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Investigating Thermomyces lanuginosus and
Purpureocillium lilacinum to produce advanced
myco-materials through selective fungal
decellularization

Nikita Verma, Satya Eswari Jujjavarapu 2 * and Chinmaya Mahapatra

In healthcare and human life, and with the growing need for environmentally friendly materials to replace
synthetic ones, biomaterials are essential. Desirable biomaterials may now be created using a wide range of
extracted natural polymers. Mycelium-based biomaterials are being developed into more adaptable,
inexpensive, and self-replicating products. Some fungal species, like Pleurotus ostreatus and Ganoderma
lucidum, have been recognised as excellent sources of biomaterials with unique morphological,
mechanical, and hydrodynamical characteristics. Thermomyces lanuginosus and Purpureocillium
lilacinum are two fungal strains that may be used to create biomaterials. This article seeks to introduce
these strains and use experimentation to identify their distinctive characteristics. The fungus was
cultivated in a lab, and the growth kinetics of the fungus were estimated. The strains of P. lilacinum and
T. lanuginosus had maximum specific growth rates (umax) of 1.34 £ 0.024 and 3.09 + 0.019 Lt d7,
respectively. Decellularization of the fungal biomass was performed using 0.1% SDS solution, after which
the scaffolds were created by drying the biomass in plastic moulds. Following that, analysis using
scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDS), and Fourier transform
infrared spectroscopy (FT-IR) was carried out. The porosity and swelling ratio were also determined and
hydrodynamic characterization was performed for the samples. The results show that mycelia have the
potential to serve as inexpensive, all-natural bio-scaffolds and T. lanuginosus-prepared materials have
a larger swelling ratio and increased porosity, which makes them better myco-materials than those
formed from P. lilacinum.

In a world increasingly driven by environmental sustainability, the emergence of novel biomaterials assumes a pivotal role. Fungal biomaterials have a big
impact on the environment and can help create a future that is more environmentally friendly and sustainable. Among the main advantages for the environment

are biodegradability, reduced reliance on synthetic materials, less use of energy and resources, and sequestering carbon as the mycelium develops, which may
aid in absorbing carbon from the atmosphere. Many fungal strains used for biomaterial production can be cultivated on waste products from forestry and
agriculture, which minimizes the need to alter land use and extract new resources. Additionally, a variety of industries, including building, textiles, and medical
devices, may employ fungal biomaterials. Their versatility in applications can lead to reduced environmental impacts across multiple industries. In summary,

fungal biomaterials provide a noteworthy ecological substitute for traditional materials, aiding in the preservation of resources, mitigation of pollution, and the
adoption of a more sustainable methodology for the manufacturing and use of materials. Their development and adoption correspond to the worldwide

movement in many sectors toward more environmentally friendly and sustainable methods. Significantly, our study presents a sustainable and economically
viable route to biocompatible material creation, ready to tackle urgent environmental issues and support long-term solutions across several sectors.

1. Introduction

this, sufficient research involvement is needed to develop viable
goods that are non-polluting and ecologically sound. Recently,

