovery of new natural compounds with important biological activities. One of
these molecular techniques is metagenomics that allows culture-independent study
of microbial communities through the extraction and analysis of genetic material
from any environmental sample, giving access to the total genetic pool of all the
microorganisms present in that community and, as consequence, to their biosyn-
thetic capacity (Gudiña et al. 2016).

The growing resource of fungal genome sequences can assist the exploration of
new biosynthetic pathways of secondary metabolites and biosynthetic gene clusters.
It has been demonstrated that many fungal secondary metabolites show significant
differences in bioactivities although closely structurally related. Therefore, it is
important to analyse the variety of structures offered by fungi, in order to unravel
their biotechnological potential (Imhoff 2016). Interest in BS, as secondary metab-
olites produced by fungi, has been continuously increasing and the marine environ-
ment can be an important source of new and performing compounds.

Recent papers (Sánchez 2020; Spina et al. 2021) have clearly shown that fungi
also play a crucial role in the degradation and mineralization of plastics. Indeed,
fungi can extend their hyphae through substrates, thus they can explore and grow in
places hardly accessible to other microorganisms. Plastics degradation by fungi is
favoured not only by their powerful enzymatic system and their ability of adsorption
(Karich et al. 2017), but also by the production of natural BS (Sunde et al. 2017),
which enable them to use hydrophobic polymers as a source of nutrients.

More recent studies on fungal BS proteins, endowed with very good
bioemulsifying activity, can pave the way for their massive production through
recombinant expression in highly producing microorganism hosts, thus bringing
them closer to their marketability.
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Lignin Fungal Depolymerization: From
Substrate Characterization to Oligomers
Valorization

Shruthi Meenakshisundaram, Estelle Léonard, Claire Ceballos,
and Antoine Fayeulle

Abstract Renewable resources obtained via sustainable methodologies provide an
alternative to reduce the dependency on fossil resources. Lignin is the second most
abundant class of macromolecules on earth. This complex biopolymer is the major
source of phenolic compounds since its precursors are three types of phenylpropane
units (or monolignols), i.e., conferyl alcohol (G), sinapyl alcohol (S), and p-
coumaryl alcohol (H). Large amounts of lignin are recovered from the pulping
industry using various processes such as Kraft, sulfite, soda anthraquinone, etc.,
due to its undesirability and high solubility during the cooking process. More
recently, lignin is also being recovered during the pretreatment steps (Hydrolysis,
Ionic Liquid, Organosolv processes) in biorefinery processes. Based on the extrac-
tion procedure and type of biomass used, the molecular structure of lignin will vary
and has to be characterized for valorization. Due to the complexity of the structure of
lignin, a combination of complementary techniques is used to characterize lignin.
Various analytical techniques such as spectroscopy, chemical degradation, thermal
degradation, chromatography, and the methods used to visualize the physical struc-
tural changes in lignin that help to determine the qualitative and quantitative
properties bring different information. Of the techniques elaborated, magnetic reso-
nance and Gel Permeation Chromatography (GPC) are found to be proficient in the
elucidation of these complex biopolymers. Aromatic compounds are the basic
building blocks in lignin and therefore, their potential in various applications is
quite high. However, lignin’s recalcitrance makes it difficult to break it down for
further applications and requires high temperatures and high pressure for the same.
Therefore, fungal depolymerization is a more economical alternative to break down
lignin without damaging the cellulose and hemicellulose. Lignin decaying fungi
excrete a powerful enzyme cocktail that generates highly reactive mediators which in
turn react with the polymer and trigger extracellular depolymerization. The resulting
low molecular weight soluble molecules such as vanillin, syringaldehyde, syringic
acid, etc. are valuable for further applications and thus the optimization of fungal
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lignin depolymerization and recovery of oligomers before their uptake by fungal
cells are ongoing domains of research. Indeed, some of the generated oligomers can
be used in the generation of other valuable products such as chemicals and materials
through green chemistry. Lignin-derived phenols are also used in bioremediation
strategies. Besides, the use of fungal lignin depolymerization has great valorization
potential to produce renewable energies such as biomethane, biohydrogen, and
bioethanol without generating products that may be inhibitory in the downstream
process. Therefore, with the increasing lignin-centric biorefineries, there is strong
interest for fungal lignin depolymerization in both valorization and application
approaches.

Keywords Analytical techniques · Fungal ligninolytic enzymes · Green chemistry ·
Lignin extraction · Lignin valorization

1 Introduction

Lignin is a widespread biopolymer entering the composition of all terrestrial plant
biomasses with high recalcitrance to biodegradation. Indeed, along with
impermeabilization and rigidification of plant tissues, this high molecular weight
and hyper-variable polymer protect other polysaccharides of cell walls, i.e., cellulose
and hemicelluloses, from microbial enzymatic attacks. In order to obtain such
molecules, plants cells excrete different phenyl propanol precursors called
monolignols, which are then polymerized in apoplastic domains through a random
radical-based polymerization process involving notably laccases (Hoegger et al.
2006) and peroxidases (Tobimatsu and Schuetz 2019). These monolignols are
mainly composed of p-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol,
which correspond respectively to H-unit, G-unit, and S-unit in the polymerized
lignin structure (Kleinert and Barth 2008).

This potential non-food natural source of biobased aromatics derivatives makes
lignin attractive for the development of biorefinery processes (Mahmood et al.
2016). Indeed, large quantities of lignin are produced in nature with estimated
amounts ranging from 5 to 36 � 108 tons per year (Gellerstedt and Henriksson
2008). Concerning the significance of industrial residues derived from this total
resource, biomass refinery and pulp/paper industries produce yearly 6.2 � 107 and
5 � 107 tons respectively mostly under the form of technical lignin such as Kraft
lignin, lignosulfonate, and soda lignin (Zakzeski et al. 2010). However, the recalci-
trance of the lignin polymer to degradation complexifies also its valorization in
industrial processes, and lignin residues are by now mostly burned for energy supply
or wasted (Weng et al. 2021).

Existing lignin depolymerization techniques include thermochemical approaches
such as pyrolysis or microwave treatment, and chemical protocols with acid-, base-,
metallic, ionic liquid assisted, subcritical/supercritical fluids assisted, or oxidative
catalysis. These techniques lead to high lignin depolymerization rates but require
severe conditions such as high pressure and temperature leading to high-energy
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consumption and the use of environmentally threatening substances. Thus, the third
type of approach based on biocatalysts including enzymes or whole microorganisms
aims at developing more eco-compatible and chemoselective lignin depolymeriza-
tion bioprocesses (Chio et al. 2019).

Bacteria attracted interest in particular due to the pre-existence of industrial
processes more adapted to bacterial cultivation (Xu et al. 2018). Ligninolytic
bacteria described as far belong to Sphingomonas, Pseudomonas, Rhodococcus,
Nocardia, and Streptomyces genera (Bugg et al. 2016) and in particular,
Rhodococcus jostii, Pseudomonas putida, Acinetobacter sp. and Amycolatopsis
sp. were investigated due to their depolymerization abilities of high molecular
weight lignin molecules (Salvachúa et al. 2015). However, the lignin depolymeri-
zation ability is described as scarcer within the bacterial biodiversity, and the
conversion efficiency is much lower than in fungi (Chio et al. 2019).

Thus, the goal of this chapter is to provide up-to-date information required for the
development of lignin fungal depolymerization bioprocesses including natural and
technical lignin properties, characterization techniques of lignin molecules, mecha-
nisms involved in fungal lignin depolymerization, and main valorization ways for
the so produced molecules.

2 Native Lignin Chemical Properties

Lignin is the most abundant polymer based on aromatic moieties in nature (Calvo-
Flores and Dobado 2010) and possesses numerous applications. Most of the ligno-
cellulosic biomass is found in the macro- and micro-fibrils of the rigid walls of plant
cells, which essentially comprise three biopolymers (Fig. 1): cellulose, hemicellu-
lose, and lignin (Bertella and Luterbacher 2020).

2.1 Native Lignin Chemical Structure

The structure of native lignin is of crucial interest from a long time ago. Indeed, if
lignin was considered to be homogeneous with an infinite molecular size, other
scientists thought it to be a finite heteropolymer depending on its location within the
wood. That is how in 1967, Brown et al. (1967) published in Nature that, when lignin
was isolated enzymatically by treatment with the brown rot fungi Poria monticola
and Lenzites trabea, and extracted properly, lignin was found to be a finite polymer
with three peaks of characteristic molecular size, and thus differing in size according
to its location in wood cell walls.

Chemically speaking, its phenolic high molecular mass biopolymer
(600–15,000 kDa) is composed of three monomers, coumaryl-, coniferyl- and
sinapyl alcohol (Fig. 2) found with various abundance (Kleinert and Barth 2008)
according to the species. As softwoods like pine are composed mainly of guaiacyl
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units, hardwoods such as eucalyptus contain guaiacyl but more importantly syringyl
units, and for grass lignin, phenolic monomers, together with the syringyl and
guaiacyl units, are mostly found (Rinaldi et al. 2016).

These variations in monolignol proportions led to a try for a phylogenetic tree of
lignin monomer composition distribution (Vanholme et al. 2010) depending on
lineages (Fig. 3).

Indeed, lignin evolved with the need for plants to adapt to terrestrial life. If
complete biosynthesis first appeared in moss and was absent from green algae,
recent studies detected apparent lignin in Calliarthron red alga (Martone et al.

Fig. 1 Overview of the structure of lignocellulosic biomass. (Reuse (print) with permission of
Bertella, S., Luterbacher, J.S., 2020. Lignin Functionalization for the Production of Novel Mate-
rials. TRECHEM 2, 440–453. https://doi.org/10.1016/j.trechm.2020.03.001. Copyright (2020)
Elsevier)
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Fig. 2 Structures of three major monomers of lignin and their units
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2009). Logically, lignin in the secondary cell walls of Calliarthron may have
evolved to resist the breaking waves, similar to lignin in the walls of vascular plants
that provides biomechanical support.

So with these complex mixed structures of aromatic units, several expected and
unexpected biomolecules (Sederoff et al. 1999) can be extracted, analyzed (Ralph
and Landucci 2010), and used as a bioresource for chemistry.

2.2 Native Lignin Properties

Lignin possesses antioxidant properties, for example when added to polypropylene
(Pouteau et al. 2003). However, if the phenol content and intrinsic reactivity are
important, the most important factor to take into account is its solubility.

Another application is related to the enzymatic degradability (Pollegioni et al.
2015) of lignin, and especially the ability of fungal laccase for “lignin-barrier”
breakdown of lignocellulose (Leonowicz et al. 2001). Indeed, nanocapsules can be
prepared and can be loaded with hydrophilic substances, which can be released for
agricultural applications. As seen in Fig. 4, when hollow lignin nanocontainers with
varying amounts of cross-linker toluene diisocyanate (TDI) were charged with a
fluorescent probe, the presence of laccase from Xylaria sp. clearly showed the better

Fig. 3 Phylogenetic tree showing the distribution of lignin monomer composition across major
lineages. *, S-units are only found in cell cultures of Ginkgo, not in wood. **, Lignin-like structures
are reported in some mosses and green algae, but the presence of real lignin in these nonvascular
species remains questionable; red algae have been barely studied. (Reuse (print) with permission of
Vanholme, R., Demedts, B., Morreel, K., Ralph, J., Boerjan, W., 2010. Lignin Biosynthesis and
Structure. Plant Physiology 153, 895–905. https://doi.org/10.1104/pp.110.155119. Copyright
(2010) Oxford Academic)
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release of the probe in acidic or neutral pH, compared to control (Yiamsawas et al.
2014).

Lignin is also fluorescent (Olmstead and Gray 1997). This could result from the
energy transfer from lignin chromophores, excited in 240–320 nm, to an acceptor
which seems to be of phenylcoumarone family (Albinsson et al. 1999), as
represented in Fig. 5.

3 Impact of Extraction Procedures on Lignin Structure

As presented in part 2, lignin refers to a large group of aromatic biopolymers with an
empirical formula of C31H34O11. Lignin is the major source of phenolic compounds
and its precursors are three types of phenylpropane units (or monolignols) which are
connected by C-C and C-O-C (ether) linkages. Lignin has a highly branched
chemical structure with different functional groups such as methoxy (CH3O),
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carboxyl (COOH), and carbonyl (C¼O) that influence its reactivity. Therefore,
lignin is found in different forms and is extracted by different processes. The main
target of most of these processes is not lignin but allows isolation and recovery of
lignin due to its undesirability. Huge amounts of lignin are produced as a co-product
of cooking processes in the paper and pulp industries using industrial practices such
as Kraft, sulfite, and soda-anthraquinone. Native lignin is insoluble in water, and the
cooking process solubilizes lignin, which helps to separate it from the fiber fraction.
Nowadays, lignin is also recovered as part of chemical, physicochemical and
enzymatic pretreatment methods used in the biorefinery concepts (Tribot et al.
2019). The structure of the isolated lignin is characterized in terms of aromatic
units (GHS), interunit linkages, functional groups (aliphatic alcohols, aromatic
alcohols, and carboxylic acids), side chains, and molar mass distribution (Li and
Takkellapati 2018).

3.1 Kraft Lignin

Kraft pulping process is still the dominant commercial process as it requires shorter
cooking time, provides efficient recovery of pulping chemicals, and is insensitive to
the presence of impurities than other chemical pulping processes. From about
130 million tons of Kraft pulp produced worldwide annually, 55–90 million tons
of Kraft lignin is produced and only 2% of it is used for value-added products, while
the rest are used for energy purposes. Kraft process treats wood chips with a white
liquor which is a mixture of sodium sulfide (Na2S) and sodium hydroxide (NaOH) at
high temperatures (150–180 �C) for 2 h. Major portions of lignin get solubilized
during the treatment and the spent pulping mixture called the “black liquor” still
contains a significant amount of lignin, which is used to produce fuel and Kraft
lignin. An acidification process, which lowers the pH of the black liquor is used to
precipitate the lignin and is recovered by filtering and washing. The characteristics of
the resulting lignin are dependent on the wood source, pulping conditions, and
degree of delignification (Baptista et al. 2008; Fernández-Costas et al. 2014; Tribot
et al. 2019).

Delignification during the Kraft pulping process occurs in three phases, namely,
initial phase (up to 150 �C), bulking phase (150–170 �C), and residual phase (final
treatment at 170–180 �C) based on the cooking temperature. During the first two
phases, delignification is first-order dependent on the lignin concentration. The
degradation reactions occur when the hydroxide and hydrosulfide anions cause the
lignin polymer to fragment into smaller units by cleaving linkages between the
phenylpropane units. This releases free phenolic hydroxyl groups, which increase
the affinity of attachment of hydrophilic groups to the cleaved fragments making
them easily dissolvable in alkaline liquor. During the residual phase, delignification
is dependent on the hydroxide ion concentration and since the alkalinity is lower
than the previous phases, there is a low rate of lignin dissolution. At low alkalinity,
condensation reactions occur that increases the molecular size of dissolved lignin
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fragments leading to precipitation. The lignin-carbohydrate complexes (LCCs) have
both alkali-stable and alkali-sensitive covalent linkages. The alkali-sensitive link-
ages are broken when the alkalinity is high during the initial phases of the Kraft
cooking process. The alkali-stable linkages survive the Kraft cooking process and it
has been demonstrated with model compounds that some alkali-stable LCC may be
formed during the process. This adds to the difficulty of removing lignin at the
residual phase (Axegard and Wiken 1983; Sjostrom 1993; Smook 1992).

The chemical structure of residual lignin changes significantly at the beginning
and the end of the cooking process (as shown in Fig. 6). During the initial phase, the
cleavage of α-aryl ether and β-aryl ether bonds in the phenolic units resulting in the
formation of quinone methide (C7H6O, a highly reactive intermediate) is the most
prominent degradation mechanism. In the presence of hydrosulfide ions, the quinone
methide is restored with the aromaticity of the aromatic ring resulting in the
formation of benzyl mercaptide structure. In the absence of hydrosulfide ions, as is
the case during soda pulping, the quinone methide is converted into an alkali-stable
enol ether structure. Both the reaction pathways are observed in the Kraft process
and the degradation process in the initial phase continues until all phenolic units of
the α- and β-aryl ether types, both those originally present and those liberated during
the initial phase, have reacted. The lignin that is dissolved is of low molecular weight
and highly phenolic. During the bulk phase, drastic conditions such as extreme
alkaline conditions are required for further lignin degradation, which occurs by the
cleavage of β-aryl ether linkages in non-phenolic structures. Though there seems to
be very few structural changes of lignin in the bulk phase, this liberates new phenolic

Fig. 6 Phenolic β-O-4 cleavage during reactions involved in the Kraft lignin process. (Reuse under
Creative Commons Attribution 4.0 Licence. Ekielski, A., Mishra, P.K., 2021. Lignin for
Bioeconomy: The Present and Future Role of Technical Lignin. IJMS 22, 63. https://doi.org/10.
3390/ijms22010063)
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structures. These act as the starting point for the two types of cleavage reactions that
occur in the initial phase and continue until the point where dissolution occurs.
Simultaneously, condensation reactions occur as and when the quinone methide
intermediates are formed to counter-balance the degradation and fragmentation of
lignin. Though the process of cross-linking of lignin units have been the subject of
debate in many publications, an increase in molecular weight of residual lignin and
decrease in the phenolic groups is observed during the residual phase of Kraft
pulping (Gellerstedt and Lindfors 1984; Mattsson et al. 2017; Tribot et al. 2019).

3.2 Sulfite Lignin/Lignosulfonate

Aqueous sulfur dioxide (SO2) and a sulfite base (calcium, sodium, magnesium,
ammonium salts) are used in the sulfite cooking process, which occurs over a wide
range. The cation base for the pulping process is dependent on the pH. The acid
sulfite process (pH 1–2) utilizes calcium while magnesium is used in the neutral
sulfite process (pH 5–7). At higher pH (pH 9–13), the alkaline sulfite process utilizes
ammonium or sodium cations. In the sulfite cooking process, lignin depolymeriza-
tion occurs through the incorporation of large amounts of sulfur as sulfonate groups
onto lignin. The sulfonate groups are added to the benzylic carbon atom of the lignin
phenylpropane (C9) unit (as shown in Fig. 7). In acidic sulfite cooking, calcium salts
are used to precipitate the lignosulfonate. Membrane technology by combining
ultrafiltration and diafiltration is then used for effective lignin fractionation. Calcium
lignosulfonates are used in the tanning, preparation of vanillin as lignosulfonates
contain higher sulfur, carbohydrates, and inorganic impurities (Li and Takkellapati
2018; Tribot et al. 2019).

According to a study by Deshpande (2016), the temperature of the cooking
process influences the delignification and side reactions. At higher temperatures,
the formation of thiosulfate occurs which is an undesired side reaction. Lignin
condensation reactions were observed at low total SO2 content in acid sulfite
cooking of spruce and pine. The covalent linkages between lignin and hemicellulose
present in native wood were conserved in sulfite pulp samples whereas α-ethers were
cleaved in the pulps. The authors also found that even though the LCC are
sulfonated, its cleavage is important for sulfonated lignin to be dissolved in the
liquor. Therefore, lignin is still retained in pulps (Deshpande 2016).

3.3 Soda Lignin

Pulp industries that use non-wood biomass such as sugarcane and straw produce
papers using the soda anthraquinone (AQ) process that results in a by-product called
soda lignin. The biomass is treated with NaOH at temperatures below 165 �C and
added with 0.1% anthraquinone to prevent the attack of hydrocelluloses in the
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alkaline medium and to catalyze delignification. The black liquor obtained by this
process is treated similarly to that of the Kraft process, but the soda lignin obtained as
a result is purer than Kraft lignin due to the absence of sulfur in the cooking process
(Tribot et al. 2019).

In a study where dissolved lignin was obtained from eucalyptus black liquor, it
was observed that the degree of delignification could be controlled by the reaction
time at the highest temperature of the process. In the soda-method delignification,
condensation reactions were increasingly observed for the first 3 h resulting in high
molecular weight lignin. From the third hour to the fourth hour, large amounts of
lignin dissolution leading to high lignin removal efficiency were observed. At longer
reaction times up to the fifth hour, cleavage of β-O-40 and β-β linkages were the main
reactions that led to lignin degradation (as shown in Fig. 8), suggesting that lengthy
alkaline treatment cause depolymerization of lignin. The syringyl (S) unit contains
two methoxy groups and is easily oxidized in alkaline conditions compared to the
guaiacyl (G) unit. The preferential removal of S-unit lignin in soda-AQ pulping
results in the decrease of the S/G ratio. Therefore, the S/G ratio of lignin could be
used as a parameter to evaluate the biomass recalcitrance, especially in non-wood
biomass (Rencoret et al. 2013; Xue et al. 2019).

Fig. 7 Reactions involved in the sulfite pulping process under acidic and neutral conditions. (Reuse
under Creative Commons Attribution 4.0 Licence. Ekielski, A., Mishra, P.K., 2021. Lignin for
Bioeconomy: The Present and Future Role of Technical Lignin. IJMS 22, 63. https://doi.org/10.
3390/ijms22010063)
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3.4 Hydrolysis Lignin

With the increase in investments in cellulosic ethanol, a considerable amount of
lignin production is expected in the coming years but its chemical structure is poorly
studied. The lignin structural changes during the pretreatment methods employed are
important to understand, as the chemical composition of lignin rather than its
quantity affects the further enzymatic hydrolysis of cellulose and xylan. Based on
the type of pretreatment method employed and the type of biomass, the degree of
separation between the lignin and the carbohydrates components varies (Tribot et al.
2019).

Studies on dilute acid pretreatment of corn stover showed that at higher
pretreatment temperatures, there is an increase in phenolic groups and carboxylic
moieties while there is no change in the number of aliphatic hydroxyl moieties. The
cleavage of β-O-4 linkages occurs by protonation, which is followed by dehydration
of the benzylic-hydroxyl group, which leads to the formation of benzylic carbocation
(as shown in Fig. 9). The cleavage of β-O-4 linkages leads to an increase in lower
molecular weight lignin fragments initially and at a critical temperature (180 �C),
condensation reactions (by the formation of radicals or C-C bonds) overtake the
lignin depolymerization reaction by cleavage of aryl ether linkages. This causes the
condensed lignin to migrate out and then redeposit as droplets on the surface of the
cell walls. This acts as a physical barrier and leads to nonproductive binding of the

Fig. 8 Reactions involved in the soda anthraquinone (AQ) process (cleavage of the α and β ether
linkage during the soda/alkaline process). (Reuse under Creative Commons Attribution 4.0 Licence.
Ekielski, A., Mishra, P.K., 2021. Lignin for Bioeconomy: The Present and Future Role of Technical
Lignin. IJMS 22, 63. https://doi.org/10.3390/ijms22010063)
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enzyme with lignin (Moxley et al. 2012). Similar changes are observed in other
thermo-chemical pretreatment methods such as hot water, steam explosion, and
ammonia fiber expansion. Therefore, there is only a small extent of lignin removal
from various biomass using thermochemical pretreatments. Further catalytic depo-
lymerization methods such as pyrolysis, hydrogenation, or oxidative approaches are
needed to complete the fractionation of lignin to aromatic compounds (Chen et al.
2017; Pu et al. 2015).