Living creatures are now being carefully incorporated into the
fields of materials science and nanotechnology in order to meet
the demand for intelligent biological resources with high-end
applications that cannot be produced synthetically. To achieve
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the primary emphasis in this area of study has been on mate-
rials that are more widely accessible globally, are sustainable,
have better physical properties, and have superb final uses. One
of the biggest categories of living things on the planet is fungi.
Mycelia, the vegetative portion of fungi, are becoming a highly
adaptable, self-growing, and affordable biomaterial. It has so
far been used experimentally for packaging, textile, and
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building applications.* Mycelia are made up of hyphae, which
are elongated cells developed by absorption of nutrients from
their growth medium and naturally form fibrous mats. Mycelia
have a generally porous structure that they have self-grown, and
their hyphal outer membranes show both proteins and carbo-
hydrates. It should be noted that altering both the fungus strain
and the medium may fine-tune the shape, chemical makeup,
hydrodynamics, and mechanical characteristics of mycelia.*?
Many different scaffold materials have been created, and
methods like electrospinning, freeze-drying, and 3D printing
are available and widely used. Also, making these materials
involves moulding: the nutritional substrate and mycelium
spores were combined, put into a mould, and allowed to expand
until the mycelium development was halted by heating.* The
mycelium multiplies rapidly and generates a large number of
self-assembling connections in the form of minute threads
known as hyphae, which cover the source completely, decom-
pose it, and combine it into an enduring and organic substance.
The primary elements of the mycelium are natural biopolymers
like cellulose, chitin, various proteins, etc. Lignin, cellulose,
pectin, various compounds from microbes or medicinal plants,
protein products from both animals and plants, etc. are essen-
tial resources to create biopolymers among the various natural
sustainable resources. These materials are all recyclable, easily
biodegradable, and have many other beneficial qualities.>®
This work focuses on the easy creation of a fungal scaffold
and the investigation of its properties using various analytical
techniques. Yeast-peptone-dextrose (YPD) is used as the foun-
dation for the development of a mycelium-based compostable
substance, and its various characteristics, including
morphology, chemical composition, and porosity are assessed.
Two filamentous fungus species were selected for the work,
Purpureocillium lilacinum and Thermomyces lanuginosus.
Despite the fact that both T. lanuginosus and P. lilacinum
have promising characteristics for scaffold creation, they each
have their own set of beneficial characteristics. In addition to
being an excellent producer of biomass, T. lanuginosus is also
capable of producing a sturdy mycelium, which makes it
possible to construct scaffolds that have certain structural
characteristics that are desired. On the other hand, P. lilacinum
stands out due to its capacity to release bioactive compounds
that encourage the development and differentiation of cells.
Enzymes that are capable of breaking down complex organic
molecules are produced by T. lanuginosus, which survives at
higher temperatures (up to 60 degrees Celsius) and generates
them effectively. For the purpose of implementing certain
features into the scaffold, this could prove to be advantageous.
P. lilacinum, on the other hand, is able to grow at temperatures
that are milder (between 26 and 30 degrees Celsius) and has
a wide range of adaptability to different growing conditions. In
addition, the surface chemistry of P. lilacinum has the ability to
be modified in order to cater to the requirements of certain
different kinds of cells. For this reason, the selection of one of
these strains over another is contingent upon the particular
needs of the tissue engineering application that is being tar-
geted. If maintaining structural integrity is of utmost impor-
tance, T. lanuginosus could be the better option. P. lilacinum, on
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the other hand, would be a preferable option if the enhance-
ment of cell growth and the customisation of the scaffold for
certain cell types is the focal points of the investigation. On the
other hand, more research is necessary to optimise the usage of
both fungi in scaffold building and to evaluate their long-term
performance for applications in tissue engineering.

Fungal biomaterials hold significant environmental impli-
cations that can contribute to a more sustainable and eco-
friendly future. Some key environmental benefits include: bio-
degradability, reduction of synthetic materials, lower energy
and resource consumption, and carbon sequestration as the
mycelium can help sequester carbon from the atmosphere as it
grows. This process can contribute to mitigating climate change
by capturing and storing carbon in the fungal biomass.” Also,
fungal biomaterials can be used in a wide range of applications,
from packaging and construction to textiles and medical
devices. The purpose of this research paper is to develop myco-
materials from the biomass of the species P. lilacinum and T.
lanuginosus, and then to investigate the morphological,
mechanical, and hydrodynamical properties of the materials
that are created.

2. Materials and methods

A workflow with experiments, calculations and analytical tech-
niques was planned and performed as described in detail below
and also represented as a schematic diagram (Fig. 1).%°