3.5 Ionic Liquid Lignin

During ionic liquid (IL) pretreatment of wheat straw, cleavage of β-O-4 linkages on
S units results in a total increase of phenolic hydroxyl content in lignin with a
disproportionate increase in the types of phenolic hydroxyl groups. With the increase
in the pretreatment time, the lignin’s molecular weight decreases and its molecular
weight distribution broadens. Simultaneously, lignin’s fragments are recondensed
during the ionic liquid pretreatment (Hong et al. 2017). The addition of phenol,
ethanol, or mesoporous catalysts is used to prevent repolymerization and char
formation. The addition of elements such as Al and Ni to mesoporous catalysts
helps to further improve depolymerization by cleavage of ether bonds and stabilizing
of highly reactive intermediates (Chen et al. 2017). Lignin recovered by the IL
pretreatment exhibits similar properties to that of organosolv lignin but are not as
commercially available as organosolv lignin due to the high costs of ILs (Hong et al.
2017).

Fig. 9 Reactions involved in acid hydrolysis of lignocellulosic biomass. (Reuse under Creative
Commons Attribution 4.0 Licence. Ekielski, A., Mishra, P.K., 2021. Lignin for Bioeconomy: The
Present and Future Role of Technical Lignin. IJMS 22, 63. https://doi.org/10.3390/ijms22010063)
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3.6 Organosolv Lignin

Organosolv extraction process, on the other hand, preferentially cleaves the LCC
ether linkages and favors intramolecular condensation reactions. This leads to
substantial delignification without significantly altering the chemical structure of
lignin. The isolated lignin forms droplets that migrate and are redistributed on the
surface of pretreated biomass. This increases the pore volume, initially, which favors
the enzymatic adsorption. Later, the lignin droplets inhibit the adsorption of enzymes
such as cellulase. The resulting high molecular weight lignin is similar to a complex
native lignin structure and can be recovered by precipitating it out with acidic water
(Koo et al. 2012). The organosolv lignin has lesser ash than its Kraft counterpart,
which helps to have cleaner combustion in the subsequent steps (de la Torre et al.
2013).

Therefore, from all the different methods used to extract lignin, it is observed that
delignification is correlated with the formation of functional groups that helps lignin
to dissolve in the process liquor (Evstigneyev and Shevchenko 2019).

4 Analytical Methods Adapted to Lignin Characteristics

In the 1960–1970s, prominent structures in softwood and hardwood lignins were
proposed by Adler (1977). Since then, many models of each linkage and lignin unit
type in literature were built. The difficulties in lignin analysis reside in its complex
structure associated with plant cell wall hemicelluloses (Sjostrom 1993) which
interfere with the quantification of lignin (Brunow and Lundquist 2010). The
acknowledgment concerning the structure of lignin is essential to understand the
properties of lignin and the effect of pretreatment. There is no universal method to
characterize the lignin but a combination of complementary techniques to provide
insights into the structure of the polymer. Some reviews compiled recent innovations
in studying lignin (Ghaffar and Fan 2013; Lupoi et al. 2015).

Most of the characterization methods of lignins are summarized in Table 1. The
advantages or disadvantages of these techniques are stated. The composition of
lignin, its structure and linkages, and destructive analysis techniques are presented.
Spectroscopic techniques, thermal and physical methods will be then described.
Finally, the last part will be devoted to steric exclusion chromatography, one of the
essential techniques for the study of soluble lignins.

4.1 General Composition of Lignin

Lignin as well as its different impurities such as ash, sugar, and moisture are
determined by the different standards such as ISO, ASTM, or TAPPI (as shown in
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Table 1 Main methods for lignin analysis

Methods Techniques Information Advantages Disadvantages

Chemical
degradation

Thioacidolysis,
DFRC,
nitrobenzene
oxidation

S/G ratio,
monolignols
quantification

Well-standardized
techniques

Tedious
Destroys the
sample
Toxicity

Spectroscopic
methods

FT IR Functional
groups

Non-destructive,
high throughput

Non-destructive
Non-invasive
Sensible to water

Raman Functional
groups

Complimentary
to IR
Non-destructive

Weak pics, fluo-
rescence masks
signal

UV Phenol content Cheap, convenient The extinction
coefficient for lig-
nin quantification
difficult to obtain
Absorbance in
UV of extraneous
molecules

NMR Aliphatic
hydroxyl con-
tent
Aromatic
hydroxyl con-
tent
Inter-unit bond-
ing patterns
S/G ratio

Multi-dimensional
NMR
Many structural
information

Spectral overlap
Low throughput
Low sensitivity,
spectral resolution
Expensive
Incomplete acety-
lation of lignin
leading not com-
plete NMR

Physical
properties

Optical
microscopy

Morphology Fast analysis
Non-destructive

Expensive appa-
ratus
No structural
information

SEM Morphology,
size, crystal-
line structure

TEM Crystalline
nature

X-ray Ultrastructure,
fiber diameter

FE-SM Morphology,
surface
changes

AFM Morphology

Molecular
structure

SEC Molecular
distribution
Weight average
molar mass
Polydispersity

Large detectable
masses

Condensation
effects
Measurement can
vary following the
technique

Chromatography GC/MS,
oxidation

S/G ratio, Phe-
nolic content

Selective Results depend on
condensed struc-
tures in lignin
Destructive
Concern volatiles
molecules

Aminolysis Phenolic con-
tent, Aliphatic
hydroxyl
content
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Table 2). The total lignin content is determined according to the NERL/TP-510-
42618 protocol (Sluiter et al. 2008) and is considered as the standard method for
quantitative lignin analysis. According to this protocol, the sample is hydrolyzed
with concentrated H2SO4 (72%) then diluted to obtain an acid concentration of 3%.
The polymeric carbohydrates are degraded in monosaccharides, leaving behind a
lignin-rich residue, named Klason lignin or acid-insoluble lignin (AIL), that is
vacuum filtered and measured gravimetrically (Gosselink et al. 2004b; Vishtal and
Kraslawski 2011).

4.1.1 Elemental Analysis

The elemental analysis gives access to the various elemental compositions of
compounds (including lignin) in terms of carbon, hydrogen, nitrogen, or sulfur.
These compositions can sometimes give access to the formula of the tested com-
pounds. The formula is expressed in terms of the element content of the average
phenylpropane C9 unit present in the lignin (Norman 1969). The amount of methoxy
function is also often incorporated into this formula, for example,
C9H8.83O2.37(OCH3)0.96 for spruce in milled wood lignin (Huang et al. 2019).

Table 2 Determination of the general composition of Kraft lignin

Technique Notes

Total lignin
content
Klason lignin

Gravimetry (Tappi T222 om-15) 0–30% wt lignin content for wood
and pulp
Overestimation of the lignin which
condenses with proteins or chitins

Acid soluble
lignin

UV-Vis Spectroscopy (Tappi
UM-250)

A reliable method for wood and pulp
Total lignin corresponds to insoluble
and soluble lignin

Van Soest,
acid detergent
lignin (ADL)

Gravimetry
(Hatfield et al. 1994; Van Soest
and Wine 1968)

An alternative procedure to Klason
lignin and replaces the use
of corrosive sulfuric acid by perman-
ganate oxidation to remove
protein, hemicelluloses, and other
components from the cellulose
and lignin

Ash content Ashing Tappi method T211 om-12 Several temperatures (525–950 �C)
used

Carbohydrates Ion chromatography (SCAN-CM 71)
Spectroscopy UV

Measure free or total sugars

Metals Inductively coupled plasma atomic
emission spectroscopy (ICP-AES)

Al, Cu, Fe, Mg, Ca, K. . .

Sulfur ions Ion chromatography for sulfur
(SCAN-CM 57), for sulfate
(ISO-9198)

0–10% wt

Moisture Gravimetry
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The elemental composition of lignins depends on the sources of raw material and
separation methods. (Huang et al. 2019). The highest levels of sulfur are observed in
the case of lignosulfonates (Svensson 2008).

4.1.2 Linkages

The connectivity of the three randomized phenylpropanoid units H, G, and S
(representing coumaryl-, coniferyl- and sinapyl alcohol) is ensured by various
linkages, Fig. 10 (Lahive et al. 2020; Li et al. 2015; Mei et al. 2019):

• Alkyl-aryl ether bonds (β-O-4 and α-O-4),
• Diaryl ether (4-O-5), which can be hydrolyzed
• “Condensed” bonds or carbon-carbon bonds (phenylcoumaran (β-5), resinol

(β-β), diarylpropane (β-1), and biphenyl (5-5)) more recalcitrant to degradation.

The most common linkage is β(0-4), representing more than 50% of the total
linkages in soft and hardwood (Ek et al. 2009; Sjostrom 1993).

4.2 Lignin Degradation Methods

Chemical degradation methods have been for a long time the only methods giving
access to the structure of the studied lignin and they were reviewed by Lin and Dence
(Dence 1992). Degradation techniques such as nitrobenzene oxidation, acidolysis or
thioacidolysis provided a lot of information on the monomeric compositions and the
type of bonds involved in the construction of the woody network. In this context,
introduced by Freudenberg in 1939, nitrobenzene oxidation is traditional and the
oldest method for analytical purposes of lignins (Bose et al. 2009; Chen 1992;
Freudenberg et al. 1940), is commonly used to determine their proportion of H, S
and G units (Erdtman 1971; Logan and Thomas 1985). Alkaline cupric (II) oxide
oxidation (CuO) is another commonly oxidative technique used to analyze the
composition of lignins in complex sample matrixes, such as soils and sediments
(Bose et al. 2009; Chen 1992). Thioacidolysis is today one of the most used
techniques delivering structural information on the aromatic part (H/G/S ratio).
Developed by Lapierre (Lapierre et al. 1985), this acid-catalyzed method proceeds
in β-O-4 cleavage of lignin as lignin is treated with boron trifluoride etherate in
ethanethiol and give thioethylated hydroxyphenyl (H), guaiacyl (G), and syringyl
(S) (Rolando et al. 1992). The results furnish information on the composition of
uncondensed aryl ether structures, the S/G ratios (Lu and Ralph 1997). The main
advantage of this method lies in the rapidity and ease of implementation of the
protocol. Thioacidolysis has supplanted the techniques of nitrobenzene or alkaline
oxidation because compared to alkaline oxidation, thioacidolysis provides more
information on core lignin structure without interference from other cell walls
phenols. The monomer yielding from alkaline nitrobenzene oxidation, however, is
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Fig. 10 (a) Lignin structure with the main inter-subunit linkages. Reuse (print) with permission
Mei, Q., Shen, X., Liu, H., Han, B., 2019. Selectively transform lignin into value-added chemicals.
Chinese Chemical Letters 30, 15–24. https://doi.org/10.1016/j.cclet.2018.04.032. Copyright (2019)
American Chemical Society. (b) Typical linkages between the primary units of lignin. Reuse (print)
with permission of Li, C., Zhao, X., Wang, A., Huber, G. W., Zhang, T., 2015. Catalytic
Transformation of Lignin for the Production of Chemicals and Fuels. Chem. Rev.
115, 11559–11624. https://doi.org/10.1021/acs.chemrev.5b00155. Copyright (2015) American
Chemical Society
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higher than from thioacidolysis. But the protocol for DFRC (Derivatization
Followed by Reductive Cleavage) is currently preferred to the conventional
thioacidolysis because of its simplicity and the use of relatively innocuous reagents
(Lu and Ralph 1997). The DFRC degradation consists first in solubilization of lignin
by bromination and acetylation with acetyl bromide AcBr and then reductive
cleavage with zinc dust (Del Río et al. 2012; Matsui and Ohira 2013). This method
is performed for selective cleavage of ether linkages in lignins to determine the S/G
ratio of biomass. The results obtained from these techniques allowed the statistical
reconstruction of lignin models of conifers (Adler 1977; Sakakibara 1980) or
hardwoods (Nimz et al. 1981). However, all these techniques have limitations like
partial structural information due to the detection of only specific bonds of lignins.

4.3 Spectroscopic Methods

Spectroscopic methods particularly ultraviolet and infrared spectroscopic techniques
can be used without treatment of lignins (Gilarranz et al. 2001). Infrared spectros-
copy has become a routine technique for the analysis of lignins based on the spectral
identity of different types of lignins (Derkacheva and Sukhov 2008; Faix and
Beinhoff 1988). NMR is also a very powerful tool for the analysis of native lignins
(Ralph et al. 2007).

4.3.1 Fourier Transform Infrared Spectroscopy

FT-IR is a non-destructive spectroscopic technique giving information on functional
groups of organic compounds. Infrared is often used in the characterization of lignin
due to some advantages: short analysis time, high sensitivity, easy use, direct
analysis on solid samples, and convenient data handling (Faix 1991). Lignin con-
tains various functional groups: carbonyl, methoxyl, hydroxyl, and carboxyl groups,
aromatics (Fengel and Wegener 2011), and their vibrational bands are summarized
in Table 3. The region between 1400 and 1800 cm�1 corresponds to carbonyl
functions such as the elongation vibrations of non-conjugated and conjugated
carbonyl bonds (respectively at 1709–1738 and 1655–1675 cm�1). Their intensity
and shift reveal (Faix 1991; Hortling et al. 1997) the efficiency of derivatization
reactions and analyze different types of lignin. For example, the study of the infrared
spectra from technical lignin by El and Salvadó in 2007 (El and Salvadó 2007)
highlighted clear differences between these lignins (Fig. 11) but this method is not
quantitative.
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4.3.2 Raman

Raman is vibrational scattering spectroscopy complementing IR. Raman photons are
emitted when a sample is illuminated by a laser source (Near IR—Visible and UV)
through the phenomenon of inelastic light scattering. Like FTIR, no sample prepa-
ration is required and Raman takes short analysis times (similar to FTIR). Several
Raman scattering peaks can be attributed to lignin at 1600 cm�1 (aromatic ring
stretch), at 1620 cm�1 (carbonyl content), 1650 cm�1, and at 3070 cm�1 (aromatic
C-H stretch) (Agarwal 2008; Agarwal et al. 2011; Larsen and Barsberg 2010). The
intensities of the peak at 1650 cm�1 (C¼C) relative to those at 1600 cm�1 (phenol
ring) may explain the degradation of the lignin (Moosavinejad et al. 2019). Raman
spectroscopy allows the measurement of S/G ratios in diverse feedstocks (Lupoi
et al. 2015). The major drawback of this technique is that Raman peaks are often of
weak intensities and can be completely masked by the fluorescence of lignin. It is
however noticeable that the surface-enhanced Raman scattering (SERS) enhances
the signal by molecules adsorbed on rough metals surfaces (Agarwal 1999).

Table 3 Assignments of FT-IR absorption bands (cm�1)

Absorption bands Assignment

3400–3600 Free OH stretching

3100–3400 Associated OH

2820–2960 CH stretching of CH, CH2, CH3 group

2920 CH stretching of carboxylic OH

2650–2890 CH of CH3 group in methoxyl

1771 C¼O aromatic

1700–1750 C¼O stretch in unconjugated ketone, carboxyl group

1722 C¼O stretch aliphatic

1650–1680 C¼O stretch in conjugated ketone

1500–1600 Aromatic skeletal vibration

1420–1430 Aromatic skeletal vibration

1460 Aromatic methyl group vibrations

1434 Aromatic skeletal vibration

1374 Aliphatic C-H stretch in CH3

1328 Syringyl ring with C-O stretching

1270–1275 C-O Guaiacyl ring

1242 Aromatic C-O stretching

1215 C-O ether stretching

1165 C-O stretch in ester groups

1135 Aromatic C-H in-plane deformation for syringyl type

1043 Aromatic C-H in-plane deformation for guaiacyl type

750–860 Aromatic C-H out of plane bending
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4.3.3 UV-Spectrometry

Lignin aromatic structure exhibits maximal absorption in the ultraviolet region
around 280 nm and at 315 nm if ester groups are present such as in grass lignin.
The absorbance difference before and after ionization of phenolic groups in alkaline
solution at a wavelength of 300 and 350 nm has been used to measure the content of
phenolic hydroxyl groups (Goldmann Valdes et al. 2016). Figure 12 illustrates
differences in UV spectroscopy between LignoBoost and alkali-treated lignin sam-
ples (Abdelaziz and Hulteberg 2017).

4.3.4 Nuclear Magnetic Resonance

Since the 1970s, NMR analysis of lignins has continuously evolved (Ludwig et al.
1964; Lundquist 1992). NMR spectroscopy is a highly sensitive tool to characterize
lignin. The most commonly used NMR probes are 1H, 13C, 31P. However, despite
the ease of use, drawbacks remain, as many lignins need acetylation before analysis,
because they are insoluble in common deuterated NMR solvents. In this context,
Lundquist’s research group reported the first 1H NMR to analyze the milled wood
lignin (Li and Lundquist 1994; Lundquist et al. 1979a, b, 1980). The 1H NMR of
acetylated lignins in CDCl3, as seen in Fig. 13, allows to identify methyl protons in
the aliphatic acetyl groups (1.70–2.17 ppm), protons in methoxyl groups

2000

Wavenumbeers (cm–1)

25003000

Kraft lignin

Soda anthraquinone lignin

Ethanol process lignin

Organosolv lignin

Lignosulfonates

35004000 1500 1000 500

Fig. 11 FTIR spectra of unacetylated lignin samples. (Reuse (print) with permission of El, M.N.,
Salvadó, J., 2007. Analytical methods for determining functional groups in various technical lignin.
Industrial crops and products. 26, 116–124. https://doi.org/10.1016/j.indcrop.2007.02.006. Copy-
right (2007) Elsevier)
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(3.5–4.0 ppm), aliphatic protons in the linkages of β-O-4, β-β, and β-5
(4.0–6.3 ppm), and aromatic protons (6–7.10 ppm) (Chu et al. 2012; Mancera
et al. 2011). Anyway, as seen in Fig. 13 (Tejado et al. 2007), lignin analysis by 1H
NMR of lignin remains complex due to the significant superposition of several
characteristic resonances (Lundquist 1992), making the proton spectra of lignins
not really exploitable. The wider spectral window (200 ppm) of carbon NMR allows
better discrimination of resonances, thus allowing the identification of the structural
motifs of lignins.

The spectroscopic technique of 13C NMR is now widely employed for the study
of lignin. 13C NMR spectroscopy of lignins allows the assignment to the various
carbons of the lignin skeleton including the presence of aryl ether, condensed and
uncondensed aromatic, and aliphatic carbons. The area between 60 and 80 ppm is
attributed to the oxygenated aliphatic carbons (carbons carrying the alcohol func-
tions for example), the signals of the aromatic carbons come out between 100 and
160 ppm and finally, the zone between 160 and 180 ppm corresponds to the carbons
of carboxylic acids. The attributions are made by comparison with the numerous
existing databases (Chen and Robert 1988; Kringstad and Mörck 1983), which were
carried out thanks to the analysis of models. For example, the structural features of
the lignin fractions from Eucalyptus pellita were investigated with 13C NMR
spectrometry, Fig. 14 (Yuan et al. 2009). The 13C NMR spectroscopy requires a

Fig. 12 UV-Visible spectra of lignins obtained from the LignoBoost and alkali pretreatments.
(Reuse (print) with permission of Abdelaziz, O.Y., Hulteberg, C.P., 2017. Physicochemical Char-
acterisation of Technical Lignins for Their Potential Valorisation. Waste Biomass Valor
8, 859–869. https://doi.org/10.1007/s12649-016-9643-9. Copyright (2017) Springer)

Lignin Fungal Depolymerization: From Substrate Characterization. . . 349

https://doi.org/10.1007/s12649-016-9643-9


large sample size and a long acquisition time. To overcome the problems of
solubility or modifications of lignins, solid-state cross polarization-magic angle
spinning 13C NMR is an alternative (Cipriano et al. 2020). In this technique, the
sample is spinning very rapidly (up to ~100,000 rpm) at a precise angle, the magic
angle (θm � 54.7�), to improve the resolution of the spectrum.

31P NMR can be used as a complementary analysis to 13C NMR. Phosphorylation
of the hydroxyls carrying labile protons of lignin with 2-chloro-4,4,5,5-tetramethyl-
1,2,3-dioxaphospholane (TMDP) in anhydrous pyridine/CDCl3 (1.6/1 v/v) solution
give phosphite products (Argyropoulos 1994; Pu et al. 2011). For example, a typical
31P NMR spectrum of an organosolv lignin isolated from bamboo is shown in
Fig. 15. Total aliphatic hydroxyl, phenolic hydroxyl, and carboxyl groups, as well
as the G/S/H ratio of lignin samples, are established by quantitative 31P NMR using
published procedures (Cateto et al. 2008; Faix et al. 1994). Anyway, 31P NMR
analysis requires intensive sample preparation.

Interpretation 1D NMR (one-dimensional NMR) is based on 3000 structures of
lignins and derivatives (from monomers to tetramers) database (Ralph et al. 2004)
but is limited to simple patterns or specific band assignments. Thus, researchers turn

Fig. 13 1H NMR spectra of acetylated Pine (AL1), Flax (AL2), and Tamarind lignins (AL3)
samples. (Reuse (print) with permission of Tejado, A., Peña, C., Labidi, J., Echeverria, J.M.,
Mondragon, I., 2007. Physico-chemical characterization of lignins from different sources for use
in phenol-formaldehyde resin synthesis. Bioresource Technology 98, 1655–1663. https://doi.org/
10.1016/j.biortech.2006.05.042 Copyright (2007) Elsevier)
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Fig. 14 13C NMR spectrum of the degraded lignin fraction. (Reuse (print) with permission of
Yuan, T.-Q., He, J., Xu, F., Sun, R.-C., 2009. Fractionation and physico-chemical analysis of
degraded lignins from the black liquor of Eucalyptus pellita KP-AQ pulping. Polymer Degradation
and Stability 94, 1142–1150. https://doi.org/10.1016/j.polymdegradstab.2009.03.019. Copyright
(2019) Elsevier)

Fig. 15 31P NMR spectrum of organosolv lignin isolated from bamboo. (Reuse (print) with
permission of Liao, J., Latif, N., Trache, D., Brosse, N. and Hussin, M., 2020. Current advancement
on the isolation, characterization and application of lignin. International Journal of Biological
Macromolecules, 162, pp. 985–1024. https://doi.org/10.1016/j.ijbiomac.2020.06.168 Copyright
(2020) Elsevier)
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to two-dimensional NMR techniques to explore more structural elucidation and the
presence of some particular structures, in low abundances such as spirodienone.

The two-dimensional measurements (heteronuclear single quantum coherence,
HSQC; heteronuclear multiple quantum coherence, HMQC) combine both 13C and
1H NMR. As illustrated, the identification of different substructures present in
lignins polymer is achieved through HSQC as displayed in Fig. 16 (Ibarra et al.
2007; Liitiä et al. 2003; Ralph et al. 2004; Rencoret et al. 2008). Database enrich-
ment allows confirmation of correlation assignment on HSQC and HMBC spectra of
native lignins (Ibarra et al. 2007; Liitiä et al. 2003; Ralph et al. 2004) and also
determines the nature of different bonds and structures present in lignins.

4.4 Thermal Analysis

Thermal analyses reveal the structure-properties relationships of polymers as a
function of temperature. Thermogravimetric analysis (TGA) and differential
enthalpy analysis (DSC) are widely used to study the thermal behavior of lignins
(Poletto 2017). TGA allows monitoring the lignin weight loss when a sample is
heated, cooled, or maintained at a fixed temperature. For most lignins, three stages of
mass loss are observed when the analysis is performed under inert atmosphere (N2):
drying (20–150 �C), pyrolysis (200–500 �C), and carbonization (500–900 �C). DSC
is a thermoanalytical method where the temperature of a sample and reference
material is increased at a constant rate and allows to determine the glass transition
temperature (Tg) and the enthalpy of lignins due to changes in the lignin polymer
(Fig. 17). For example, lignin Tg determined by DSC is usually comprised between
110 and 160 �C for milled wood lignin and 124–174 �C for Kraft lignins (Glasser
1999) but is influenced by several factors such as the aromatic structure, hydrogen
bonding type interactions, the molar mass, the type of inter-unit bonds and the
degree of cross-linking (Köhnke et al. 2019). Comparison of the glass transition
temperatures (Tg) of different modified lignins are reported (Ding et al. 2015).

4.5 Pyr/Gas-Chromatography MS

Analytical pyrolysis is an efficient technique for the analysis of the chemical
composition of wood and in particular for the characterization of lignin of various
origins. Pyrolysis/gas chromatography-mass spectrometry (Pyr/GC-MS) is very
interesting to evaluate the ratios S/G in lignin (Lopes et al. 2011). Pyrolysis consists
of heating a sample to a high temperature (>500 �C) in an inert atmosphere to cleave
the constituent polymers into small fragments. These more volatile products formed
flushed by helium can be separated by chromatography generally coated with an
apolar silicone phase. Peaks of the pyrolysis products on GC give a specific
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Fig. 16 Aromatic regions of 2D-HSQC NMR spectrum from cell wall gels and soluble lignins
from various samples: (a) pine, (b) pine isolated lignin, (c) aspen, (d) kenaf bast fiber, (e) corn
stems, and (f) corn isolated lignin. (Reuse (print) with permission of Liao, J., Latif, N., Trache, D.,
Brosse, N. and Hussin, M., 2020. Current advancement on the isolation, characterization and
application of lignin. International Journal of Biological Macromolecules, 162, pp. 985–1024.
https://doi.org/10.1016/j.ijbiomac.2020.06.168 Copyright (2020) Elsevier)
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pyrogram (Fig. 18) whose peaks can be identified according to their mass spectra
obtained by electronic impact (70 eV) (Galletti and Bocchini 1995).

Studies confirmed the ability of the Py-GC/MS technique to provide useful data
for the characterization of lignin (Lima et al. 2008; Lucejko et al. 2020). Whereas
being a sensitive analysis used for the examination of lignin, Py/GC-MS presents
major drawbacks: greater expense instrumentation, long analysis times (typically
between 40 min and 2 h per sample), and complex interpretation of data.

4.6 Physical Qualitative Properties

Optical microscopy is an easy method to observe morphological aspects, the particle
size of biomass, and the lignin distribution, for example within straw. Scanning
electron microscopy (SEM) is used to observe its morphology and size (Mandlekar
2019), and small-angle or ultra-small-angle X-ray scattering can be used to study the
supramolecular structure of lignin in both solid-state and in solution. Fromm et al.
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Fig. 17 Glass transition temperature (Tg) of lignin, B-lignin (Butyrate organosolv lignin), and
precursor fibers based on PAN (polyacrylonitrile), lignin/PAN 50–50, and B-lignin/PAN 50–50
measured by DSC. (Reuse (print) with permission of Ding, R., Wu, H., Thunga, M., Bowler, N.,
Kessler, M., 2015. Processing and Characterization of Low-Cost Electrospun Carbon Fibers from
Organosolv Lignin/Polyacrylonitrile Blends. Carbon 100. https://doi.org/10.1016/j.carbon.2015.
12.078. Copyright (2015) American Chemical Society)
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reported also the distribution of lignin in wood cell walls by field emission scanning
electron microscopy (FE-SEM) (Fig. 19) (Fromm et al. 2003), which is a technique
used for qualitative analysis of biomass. Transmission electron microscopy is also
useful to analyze lignin nanoparticles allowing a clear contrast between the core and
the shell. Atomic Force Microscope (AFM) is another method that enables evaluate
surface structures of different lignin at nanometer scales.

4.7 Molecular Structure

Molar mass distribution of lignins is important to understand the fundamental
properties of lignins and to know their exact molecular weight (Gellerstedt 1992).
The determination of molecular weight distribution is usually performed by steric
exclusion chromatography (SEC) or also called gel permeation chromatography
(GPC) when an organic solvent is used as a mobile phase. Dissolved molecules
are eluted through a specific column filled with a nanoporous gel (stationary phase)
and separated by size. Recent work by Baumberger et al. focused on standardizing

Fig. 18 Typical ion chromatograms from pyrolysis of the G, GS, and HGS type lignin from variant
biomass resources peanut shell walnut shell (PSKL), rape straw (RS), wheat straw (WASKL).
(Reuse (print) with permission of Chen, L., Wang, X., Yang, H., Lu, Q., Li, D., Yang, Q., Chen, H.,
2015. Study on pyrolysis behaviors of non-woody lignins with TG-FTIR and Py-GC/MS. Journal
of Analytical and Applied Pyrolysis 113, 499–507. https://doi.org/10.1016/j.jaap.2015.03.018.
Copyright (2015) Elsevier)

Lignin Fungal Depolymerization: From Substrate Characterization. . . 355

https://doi.org/10.1016/j.jaap.2015.03.018


the SEC method for lignin analysis (Baumberger et al. 2007). The molar mass of
acetylated Kraft lignins obtained from various black liquors varies mainly in the
range of 200–15,000 g/mol. To improve their solubility, acetylation of lignins is
sometimes done (Asikkala et al. 2012). In most cases, polystyrene gel with THF is
used to calibrate molar mass distribution for different lignins (Baumberger et al.
2007). GPC spectra of soda lignin (SL) extracted with organic solvents are displayed
for example in Fig. 20. Results exhibited that soda lignin (SL) was sequentially
fractionated by organic solvents (ethyl acetate: F1, methanol: F2, acetone: F3,
dioxane/water: F4) (Kim et al. 2017).

4.8 Lignin Functional Groups-Based Approaches

Lignin has various functional groups such as phenolic hydroxyl, aliphatic hydroxyl,
benzyl alcohol, noncyclic benzyl ether, carbonyl groups, carboxylic acids, and
methoxyl groups (Fig. 21). The abundance of these functional groups directly affects
the reactivity of the lignin in various chemical reactions. The use of selective
reagents is often needed to analyze lignin functional groups and Table 4 summarizes
their determination methods (El and Salvadó 2007; Gosselink et al. 2004a).

To summarize, the synergistic combination of many methods each bringing
partial but complimentary information is compulsory to understand the complex
and heterogeneous lignin. Due to its extreme heterogeneity, the nature of lignin
carbohydrate linkages and occurrence is not completely resolved. Many studies and
techniques were led until now as SEM, SEC, FT-IR, TGA/DSC, NMR, and DFRC.

Fig. 19 FE-SEM micrograph. The transverse section shows lamellae of bright cellulose microfi-
brils and dark lignin aggregates. CML compound middle lamella, S1 secondary wall 1. (Reuse
(print) with permission of Fromm, J., Rockel, B., Lautner, S., Windeisen, E., Wanner, G., 2003.
Lignin distribution in wood cell walls determined by TEM and backscattered SEM techniques.
Journal of Structural Biology 143, 77–84. https://doi.org/10.1016/S1047-8477(03)00119-9. Copy-
right (2003) Elsevier)
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But, the problem inherent in the structural investigation of lignins is still important.
Nevertheless, the development of new methodologies has improved our understand-
ing of the complex structure of these polymers. In particular, the magnetic resonance
techniques and GPC have proved to be efficient analytical tools for the structural
elucidation of these complex biopolymers.

5 Fungal Enzymes and Mechanisms Involved During
Lignin Depolymerization

Due to the recalcitrance of lignin to biodegradation, the ability to depolymerize it and
to use the obtained oligomers as sources of carbon and energy is a true evolutionary
advantage and represents a key activity for the carbon cycle in the ecosystems. Fungi
are reported as the most efficient microorganisms for lignin degradation (Chio et al.
2019; Weng et al. 2021) and developed the capacity to produce ligninolytic enzymes
in relation to their ecological role as wood degraders, soil litter-decomposers, or
pathogens (Hofrichter 2002; Choi et al. 2014). The use of these natural fungal
activities to depolymerize lignin appears attractive for the development of new

Fig. 20 GPC curves of lignin fractions (the peak maxima were normalized to same value except for
SL) (Kim et al. 2017). (Reuse (print) with permission of Kim, J.-Y., Park, S.Y., Lee, J.H., Choi,
I.-G., Choi, J.W., 2017. Sequential solvent fractionation of lignin for the selective production of
monoaromatics by Ru catalyzed ethanolysis. RSC Adv. 7, 53117–53125. https://doi.org/10.1039/
C7RA11541E. Copyright (2017) Royal Society of Chemistry)
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bioprocesses with a reduced environmental impact compared to the physicochemical
approaches. Thus, the functioning of the cellular and enzymatic mechanisms
involved in lignin biodegradation was widely investigated in the past and is still
the object of active research nowadays.

5.1 Lignin Depolymerizing Enzymes from Fungi

Lignin decaying fungi excrete enzymes able to depolymerize the high molecular
weight and hyper-variable molecule of lignin. Indeed, these enzymes do not directly
interact with lignin but generate highly reactive oxidizing mediators able to chem-
ically react with this polymer and trigger degradation ranging from its partial
depolymerization to mineralization in CO2 and H2O (Li and Zheng 2020). These
enzymes belong either to phenol oxidases with laccases or to heme peroxidases with
lignin-, manganese-, versatile and dye decolorizing peroxidases (Table 5). Along
with these main enzyme types, the role of polyphenol oxidases was also described

Fig. 21 Main functional groups of lignin (Poursorkhabi et al. 2020). (Reuse (print) with permission
of Poursorkhabi, V., Abdelwahab, M., Misra, M., Khalil, H., Gharabaghi, B., Mohanty, A., 2020.
Processing, Carbonization, and Characterization of Lignin Based Electrospun Carbon Fibers: A
Review. Frontiers in Energy Research 8, 208. https://doi.org/10.3389/fenrg.2020.00208. Copyright
(2017) National Renewable Energy Laboratory (DOE))
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for lignin degradation by some fungi such as Lentinula edodes and Pleurotus
ostreatus (Dong et al. 2013). Other enzymes such as aromatic peroxygenases have
also been suggested to be involved in the conversion of lignin oligomers (Hofrichter
et al. 2010). The oxidative reactions involved in lignin decomposition and catalyzed
by this mixture of oxidoreductases include the cleavage of C-C bonds and ether
linkages as well as the removal of side chains and aromatic rings (Zabel and Morrell
2020).

Laccases are copper-containing enzymes that use molecular oxygen as a final
electron acceptor for the cleavage of aromatic rings (Munk et al. 2015) or for the
oxidation of phenolic substrates to phenoxy-radicals, which can then react with the
lignin molecule (Gianfreda et al. 1999) and promote Cα oxidation, alkyl-aryl
cleavage, and Cα-Cβ cleavage (Kawai et al. 1988). Consequently, laccases
are reported to trigger various lignin modifications such as polymerization, depoly-
merization, Cα oxidation, and demethylation. Laccases can also oxidize
non-phenolic compounds with the help of mediators such as 2,20-azino-bis(3--
ethylbenzothiazoline-6-sulfonic acid) (ABTS), 3-hydroxyanthranilate (HAA), or
1-hydroxybenztriazole (HBT) which stabilize the reaction intermediates (Hilgers
et al. 2018). The oxidized non-phenolic compounds coupled with these mediators
can promote the aromatic ring cleavage, Cα-Cβ cleavage, Cα oxidation, and β ether
cleavage (Kawai et al. 2004). Thus, with these kinds of mediators, laccases can
degrade up to 90% of the lignin structure (Camarero et al. 2004).

Lignin peroxidases (LiP) are glycoproteins (38–43 kDa) using hydrogen peroxide
generated by extracellular oxidases such as glyoxal or aryl-alcohol oxidases to
perform one-electron oxidation of different phenolic and non-phenolic structures
related to lignin (Weng et al. 2021), resulting in the formation of aryl cation radicals.
These reactive cationic radicals are in turn capable of chemically attacking the lignin

Table 4 Main analytical methods to characterize the functional groups of lignin

Functional groups Technique

Phenolic and Aliphatic
Hydroxyl groups

Aminolysis

UV visible spectrometry

Potentiometric titration

Acetylation/quantitative 13C NMR

Periodate oxidation
1H NMR/31P NMR methods

Benzyl Ether and Benzyl
Alcohol groups

Acid hydrolysis in methanol

NMR

Carbonyl groups Hydroxylamine hydrochloride method

NaBH4

Carboxylic acid groups Conductimetry with titration

– Titration in the aqueous phase

– Titration in non-aqueous phase by tetra-n-butylammonium
hydroxide (TnBAH)

Methoxyl content Gaz chromatography by indirect measurement
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polymer (Pelmont 1995). The catalytic cycle uses in particular veratryl alcohol
(VA) as an electron donor and cofactor (Wong 2009). LiPs are considered as the
most efficient peroxidase type because it has a high redox potential enabling it to
oxidize a higher variety of substrates (Sigoillot et al. 2012). Thus, LiPs are mostly
described as the major enzyme responsible for lignin depolymerization and degra-
dation (Weng et al. 2021). However, some studies hypothesized this kind of enzyme
to have more of a role of detoxification of low molecular weight phenolic com-
pounds released during lignin depolymerization or of functionalization of the lignin
polymer to facilitate its depolymerization by other enzymes (Sarkanen et al. 1991).

Manganese peroxidases (MnP) are glycosylated heme enzymes very similar to
LiP, but they use hydrogen peroxide to oxidize Mn2+ in the presence of chelators to
Mn3+, which in turn oxidizes a variety of phenolic substrates. In particular, Mn3+

catalyzes alkyl-aryl cleavage and α-carbon oxidation in lignin (Tuor et al. 1992) and
forms other radicals involved notably in the degradation of non-phenolic parts of
lignin through the oxidation of organic sulfur compounds and unsaturated fatty acids
(Wariishi et al. 1989; Kapich et al. 1999). By oxidizing phenolic compounds of
lignin, Mn3+ also generates phenoxy-radicals, which are involved themselves in
lignin depolymerization (Hofrichter 2002). MnPs are classically described to only
oxidize phenolic compounds, but they were shown to oxidize also non-phenolic
lignin model compounds in the presence of additional Mn2+ (Chio et al. 2019).
Concerning their consequences on lignin structure, MnP and laccases from
Ceriporiopsis subvermispora have been reported to mainly cleave β-O-aryl ether
linkages in the lignin of Pinus taeda (Guerra et al. 2004). MnP was also shown to
trigger loss of methoxyl groups in 14C-labeled lignin enhancing its reactivity by
increasing the phenolic content (Ander et al. 1992). In cell-free systems, MnP was
shown to generate the formation of water-soluble fragments and even to mineralize
5% of 14C-labeled lignin (Kapich et al. 1999). MnP is the most common ligninolytic
peroxidases of Basidiomycetes (Hofrichter 2002).

Versatile peroxidases (VP) are also designated under the term hybrid peroxidases
in the sense that these bifunctional enzymes present similar catalytic activities to
both lignin and manganese-peroxidases. Indeed, the structure of VP provides mul-
tiple binding sites for different substrates enabling the oxidation of Mn2+ as well as
both phenolic and non-phenolic aromatic compounds without a mediator. However,
VP can directly degrade high reduction potential substrates without VA or oxidize
independently Mn2+ in contrast to LiP and MnP respectively (Camarero et al. 1999).
Other substrates described for VP are a-keto-g-thiomethylbutyric acid (KTBA),
veratryl alcohol, dimethoxybenzenes, different types of dyes, substituted phenols,
and hydroquinones (Caramelo et al. 1999; Heinfling et al. 1998).

Dye decolorizing peroxidases (DyP) share similar catalytic properties with other
previous peroxidases in the sense that they use hydrogen peroxide and mediators for
substrate oxidation (Sugano et al. 2007; Liers et al. 2014). However, a DyP from
Pleurotus sapidus was shown to be able to oxidize the substrate with the oxygen
from the air and without the presence of hydrogen peroxide (Avram et al. 2018). DyP
are phylogenetically distinct from other lignin-modifying peroxidases (Sugano et al.
2007) and have different sequences and structures with an α + β ferredoxin-like fold
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(Singh and Eltis 2015). More in detail, DyPs catalyze the oxidation of a variety of
substrates such as phenolic and nonphenolic aromatic compounds including high-
redox anthraquinone dyes, lignin model compounds, and polymeric lignocellulose.
However mostly DyPs demonstrate high activity against phenolic compounds but do
not always accept non-phenolic compounds or more complicated lignin molecules.
This catalysis occurs in the active site or on the surface of the enzyme according to
the size of the substrate and on the existence of radical transfer pathways available in
the enzyme (Catucci et al. 2020). According to their structures, DyPs are classified
into four classes namely A, B, C, and D (Fawal et al. 2013). Unlike other lignin-
degrading peroxidases, DyP are produced by both bacteria (types A, B, C) and fungi
(type D) (Abdel-Hamid et al. 2013).

Some studies showed synergy between different extracellular oxidoreductases in
the lignin depolymerization process for instance between MnP and laccase (Galliano
et al. 1991) or between MnP and LiP (Thompson et al. 1998). Thus, now that the
catalytic mechanisms are better understood for each lignin-modifying enzyme, a
promising research trail is at the level of the cooperation between them and with
sugar-oxidizing enzymes to better understand the lignin degradation in the lignocel-
lulosic biomass context (Hofrichter 2002).

5.2 Ligninases Phylogenetic Repartition Within the Fungal
Kingdom

5.2.1 The Different Types of Wood Rots

Wood decaying fungi are generally divided into three main non-monophyletic
groups according to the degradation mechanism involved: white-rot, brown-rot,
and soft-rot fungi. The name of the different groups refers to the aspect of wood
after the action of the different fungi, i.e., the majority degradation of lignin let the
lighter-colored cellulose, the preferential degradation of cellulose let the brown
oxidized lignin, and the action of some molds soften the wood surface (Deacon
2013).

White-rot fungi are the most numerous wood rots and the most efficient in lignin
degradation since this group is the only one able to carry out the complete miner-
alization to CO2 (Andlar et al. 2018). This capacity relies on the fact that this group
produces most of the different reported extracellular ligninases. The evolution of
white rots peroxidase was even proposed to be driven by the evolution of wood
lignin since the appearance of more efficient peroxidases with solvent-exposed
catalytic tryptophan correlates with the diversification of angiosperms with hard-
woods including dimethoxylated syringyl lignin units (Ayuso-Fernández et al.
2019). White-rot fungi include the terms white rot, corrosive rot, simultaneous rot,
pocket rot, and uniform rot and are often defined as all species in the
Basidiomycotina that have the capacity to degrade lignin (Blanchette 1991). How-
ever other references also include a few species of Ascomycetes within this category
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(Sigoillot et al. 2012; Deacon 2013). White-rot fungi can either selectively delignify
wood, simultaneously degrade lignin and wood polysaccharides throughout the
decayed wood or cause a combination of selective delignification and simultaneous
decay within the same substrate (Blanchette 1991). Indeed, Ceriporiopsis
subvermispora, Phellinus pini, Ganoderma australe, and Phlebia tremellosa spe-
cifically degrade lignin and hemicellulose but not cellulose, whereas Phanerochaete
chrysosporium, Trametes versicolor,Heterobasidion annosum, and Irpex lacteusare
can simultaneously degrade cellulose, hemicellulose, and lignin (Weng et al. 2021).