2.1 Strains, growth media and culture conditions

Purpureocillium lilacinum: Luangsa-Ard et al. classified the
genus Purpureocillium in the Ophiocordycipitaceae family which
is a type of filamentous fungus. It was often isolated from
nematodes, insects and the rhizosphere of numerous crops in
2011 based on its medicinal value.'** The species may thrive in
a broad range of temperatures between 8 and 38 °C; however 26
to 30 °C is ideal.” It may thrive on any kind of surfaces and has
a broad pH tolerance. The colonies are spherical, purple, and
swollen. Conidia are single-celled, chain-like, oval to spindle-
shaped, and are around 2.0-2.3 and 3.1-4.0 um microns in
size. A hyaline mycelium with well-developed septate and
numerous branches is produced by P. lilacinum. This fungus
has the potential to be an effective biocontrol agent for root-
knot nematodes in crops. Like other fungi, Purpureocillium
lilacinum's chemical and molecular composition may change
based on a number of variables, including growing conditions,
substrates, and genetic variants. Proteins involved in enzymatic
reactions, structural support, signalling, and defense mecha-
nisms; carbohydrates like glucose, fructose, and different
polysaccharides; fatty acids, sterols, phospholipids, and other
lipid derivatives; nucleic acids; and secondary metabolites like
mycotoxins, antibiotics, pigments, and other bioactive
substances make up the basic molecular makeup of fungi.'* It is
well recognized that Purpureocillium lilacinum may parasitize
and control a variety of nematodes, especially those that are
damaging to plants or animals. In addition, it may infect and
harm other living things like mites and insects. It is an essential

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Schematic representation of the workflow.

component of biological pest management since it is an ento-
mopathogenic fungus.*

Thermomyces lanuginosus (MTCC:9331): A widespread ther-
mophilic fungus called Thermomyces lanuginosus (previously
referred to as Humicola lanuginosa) is often isolated from self-
heating piles of organic detritus. It is a thermophilic fungus
since strains often develop between 20 °C and 62 °C, with 50 °C
serving as the ideal growth temperature.'® The majority of the
strains examined had a pH of 6.5 for optimal development.
There have been reports of T. lanuginosus strains in dry and wet
grassland, loamy garden soil, and aquatic sediments, but the
fungus is more closely related to organic substrates like grass
culms, roots, and leaves, composts made from a variety of plant
materials, and the dung of different birds and mammals. T.
lanuginosus was initially discovered in soil where it participated
in the decomposition of compost before being discovered as
a plant endophyte."” Colonies begin as white and silky, usually
less than 1 mm in height, but quickly change to a grey or green-
grey color, beginning in the centre. The thick body compart-
ments found in the hyphae of thermophilic moulds developed
at high temperatures (above 50 °C) serve as storage structures,
primarily for phospholipids.”® The filamentous components
that make up the body of Thermomyces lanuginosus are often
formed as branching, septate hyphae. Asexual spores known as
conidia are produced by the hyphae, which may reach lengths of
up to several centimetres. The capacity of Thermomyces lanugi-
nosus to generate a variety of extracellular enzymes is well
documented. Many hydrolytic enzymes, including as cellulases,
hemicelluloses, amylases, proteases, lipases, and pectinases,
are secreted by it. With the aid of these enzymes, the fungus is
able to digest complex organic components and use them as
a source of nutrition.™ It is used to make a variety of commer-
cial enzymes, mainly in the manufacture of biofuels and
biotechnology.”® Table 1 provides a review of the numerous
species that have been employed to create biomaterials to date.

© 2024 The Author(s). Published by the Royal Society of Chemistry

Yeast-peptone-dextrose (YPD) is used as the foundation for
the development of a mycelium-based compostable substance,
and its various characteristics, including morphology, chemical
composition, and porosity are assessed. To be cultivated, fungal
stocks of Purpureocillium lilacinum and Thermomyces lanugino-
sus were gathered. Yeast peptone dextrose agar (YPDA) was
made in the proportions 1:2:2 (yeast extract:peptone
powder : dextrose). All materials and media were autoclaved for
15 minutes at 120 °C. Following that, a little inoculum of
mycelium was inoculated onto the plates to allow the mycelia to
germinate. Stock cultures were revived on plates incubated at
30 °C for 72 hours using YPDA. They were then isolated and sub-
cultured in the same medium and growth conditions. The
grown spores were put into 1000 mL Erlenmeyer flasks con-
taining 750 mL culture media each (YPDB). For 8 days, the
cultures were agitated at 30 °C and 80 rpm on an orbital shaker
incubator (CIS-24 PLUS from Remi Elektrotechnik Ltd).

2.2 Fungal growth in liquid media

The YPD liquid culture medium was inoculated with the fungal
mycelium and cultured at 30 °C for 168 hours. Growth curves
were produced using absorbance data collected during the time,
as detailed below. During strain development in liquid
medium, inoculation Erlenmeyer flasks were removed from the
orbital shaker one at a time at distinct time intervals of 12
hours. After every 12 hours, small samples of 3 ml were obtained
from each species and their absorbance was evaluated against
a blank medium using a UV-spectrophotometer (LabIndia) at
600 nm. Using the acquired data, a growth curve was con-
structed, with absorbance plotted versus incubation time.

2.3 Growth kinetics of fungal cultures

To predict fermentation time and cell mass obtained umax was
calculated. A higher “u,.” indicates increased cell production.
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Table 1 Summary of biomaterials produced using various species of organisms
S. no. Organism - species Biomaterials produced References
1 Bacteria — Gluconacetobacter, Bacterial cellulose, bioplastics, 21,22
Agrobacterium, Achromobacter, biofilms
Acetobacter xylinum
2 Yeast — Saccharomyces cerevisiae, Yeast-derived proteins, bioactive 23,24
Aureobasidium pullulans peptides
3 Algae - Chlamydomonas reinhardtii, Algal polysaccharides, microalgae 25
Chlorella pyrenoidosa, Scenedesmus lipids
obliquus
4 Plants - Acacia pennata, Colocasia Plant fibers, plant-derived polymers 26:27
esculenta, Bambusa vulgaris,
Gossypium herbaceum
5 Insects - Bombyx mori L., Manduca Silk proteins, chitin-based materials 28,29
sexta
6 Marine life - Axinella cannabina, Coral skeletons, fish scales, mollusc 30,31
Suberites carnosus, Arthrospira shells
platensis, Chlorella pyrenoidosa
7 Animals - Tunicata, Araneae Collagen, gelatin, elastin, 82,33

3 ml of culture sample and control were withdrawn after every
12 hours and the absorbance was recorded at 600 nm with
control medium as blank. 1 ml culture was filtered through
a pre-weighed Whatman filter paper and after filtration the
dried cell weight was measured. The data collected was then
plotted into graphs, studied and the slopes were determined.

2.4  pmax €Stimation using biomass

The following equation was used to calculate the biomass for
our experiment:**

My — M;

Biomass concentration of fungus(BM) = Vv (1)

where M, is the weight of the filter with the dried biomass and
M; is the weight of the pre-weighed filter, and V is the volume of
culture.

According to Huesemann et al. (2016),* the values of BM were
used to determine the fungi's specific growth rate (1) as follows:

_ [In(X> —X1)]
- (—n)

(2)

where X; and X, are the BM at two different time points, and
t; and t, are the corresponding times in days.

The capacity for biomass growth is reflected in the specific
growth rate, however the doubling time offers a more useful and
accessible metric. The time needed for the quantity of live cells
to double is known as the “doubling time”. Slower growth is
indicated by a longer doubling time. Eqn (3) was used to
compute the doubling time (T,) in days.

In(2)

Ty = T 3)

A fungal culture resembles a first-order chemical process
during the exponential (or logarithmic) development phase
when the rate of cell growth is inversely correlated with the
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number of fungi present. The growth rate constant, or constant
of proportionality, is an indicator of the growth rate:

Rate of increase of cells = u x number of cells

2.5 Filtration, drying and scaffold preparation

Several distinct filtration methods are used in order to accomplish
the separation of mycelial biomass or fungal cells from the liquid
media in which they are suspended. To determine which filtering
technology should be used the size and concentration of the fungal
biomass, the level of purity of the end product that is required, and
the extent to which the process can be carried out economically
were determined. A typical technique for separating solids from
liquids or eliminating solid contaminants from a liquid sample is
filtering using Whatman filter paper. The biomass was seen to
gather in the bottom of the flasks after 15 days of incubation. Then
Whatman filter paper no. 1 was used to filter it. The broth was
discarded and the biomass of the cultivated fungus was collected
on the filter paper. Ethanol solutions with a gradient of 20%, 40%,
60%, and 80% were used to wash the biomass. After washing,
formaldehyde was used to stabilise the biomass.