Brown-rot (formerly red-rot) fungi represent 7% of wood-rotting Basidiomycetes
and can rapidly hydrolyze the component of cellulose and hemicellulose while just
partially oxidize lignin through hydroxyl radicals resulting from Fenton oxidation
chemistry (Bugg et al. 2011a). Indeed, these fungi produce extracellular hydroqui-
nones that can reduce Fe3+ of Fe–oxalate complex to Fe2+ able to generate hydroxyl
radicals by reacting with hydrogen peroxide (Jensen Kenneth et al. 2001). Brown
rots were shown to be able to non-selectively break the intermonomer side-chain
linkages of lignin (Yelle et al. 2008) and decrease the arylglycerol-β-aryl ether
linkage (Yelle et al. 2011) through this type of Fenton reactions primarily in conifer
softwoods (Weng et al. 2021). Besides, brown rots have been found to generate
extensive oxidative demethylation, significant side-chain oxidation, lignin depoly-
merization, potentially repolymerization, limited aromatic ring cleavages, hydrox-
ylation of aromatic rings, Cβ-ether cleavage, partial side chains hydroxylation,
formation of new aryl-O-aryl ether and aryl-aryl or side-chain linkages. However,
in spite of all these alterations, brown-rotted lignin remains polymeric (Arantes and
Goodell 2014). Despite the different mechanisms involved in lignin degradation,
DNA analyses have shown that brown rots are not separated from white rots in the
Basidiomycota phylogeny (Hibbett and Donoghue 2001). Indeed, the phylogenetic
analysis of ligninolytic peroxidases showed that the mix of concerted and birth-and-
death evolution processes led to the alternation of white and brown rots in the same
lineages (Zhou et al. 2014). The reductive evolution of brown rots from white-rot
ancestors is hypothesized to have enabled to develop a less energy-demanding wood
attack strategy based on non-enzymatic processes compared to the production of
complex biomass deconstructing enzymes (Arantes and Goodell 2014).

Despite the name of the group, soft-rot fungi designate the characteristic pene-
tration and growth of hyphae within the secondary cell walls of wood whether or not
softening of the surface (Levy 1966). Soft rots are mainly Ascomycetes decaying
preferentially angiosperm hardwoods (Kuhad et al. 1997) and degrading lignin by
attacking the syringyl units (Zabel and Morrell 2020). Soft rots have been described
to degrade vanillic acids and phenols, but little is known about the enzymes involved
in lignin degradation and it is hypothesized that this group modifies rather than
mineralize lignin (Weng et al. 2021).
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5.2.2 Ligninases Producers

Laccases belong to the blue copper proteins and more precisely to the family of
multicopper oxidases (MCOs) with ferroxidases, ascorbate oxidase, and ceruloplas-
min. A phylogenic comparison and classification of sequences within this family
showed that laccases sensu stricto are produced by Basidiomycetes and Ascomy-
cetes at least partially according to their lifestyle, whereas laccases by larger sense
originate from bacteria, fungi, plants, and insects (Hoegger et al. 2006). In this study,
the laccases sensu stricto cluster clearly according to the taxonomical association
with two groups associated either to Homobasidiomycetes or to filamentous Asco-
mycetes. Within Homobasidiomycetes, laccases genes appeared to group according
to their function notably in wood decay.

Lignin peroxidases have their genes quite limited to white-rot fungi according to
the fungal peroxidase database (fPoxDB; Choi et al. 2014). Indeed only 1 gene has
been assigned to each Ascomycète Pyronema omphalodes and Fusarium oxysporum
over the total 43 genes reported in fPoxDB (2021). So almost all genes documented
in this bank are associated with the Polyporales order of Basidiomycetes (Table 5).

Manganese peroxidases have drawn attention as alternative ligninolytic peroxi-
dases to LiP due to their wider distribution among Basidiomycetes (Choi et al.
2014), although still limited to the Agaricomycetes class (Table 5). These Basidio-
mycetes belong to two ecophysiological groups, namely wood-decaying fungi
causing white rot and certain soil litter-decomposing fungi. Indeed, both typical
wood colonizers belonging to phylogenetically older families including
Meruliaceae, Coriolaceae, or Polyporaceae, and soil-litter colonizers such as
Strophariaceae and Tricholomataceae produce MnP (Hofrichter 2002). Whereas
the fPoxDB lists 33 species presenting MnP genes, Hofrichter (2002) reports
56 species as producing MnP in culture according to enzyme purification or enzyme
activities measurements. Thus, the number of annotated genes is likely to increase in
the future.

Versatile peroxidases genes are mainly described in white-rot fungal genera
Pleurotus and Bjerkandera in the literature (Hofrichter et al. 2010). However,
fPoxDB reports genes in some other Basidiomycetes white rots, namely Dichomitus
squalens, Lentinus tigrinus, Trametes versicolor, and even two Ascomycetes
(Table 5). In contrast, Pleurotus eryngii is not cited in fPoxDB, whereas VP was
well described in this species (Camarero et al. 1999).

Dye decolorizing peroxidases are not only restricted to the fungal kingdom but
are also found widely in various bacteria (Chio et al. 2019). Within fungi, the
fPoxDB data show that the genes of this type of peroxidases are also widely
distributed within both Ascomycetes and Basidiomycetes phyla (Table 5). Besides,
DyP structures were also characterized in the two Basidiomycetes Termitomyces
albuminosus and Marasmius scorodonius (Hofrichter et al. 2010) and there is a
report on DyP-like proteins in the Auricularia auricula-judae (Liers et al. 2010).
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5.3 Products of Fungal Lignin Depolymerization

The analysis of residual lignin at various stages of decay by white-rot fungi indicates
a steady loss of methoxyl groups and increases in oxygen and hydroxyl content.
Main white-rot lignin degradation products reported by Kirk et al. (1975) include
low molecular weight soluble molecules such as vanillin, syringaldehyde, coniferyl
aldehyde, vanillic acid, syringic acid, and a wide range of aliphatic or aromatic acids
and phenols. More recent researches enabled us to distinguish three main steps in
lignin biodegradation namely depolymerization, biological funneling, and ring
cleavage (Li and Zheng 2020). After lignin depolymerization, a heterogeneous
mixture of low-molecular-weight aromatic compounds is generated with certain
toxicities against microorganisms. Within this mixture, three categories of
monolignol can be distinguished and correspond to the major monomers enabling
lignin synthesis, as previously described, G-lignin, H-lignin, and S-lignin (Weng
et al. 2021). The oligomers generated by lignin depolymerization are then taken up
by fungal cells, converted to other intermediates through funneling pathways, and
further degraded notably through ring cleavage and citric acid cycle (Li and Zheng
2020). Thus, the inhibition of oligomers cellular uptake has been proposed as a
promising approach to increase oligomers production yields through fungal lignin
depolymerization (Leriche-Grandchamp et al. 2020). The biological funneling step
may involve several chemical transformations catalyzed by diverse enzymes such as
acryl CoA synthetase, acryl-CoA hydratase, dehydrogenase, decarboxylases, and O-
demethylase system according to the structure of lignin monomers and environmen-
tal conditions (Abdelaziz et al. 2016). The H-lignin derivative p-coumaric acid is
described to be converted ultimately into p-hydroxybenzaldehyde,
4-hydroxybenzoate, and protocatechuic acid during biological funneling processes
through CoA-dependent β-oxidation, CoA-dependent non-β-oxidation or
CoA-independent pathways. The G-lignin derivative ferulic acid is converted
through different metabolic pathways (non-oxidative decarboxylation,
CoA-dependent non-β-oxidation, CoA-dependent β-oxidation, side-chain reduction)
into vanillin, vanillic acid, and protocatechuic acid. The S-lignin derivative syringic
acid is described to be converted into 3-O-methyl gallate and gallic acid (Li and
Zheng 2020).

6 Applications of Fungal Lignin Depolymerization

Thanks to the strong ability of extracellular enzymes produced by fungi for
delignification and lignin depolymerization, these enzymes have been used in
various applications such as the production of platform chemicals, bioremediation,
and biofuel production.
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6.1 Fungal Lignin Depolymerization Products in Green
Chemistry

Various molecules of phenolic class can be obtained from the fungal or bacterial
degradation of lignin (Bugg et al. 2011b; Sainsbury et al. 2013) and can give access
to small molecules of interest such as vanillin, p-hydroxybenzaldehyde, ferulic acid,
or even p-coumaric acid (Fig. 22).

These compounds contain several similarities in terms of function, as they are all
phenols, with an o-methoxy group (Vanillin, Ferulic acid) or not ( p-
Hydroxybenzaldehyde, p-Coumaric acid). They also possess functionalizable moi-
eties, such as aldehyde (Vanillin, p-Hydroxybenzaldehyde) or an acrylic acid
(Ferulic acid, p-Coumaric acid). All these parameters are giving strong possibilities
for using them as given or to be able to functionalize them, especially under green
conditions.

Indeed, the concept of green chemistry was developed by Paul Anastas and John
Warner in 1998 (Anastas and Warner 1998), and is based on 12 principles including
(examples given):

• Prevention, as it is better to prevent waste than to treat or clean up waste after it
has been created (Jimenez-Gonzalez et al. 2011)

• Atom economy, as a synthetic method, should be designed to maximize the
incorporation of all materials used in the process into the final product (Lim and
Dolzhenko 2020)

• Less hazardous chemical syntheses, as methods should be designed to use or
produce substances with little or no toxicity for Human health or the environment
(Anastas and Warner 2005)

• Designing safer chemicals, as they should preserve the efficacy of function while
reducing their toxicity (Ariëns 1980)

• Safer solvents and auxiliaries, as these agents should be made unnecessary
when possible and innocuous when used (Inamuddin et al. 2021)

• Design for energy efficiency, as environmental and economic impact, should be
minimized, and methods should be conducted at ambient pressure and
temperature.

OH

O

O

Vanillin

OH

O

OH
O

COOH

Ferulic acidp-Hydroxybenzaldehyde

OH

COOH

p-Coumaric acid

Fig. 22 Phenolic compounds from lignin microbial degradation
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• The use of renewable feedstocks, as raw material, should be renewable when-
ever practicable (Tursi and Olivito 2021)

• Reduce derivatives, as additional steps such as protection/deprotection generate
waste

• Catalysis, as catalytic reagents are superior to stoichiometric ones, when selec-
tive (Sheldon et al. 2007)

• Design for degradation, like chemicals should not persist in the environment at
the end of their function

• Real-time analysis for pollution prevention, as in-process and control analyses,
should be developed before hazardous substances formation

• Inherently safer chemistry for accident prevention as releases, explosions, and
fires should be avoided by choosing the right substances or formed substances
during the process (Gao et al. 2021)

So, by trying to approach the maximum of the ideal 12 green chemistry concepts,
some examples using fungal depolymerization products of lignin are given. First,
some examples will concern the vanillin transformation, followed by ferulic com-
pounds and coumaric moieties, and then dyes recovery from hydroxybenzaldehyde
or vanillin will be discussed.

6.1.1 Vanillin

Vanillin being a valuable depolymerization product, its use as starting material in
green chemistry or using a green process is of great interest. Some examples of these
syntheses are given in Fig. 23.

In the domain of materials, resins made of methacrylated vanillin-glycerol
dimethacrylate can give access, without any reaction solvent to a low viscosity
polymer, using a two-step, one-pot synthesis. Indeed, each step was conducted
without solvent, even for the reaction of vanillin to the methacrylated product of
step one (Stanzione et al. 2012).

But small molecules can also be of great interest from vanillin, such as
benzothiazoles where the “on-water” process has been used for its synthesis, partic-
ularly in 81% yield from vanillin (Chakraborti et al. 2007). In the same way,
condensation with semicarbazide gives access to thiazolidine-thione in aqueous
ethanol (88–91% yield from vanillin), where thiazole can be a central tool for
drug-like candidates (Ramesh and Lalitha 2016). Vanillin-based ethers are of great
interest in perfumery, and their recovery with 100% selectivity is important. Then, a
triphasic reaction (Fig. 24) involving a phase-transfer catalyst tetrabutylammonium
bromide (TBAB) gave excellent 100% conversion of vanillin, but also a great 100%
selectivity into the reached ether (Yadav and Lande 2005).

When synthesis is performed in water, some surfactants can be useful to catalyze
the reaction. That is the case for the one-pot formation of 1,8-dioxo-
decahydroacridines in aqueous media, where the best catalyst was p-
dodecylbenezenesulfonic acid (DBSA) compared to the couple SDS (Sodium
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Dodecyl Sulfate) + TsOH (Tosylic acid), only TsOH or fatty acid for example (Jin
et al. 2004). Another way of using vanillin for chromene derivatives is to use
magnetic nanocatalyst under ultrasonic irradiation or underwater reflux conditions.
That is what was done in 2015 by a green one-pot three-component synthesis
(Esmaeilpour et al. 2015).

Moreover, some original examples can be given (Fig. 25) using lemon juice or
laccase as reactants. In the first case, lemon juice extract from Citrus limonium
contains moisture (85%), citric acid (5–7%), carbohydrates (11.1%), vitamin C
(0.4%), protein (1%), fat (0.9%), minerals (0.3%), fibers (1.7%), and some free
and combined organic acids. It is obviously the natural acidic lemon juice extract
content that will act as a natural acidic catalyst (Deshmukh et al. 2012). In the second
example, the vanillin dimerization will occur using laccase from Trametes versicolor
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Fig. 23 Some examples of green syntheses from Vanillin
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as the catalyst. This leads to a dimerization into the ortho position compared to the
hydroxyl group (Llevot et al. 2015).

6.1.2 Ferulic and Coumaric Acids

Ferulic and coumaric acids are of great interest for green functionalization, and some
examples are given below (Fig. 26). For instance, ferulic acid can be functionalized

Fig. 24 Photograph of the liquid-liquid–liquid phase-transfer catalysis. (Reuse (print) with per-
mission of Yadav, G.D., Lande, S.V., 2005. Novelties of reaction in the middle liquid phase in
tri-liquid phase transfer catalysis: Kinetics of selective O-alkylation of vanillin with benzyl chloride.
Applied Catalysis A: General 287, 267–275. https://doi.org/10.1016/j.apcata.2005.04.006. Copy-
right (2005) Elsevier)
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Fig. 25 Original examples
of vanillin green
modification
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with epoxy groups and polymerized. Such bio-based epoxies can lead to a green
alternative to fossil-sourced bisphenol A (Ye et al. 2021). Other polymers are also of
great interest, such as polyethylene ferulate (PEF), or polyethylene coumarate
(PEC), which have the thermal range of fossil polystyrene (Nguyen et al. 2015).

Degradation of ferulic acid can also lead to derivatives such as bio-catechol
(Bomon et al. 2020). In this example, both O- and C-dealkylation occur, and the
authors proposed a mechanism for this dealkylation (Fig. 27). Indeed, treatment of
the ferulic acid or caffeic acid derivatives with hydrochloric acid in water leads to the
formation of benzylic alcohol A through the addition of water to the alkene.
Protonation of the phenolic compound leads to the intermediate B then allows C-C
bond cleavage via a retro vinylogical aldol reaction, delivering guaiacol C. The
O-demethylation reaction of C is initiated by protonation of the arene into
D followed by the addition of water to give hemiacetal E, which upon elimination
of methanol and aromaticity restoration give the final catechol.

Ferulic acid can also be transformed into valuable vanillin (Fig. 26), with green
catalysts obtained by Mimosa tannins transformed and functionalized into Cu/Fe-
OMC or Cu/Fe-DMC (Ordered/Disordered Mesoporous Carbons) by mechano-
chemistry (Lázaro et al. 2021).

The global work presentation of these authors (Fig. 28) and the proposed mech-
anism of ferulic transformation (Fig. 29) are given below.

Indeed, first, ferulic acid is decarboxylated while heated to get vinylguiaiacol,
whose vinylic part is oxidized into an epoxide moiety. The epoxide opening into diol
generated vanillin.
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Fig. 26 Some examples of green syntheses from ferulic (R1 ¼ OMe) and coumaric (R1 ¼ H) acids
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As previously described for vanillin, laccase can be used to graft or modify ferulic
acid or ferulate. This is the case for bio-composites elaboration when ferulic acid
molecules were grafted on cellulose using laccase from Trametes versicolor. The

Fig. 28 Global approach for green ferulic acid transformation into vanillin. (Reuse (print) with
permission of Lázaro, N., Castro-Gutiérrez, J., Ramírez-Vidal, P., Celzard, A., Fierro, V., AlGarni,
T.S., Pineda, A., Luque, R., 2021. Mechanochemical Functionalization of Mesoporous Carbons for
the Catalytic Transformation of trans-Ferulic Acid into Vanillin. ACS Sustainable Chem. Eng.
9, 4704–4710. https://doi.org/10.1021/acssuschemeng.0c09028. Copyright (2021) American
Chemical Society)
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Fig. 27 Proposed mechanism for O- and C-dealkylation (Bomon et al. 2020)
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resulting bio-composites possessed an elongation at maximal stress of 23% improve-
ment, corresponding to a material mechanical resistance. This result was also
confirmed by bio-composite elaboration with natural fibers (Morin et al. 2019).
Oxidation of ferulic acid or ethyl ferulate with Myceliophthora thermophila laccase
led to an eco-friendly procedure to synthesize new active molecules possessing
antioxidant properties (Aljawish et al. 2014).

Finally, green sunscreen can be obtained when an ester from ferulic acid is
transesterified with soybean oil. Indeed, this transesterification from ethyl ferulate
molecule with soybean oil thanks to Candida antarctica lipase B reactivity can lead
to feruloylated monoacyl- and diacylglycerols with small quantities of ferulic acid,
feruloyl glycerol, and fatty acid ethyl esters. These two major compounds are known
as SoyScreen™ (Laszlo et al. 2003).

6.1.3 Organic dyes

Organic dyes are mainly composed of azobenzene molecules, that are smart com-
pounds able to isomerize while illuminated and many applications can be found for
these molecules such as dyes (Rizk et al. 2015; Tanizaki et al. 1966; Teimouri et al.
2013), antibacterials (Banaszak-Leonard et al. 2021; Velema et al. 2015), for retina
recovery (Laprell et al. 2017) in the electrical storage domain (Zhu et al. 2019) or
even for smart micellar catalysis (Drillaud et al. 2012).

The simplest way for obtaining unsymmetrical azobenzenes from
hydroxybenzaldehyde or vanillin is using diazonium salt of the corresponding
aniline on the phenolic compound, as shown in the general figure of Table 6 below.

First, during step 1, sodium nitrite and acid (usually HCl—entries 1, 4, and 5)
affords the unstable nitrous acid that reacts with aniline to afford the diazonium salt
(Franche et al. 2020; Léonard and Fayeulle 2021). It is noticeable that this step works
well with bulk anilines (entry 1) as well as smaller ones, but with electronic effects
on the final yield. For example (entries 2, 3, and 4) an electron-withdrawing group
such as the 4-nitro group gives a better final yield than an electron-donating group,
mainly because of the availability of the electrophilic diazonium salt in step 2.

During step 2, vanillin or hydroxybenzaldehyde are deprotonated with a base
(NaHCO3, KOH, NaOH, K2CO3) to give the corresponding sodium or potassium

Fig. 29 The proposed mechanism by Lázaro et al. (2021) for the formation of vanillin from
ferulic acid
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phenolate, which will act, after an electronic delocalization, as a nucleophile on the
unstable diazonium salt, and will thus form the desired azobenzene. It is noticeable
that in all the syntheses presented here, the solvents have a null or minor impact on
the environment (water or ethanol).

To conclude, various molecules of phenolic class are obtained from the fungal or
bacterial degradation of lignin and the small molecules having some useful func-
tional groups can be used as extracted, or can be further functionalized. In this
context, and having in mind the 12 principles of green chemistry, the diverse
modifications of vanillin, hydroxybenzaldehyde, ferulic or coumaric acids were
presented giving access to useful synthons, polymers, or dyes.

6.2 Bioremediation

Even after the lignin extraction processes used in the paper and pulp industry, the
wastewater still contains high amounts of complex lignin-derived chlorinated phe-
nolics and sulfonated pollutants. The ligninolytic fungal enzymes such as laccase
and peroxidases are capable of catalyzing the modification of phenolic and
non-phenolic lignin-derived substances. Due to the non-specificity of lignin-
degrading enzymes, they are capable of degrading organic and chloro-organic
compounds found in the effluents. The presence of phenoloxidases in the white-rot
fungi is directly related to lignin degradation ability. During the initial phase, the
fungi produce the ligninolytic enzyme system, followed by lignin degradation
during the secondary idiophasic metabolism. White-rot fungi such as Phanerochaete
chrysosporium are the most commonly used in the degradation of paper and pulp
industry waste. As fungi, unlike bacteria, do not require water phases for active
dispersal, solid wastes can be used to bioremediate by layering the sludge or soil
with fungi. While for liquid effluents, fungi are applied either as agar blocks, spores,
mycelium, enzymes directly or immobilized. Batch or continuous flow bioreactors
are also used because of their advantages such as augmented bioremediation due to a
controlled environment. Batch treatment of lignin-containing Kraft effluent using
Coriolus versicolor was found to be successful in remediating using both adsorption
and oxidation mechanisms (Harms et al. 2011; Kulshreshtha et al. 2013; Singh et al.
2021; Singh 2017).

However, laccases are only capable of degradation of low redox potential phe-
nolic compounds and not dyes, which are recalcitrant aromatics. Thus, a lignin-
mediator concept is studied for dye decolorization of effluents from the textile, pulp
and paper industry. The use of naturally occurring laccase mediators, which are
compounds involved in the natural degradation of lignin by white-rot fungi presents
some environmental and economic benefits. These low molecular weight com-
pounds are oxidized by laccase to stable radicals that then act as redox mediators
to oxidize other compounds, which are not direct substrates of the enzyme. In
addition to mediating the oxidative reactions catalyzed by laccases, the mediators
are capable of diffusing to distant sites that are difficult to reach by the mycelium or
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the enzymes themselves. Lignin-derived phenols such as syringaldehyde and
acetosyringone are observed to be efficient mediators for laccase degradation of
different types of dyes and other recalcitrant compounds in a shorter time (Camarero
et al. 2005).