Drying fungal biomass and preparing scaffolds by employing
fungal biomass are two techniques that are essential to prepare
biomaterials. In these methods, the moisture is extracted from
the fungal biomass, and structured scaffolds are created for
a variety of different uses. Few techniques for drying fungal
biomass are air drying, freeze drying and spray drying. The
biomass collected after filtration were moulded using sterilised
plastic moulds and dried in a hot air oven overnight at 50 °C.
Further characterisation tests were performed using the dried
and dead biomass (biomaterial thus synthesized).

2.6 Decellularization

Decellularization may be accomplished using a variety of
approaches, such as enzymatic, chemical, and physical ones.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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These techniques attempt to disrupt and eliminate cells while
causing the least amount of harm to the extracellular matrix
(ECM) components, preserving tissue-specific bioactive chem-
icals necessary for cellular repopulation. The choice of proce-
dure depends on the kind of tissue, planned uses, and desired
results. Detergent or surfactant is used to decellularize the
fungal tissue. Sodium dodecyl sulphate (SDS), Triton X, EDA,
alkyl processing, acid, an ion-cleaning agent, a non-ionic
detergent, an amphoteric detergent, or mixtures of these are
examples of detergent in certain implementations. For each
strain, three samples were taken and weighed in equal
amounts. A 0.1% SDS solution was prepared. Each strain's
samples were placed in the solution. 2 of the 3 samples for each
strain were dipped in pH 7 maintained SDS; out of them 1 was
sonicated for 15 min. The other sample was placed in pH 12
maintained SDS solution. The concentration of released DNA
was estimated using a nanodrop spectrophotometer in tripli-
cate (Thermoscientific ND-1000).

2.7 Chemical composition analysis: Fourier transform
infrared spectroscopy (FT-IR) analysis

FTIR spectroscopy may be used for a variety of tasks, including
substance identification, composition analysis,
chemical reaction monitoring, material quality assessment,
and molecular structure and bonding investigation. For
spectrum analysis of the biomaterials derived, a Bruker ALPHA
II FTIR spectrophotometer was employed. With a resolution of
4 cm ™! along with forward and reverse rotating mirror speeds
of 10 and 6.2 kHz, respectively, spectra in the 600-4000 cm ™"
range were captured. Prior to examination, the samples were
oven dried at 50 °C, and the dried biomaterial samples were
used for spectrum analysis. All of the samples' infrared spectra
were recorded, and the treated samples' infrared spectra were
used to look for distinctive peaks that matched the functional
groups in the materials made from P. [lilacinum and
T. lanuginosus.

mixture

2.8 Morphological characterization - scanning electron
microscopy and energy dispersive X-ray spectroscopy (SEM-
EDS)

This method combines the elemental analysis capabilities of
energy-dispersive X-ray spectroscopy (EDS) with the imaging
capabilities of a scanning electron microscope (SEM). The
fungal scaffolds were analysed using Scanning Electron
Microscopy (SEM) to visually evaluate the morphology. In order
to prepare the samples, two 2 mm pieces of the scaffolds were
dried for 10 minutes at 50 °C in a hot air oven. The samples had
been coated with gold (50 nm) using sputter coating prior to
SEM examination. The samples were studied using a ZEISS EVO
Series scanning electron microscope, model EVO 18, before
which a 5 nm thick gold coating was applied. 20 kV SEM was
used to visualize the surface morphology of the materials.
Analysis was also done on the EDS spectra. Individual spectra
from 10 separate locations were combined to create an average
spectrum.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2.9 Porosity

The porosity is defined as the proportion of the volume fraction
(the volume of interior cavities) to the external sample volume.
In order to keep the implant mechanically stable, porosity
functions as a binding between the scaffold and the
surrounding tissues.** The porosity of a material may be
assessed using a variety of techniques. The liquid-displacement
technique is one of them. Ethanol is employed as the solvent in
this procedure, and the solvent's initial volume (V;), volume
during diffusion (V,) and residual volume (V;, solvent's volume
after diffusion and removal of material) are determine to
calculate the material's porosity.

Now, the following equation is used to calculate the bioma-
terial's porosity.

. V=V,
Porosity of the sample = A 7
where V; = volume of the solvent before immersing the scaffold.
V, = volume of the solvent with a scaffold after one hour. V; =
volume of the solvent after scaffold removal.