6.3 Potential Applications of Ligninases in Melanin
Degradation

Ligninases produced by white-rot fungi have an important potential in the degrada-
tion of melanin. Melanin is a biological dark pigment found in fungi, bacteria,
helminths, and mammals. Polymerization of phenolic and/or indolic compounds
that form complexes with proteins and carbohydrates results in negatively charged,
hydrophobic pigments called melanin. Fungi synthesize two types of melanin,
namely, dihydroxy naphthalene (DHN) melanin and L-3,4-dihydroxyphenylalanine
(L-dopa) melanin. DHN melanin is produced by a polyketide pathway that uses a
series of redox reactions and the final step of DHN polymerization to DHN melanin
is catalyzed by the laccase enzyme. L-dopa melanin biosynthesis uses a variety of
diverse enzymes, including polyphenol oxidases (i.e. tyrosinase, laccase, catechol
oxidase) (Belozerskaya et al. 2017). Therefore, laccase is an important enzyme in the
synthesis of melanin. Apart from the remarkable properties of melanin to facilitate
the organism to tolerate extreme environments and having various functions, their
role in microbial pathogenesis is important to be considered. Melanin provides
pathogenicity by reducing the pathogen’s susceptibility to host antimicrobial mech-
anisms by influencing the host immune response to infection (Nosanchuk et al.
2015). So, there are two ways to degrade melanin to reduce the pathogenicity of the
microbes. One is to silence the lac gene of the pathogen which inhibits the produc-
tion of melanin and thereby acts as a disease control (Lǚ et al. 2017). Other, is to
introduce ligninase producing white-rot fungi or the isolated enzymes. LiP and MnP
because of their high oxidation potential are found to bleach melanin. Melanin
bleaching is equivalent to melanin degradation as it is understood that if the pigment
is not black, its protective properties are changed and it is no longer melanin.
Therefore, isolated enzymes such as LiP have also found applications in skin
lightening products but difficulties in purification and volumetric production are
the limitations in commercial applications (Butler and Day 1998; Sadaqat et al.
2020).
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6.4 Renewable Energies

6.4.1 Biomethanation

Coal rejects that are a major cause of environmental concerns can be bio-solubilized
and further converted to value-added products such as methane and volatile fatty
acids. Neurospora discreta was observed to produce the highest laccase activity
compared to Trichoderma viride and P. chrysosporium during fungal solubilization
of coal rejects. The profile of degradation products as a result of bio-solubilization
varies with time and fungal species. Bio-solubilization occurs by the breakdown of
hydrophobic biomass matrix to hydrophilic products with the increase in polarity.
The heterogeneity of the products also decreases with time. The polar nature makes it
easy for methanogens and bacteria to utilize the simpler compounds and significantly
improve the production of VFAs and methane in subsequent steps (Ahmed and
Sharma 2021).

During pretreatment of lignocellulosic biomass such as with dilute acid or steam
explosion, hydrolysates rich in xylose are generated and are a great source for
bioenergy production. Nevertheless, toxic byproducts such as
hydroxymethylfurfural (HMF) and lignin depolymerization products such as vanil-
lin and syringaldehyde are also generated in the process. These byproducts have
been shown to inhibit microorganisms used in ethanol production and thereby the
ethanol production itself. However, Barakat et al. (2012) concluded that the anaer-
obic digestion of xylose in the presence of lignin polymers or inhibitory compounds
on its own did not inhibit methane production. The methane potential of the natural
lignin polymers was observed to be positively correlated with their S/G ratio and
negatively correlated with their molecular weights. Therefore, though pretreatment
of lignocellulosic biomass is important to maximize bioenergy production, the
presence of inhibitory products makes it less adverse to produce biomethane than
ethanol (Barakat et al. 2012). Fungal pretreatment of agricultural waste, horticultural
waste, and industrial fiber pulp has been reported to provide an environment-friendly
approach to decrease the lignin content and improve the biogas yield. However, the
residence time for fungal treatment is quite long. By combining these chemical and
fungal pretreatment strategies, the severity of the disadvantages of the individual
methods can be reduced. Combined fungal-chemical pretreatment approaches have
been reported to improve methane yield by decreasing the production of the inhib-
itory products due to less intensity of chemicals used and shorter residence time
needed for fungal pretreatment (Meenakshisundaram et al. 2021).

6.4.2 Biohydrogen Production

In the last decade, fungal treatment of high-lignin-containing biomass has been
studied to improve biohydrogen production. They are of particular interest because
of their capacity to detoxify several lignocellulosic inhibitors simultaneously.
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Pleurotus pulmonarium was used for 60% delignification of sugarcane top without
production of inhibitors that helped to increase the yield of biohydrogen. Further, the
spent medium of dark fermentation was used for methane production that resulted in
higher gaseous energy recovery (Kumari and Das 2016). It has been reported that by
using fungal pretreatment (Gymnopus contrarius) for rice straw, no further addition
of nutrients was needed to be supplemented for hydrogen-producing bacteria as the
fungi provided the prerequisite nutrients. Fungal pretreatment showed high lignin
removal with only a small loss of hemicellulose and cellulose in rice straw. There-
fore, fungal depolymerization of biomass has great potential to produce high hydro-
gen yields under mild conditions (Sheng et al. 2018).

6.4.3 Bioethanol Production

Several white-rot fungi have been identified to ferment oligosaccharide materials to
ethanol without acid or enzymatic hydrolysis. Phlebia sp. MG-60 has been reported
to be capable of converting lignocellulosic biomass directly to ethanol with high
yields. Phlebia sp. MG-60 not only possesses delignification ability but also anaer-
obic saccharification and ethanol fermentability. This is because of the presence of
genes related to glucose uptake, metabolism, production of pyruvate, and ethanol
synthesis that are upregulated under fermentation conditions. Other white-rot fungi
such as Peniophora cinerea and several Trametes strains are reported to directly and
efficiently ferment hexoses to ethanol without a hydrolysis step (Okamoto et al.
2014; Wang et al. 2016). Fungal (Aspergillus nidulans FLZ10) and yeast consortia
(Saccharomyces cerevisiae) are also used for simultaneous detoxification,
delignification, and fermentation of steam-exploded corn stover to ethanol. There-
fore, fungi depolymerization of biomass is seen to be very advantageous for
bioethanol production with low energy requirements and providing a detoxification
step of the inhibitors generated by non-biological pretreatments either in a separated
or in situ process (Moreno et al. 2015).

7 Conclusion and Future Perspectives

Lignin is a highly complex, variable and high molecular weight biopolymer
enclosing monomers with potential high added value applications. This structural
complexity makes the characterization of lignin difficult and requires the combina-
tion of advanced techniques as shown in this chapter. The industrial processes
producing technical lignins, which are among the main valorization targets, can
reinforce the natural variability of lignins resulting from the random radical poly-
merization of monolignols in plant cell walls. Thus, the development of more
adapted and effective analytical techniques appears mandatory for both the charac-
terization of initial substrates, and the monitoring of bioconversion and biodegrada-
tion during the process. Besides physicochemical depolymerization approaches,
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which are effective but with a low ecological compatibility, biological techniques try
to overcome these challenges with prospect to produce bio-based synthons for green
chemistry, help in bioremediation processes or improve the development of renew-
able energies. The fungal kingdom was widely investigated for the diversity and the
particularity of its enzymatic machineries, which are considered as the most effective
for lignin biodegradation as far. As a result, fungi attract attention for the develop-
ment of lignin valorization processes through fungal depolymerization. However,
most of the studies were carried out at bench scale as far and many challenges persist
for process scale-up with yields and conversion efficiencies, which meet the indus-
trial expectations. Envisaged ways to answer to these current limitations are: (1) the
use of bioprocess engineering strategies promoting microbial diversity with com-
plementary enzymatic activities such as aerobic granular sludge or sequencing batch
biofilm bioreactor, (2) the enhancement of enzymatic catalysis through coupling
with electrochemical cell, pH-responsive membranes bioreactor, graphene electron
conduction, (3) improve the bioavailability and biodegradability of lignin through
either biological approaches using fungal secretomes or thermochemical strategies.
Fundamental studies about lignin-derived aromatics metabolism are also still needed
in both bacteria and fungi to enable the development of bioprocesses involving
mixed cultures and to improve microbial biodegradation efficiency as well as
resistance to generated inhibitors through metabolic and genetic engineering
strategies.
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From Blue Pigment to Green Technology:
Properties and Applications
of Fungi-Derived Pigment Xylindein

G. Giesbers, M. J. Brodeur, R. C. Van Court, S. C. Robinson,
and O. Ostroverkhova

Abstract We overview properties of fungi-derived pigments of interest for artistic
and technological applications, with a focus on xylindein, a blue-green spalting
pigment produced by Chlorociboria species. Optical and electronic properties of
xylindein are reviewed, and underlying mechanisms behind its attractive properties
(which include enhanced photostability and electronic characteristics) and how they
are enabled by the hydroxyl groups in the molecular structure of xylindein are
discussed. Potential applications of xylindein as a sustainable material for (opto)-
electronic and electrochemical devices which include solar cells, electrochemical
transistors, and batteries, are described. The features of xylindein and accompanying
challenges depending on the application are outlined, and the outlook is presented.

Keywords Fungi-derived pigments · Organic semiconductors · Organic
electronics · Bioelectronics

1 Introduction

1.1 Spalting Fungi and Fungi-Derived Pigments

The art of spalting involves using wood stained by a variety of soft-rotting fungi for
decorative and artistic work, such as marquetry, intarsia, and woodturning. Spalted
wood is used across the globe, but is mostly documented in Western Europe from
around the mid-1400s to the late 1600s. It was particularly used in Italy and
Germany for elaborate marquetry works (Fig. 1). Spalting is generally broken
down into three categories—white rot (a lightening of the wood area due to
decay), zone lines (lines of melanin secreted into the wood to act as a physical
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barrier between species), and pigmentation (broadly produced, colorfast pigment
that deeply penetrates the wood). There are several commonly used spalting fungi in
each category, such as Trametes versicolor and Polyporus brumalis for white rots,
Xylaria polymorpha for zone lines, and Chlorociboria species and Scytalidium
cuboideum for bright colors (blue-green and red, respectively). Of particular interest
is xylindein, the blue-green pigment produced by Chlorociboria species (elf’s cup),
which has a long history of historic use in Western European artwork, and is favored
by today’s artisans for the long-lasting, UV stable color (Fig. 2).

Fig. 1 Bureau, South Germany, 1560–1570, from the Bilbao Fine Arts Museum. The blue-green
stain seen is from xylindein, the pigment produced by soft rotting fungi in the Chlorociboria genus
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In addition to arts and crafts, xylindein has found use in a number of colorant
contexts. It has been used as a textile dye (Weber et al. 2014; Hinsch et al. 2015,
Fig. 3), decking coating (Vega Gutierrez et al. 2021, Fig. 4), and paint (Robinson
et al. 2017, 2018, Fig. 5). Outside of usage as a colorant, over the past ~5 years
xylindein has also been investigated as a sustainable (opto)electronic material
(Giesbers et al. 2018, 2019a, b, 2021) as discussed extensively in this chapter.

Although the present chapter focuses on xylindein, particularly the mechanisms
behind its attractive properties (photostability, enhanced electronic characteristics,
and device applications), it is not the only fungi-derived pigment of interest for
artistic and technological applications. The orange-red pigment dramada—produced
by the spalting fungus Scytalidium cuboideum—is a naturally occurring
naphthoquinonic crystal (Vega Gutierrez et al. 2018). This pigment has not been
as widely studied as xylindein but has been successfully turned into an ink for textile
inkjet printing (He et al. 2021, Fig. 6), a decking protectant (Vega Gutierrez et al.
2021, Fig. 4), a paint and oil colorant (Robinson et al. 2017; Robinson et al. 2018,
Fig. 5), and has been investigated for hand dyeing of fabrics (Hinsch et al. 2015,
Fig. 3). In addition, Scytalidium ganodermophthorum produces a range of colors
including yellow, green, purple, and red (Vega Gutierrez et al. 2020) which seem to
be due to the presence of multiple pigments (Van Court et al. 2020b). The identity of
these pigments is so far unknown. Yellow extracts from S. ganodermophthorum
have shown to produce porous films with morphology similar to those of xylindein
(Vega Gutierrez and Robinson 2017) and interesting optical properties (Wiesner
2020). These fungi-derived pigments may have potential for electronic and/or

Fig. 2 (a) Blue-green stain of Chlorociboria on a downed log in Chile, South America. Photo by
Dr. Patricia Vega Gutierrez. (b) The fruiting cup of Chlorociboria spp. on a downed hardwood log
in Oregon, USA. Photo by Dr. Seri C. Robinson. (c) Xylindein extraction from liquid cultures and
pigment in solution. (d) Molecular structure of xylindein
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Fig. 3 Extracted pigment from Chlorociboria species (blue-green xylindein), Scytalidium
cuboideum (red dramada), and Scytalidium ganodermophthorum (yellow unknown pigment)
applied to five different fabric types, showing saturation changes by fabric. Polyester, notoriously
difficult to dye, held the most color. From Weber et al. (2014)
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Fig. 4 Douglas-fir (Pseudotsuga menziesii) and white pine (Pinus strobus) wood treated with
linseed oil, aniline dyes, or the pigment xylindein (Chlorociboria species) / dramada (Scytalidium
cuboideum) after an accelerated weathering test. The linseed oil mixed with the fungal pigments
significantly decreased the cracking and greying of the wood. From Vega Gutierrez et al. (2021)

Fig. 5 Xylindein (blue-green), dramada (red), and the unknown yellow pigment from Scytalidium
ganodermophthorum can be carried in natural oils, thereby eliminating the need for a solvent
carrier. Image shows the color range available. B ¼ xylindein, BR ¼ xylindein + dramada,
BY ¼ xylindein + yellow pigment, R ¼ dramada, RY ¼ dramada + yellow pigment, Y ¼ yellow
pigment. L ¼ raw linseed oil, D ¼ Danish oil, W ¼ walnut oil
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electrochemical applications discussed here in the context of xylindein and require
further studies.

1.2 Motivation for Exploring Xylindein as an Organic
Semiconductor

There are several technological challenges that humanity must face in the wake of
climate change and the need for more sustainable development. Ever since the
discovery of conductivity in polyacetylene by Heeger et al. in the 1970s (Shirakawa
et al. 1977), organic semiconducting polymers and small-molecule organic materials
have been well positioned as a viable replacement for inorganic materials in a variety
of (opto)electronic applications (Ostroverkhova 2016). Today, many applications of
organic semiconductors have been commercialized, which include organic light-
emitting diode (OLED)-based displays and lighting and organic solar cells
(Ostroverkhova 2018). The benefits frequently touted are their structural flexibility,
ease of processing, and low-cost, to name a few. Organic semiconductor materials
that are also sustainable and non-toxic are of special interest.

Many natural products-derived pigments that have been used in art, wood
staining, textile dyes, etc. over the centuries (Irimia-Vladu et al. 2011) have a
conjugated molecular structure (i.e. containing alternating single and double
bonds). However, their utility as organic semiconductors (for which the conven-
tional requirement for the molecular structure is the presence of conjugation) has
been limited until recently (Głowacki et al. 2013a, b; Głowacki et al. 2014), although
there has been some early work on excited states and charge carrier dynamics in

Fig. 6 Dramada (red)
pigment from Scytalidium
cuboideum printed on cotton
using an inkjet printer with
CTAB-based ink. The
pigment was successfully
made into an inkjet-
compatible ink, which
allowed for precise color
printing without bleeding
edges. From He et al. (2021)
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carotenes (Ehrenfreund et al. 1992) and chlorophyll (Kamat et al. 1986). Even less
work has been done on utilizing fungi-derived pigments in devices, with only a few
reports on using, for example, Cortinarius and Monascus fungi as sources for
sensitizers in dye-sensitized solar cells (Zalas et al. 2015; Ito et al. 2010).Unexpect-
edly strong performance of naturally derived indigo and other hydrogen (H)-bonded
dyes and pigments as organic electronic materials in the past decade has been
referred to as a “paradigm shift in molecular electronics design” (Irimia-Vladu
2014). These dyes exhibit high stability with respect to heat degradation and
chemical oxidation (which prompts their utility as textile dyes). They also exhibit
long-range order and have remarkable photophysical characteristics due to both
intra- and intermolecular hydrogen (H-) bonding. Work of Sariciftci and
co-workers (Głowacki et al. 2012, 2013a, b, 2014, 2015; Irimia-Vladu et al. 2011;
Sytnyk et al. 2014) has documented that H-bonded building blocks, such as
indigoids (derived from indigo dye obtained from Indigofera tinctoria and Isatis
tinctoria plants and traditionally used for coloring blue jeans), may contribute good
optoelectronic performance, in spite of lack of intramolecular conjugation, and
stability. These materials owe their performance to intermolecular order that pro-
motes charge delocalization resulting in enhanced charge transport properties that
are the key to the electronic device performance. For example, electron and hole
mobility of 0.3 cm2/(Vs) was observed in organic field effect transistors (OFETs) of
Tyrian purple, a 6,60-dibromoindigo pigment originally derived from sea snails and
shellfish, and hole mobility of 1.5 cm2/(Vs) was obtained in epindolidione, a
structural isomer of indigo used as a yellow colored toner for printing (Głowacki
et al. 2013a, b). Furthermore, power conversion efficiencies of up to 8.2% were
obtained from organic solar cells containing indigoids (Deng et al. 2014). Strong
(opto)electronic performance of these dyes is coupled with high stability in air
(Głowacki et al. 2013a, b); for example, Tyrian purple diode performance showed
no signs of degradation even after a month of continuing operation in air, likewise,
epindolidione OFET was stable for at least 140 days of operation in air
(Gospodinova and Tomšík 2015).

Another high-performance naturally derived building block is H-bonded
diketopyrrolopyrrole (DPP) pigments. These are known for their utility in outdoor
and automotive paints (e.g. in a famous “Ferrari Red”). However, when used in
organic electronic devices, they exhibited ambipolar transport in OFETs with mobil-
ities of up to 0.06 cm2/(Vs) (Głowacki et al. 2014). Furthermore, DPP-based
co-polymers exhibited charge carrier mobilities of>12 cm2/(Vs), at least four orders
of magnitude higher than those in traditional conjugated polymers (e.g. poly
(p-phenylene vinylene), or PPV, derivatives) and approaching those in molecular
crystals (Ostroverkhova 2016). Finally, some derivatives such as quinacridone
(widely used as a magenta colored toner for ink-jet printers) exhibited ambipolar
charge carrier mobilities of ~0.1 cm2/(Vs) (Głowacki et al. 2013a, b) and extraordi-
narily high photocurrents characterized by an external quantum efficiency (EQE) of
10% in single-component Schottky diodes (i.e. ITO/quinacridone/Al), three orders
of magnitude higher than that in similar pentacene (benchmark organic semicon-
ductor) devices (Głowacki et al. 2012).

From Blue Pigment to Green Technology: Properties and Applications. . . 399



The work described above served as a motivation to explore H-bonded naturally-
occurring spalting fungi-derived pigments as sustainable materials for electronic
applications. Xylindein, which exhibits enhanced photostability and high electron
mobility (Giesbers et al. 2019a, b), both attractive properties for electronic device
applications, is a representative material of this class of promising sustainable
organic electronic materials and is the focus of the present chapter. The structure
of xylindein was first reported in the 1960s (Blackburn et al. 1962; Edwards and
Kale 1965) but its absolute configuration remained unknown for decades, leading to
a systematic re-examination in 2000 to obtain the xylindein tautomeric structure
(Saikawa et al. 2000). Attempts at xylindein synthesis have so far proven incomplete
(Donner et al. 2012), and the work presented in this chapter has been carried out with
xylindein extracted from liquid cultures.

The chapter is organized as follows. Section 2 discusses (opto)electronic proper-
ties of xylindein and underlying mechanisms. Section 3 introduces challenges that
need addressing for viability of xylindein-based electronic devices. Section 4 high-
light preliminary work on utilizing xylindein in electrochemical and energy storage
devices, and Sect. 5 concludes and presents an outlook.

2 Properties of Xylindein as an (Opto)Electronic Material

2.1 Optical Properties

The important property that motivated exploration of xylindein as an (opto)-
electronic material is a rare combination of its enhanced photostability
(as compared to conventional organic semiconductor molecules) with promising
electronic characteristics (Harrison et al. 2017; Giesbers et al. 2018, 2019a, b, 2021;

Fig. 7 Molecular structures for xylindein tautomers A (a) and B (b) with optical properties shown
in (c). The difference in the orientations of the OH groups between the two tautomers is emphasized
by encircling. (c) Absorption spectrum of xylindein in dichloromethane (DCM) fit using two
vibronic progressions. The sum of the contributions of the two tautomers to the spectra is also
included (total fit). From Giesbers et al. (2019a)
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Krueger et al. 2021a, b), as summarized in this section. Therefore, for molecular
design of next-generation organic electronic materials, it is important not only to
characterize the optical and electronic properties of xylindein but also to understand
how the molecular structure of xylindein enables these properties.

Optical absorption spectrum of xylindein solution in dichloromethane (DCM) is
shown in Fig. 7. The spectrum structure offers an insight into the molecular structure
of xylindein and how the molecule interacts with light. In particular, the spectrum
exhibits a rather complicated structure that can be described by a sum of two
vibronic progressions (Fig. 7). A vibronic progression (a combination of optical
transitions offset by a vibrational energy, seen in Fig. 7 as a set of three peaks of
varying intensity) is due to the coupling of excitation (electron-hole pair on the
photoexcited molecule) to a vibrational mode of the molecule, in this case a C-C
stretching mode. The need for two such progressions for properly describing the
optical absorption spectrum of xylindein in solution indicates the presence of two
dominant tautomers (A and B in Fig. 7) with slightly offset energies of optical
transitions (as confirmed by the density functional theory) that contribute to the
spectra at a ratio of 30:70 (Giesbers et al. 2019a). Interestingly, these two tautomers
exhibit considerable differences in the excited state dynamics, as only one of them
undergoes efficient excited-state intramolecular proton transfer (Krueger et al.
2021a). Note that tautomerization of xylindein is related to the OH groups in the
xylindein molecular structure; for example, xylindein derivative dimethylxylindein
in which the OH groups are replaced by OCH3 groups does not have tautomers and
as a result has a simpler absorption spectrum which fits well with one vibronic
progression (Giesbers et al. 2021). The photoluminescence quantum yield of
xylindein is low (<0.1%), due to efficient non-radiative decay pathways as
discussed in Sect. 3.2.

Fig. 8 Integrated optical
absorption S0-S1 spectra,
normalized at time t ¼ 0, of
dilute solutions of xylindein
and of benchmark organic
semiconductors TIPS-Pn
and diF TES-ADT
continuously illuminated by
white light in air, illustrating
superior photostability of
xylindein in air. From
Giesbers et al. (2019a)
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2.2 Photostability

Figure 8 illustrates that xylindein in solution has a considerably higher photostability
as compared to solutions of benchmark organic semiconductors functionalized
pentacene (TIPS-Pn) and anthradithiophene (diF TES-ADT) (Ostroverkhova
2016). In particular, under continuous white-light illumination in air, the TIPS-Pn
molecules in solution decomposed within 3 days. The fluorinated ADT derivative,
diF TES-ADT, which is photostable enough to enable its use as a fluorophore in
single-molecule fluorescence spectroscopy (Shepherd et al. 2015), showed a gradual
degradation over the period of first several weeks followed by an accelerated
degradation starting at about 5 weeks. Under the same illumination conditions, no
degradation in optical absorption of xylindein was observed over the period of about
25 weeks, after which partial degradation occurred (Fig. 8) (Giesbers et al. 2019a). In
addition, xylindein in solution exhibited enhanced photostability in comparison with
other H-bonded pigments, which are known for their enhanced photostability
(Yamazaki et al. 2011), including indigo and alizarin (Giesbers et al. 2021). On
the molecular level, the photostability of xylindein is enabled by OH groups in its
molecular structure and the fast nonradiative excited state processes these groups
facilitate such as excited-state intramolecular proton transfer (Sect. 3.2). In particu-
lar, a deprotonated xylindein and xylindein derivative where OH groups are replaced
by OCH3 groups (dimethylxylindein), degrade considerably faster than xylindein
(Sect. 3.2).

Fig. 9 Current-voltage (I-V) characteristics for pristine xylindein and xylindein:PMMA films on
coplanar Al electrodes with a 200 μm gap, exhibiting transition from the linear (Ohmic) to the
quadratic (SCLC) regime. Inset shows the current (I) replotted as a function of voltage-squared (V2)
and linear fits slopes of which were used to calculate the effective electron mobilities assuming the
thin-film approximation of the SCLCs in the planar electrode geometry. From Giesbers et al.
(2019a)
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2.3 Electronic Properties

Figure 9 shows current-voltage (I-V) characteristics for a pristine xylindein film on
coplanar aluminum (Al) electrodes exhibiting ohmic response followed by a char-
acteristic transition from the linear (I ~ V) to the space-charge-limited current
(SCLC) (I ~ V2) regime (Day et al. 2009). From SCLC currents (inset of Fig. 9),
the values for the effective electron mobility, which is one of the defining charac-
teristics of an electronic material, in the 0.1–0.4 cm2/(Vs) range were obtained,
depending on the device, in pristine xylindein films. These values are considered to
be lower bound estimates to the “true”, intrinsic value for the electron mobility, as
the trap-free SCLC regime (characterized by a sharp, step-like increase in the current
at higher voltages, followed by the I ~ V2 behavior but at considerably higher levels
of currents) was not reached in these measurements and thus, the intrinsic mobility is
higher. Also note that the performance of xylindein-based devices depends on the
fungi growth and purification protocols (Van Court et al. 2020a; Giesbers et al.
2019b), and higher mobilities could be possible with improved protocols. Achieving
effective mobility values above 0.1 cm2/(Vs) is rather remarkable given that
xylindein films are amorphous, as these values approach the value of ~1 cm2/
(Vs) in amorphous silicon while most amorphous organic semiconductor films
have charge carrier mobilities below 10�3 cm2/(Vs). This illustrates benefits of an
interplay of intermolecular hydrogen bonding and π-π stacking, made possible by
the molecular structure of xylindein but not present in conventional organic semi-
conductors with molecular structures that lack OH groups and rely only on π-π
stacking to promote charge transport. This observation is further supported by four
orders of magnitude higher charge carrier mobilities obtained in xylindein films as
compared to dimethylxylindein (Giesbers et al. 2021).

As xylindein tends to form porous and inhomogeneous films (Sect. 3.3, Giesbers
et al. 2018), in order to improve film processability, blends of xylindein with a
polymer polymethylmethacrylate (PMMA) were explored. The PMMA exhibits
negligible electric currents in the absence of xylindein, thus providing a
non-conductive scaffold for the xylindein molecules (Giesbers et al. 2018, 2019a).
The xyindein:PMMA blend yielded considerably smoother films as compared to
xylindein films, with optical and electronic properties similar to those of pristine
xylindein film (Fig. 9), exhibiting, for example, SCLC effective mobilities of
0.26 cm2/(Vs) in the xylindein:PMMA film (as compared to 0.4 cm2/(Vs) in pristine
xylindein), inset of Fig. 9. Thus, blending with polymers represents one of the
promising routes for improving processability, reproducibility, and performance of
xyindein-based films for electronic devices. Blending of xylindein with nature-
derived materials such as nanocrystalline cellulose has also been explored (Giesbers
et al. 2019a). Although electronic characteristics from these blends were inferior to
those from pristine xylindein and xylindein:PMMA blends, this was attributed to
non-uniform distribution of xylindein which prevented formation of efficient con-
ductive pathways. This issue could potentially be resolved by improvements in film
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processing methods, towards creating a fully nature-derived sustainable organic
electronic material.

3 Challenges

3.1 Impurities in Fungi-Derived Pigments and their Effect
on the (Opto)Electronic Properties

As spalting is likely a stress response by fungi, pigments are not the only compounds
secreted. A host of other compounds (and mycotoxins) are produced both intra and
extracellularly by fungi under stress, the makeup of which is not only species
specific, but also strain and conditions specific. This mix of secondary metabolites
makes purification of xylindein difficult. The preferred solvent for pigment extrac-
tion, dichloromethane (DCM),solubilizes other compounds along with xylindein, as
seen in high-performance liquid chromatography (HPLC) analysis—most of which
are not readily visible to the naked eye and are well hidden in the blue-green extract.
While the peaks of such compounds separate out on HPLC, physically removing
them has proven difficult (Van Court et al. 2020a; Giesbers et al. 2019b) as
illustrated below. As xylindein is produced by many species in the Chlorociboria
genus, output amount and types of secondary metabolites differ, both across species
and within strains (Van Court et al. 2020a). Strain was found to be more important
than species in terms of selecting high xylindein output and relative purity (Van
Court et al. 2020a). (In contrast, purification of the dramada crystal from Scytalidium
cuboideum is relatively simple—allowing the DCM solution to evaporate slowly so
that the crystals can lengthen. These crystals can then be harvested from the substrate
(usually glass) without any competing secondary metabolites (Vega Gutierrez et al.
2018). There also do not appear to be clear strain effects on the amount of dramada
produced by S. cuboideum (Weber et al. 2016).)

Growth conditions affect metabolite production of all fungi, but are particularly
challenging when obtaining pigments from spalting fungi. High nutrient growth
conditions lead to mycelial generation but not necessarily to pigment production
(Van Court et al. 2020a; Stange et al. 2019), hence conditions must be maintained
that stress the fungi without killing them. For cooler-climate fungi, such as
Chlorociboria species (Richter and Glaeser 2015), this can mean growth at warmer
temperatures. For pH sensitive fungi, like Scytalidium species, this can mean
additions to the growth media to stimulate the desired color output.

Figure 10 illustrates the effect of impurities, most likely secondary metabolites
mentioned above, present in xylindein extracted from liquid cultures on the optical
properties and electronic characteristics. A simple protocol (“ethanol wash”) was
developed to remove some, but not all, impurities, which was observed using mass
spectrometry and has manifested into optical and electronic properties (Fig. 10). In
particular, Fig.10a, b show a comparison between the absorption and
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photoluminescence (PL) spectra obtained from “pre-wash” (i.e. as extracted) and
“post-wash” (i.e. purified using “ethanol wash”) xylindein solutions. While the
absorption in the 500–700 nm region corresponding to that from the lowest elec-
tronic (S0-S1) transition of xylindein is preserved (as shown in Fig. 10a), a dramatic
reduction in the UV-absorbing species (referred to as contaminants) was observed as
a result of the ethanol wash (Giesbers et al. 2019b; Van Court et al. 2020a). The PL
of xylindein occurs in the >680 nm wavelength region (Fig. 10a, b) and is weak,
characterized by a quantum yield of <0.1%. A considerably stronger PL emission
was observed from contaminants in the “pre-wash” sample, occurring in the broad
(400–600 nm) spectral region upon 400 nm excitation (Fig. 10b). As seen from
Fig. 10b, the ethanol wash substantially reduced the PL emission from the contam-
inants - by nearly 75% (as compared to the PL emission in the “pre-wash” sample),
but it did not eliminate it completely.

Figure 10c shows a comparison between electronic properties of films deposited
from “pre-wash” and “post-wash” xylindein solutions. An increase in the electric
current (and associated charge carrier mobility) of more than two orders of magni-
tude was observed in samples made with a “post-wash” xylindein as compared to
“pre-wash” xylindein. This large difference in the electronic performance demon-
strates importance of development of effective purification protocols for achieving
as high purity as possible to boost electronic properties.

Additionally, more than an order of magnitude difference in charge carrier
mobility was observed in xylindein films made using xylindein produced by differ-
ent Chlorociboria aeruginascens strains (Van Court et al. 2020a), due to the varying
type and concentration of impurities. This further highlights the multitude of vari-
ables that could be optimized to achieve the best device performance.

Fig. 10 (a) Absorption and (b) Emission spectra before and after ethanol wash. In (b), PL emission
(normalized at its values at 712 nm) was collected with a 400 nm excitation, exhibiting large
difference in contribution of contaminants responsible for emission below ~600 nm. (c) Current-
voltage (I-V) characteristics for the “pre-wash” and “post-wash” xylindein film on coplanar Al
electrodes with a 50 μm gap, showing transition from the linear to the quadratic (SCLC) regime.
Effective charge carrier mobilities extracted from these SCLC characteristics are 1.6 � 10�3 cm2/
(Vs) for “pre-wash” and 0.19 cm2/(Vs) for “post-wash” xylindein. From Giesbers et al. (2019b)
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3.2 Photophysics: High Photostability Versus Photosensitivity
for Optoelectronics

The molecular core of xylindein has a structure of a peri-xanthenoxanthene (PXX).
However, the photophysical and electronic properties of xylindein are considerably
different from those of unsubstituted PXX and its derivatives studied in the litera-
ture, which indicates importance of side groups in xylindein, not present in com-
monly studied PXX derivatives. For example, xylindein is non-fluorescent
(PL quantum yield (QY) of<0.1%), and it favors electron (n-type) transport, in
comparison with PL QYs of 0.5–0.97 and hole transport in PXX (Al-Aqar et al.
2017; Kobayashi et al. 2009). Therefore, in order to better understand properties of
xylindein and relate them to the specifics of its molecular structure, a molecule with a
structure closer to that of xylindein as compared to PXX was necessary. An example
of such molecule is a methylated derivative of xylindein (dimethylxylindein), which
has most of the features of xylindein’s molecular structure except for the OH groups
that are substituted with OCH3 (OMe) groups. A side-by-side comparison of optical
and (opto)electronic properties of these two compounds was performed, revealing
dramatic differences in their photophysics and (photo)conductivity. In particular, it
was demonstrated that the OH groups in xylindein enable processes that are critical
both for its remarkable photostability and enhanced electronic properties (Giesbers
et al. 2021).
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Fig. 11 (a) Integrated absorption spectra of xylindein and dimethylxylindein solutions in
dichloromethane versus time during exposure to white light in air. Lines provide the guide to the
eye. Inset shows time evolution of dimethylxylindein absorption spectra as the compound degrades
upon exposure to light. (b) Photocurrent from pristine xylindein and dimethylxylindein (DMXyl)
films on interdigitated electrodes with a 25 μm gap at the applied voltage of 100 V under 532 nm
continuous wave laser illumination turned on at time t ¼ 0 and off after 20 s. Inset shows the
photosensitivity of the same films, defined as a ratio of the photocurrent to dark current. Note that
although the photocurrent is higher in xylindein (main figure), due to xylindein’s superior charge
carrier mobility, the photosensitivity is higher in dimethylxylindein (inset), due to
dimethylxylindein’s more efficient charge photogeneration. From Giesbers et al. (2021)
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Figure 11a shows integrated absorption over the S0-S1 transition for xylindein
(600–700 nm) and dimethylxylindein (520–590 nm) in solution under continuous
white light illumination in air. Importantly, dimethylxylindein degraded by more
than 80% after only two weeks of exposure, while xylindein showed no evidence of
photodegradation under identical illumination conditions during this period of time.
Significant photodegradation was also observed in deprotonated xylindein, further
demonstrating the importance of the hydroxyl (OH) groups to the photostability of
the molecule. Transient absorption spectroscopy (which probes excited-state dynam-
ics on the ultrafast time scales) provides further insight intothe stark difference
between the stability of xylindein and dimethylxylindein molecules (Fig. 11a)
which revealed fast excited-state decay which depopulates the photoexcited state
on picosecond time scales in xylindein as compared to long-lived excited state that
persists in dimethylxylindein after many tens of nanoseconds after photoexcitation
(Krueger et al. 2021a; Giesbers et al. 2021; Krueger et al. 2021b).

In particular, Fig. 12 shows the potential energy surfaces in xylindein, highlight-
ing efficient ultrafast pathways for energy relaxation both in solution and thin film.
In solution (Fig. 12a), fast conformational motions of xylindein lead to a conical
intersection (CI) and excited state deactivation on the picosecond time scales, which
prevents chemical reactions (such as photo-oxidation) responsible for
photodegradation that require a longer-lived excited state.

Figure 11b shows photoconductive properties, important for devices that rely on
the ability of materials to generate charge carriers under illumination
(e.g. photovoltaic cells or phototransistors), of xylindein and dimethylxylindein
films under a 532 nm continuous-wave light excitation. Although the photocurrent
is about two orders of magnitude higher in xylindein films than in
dimethylxylindein, this is a combined effect of a four orders of magnitude
higher charge carrier mobility, but two orders of magnitude lower charge
photogeneration efficiency in xylindein, both of which contribute to the photocurrent
resulting in a net higher photocurrent in xylindein. While the higher charge carrier
mobility in xylindein is due to a combination of hydrogen bonding promoting
intermolecular charge transfer and more favorable film morphology as compared
dimethylxylindein, the question arises of why the charge photogeneration efficiency
in xylindein is so much lower than that of the dimethylxylindein. The lower
photogeneration efficiency in xylindein is illustrated by a comparison of the photo-
sensitivity of xylindein and dimethylxylindein, which is defined as the ratio of
photocurrent to dark current. As seen from the inset of Fig. 11b, the photosensitivity
was considerably higher in dimethylxylindein. This is due to the differences in the
excited state dynamics of these two compounds which are responsible for higher
photostability of xylindein (Fig. 11a) but manifest into a lower charge
photogeneration efficiency (Fig. 11b) as compared to dimethylxylindein. In partic-
ular, as shown in Fig. 12b, c, the photoexcitation of xylindein films is followed by
the sub-picosecond excimer formation. This, in turn, is followed by an efficient
non-radiative decay which dramatically reduces exciton diffusion lengths which are
often necessary for high charge photogeneration efficiency. Therefore, there appears
to be a trade-off between photostability and charge photogeneration efficiency in
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Fig. 12 Potential energy surfaces (PESs) of xylindein in solution and in thin film. (a) For xylindein
monomer in solution, the insets show the decreasing ring-coplanarity due to conformational
motions, which leads to a conical intersection (CI). (b) Energy levels for the monomer in solution
and for the aggregated solution and thin-film excimers. The excimer to charge-transfer (1CT)
absorption band is denoted near-infrared excited-state absorption (NIR ESA). (c) PESs of the
thin-film xylindein. The excimers following initial structural relaxation exhibit the NIR ESA
band to a CT state (Xyl+-Xyl�). In (a) and (c), time constants are listed with their respective
dynamic processes. From Krueger et al. (2021a)

408 G. Giesbers et al.



xylindein derivatives, which has to be taken into account when optimizing these
materials for applications in optoelectronic devices.

3.3 Effect of Morphology

Even though some aspects of pristine xylindein photophysics discussed above are
unfavorable for optoelectronic applications, in order to obtain a more comprehensive
picture of xylindein as an optoelectronic material, xylindein was investigated as a
non-fullerene n-type acceptor material in donor-acceptor (D:A) blends for photovol-
taics. This was motivated by the continuing search for more stable n-type organic
materials, as current n-type organic semiconductors exhibit low stability with respect
to environmental factors (Ostroverkhova 2018; Ostroverkhova 2016). Additionally,
the most successful n-type organic materials serving as acceptors in D:A photovol-
taics have traditionally been fullerene derivatives that have not only low-stability
issues but other unfavorable features including relatively high costs.

In the D:A organic photovoltaics, light excites the donor (p-type organic semi-
conductor) and/or acceptor (n-type organic semiconductor) and creates a bound
electron-hole pair (exciton). The exciton diffuses within the D and/or A domain
(which have to have dimensions on the order of exciton diffusion length, typically
within ~10 nm) to the D-A interface where it separates, via charge transfer, into free
electron and hole charge carriers which then travel to the electrodes and generate the
electric current. Initial studies explored potential D:A blends of xylindein with other
materials, looking for signatures of charge transfer from the p-type donor molecule
to the xylindein acceptor and from xylindein to another acceptor molecule. No
signatures of charge transfer states were observed spectroscopically in blends with
well-known p-type materials such as poly(3-hexylthiophene-2,5-diyl) (P3HT) and
Poly([2,60-4,8-di(5-ethylhexylthienyl)benzo[1,2-b;3,3-b]dithiophene]{3-fluoro-2
[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl})(PTB7-Th) polymers or diF
TES-ADT small molecules (Ostroverkhova 2016), or n-type PC60BM fullerene
molecule. Thin films of these blends were deposited onto glass substrates with
patterned coplanar Au electrodes, excited with a 532 nm light, and the photocon-
ductivity was measured under applied electric field. The blends of P3HT:xylindein
and diF TES-ADT:xylindein were less photoconductive than pristine P3HT and diF
TES-ADT films, respectively. A PTB7-Th:xylindein blend, however, had a higher
photosensitivity (defined as the ratio of photocurrent to dark current) than either
pristine PTB7-Th or pristine xylindein (Fig. 13a), thus potentially exhibiting
enhanced charge separation at D-A interfaces. This blend was thus chosen to be
further investigated in solar cell devices as the active layer, in both conventional
(ITO/PEDOT:PSS/active layer/Al) and inverted (ITO/ZnO/active layer/Au) geome-
try (Giesbers 2021).

Figure 13b shows current-voltage characteristics of solar cells under illumination
from a solar simulator with PTB7-Th-only, PTB7-Th:PC60BM and PTB7-Th:
xylindein active layers. The control cell with PC60BM acceptor exhibited the
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short-circuit current density JSC ~ 6 mA/cm2 and the open-circuit voltage
VOC ~ 0.4 V, and improvement as compared to pristine PTB7-Th, for which
JSC < 1 mA/cm2 and VOC ~ 0.1 V were observed. Solar cells with xylindein as an
acceptor material, however, had a negligible short-circuit current and open-circuit
voltage. In contrast to the enhanced photosensitivity observed in PTB7-Th:xylindein
films as compared to both pristine PTB7-Th and xylindein in a planar geometry
(i.e. when the film is deposited on the top of the substrate with pre-patterned coplanar
electrodes, Fig. 13a), the same blend was not successful in the sandwich configura-
tion (i.e. when the film is placed between top and bottom electrodes) under exper-
imental conditions required by the solar cell operation. In order to investigate the
cause of this poor performance in the solar cell with xylindein, ternary blend solar
cells were fabricated with PTB7-Th and PC60BM and small amounts (0–5%) of
xylindein. These investigations showed that addition of even small amounts of
xylindein to the PTB7-Th:PC60BM blend result in a significant decrease in perfor-
mance, reducing both JSC and VOC (Giesbers 2021).

One important difference between the planar and sandwich geometries and
associated experimental conditions for photocurrent measurements is that the latter
is considerably more demanding in terms of achieving the optimal film morphology
for photoinduced charge separation. In particular, smooth films with the domains on
the order of the exciton diffusion length (~10 nm in best-performing organic solar
cells) are required. These are difficult to achieve with xylindein which is prone to
forming porous structures (Fig. 14) and has a short exciton diffusion length LD ¼

Fig. 13 (a) Photosensitivity of thin films of PTB7-Th, xylindein, and a 1:1 w/w PTB7-Th:
xylindein blend drop-cast onto interdigitated Au electrodes deposited on glass. Voltage is applied,
the white light is turned on at time t ¼ 30 s, and the resulting photocurrent is measured. The arrows
indicate the time when the light was turned off. The blend shows an increase in photosensitivity
with respect to the pristine materials, indicating its potential as a D/A blend in solar cells. (b) I-V
curves for organic solar cells under illumination from a solar simulator with PTB7-Th as a donor
material. D:A blend of PTB7-Th:xylindein performs not only below benchmark D:A blend PTB7-
Th:PC60BM but also below PTB7-Th donor-only solar cells, due to detrimental xylindein mor-
phology for this device geometry
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, where D is the diffusion coefficient and τ is the exciton lifetime, due to
ultra-short exciton lifetimes (Fig. 12). Even though film roughness can be partially
mitigated by blending xylindein with polymers (Giesbers et al. 2018), a relatively
large polymer fraction is required to achieve film morphology that is suitable for
electronic devices in a sandwich geometry such as solar cells (Giesbers et al. 2021),
which is detrimental to the electronic properties. The methods for controlling film
morphology in xylindein and its derivatives need to be further developed to achieve
optimal morphology for applications in solar cells and organic field-effect transistors
in which the film quality is critical in order to utilize enhanced electron transport
characteristics of xylindein observed in less demanding (i.e. more forgiving with
respect to film morphology) device geometries (Sect. 2.3) as compared to those of
solar cells and transistors.

In particular, most organic thin-film transistors achieve their best performance
when the organic active layer is crystalline (Ostroverkhova 2016). Attempts to apply
standard methods of improving film crystallinity (such as substrate surface treat-
ments, thermal and solvent vapor annealing, etc.) developed for conventional
organic semiconductors to xylindein have proven unsuccessful, and all xylindein
films were amorphous and porous (Fig. 14), regardless of the treatment. This is
consistent with the literature (Saikawa et al. 2000) where xylindein crystals were
obtained from hot aqueous phenol yielding 4 phenol molecules per xylindein
molecule in the asymmetric unit (with the X-ray diffraction-revealed structure
yielding a monoclinic space group P21 with the lattice parameters of a ¼ 8.4 Å,
b ¼ 24.0 Å, c ¼ 11.6 Å, and β ¼ 102.2

�
), but attempts to remove the phenol

molecules from crystals resulted in a crystal collapse yielding an amorphous solid.
Therefore, routes to xylindein device fabrication with a controlled film morphology
and crystallinity require further investigation. Although porous film morphology of
Fig. 14 is undesirable for organic solar cells or transistors, it can be beneficial for
other applications, for example, energy storage (batteries) which specifically utilize
porous materials (e.g. porous titania (Fischer et al. 2017)). Xylindein use in device
geometry towards energy storage applications is discussed in Sect. 4.2.