Some simple ways to determine a material's porosity include
utilising the plugins for tools like jPOR macro, OriginPro and
Image]. The porosity here is assessed using SEM images. The
porosity for the two scaffold samples generated from strains
Purpureocillium lilacinum and Thermomyces lanuginosus was
assessed by analyzing SEM images. To compute the same, SEM
pictures for the samples were viewed in Image] software. The
photographs were picked and in colour settings split channels
were opted for. The best channel with the greatest contrast and
finest quality was picked. The rectangle selection tool was used
to choose the greatest rectangular piece of the coating feasible,
exclusive of either interface. The selection was clipped and the
threshold tool was used to pick the regions of porosity. The
picture was transformed to a binary image of the porosity then
the particles were evaluated. The results may be shown now. A
summary for the findings was prepared and from here the area
fraction value was taken. This figure represents the percentage
of porosity.

2.10 Swelling ratio estimation

The swelling ratio is the proportional increase in weight and
thickness of the material brought on by water absorption. In
simple words, it is the ratio of the original weight/thickness of
the dry material to the difference between the starting weight/
thickness of the material and the weight/thickness of the
completely swelled mass. To determine how much swelling
tendency the samples possess for the correct transportation of
molecules, a swelling ratio test is an essential methodology.
First, samples of a fungal scaffold were dried to determine the
swelling ratio. After drying, the samples were weighed. Each
sample was then submerged in distilled water and 1x
phosphate-buffered saline (PBS). After three hours of immer-
sion, the samples were removed to be weighed and measured
once again.

The swelling ratio percentage is measured using the
following equation.

Environ. Sci.: Adv, 2024, 3,1413-1425 | 1417
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W, — W,

2

Swelling ratio(%) = x 100
where W; is the dry weight of the sample and W, is the swelled
weight of the sample.’”

2.11 Hydrodynamic characterization (hydrophilicity/
hydrophobicity)

A scaffold's hydrophilic properties are necessary for cell adhe-
sion and proliferation. Most of the time, hydrophilic scaffolds
encourage cell growth and proliferation. The contact angle
measuring methodology is used to determine if a scaffold is
hydrophilic or hydrophobic. According to Law K. Y. (2014),*®
a material is said to be hydrophilic if the contact angle is below
90° and hydrophobic if it is more than 90°. At room tempera-
ture, static water contact angle (CA) measurements were made
using Image] software developed at the National Institutes of
Health (NIH) and the Laboratory for Optical and Computational
Instrumentation. 5 uL of distilled water were dropped onto the
appropriate surfaces, and after 10 s, side view pictures of the
drops were taken using a camera of 108 MP at 1x. Every sample
was subjected to a maximum of ten contact angle measure-
ments, which were carried out at random sites. The average
values of these measurements were reported. By using the
programme to suit the photographed drop form, the CA were
computed automatically using “Contact Angle” plugins to
measure the contact angle image clicked.

3. Results and discussion
3.1 Growth kinetics and pp,,, calculation

To learn more about P. lilacinum and T. lanuginosus's growth
rates in a lab setting, the two species were grown in conical
flasks filled with YPD medium. For 15 days, batch cultivation
was done. Fig. 2 shows the development curves for both species
under the same environmental conditions. By measuring their
absorbance and dry cell biomass in an interval of 12 hours,
which has been provided in Table 2, mycelial culture develop-
ment was studied in order to understand its growth pattern. The
specific growth rate and maximum specific growth rate (umax)

P. lilacinum
—— T. lanuginosus

0.8
0.6

0.4

Optical density at 600 nm

0.2

0.0

T T T T T T T T
Ohr 24hr 48hr 72hr 96 hr 120 hr 144 hr 168hr
Time (hours)

Fig. 2 Plot for the growth pattern of the fungal strains.
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Table 2 Absorbance and dry cell biomass of P. lilacinum and T.
lanuginosus

P. lilacinum T. lanuginosus
Time (in hours) OD  Dry biomass (g17') OD  Dry biomass (g 1)
0 0.026 0 0.005 0
12 0.032 46 0.017 38
24 0.037 70 0.035 60
36 0.101 72 0.179 72
48 0.167 74 0.375 80
60 0.194 77 0.561 93
72 0.235 80 0.695 110
96 0.844 60 0.896 80
120 1.049 40 0.938 50
144 1.134 20 1.326 30
168 1.376 20 1.461 30

were examined using the data. For the fungus P. lilacinum, the
log phase was quite long; in the growth curve it began at 72 h
and ended at 168 h. T. lanuginosus had an exponential phase
ranging from 24 to 96 hours.