Fig. 14 Scanning electron microscopy images of a drop-cast xylindein film illustrating porous
structure of the film (Giesbers et al. 2018)
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4 Applications

The challenges discussed in the previous section motivated exploration of applica-
tions of xylindein in which film quality is less critical. It is known from the literature
that hydrogen bonded pigments, exemplified by melanin (another hydroxyl
containing naturally occurring pigment), may exhibit protonic conductivity
(Vahidzadeh et al. 2018). One signature of this phenomenon is that the conductivity
of melanin increases drastically with humidity. It was found that films of xylindein
also experience an increase in conductivity in the presence of moisture, which
indicates that xylindein too exhibits protonic conductivity, facilitated by the
hydroxyl groups. This protonic conduction is a form of ionic conduction. Materials
that have significant ionic and electronic conduction have a number of different
applications (Surgailis et al. 2021), and only a few have so far been investigated for
xylindein, which represents a promising area of research.

4.1 Xylindein for Organic Electrochemical and Water-Gated
Transistors

A prominent device application for organic mixed conductors (i.e. materials
exhibiting both electronic and ionic conductivity) is an organic electrochemical
transistor (OECT) which has been considered to be a building block of biosensors,
neuromorphic devices, and complementary circuits (Surgailis et al. 2021). Sche-
matic of OECT geometry is shown in Fig. 15a. First, benchmark OECTs based on
poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) were fabri-
cated. PEDOT:PSS is a conductive polymer mixture that is widely used in the
literature and is one of the best performing active materials in OECTs (Rivnay
et al. 2018). As expected, the PEDOT:PSS OECT in a conventional geometry
(using a 0.1 M NaCl solution as the electrolyte and an Ag/AgCl gate electrode)
exhibited a switching behavior in the output characteristics, operating in depletion
mode (“on” state with no gate bias and “off” state when positive voltage is applied)
(Giesbers 2021). The switching behavior is due to ions from the electrolyte pene-
trating into the polymer film doping the film. In the case of PEDOT:PSS, which is
already p-doped with sulfonate anions from the PSS, the applied gate voltage causes
cations to penetrate into the film, negating the doping effects of PSS and decreasing
the conductivity of the film (Rivnay et al. 2018). In contrast to well-studied p-type
PEDOT:PSS OECTs, xylindein OECT was expected to be a n-type OECT, which
are of considerable interest yet face critical challenges and specific requirements for
the molecular design (Sun et al. 2018; Giovannitti et al. 2018). When xylindein was
tested in the same OECT geometry as PEDOT:PSS, however, the output character-
istics were not as expected from an OECT, either p- or n-type (Fig. 15b). Instead, the
data exhibited features characteristic of redox activity typically observed using
cyclic voltammetry (CV). In particular, the devices (e.g. Figure 15c) exhibited
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curves with reduction and oxidation peaks in the classic “duck shape” of CV curves.
Several different electrolyte solutions were tested for xylindein devices as a gating
medium in a typical OECT configuration of Fig. 15a, each showing redox behavior
(NaCl, HCl, and citric acid in Fig. 15b–d). The observed CV-like characteristics are
indicative of promising energy storage potential, which will be the focus of Sect. 4.2.

Another class of transistors similar to the OECT is the water gated organic field
effect transistor (WGOFET). The configuration of a WGOFET is essentially the
same as an OECT, except that deionized (DI) water is used instead of an electrolyte
solution in Fig. 15a. The principle of operation of such WGOFETs is that dissolved
ions in the water from exposure to air form an electronic double layer when voltage
is applied and a field effect occurs in the material (Nguy et al. 2019; Yaman et al.
2014; Porrazzo et al. 2017). Similar to OECTs, the WGOFETs have applications in
biotechnology such as biosensors and neuromorphic devices (Rivnay et al. 2018;
Cramer et al. 2013). Xylindein is particularly suited to these applications due to its
non-toxicity (Almurshidi et al. 2021).

Output characteristics of a xylindein WGOFET are shown in Fig. 16a, exhibiting
a n-type response and a relatively large hysteresis. Other xylindein-containing active
layers have also been tested such as xylindein:PEIE (Fig. 16b) where PEIE

Fig. 15 (a) Schematics of OECT configuration. (b–d) Cyclic current-voltage sweeps for xylindein
devices in an electrochemical transistor configuration with NaCl solution (b), 1 mM HCl solution
(c), or 0.1 M citric acid (d) as the gating medium
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(polyethylenimine ethoxylated) is a polymer commonly used as an interface layer
material in organic solar cells which promotes charge collection. It also has been
successful in blends (such as ZnO:PEIE (Yu et al. 2019)) in enhancing electron
transport and serving as an electron transport layer in organic solar cells. Blending
xylindein with PEIE almost eliminated the hysteresis seen in pristine xylindein
devices, although the currents in both devices were comparable (Fig. 16a, b).
Xylindein on PEDOT:PSS (a material widely used in OECTs discussed above) as
an active layer in WGOFETs was also explored (Fig. 16c) and yielded higher
currents than those in pristine xylindein devices. A figure of merit derived from
I-V characteristics of Fig. 16 is transconductance, defined as a ratio of a change in the
output current of the device and a change in the applied voltage. The
transconductance values were on the order of μA/V, comparable to other WGOFET
devices such as those based on a commonly used polymer P3HT (Yaman et al. 2014;
Porrazzo et al. 2017). However, the response time for the observed switching
behavior in the xylindein WGOFETs was notably slow, on the order of minutes.
This would be unexpected for an electronic response such as a field effect, and still
many times slower than the response of a typical OECT. Therefore, working
mechanism of this device is potentially different from that in both an FET and an
OECT which requires further investigation. The slow response in this geometry,
however, could be related to an efficient charge storage, which would be advanta-
geous for battery applications, as discussed next.

4.2 Xylindein for Energy Storage Applications

Quinone derivatives, including naturally derived pigments such as melanin and
alizarin, have been studied extensively for use in battery applications (Kim et al.
2016; Tong et al. 2019; Luo et al. 2014; Han et al. 2019). There are several
considerations that could make xylindein promising for these applications:
(1) xylindein is also a quinone derivative; (2) xylindein forms porous films, which
may allow ions to penetrate into the film and enhance the surface area for

Fig. 16 Output curves from DI water-gated transistors with xylindein (a), xylindein:PEIE (b) and
xylindein on a thin layer of PEDOT:PSS (c) as the active layer
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electrochemical interactions; (3) the redox behavior was observed in xylindein
OECT devices, and (4) the slow response time was observed in xylindein
WGOFETs discussed in the previous section. Therefore, initial investigation of
xylindein-based electrochemical cells was performed in which xylindein was com-
pared to alizarin, a naturally derived hydroxyl groups-containing quinone derivative
which has already been demonstrated as a candidate for battery applications (Tong
et al. 2019). In this investigation, pseudocapacitor structures were fabricated
consisting of two carbon electrodes immersed in a 0.1 M H2SO4 solution. The
electrodes were coated via drop-casting with either xylindein or alizarin. Figure 17
shows cyclic current-voltage sweeps for the alizarin-alizarin, xylindein-alizarin, and
xylindein-xylindein pseudocapacitors. The symmetric alizarin pseudocapacitor
(i.e. alizarin-alizarin, with both electrodes coated with alizarin) exhibited two sets
of small features due to reduction and oxidation, similar to those reported in the
literature (Tong et al. 2019). Similar levels of currents obtained from xylindein
pseudocapacitors indicate similar specific capacitance of xylindein-based and
alizarin-based devices, which encouraged further exploration. When the voltage
window was increased on the symmetric xylindein device (Fig.17b), sets of redox
peaks were observed approximately 2 V apart, which is an improvement upon
reported alizarin devices (Tong et al. 2019). The wider potential window for
xylindein compared to alizarin indicates that there are greater operational limits for
the xylindein when compared to alizarin in the same electrolyte, which merits further
investigation.

The ongoing research into the development of K+-ion and Mg-ion battery tech-
nology, which are poised to replace Li-ion platforms due to their inherent stability
and improved energy density, have not only shown the incorporation of blue
pigments (e.g. Prussian blue in the first prototype K+-ion battery (Eftekhari 2004)),
but also the incorporation of quinone compounds as cathode materials within these

Fig. 17 Cyclic current voltage sweeps for pseudocapacitor devices. (a) Sweeps for devices with
two alizarin coated electrodes, one alizarin and one xylindein, and two xylindein coated electrodes.
Hysteresis indicates charge storage and bumps/dips indicate electrochemical reactions. (b) Sweep
for the all xylindein device with an expanded voltage window

From Blue Pigment to Green Technology: Properties and Applications. . . 415



next-generation devices (Jian et al. 2016; Dong et al. 2019). The recent literature and
promising results of Fig. 17 could position xylindein well as a sustainable option for
batteries of the future.

5 Conclusions and Outlook

Investigation into properties of fungi-derived pigment xylindein has provided an
insight into mechanisms behind its fascinating optical, photophysical, electrochem-
ical, and electronic properties. Analysis of the optical spectra revealed the presence
of two tautomers whose structures and properties were characterized using density
functional theory and ultrafast spectroscopy, revealing considerable differences in
excited-state dynamics. Excellent photostability was observed in xylindein solutions
as compared to those of benchmark organic semiconductor molecules and other
hydrogen-bonded pigments. Electron mobility of up to 0.4 cm2/Vs was obtained in
amorphous xylindein films. Xylindein blends with PMMA that feature an improved
film morphology and processability, at optimized relative concentrations exhibited
(opto)electronic performance comparable to that of pristine xylindein films.

Comparison between optical and (opto)electronic properties of xylindein and
those of its methylated derivative, dimethylxylindein has been performed using
comprehensive contributions from wood sciences, organic synthesis, ultrafast spec-
troscopy, quantum chemistry calculations, and device physics. The hydroxyl groups
in xylindein, which are not present in dimethylxylindein, were found to play a
critical role in optical absorption and photoluminescence properties, excited state
dynamics, photostability, and (photo)conductivity. Enhanced photostability of
xylindein is attributed to fast deactivation of its excited state; this fast deactivation
channel is not as efficient in dimethylxylindein which exhibits a long-lived dark
(triplet) state formation instead, which considerably reduces its photostability. At
room temperature, amorphous xylindein films were found to be over four orders of
magnitude more conductive than both amorphous and crystalline dimethylxylindein
films, in part due to differences in charge trap characteristics. The observed large
difference in electronic properties of xylindein and dimethylxylindein is partly
attributed to the effects of H-bonding in xylindein which promotes morphology
supportive of efficient conductive network in xylindein films, in addition to effects of
π-π stacking. In contrast to lower electron mobility in dimethylxylindein, the pho-
tosensitivity of dimethylxylindein films is considerably higher than that of xylindein
films, attributed to higher charge photogeneration efficiency in dimethylxylindein
enabled by longer-lived excited states in dimethylxylindein.

Xylindein has proven to have many favorable properties, such as a high stability,
relatively high charge carrier mobility in amorphous films, and non-toxicity, for
device applications. However, challenges remain to fully utilize these properties. For
example, fast excited state deactivation and rough film morphology of xylindein
films were found to be detrimental for its use in organic solar cell; the latter is also an
obstacle for its applications in organic thin-film transistors. Therefore, better control
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of morphology and derivatization to produce xylindein derivatives with more favor-
able excited state dynamics for applications involving photoinduced charge gener-
ation is necessary to address these challenges. The former would require an approach
that would counteract poor solubility of xylindein in organic solvents which is
detrimental for solution deposition of high-quality films in organic electronic
devices. The latter introduces a trade-off as the particular excited state dynamics of
xylindein is behind its exceptional photostability, and so any required manipulation
of the molecular structure and associated excited states photophysics would most
likely decrease the photostability. These issues, however, are not an impediment for
certain electrochemical applications (water gated transistors, electrochemical tran-
sistors, and batteries), where, for example, the porous morphology of xyindein films
could be a feature. Results showing xylindein redox activity in electrochemical
device configurations show promise for this type of devices. There are many other
potential device applications that are yet to be explored. Similar molecules have been
explored for use in fuel cell photocatalysis (Sridharan et al. 2020) and as molecular
switches (Früchtl and Van Mourik 2021). Potential bioelectronic applications
include biosensors, analytical/diagnostic devices, and neural interfaces (Malliaras
2013). Finally, xylindein is only one example of fungi-derived pigments with
properties of interest for sustainable electronics, energy storage, and photonics.
Further research is needed to fully understand and harness desirable properties of
these fascinating nature-derived materials.

Acknowledgments We thank Profs. C. Fang and C. Beaudry, Drs. J. D. B. Van Schenck and
S. Vega Gutierrez, and T. Krueger for their contributions to understanding various aspects of
xylindein extraction, characterization, and properties. The authors acknowledge National Science
Foundation (CBET-1705099) for financial support.

References

Al-Aqar R, Benniston AC, Harriman A, Perks T (2017) Structural dynamics and barrier crossing
observed for a fluorescent o-doped polycyclic aromatic hydrocarbon. Chem Photo Chem 1:198–
205

Almurshidi B, Van Court RC, Vega Gutierrez SM, Harper B, Harper S, Robinson SC (2021)
Preliminary examination of the toxicity of spalting fungal pigments: a comparison between
extraction methods. J, Fungi 7(2):155

Blackburn G, Neilson A, Todd A (1962) Structure of Xylindein. Proc Chem Soc:327–328
Cramer T, Campana A, Leonardi F, Casalini S, Kyndiah A, Murgia M, Biscarini F (2013) Water-

gated organic field effect transistors-opportunities for biochemical sensing and extracellular
signal transduction. J Mater Chem B 31:3728–3741

Day J, Platt A, Subramanian S, Anthony J, Ostroverkhova O (2009) Influence of organic
semiconductor-metal interfaces on the photoresponse of functionalized anthradithiophene thin
films. J Appl Phys 105:103703

Deng Y, Liu J, Wang J, Liu L, Li W, Tian H, Zhang X, Xie Z, Geng Y, Wang F (2014)
Dithienocarbazole and Isoindigo based amorphous low bandgap conjugated polymers for
efficient polymer solar cells. Adv Mater 26(3):471–476

From Blue Pigment to Green Technology: Properties and Applications. . . 417



Dong H, Liang Y, Tutusaus O, Mohtadi R, Zhang Y, Hao F, Ya Y (2019) Directing mg-storage
chemistry in organic polymers toward high-energy mg batteries. Joule 3:782–793. https://doi.
org/10.1016/j.joule.2018.11.022

Donner CD, Cuzzupe AN, Falzon CL, Gill M (2012) Investigations towards the synthesis of
Xylindein, a blue-green pigment from the fungus Chlorociboria aeruginosa. Tetrahedron
68(13):2799–2805

Edwards RL, Kale N (1965) The structure of Xylindein. Tetrahedron 21(8):2095–2107
Eftekhari A (2004) Potassium secondary cell based on Prussian blue cathode. J Power Sources 126:

221–228. https://doi.org/10.1016/j.jpowsour.2003.08.007
Ehrenfreund E, Moses D, Heeger AJ (1992) Doped Beta-carotene films: Spinless charge storage

stabilized by structural relaxation. Chem Phys Lett 196:84–90
Fischer M, Hua X, Wilts B, Gunkel I, Bennett T, Steiner U (2017) Mesoporous Titania micro-

spheres with highly tunable pores as an anode material for lithium ion batteries. ACS Appl
Mater Interfaces 9(27):22388–22397

Früchtl H, Van Mourik T (2021) A Quinone based single-molecule switch as building block for
molecular electronics. Phys Chem Chem Phys 23(3):1811–1814. https://doi.org/10.1039/
d0cp06250b

Giesbers G (2021) (Opto)electronic properties of Xylindein and organic (Opto)electronic devices.
Ph. D. Thesis, Oregon State University

Giesbers G, Krueger T, Van Schenck J, Kim R, Van Court RC, Robinson SC, Beaudry C, Fang C,
Ostroverkhova O (2021) Role of hydroxyl groups in the photophysics, photostability, and
(opto)electronic properties of the fungi-derived pigment xylindein. J Phys Chem C 125:6534–
6545

Giesbers G, Krueger T, Van Schenck J, Van Court R, Morré J, Fang C, Robinson SC,
Ostroverkhova O (2019a) Fungi-derived xylindein: effect of purity on optical and electronic
properties. MRS. Advances 4(31–32):1796–1777. https://doi.org/10.1557/adv.2019.269

Giesbers G, Van Schenck J, Van Court R, Vega Gutierrez SM, Robinson SC, Ostroverkhova O
(2019b) Xylindein: naturally produced fungal compound for sustainable (Opto)electronics.
ACS Omega 4(8):13309–13318. https://doi.org/10.1021/acsomega.9b01490

Giesbers G, Van Schenck J, Vega Gutierrez SM, Robinson SC, Ostroverkhova O (2018) Fungi-
derived pigments for sustainable organic (opto)electronics. MRS Adv 3:3459–3464. https://doi.
org/10.1557/adv.2018.446

Giovannitti A, Maria IP, Hanifi D, Donahue MJ, Bryant D, Barth KJ, Makdah BE, Savva A,
Moia D, Zetek M, Barnes PRF, Reid OG, Inal S, Rumbles G, Malliaras GG, Nelson J, Rivnay J,
McCulloch I (2018) The role of the side chain on the performance of N-type conjugated
polymers in aqueous electrolytes. Chem Mater 30(9):2945–2953

Głowacki E, Voss G, Sariciftci N (2013b) 25th anniversary article: Progress in chemistry and
applications of functional indigos for organic electronics. Adv Mater 25:6783–6800

Głowacki ED, Coskun H, Blood-Forsythe MA, Monkowius U, Leonat L, Grzybowski M, Gryko D,
White MS, Aspuru-Guzik A, Sariciftci NS (2014) Hydrogen-bonded Diketopyrrolopyrrole
(DPP) pigments as organic semiconductors. Org Electron 15(12):3521–3528

Głowacki ED, Irimia-Vladu M, Bauer S, Sariciftci NS (2013a) Hydrogen-bonds in molecular
solids – from biological systems to organic electronics. J Mater Chem B1(31):3742

Głowacki ED, Leonat L, Irimia-Vladu M, Schwödiauer R, Ullah M, Sitter H, Bauer S, Sariciftci SN
(2012) Intermolecular hydrogen-bonded organic semiconductors-quinacridone versus
pentacene. Appl Phys Lett 101(2):023305

Głowacki ED, Romanazzi G, Yumusak C, Coskun H, Monkowius U, Voss G, Burian M, Lechner
RT, Demitri N, Redhammer GJ, Sünger N (2015) Epindolidiones-versatile and stable hydrogen-
bonded pigments for organic field-effect transistors and light-emitting diodes. Adv Funct Mater
25:776–787

Gospodinova N, Tomšík E (2015) Hydrogen-bonding versus π–π stacking in the Design of Organic
Semiconductors: from dyes to oligomers. Prog Polym Sci 43:33–47

418 G. Giesbers et al.

https://doi.org/10.1016/j.joule.2018.11.022
https://doi.org/10.1016/j.joule.2018.11.022
https://doi.org/10.1016/j.jpowsour.2003.08.007
https://doi.org/10.1039/d0cp06250b
https://doi.org/10.1039/d0cp06250b
https://doi.org/10.1557/adv.2019.269
https://doi.org/10.1021/acsomega.9b01490
https://doi.org/10.1557/adv.2018.446
https://doi.org/10.1557/adv.2018.446


Han C, Li H, Shi R, Zhang T, Tong J, Li J, Li B (2019) Organic Quinones towards advanced
electrochemical energy storage: recent advances and challenges. J Mater Chem A 7:23378–
23415. https://doi.org/10.1039/c9ta05252f

Harrison R, Quinn A, Weber G, Johnson B, Rath J, Remcho V, Robinson SC, Ostroverkhova O
(2017) Fungi-derived pigments as sustainable organic (opto)electronic materials. Proc SPIE
10101:101010U

He Y, Cao Y, Hwang HJ, Debarajb H, Vega Gutierrez SM, Chen HL, Robinson SC, Malhotra R,
Chang CH (2021) Inkjet printing and in-situ crystallization of biopigments for eco-friendly and
energy-efficient fabric coloration. In: International Journal of Precision Engineering and
Manufacturing-Green Technology, pp 1–13

Hinsch E, Weber G, Chen H-L, Robinson SC (2015) Colorfastness of extracted wood-staining
fungal pigments on fabrics –a new potential for textile dyes. J Text Appar Technol Manag 9(3):
1–11

Irimia-Vladu M (2014) Green electronics: biodegradable and biocompatible materials and devices
for sustainable future. Chem Soc Rev 43(2):588–610

Irimia-Vladu M, Sariciftci NS, Bauer S (2011) Exotic materials for bio-organic electronics. J Mater
Chem 21(5):1350–1361

Ito S, Saitou T, Imahori H, Uehara H, Hasegawa N (2010) Fabrication of dye-sensitized solar cells
using natural dye for food pigment: Monascus yellow. Energy Environ Sci 3(7):905

Jian Z, Liang Y, Rodríguez-Pérez I, Yao Y, Ji X (2016) Poly(anthraquinonyl sulfide) cathode for
potassium-ion batteries. Electrochem Commun 71:5–8. https://doi.org/10.1016/j.elecom.2016.
07.011

Kamat PV, Chauvet JP, Fessenden RW (1986) Semiconductor with a chlorophyll analogue. J Phys
Chem 90:1389–1394

Kim YJ, Khetan A, Wu W, Chun SE, Viswanathan V, Whitacre JF, Bettinger CJ (2016) Evidence
of porphyrin-like structures in natural melanin pigments using electrochemical fingerprinting.
Adv Mater 28(16):3173–3180. https://doi.org/10.1002/adma.201504650

Kobayashi N, Sasaki M, Nomoto K (2009) Stable peri-xanthenoxanthene thin-film transistors with
efficient carrier injection. Chem Mater 21:552–556

Krueger T, Giesbers G, Van Court RC, Zhu L, Kim R, Beaudry C, Robinson SC, Ostroverkhova O,
Fang C (2021a) Ultrafast dynamics and photoresponse of a fungi-derived pigment xylindein
from solution to thin films. Chem Eur J 27:5627–5631. https://doi.org/10.1002/chem.
202005155

Krueger T, Tang L, Giesbers G, Van Court RC, Zhu L, Robinson SC, Ostroverkhova O, Fang C
(2021b) Ultrafast triplet state formation in a methylated fungi-derived pigment: towards rational
molecular design for sustainable optoelectronics. J Phys Chem C 125(31):17565–17572. https://
doi.org/10.1021/acs.jpcc.1c06260

Luo W, Allen M, Raju V, Ji X (2014) An organic pigment as a high-performance cathode for
sodium-ion batteries. Adv Energy Mater 4(15):1400554

Malliaras GG (2013) Organic bioelectronics: a new era for organic electronics. Biochim Biophys
Acta 1830:4286–4287. https://doi.org/10.1016/j.bbagen.2012.10.007

Nguy TP, Hayakawa R, Kilinc V, Petit M, Raimundo JM, Charrier A, Wakayama Y (2019) Stable
operation of water-gated organic field-effect transistor depending on channel flatness, electrode
metals and surface treatment. Jpn J Appl Phys 58:SDDH02. https://doi.org/10.7567/1347-4065/
ab09d2

Ostroverkhova O (2016) Organic optoelectronic materials: mechanisms and applications. Chem
Rev 116:13279–13412

Ostroverkhova O (ed) (2018) Handbook of organic materials for electronic and photonic devices
(Woodhead publishing series in electronic and optical materials), 2nd edn. Woodhead
Publishing

Porrazzo R, Luzio A, Bellani S, Bonacchini GE, Noh YY, Kim YH, Lanzani G, Antognazza MR,
Caironi M (2017) Water-gated n-type organic field-effect transistors for complementary inte-
grated circuits operating in an aqueous environment. ACS Omega 2(1):1–10

From Blue Pigment to Green Technology: Properties and Applications. . . 419

https://doi.org/10.1039/c9ta05252f
https://doi.org/10.1016/j.elecom.2016.07.011
https://doi.org/10.1016/j.elecom.2016.07.011
https://doi.org/10.1002/adma.201504650
https://doi.org/10.1002/chem.202005155
https://doi.org/10.1002/chem.202005155
https://doi.org/10.1021/acs.jpcc.1c06260
https://doi.org/10.1021/acs.jpcc.1c06260
https://doi.org/10.1016/j.bbagen.2012.10.007
https://doi.org/10.7567/1347-4065/ab09d2
https://doi.org/10.7567/1347-4065/ab09d2


Richter DL, Glaeser JA (2015) Wood decay by Chlorociboria aeruginascens (Nyl.) Kanouse
(Helotiales, Leotiaceae) and associated basidiomycete fungi. Int Biodeterior Biodegradation
105:239–244

Rivnay J, Inal S, Salleo A, Owens RM, Berggren M, Malliaras GG (2018) Organic electrochemical
transistors. Nat Rev Mater 3:17086

Robinson SC, Vega Gutierrez SM, Cespedes Garcia RA, Iroume N, Vorland NR, Andersen C, de
Oliveira Xaxa ID, Kramer OE, Huber ME (2018) Potential for fungal dyes as colorants in oil and
acrylic paints. J Coat Technol Res 15(4):845–849

Robinson SC, Vega Gutierrez SM, Cespedes RA, Iroume N, Vorland NR, McClelland A, Huber M,
Stanton S (2017) Potential for carrying pigments derived from spalting fungi in natural oils. J
Coat Technol Res 14(5):1107–1113

Saikawa Y, Watanabe T, Hashimoto K, Nakata M (2000) Absolute configuration and tautomeric
structure of xylindein, a blue–green pigment of Chlorociboria species. Phytochemistry 55:237–
240

Shepherd W, Grollman R, Robertson A, Paudel K, Hallani R, Loth M, Anthony J, Ostroverkhova O
(2015) Single-Molecule Imaging of Organic Semiconductors: toward Nanoscale Insights into
Photophysics and Molecular Packing. Chem. Phys. Lett. 629:29–35

Shirakawa H, Louis E, MacDiarmid A, Chiang C, Heeger AJ (1977) Synthesis of Electrically
Conducting Organic Polymers: Halogen Derivatives of Polyacetylene, (CH)x. Chem Comm 16:
578–580

Sridharan M, Kamaraj P, Vennila R, Huh YS, Arthanareeswari M (2020) Bio-inspired construction
of melanin-like polydopamine-coated CeO2as a high-performance visible-light-driven
photocatalyst for hydrogen production. New J Chem 44(35):15223–15234

Stange S, Steudler S, Delenk H, Werner A, Walther T, Wagenfuhr A (2019) Influence of the
nutrients on the biomass and pigment production of Chlorociboria Aeruginascens. J Fungi 5(2):
40

Sun H, Gerasimov J, Berggren M, Fabiano S (2018) N-Type organic electrochemical transistors:
materials and challenges. J Mater Chem C 6:11778–11784

Surgailis J, Savva A, Druet V, Paulsen B, Wu R, Hamidi-Sakr A, Ohayon D, Nikiforidis G, Chen X,
McCulloch I, Rivnay J, Inal S (2021) Mixed conduction in an N-type organic semiconductor in
the absence of hydrophilic side-chains. Adv Funct Mater 31:2010165

Sytnyk M, Glowacki ED, Yakunin S, Voss G, Scho W, Kriegner D, Stangl J, Trotta R, Gollner C,
Tollabimazraehno S et al (2014) Hydrogen-bonded organic semiconductor micro- and
nanocrystals: from colloidal syntheses to (Opto-)electronic devices. J Am Chem Soc 136(47):
16522–16533

Tong L, Jing Y, Gordon RG, Aziz MJ (2019) Symmetric all-quinone aqueous battery. ACS Appl
Energy Mater 2(6):4016–4021

Vahidzadeh E, Kalra AP, Shankar K (2018) Melanin-based electronics: from proton conductors to
photovoltaics and beyond. Biosens Bioelectron 122:127–139

Van Court R, Giesbers G, Ostroverkhova O, Robinson SC (2020a) Optimizing xylindein from
Chlorociboria spp. for (opto)electronic applications. Processes 8:1477. https://doi.org/10.3390/
pr8111477

Van Court R, Vega Gutierrez P, Robinson SC (2020b) Exploration of Pigment Production by
Spalting Fungi Scytalidium ganodermophthorum and potential for industry. In: IRG51 Scien-
tific Conference on Wood Protection. International Research Group on Wood Protection. IRG
Secretariat. IRG/WP 20-10957

Vega Gutierrez S, Robinson SC (2017) Microscopic analysis of pigments extracted from spalting
fungi. J Fungi 3:15

Vega Gutierrez SM, Hazell KK, Simonsen J, Robinson SC (2018) Description of a novel
naphthoquinonic crystal produced by the fungus Scytalidium cuboideum. Molecules 23(8):1905

Vega Gutierrez P, Almurshidi B, Huber M, Andersen C, Van Court RC, Robinson SC (2020)
Expanding the spalting palette: developing yellow, purple, and green pigments from

420 G. Giesbers et al.

https://doi.org/10.3390/pr8111477
https://doi.org/10.3390/pr8111477


Scytalidium ganodermophthorum for artistic applications. Int Wood Prod J. https://doi.org/10.
1080/20426445.2020.1780543

Vega Gutierrez SM, Stone DW, He R, Vega Gutierrez PT, Walsh ZM, Robinson SC (2021) Red
pigment from the fungus Scytalidium cuboideumhelps prevent ‘greying’ in decking and other
outdoor wood products. Coatings 11:511

Weber G, Chen HL, Hinsch E, Freitas S, Robinson SC (2014) Pigments extracted from the wood-
staining fungi Chlorociboria aeruginosa, Scytalidium cuboideum, and
S. Ganodermophthorumshow potential for use as textile dyes. Color Technol 130(6):445–452

Weber G, Boonloed A, Naas K, Koesdjojo M, Remcho V, Robinson S (2016) A method to
stimulate production of extracellular pigments from wood-degrading fungi using a water carrier.
Curr Res Environ Appl Mycol 6(3):218–230

Wiesner C (2020) Optoelectronic properties of a novel fungi-derived pigment. B. Sc. thesis, Oregon
State University

Yaman B, Terkesli I, Turksoy KM, Sanyal A, Mutlu S (2014) Fabrication of a planar water gated
organic field effect transistor using a hydrophilic polythiophene for improved digital inverter
performance. Org Electron 15(3):646–653. https://doi.org/10.1016/j.orgel.2013.12.024

Yamazaki S, Sobolewski A, Domcke W (2011) Molecular mechanisms of the photostability of
indigo. Phys Chem Chem Phys 13:1618–1628

Yu H, Huang X, Huang C (2019) PEIE doped ZnO as a tunable cathode interlayer for efficient
polymer solar cells. Appl Surf Sci 470:318–330

Zalas M, Gierczyk B, Bogacki H, Schroeder G (2015) The Cortinarius Fungi Dyes as Sensitizers in
Dye-Sensitized Solar Cells. Int J Photoenerg 2015:653740

From Blue Pigment to Green Technology: Properties and Applications. . . 421

https://doi.org/10.1080/20426445.2020.1780543
https://doi.org/10.1080/20426445.2020.1780543
https://doi.org/10.1016/j.orgel.2013.12.024

	Foreword
	Preface
	Contents
	Editors and Contributors
	Part I: Fungal Biopolymers
	Biopolymers from Fungi and Their Applications
	1 Introduction
	1.1 The Fungal Cell Wall Polymers
	1.1.1 Chitin and Chitosan
	1.1.2 Glucans
	1.1.3 Mannans
	1.1.4 Proteins
	1.1.5 Hydrophobins

	1.2 Fungal Exopolysaccharides
	1.2.1 Pullulan
	1.2.2 Scleroglucan
	1.2.3 Botryosphaeran

	1.3 Future Perspectives

	References

	Fermentation Processes for Production of Fungal Biopolymers with Industrial Applications
	1 Introduction
	2 Fungi
	3 Cultivation
	4 Polysaccharides
	4.1 Glucans
	4.2 Exopolysaccharides
	4.3 Chitin/Chitosan

	5 Recovery of Biopolymers
	6 Scale-Up of Bioreactors
	7 Epilogue
	References

	Fungal Hydrophobins
	1 Introduction
	2 Hydrophobins
	3 Molecular Studies
	4 Role of Hydrophobins in the Fungal Life-Cycle
	5 Production of Hydrophobins
	6 Applications of Hydrophobins
	6.1 Drug Delivery and Improved Solubility
	6.2 Biosensor Applications
	6.3 Tissue Engineering and Biomedical Applications
	6.4 Stabilization of Emulsions, Ointments, Foam

	7 Conclusions
	References

	Fungal Exopolymeric Substances and Their Applications
	1 Introduction
	2 Functions of Extracellular Polymeric Substances
	3 Applications of Exopolymeric Substances
	4 Fungal Exopolymeric Substances
	5 Applications of Fungal Exopolymeric Substances
	6 Conclusions and Future Prospects
	References

	Production and Application of Nanofibres from Pullulan
	1 Introduction
	2 Pullulan: Structure and Properties
	3 Biosynthesis of Pullulan
	4 Production of pullulan based nanofibres
	5 Applications of Pullulan
	6 Conclusion
	References

	Using Fungal Biopolymers for Enhanced Oil Recovery
	1 Introduction
	2 Enhanced Oil Recovery: An Overview
	2.1 Thermal EOR
	2.2 Miscible Enhanced Oil Recovery
	2.3 Chemical EOR
	2.4 Microbial EOR (MEOR)

	3 Principle and Mechanisms of Polymer Flooding for EOR
	4 Fungal Biopolymers for EOR
	4.1 Scleroglucan
	4.2 Schizophyllan
	4.3 Pullulan

	5 Summary and Outlook
	References

	Fungal Polysaccharides as Biosurfactants and Bioemulsifiers
	1 Introduction
	2 Fungal Polysaccharides
	2.1 Pullulan
	2.2 Scleroglucan
	2.3 Nigeran
	2.4 Pseudonigeran
	2.5 Elsinan
	2.6 Botryosphaeran

	3 Application of Fungal Polysaccharides
	3.1 Biomedical and Pharmaceutical
	3.1.1 Antimicrobial Activity
	3.1.2 Antioxidant Activity
	3.1.3 Immunomodulatory Activity
	3.1.4 Wound Dressing

	3.2 Fungal Polysaccharides in Food and Cosmetics
	3.2.1 Anti-Adhesive or Biofilm Inhibition Activity
	3.2.2 Enzyme Immobilization

	3.3 Agricultural and Environmental Applications
	3.3.1 Biocontrol Agent
	3.3.2 Growth Promoter and Elicitor of Plant Resistance
	3.3.3 Bioremediation
	3.3.4 Soil Treatment
	3.3.5 Water and Wastewater Treatment


	4 Patents of Fungal Polysaccharides
	5 Epilogue
	References


	Part II: Bio-composites
	Challenges and Advantages of Building with Mycelium-Based Composites: A Review of Growth Factors that Affect the Material Prop...
	1 Introduction
	2 Background on MBC Cultivation and the Parameters that Influence the Material Properties
	2.1 Inoculation Factors
	2.1.1 Fungal Species
	2.1.2 Substrates and Supplements

	2.2 Growth Factors
	2.3 Ceasing/Post-Processing Factors

	3 Assessing the Material Properties of Mycelium-Based Composites
	4 The Use of Mycelium-Based Composites in Design and Architecture
	5 Conclusions
	5.1 Environmental Benefits of Employing MBC in Architecture and Design
	5.2 Constraints and Affordances of MBC for Architecture and Design
	5.3 Strategies to Enhance Material Properties of MBC for Architecture and Design

	6 Future Studies
	References

	Applications of Fungal Mycelium-Based Functional Biomaterials
	1 Introduction
	2 Applications
	2.1 Food
	2.2 Medicine
	2.3 Cosmetics
	2.4 Packaging
	2.5 Construction
	2.6 Textile
	2.6.1 Mycelium Leather
	2.6.2 Smart Wearables


	3 Conclusion and Future Prospect
	References

	Fungal Biopolymers as an Alternative Construction Material
	1 Introduction
	2 Mycelium Composite Processing and Current Mycelium Commercial Products
	2.1 Mycelium Composite Processing
	2.2 Current Commercial Products

	3 Material Properties of Engineered Mycelium Composites
	3.1 Effect of the Mycelium Growth Interactions on Composite Mechanical Performance
	3.2 Influence of the Substrate Filler on Composite Mechanical Performance
	3.3 Enhancement of the Mechanical Properties of Mycelium Composites
	3.4 Thermal Conductivity Properties of Mycelium Composites for Insulation Applications
	3.5 Acoustic Properties of Mycelium and its Composites as Noise Barriers
	3.6 Thermal Degradation and Fire Safety Properties of Mycelium and its Composites
	3.7 Water Absorption Properties of Mycelium Composites
	3.8 Termite Resistance of Mycelium Composites
	3.9 Manufacturing Mycelium Composites at Scale and the Use of Mycelium-Derived Leather in Internally Furnished Structures
	3.9.1 Extrusion and Mycelium-Derived Leather
	3.9.2 Live and Multifunctional Large-Scale Structures

	3.10 Relative Cost-Performance of Mycelium Composites

	4 Outlook and Future Applications of Mycelium Materials for the Construction Industry
	5 Conclusion
	5.1 Sub-Sectional Attribution (to Jones et al. 2020)

	References

	Packaging Applications of Fungal Mycelium-Based Biodegradable Composites
	1 Introduction
	2 Demand for Sustainable Materials in Packaging
	3 Role of Mycelium in Biocomposite Materials
	4 Potential of Mycelium Biocomposite Materials for Packaging Applications
	5 Early Adopters of Mushroom-Based Packaging
	6 Production of Mycelium Biocomposite Materials
	6.1 Phase 1: Growing of Mycelium
	6.2 Phase 2: Preparation of the Biocomposite Materials

	7 Properties of Mycelium Biocomposite Materials
	7.1 Toxicity Test
	7.2 Scanning Electron Microscopy and Energy Dispersive Spectrum Analysis
	7.3 Density and Moisture Content
	7.4 Water Absorption Test
	7.5 Acoustic Impedance Test
	7.6 Mechanical Strength of Mycelium Composites
	7.7 Thermal Conductivity and Limiting Oxygen Index

	8 Application of Mushroom Biocomposites
	9 Conclusion
	References

	Fungi for Material Futures: The Role of Design
	1 Introduction
	2 The Beginnings of Fungi Material Innovation
	2.1 The Untapped Material Potential of the Fungi Kingdom
	2.2 A Biofabricated Future
	2.3 Ethnomycology
	2.4 Fungi for Colour and Paper
	2.5 Fungi in Textile Technology: Early Experiments

	3 Fungi Applications in Contemporary Design and Bioconsumer Products
	3.1 From Building Blocks to `Leather´
	3.2 The Role and Impact of a Single Designer
	3.2.1 A Collaborative and Inclusive Approach Pushing the Boundaries of Material Properties and Applications
	3.2.2 Establishing a Company that Diversifies Application

	3.3 Mycelium Meets Advanced Technologies

	4 A Design-Led Case Study: The Role of Human Engagement
	4.1 Material Experimentation
	4.2 Advancing Engagement and Perception
	4.3 Design Collaboration: Mycelium + Timber
	4.3.1 Purpose
	4.3.2 Species
	4.3.3 Process
	4.3.4 Properties
	4.3.5 Outcomes
	4.3.6 Presentation


	5 Conclusion and Future Vision
	5.1 Future Casting
	5.2 Probing and Prototyping
	5.3 Design-Mindedness
	5.4 Craft and Narrative
	5.5 Commercialisation

	References


	Part III: Other Macromolecules
	Production of Bioresins from Fungal Mycelia
	1 Introduction
	2 Fungal Species and Cultivation Substrates
	2.1 Fungal Species
	2.1.1 Pleurotus sp.
	2.1.2 Pleurotus ostreatus

	2.2 Cultivation Substrates

	3 Factors Affecting the Synthesis of Biopolymers
	3.1 Hypha
	3.2 Chitin and Chitosan
	3.3 Nutritional Factors and Mode of Cultivation
	3.4 Other Environmental Factors
	3.5 Mineral Elements

	4 Literature Review on Fungal Species and Substrates Used in Producing Mycelium-Based Bioresins
	5 Epilogue
	References

	Laccase Mediated Green Composite Synthesis: A Name Synonymous with Each Other
	1 Introduction
	2 A Fascinating MCO-Laccase
	2.1 Structure of Laccase
	2.2 General Mode of Action

	3 Laccase in the Synthesis of Biocomposite
	4 Mechanism of Action of Laccase on Plant Fiber
	5 Other Applications of Laccases
	5.1 Paper and Pulp Industry
	5.2 Dye Degradation
	5.3 Bioremediation
	5.4 Food Processing
	5.5 Personal Care Applications
	5.6 Pharmaceutical Pollutants
	5.7 Biosensor
	5.8 Miscellaneous Pollutants

	6 Limitations and Future Aspects
	7 Conclusion
	References

	Marine Fungi as a Source of Biosurfactants and Bioemulsifiers
	1 Introduction
	2 Methods of Screening and Characterization of Surfactants
	2.1 Drop Collapse Test
	2.2 Oil Displacement Test
	2.3 2,6-Dichlorophenol Indophenol (DCPIP) Colorimetric Assay
	2.4 Emulsification Activity
	2.5 Surface Tension Measurement

	3 Screening of Marine Fungal Strains Biosurfactant Producers
	4 Protein Biosurfactants Produced by Marine Fungi
	4.1 Other Biosurfactants Produced by Marine Fungi

	5 Future Perspectives
	References

	Lignin Fungal Depolymerization: From Substrate Characterization to Oligomers Valorization
	1 Introduction
	2 Native Lignin Chemical Properties
	2.1 Native Lignin Chemical Structure
	2.2 Native Lignin Properties

	3 Impact of Extraction Procedures on Lignin Structure
	3.1 Kraft Lignin
	3.2 Sulfite Lignin/Lignosulfonate
	3.3 Soda Lignin
	3.4 Hydrolysis Lignin
	3.5 Ionic Liquid Lignin
	3.6 Organosolv Lignin

	4 Analytical Methods Adapted to Lignin Characteristics
	4.1 General Composition of Lignin
	4.1.1 Elemental Analysis
	4.1.2 Linkages

	4.2 Lignin Degradation Methods
	4.3 Spectroscopic Methods
	4.3.1 Fourier Transform Infrared Spectroscopy
	4.3.2 Raman
	4.3.3 UV-Spectrometry
	4.3.4 Nuclear Magnetic Resonance

	4.4 Thermal Analysis
	4.5 Pyr/Gas-Chromatography MS
	4.6 Physical Qualitative Properties
	4.7 Molecular Structure
	4.8 Lignin Functional Groups-Based Approaches

	5 Fungal Enzymes and Mechanisms Involved During Lignin Depolymerization
	5.1 Lignin Depolymerizing Enzymes from Fungi
	5.2 Ligninases Phylogenetic Repartition Within the Fungal Kingdom
	5.2.1 The Different Types of Wood Rots
	5.2.2 Ligninases Producers

	5.3 Products of Fungal Lignin Depolymerization

	6 Applications of Fungal Lignin Depolymerization
	6.1 Fungal Lignin Depolymerization Products in Green Chemistry
	6.1.1 Vanillin
	6.1.2 Ferulic and Coumaric Acids
	6.1.3 Organic dyes

	6.2 Bioremediation
	6.3 Potential Applications of Ligninases in Melanin Degradation
	6.4 Renewable Energies
	6.4.1 Biomethanation
	6.4.2 Biohydrogen Production
	6.4.3 Bioethanol Production


	7 Conclusion and Future Perspectives
	References

	From Blue Pigment to Green Technology: Properties and Applications of Fungi-Derived Pigment Xylindein
	1 Introduction
	1.1 Spalting Fungi and Fungi-Derived Pigments
	1.2 Motivation for Exploring Xylindein as an Organic Semiconductor

	2 Properties of Xylindein as an (Opto)Electronic Material
	2.1 Optical Properties
	2.2 Photostability
	2.3 Electronic Properties

	3 Challenges
	3.1 Impurities in Fungi-Derived Pigments and their Effect on the (Opto)Electronic Properties
	3.2 Photophysics: High Photostability Versus Photosensitivity for Optoelectronics
	3.3 Effect of Morphology

	4 Applications
	4.1 Xylindein for Organic Electrochemical and Water-Gated Transistors
	4.2 Xylindein for Energy Storage Applications

	5 Conclusions and Outlook
	References