A key determinant of the concentration of fungal biomass is its
dry weight. It's interesting to note that on the 3rd day, both Pur-
pureocillium lilacinum and Thermomyces lanuginosus showed
a much greater biomass dry weight. The stationary phase was then
followed by the fungus. P. lilacinum and T. lanuginosus had
maximum biomass concentrations of 80 g L' and 110 g L™,
respectively. The particular growth rates for P. lilacinum and T.
lanuginosus shown in Fig. 3 and 4 showed a decline on a daily
basis, mostly because of nutrient depletion. The maximum specific
growth rates (umax) for the strains P. lilacinum and T. lanuginosus
were 1.34 + 0.024 and 3.09 + 0.019 L' d ", respectively.

It is important to keep in mind that the maximal biomass
and growth rate are both dependent on the doubling time of the
fungus as well as the accessibility of key nutrients. When
determining a fungal population's growth rate and rate of
reproduction, doubling time is a critical quantity to consider.
This term refers to the amount of time needed for the pop-
ulation of a fungus to increase by a factor of two. When
researching the development dynamics and productivity of
fungal cultures, the doubling time is a crucial measure. The
doubling times of P. lilacinum and T. lanuginosus when they
were grown in YPD medium were determined to be 0.517 +
0.006 and 0.224 + 0.006 day ' respectively.

3.2 DNA content analysis after decellularization

Divalent saline solution, which may be used to separate out salt
residue from solution/bracket precipitates, eliminates leftover
SDS. Additionally, desalination residue and/or SDS micelles can
be removed using dH,0, acetic acid, dimethylsulfoxide (DMSO),
or ultrasonic treatment. MgCl, and CacCl, are two examples of the
divalent salts that might be present in the divalent saline solu-
tion. The following criteria are given for use in evaluating how
well various components may be removed from the system. The
decellularized extracellular matrix (ECM) has to have: (1) fewer
than 50 ng of double-stranded DNA (dsDNA) per mg of ECM dry

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Graph depicting the specific growth rate of P. lilacinum.

Specific growth rate of 7. lanuginosus
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Fig. 4 Graph depicting the specific growth rate of T. lanuginosus.

weight; (2) less than 200 bp of DNA fragment length; and (3) no
apparent nuclear material when stained with 4’,6-diamidino-2-
phenylindole (DAPI).** The amount of DNA that was released
from the cells after they were decellularized was measured using
a nanodrop spectrophotometer at regular intervals of 15 minutes
over a period of four hours (Fig. 5). Under conditions of pH 7 and
12, and sonicated SDS, both types of material demonstrated
a decellularization process that was approximatively exponential.
The lowest degree of decellularization was seen for T. lanuginosus
in a pH 7 solution, whereas the pH 12 solution gave the lowest
degree of decellularization for P. lilacinum. Additionally, the
maximum degree of decellularization was observed in sonicated
SDS for both of these materials.

() TR
—e—pH=12

45 1 —4— Sonication

40

35

T T T
0 50 100 150 200 250

Time (mins.)
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3.3 Characterization

3.3.1 Fourier transform infrared spectroscopy (FTIR). FTIR
is an effective method for detecting structural alterations in
compounds brought on by changes to functional groups, link-
ages and bonds. Typically distinct, a compound's fingerprint
may be used to distinguish between various types of
compounds. FTIR spectroscopy was used to examine the
chemical composition and structural characteristics of bioma-
terials. The FTIR spectra were acquired for materials in the
range of 400-4000 cm * designed using fungal species P. lila-
cinum and T. lanuginosus. The findings shed light on the func-
tional groups and molecular bonds that are present in these
materials. The molecular structure of the biomaterials could
potentially be better understood by analysing their FTIR
spectra. For instance, the high peaks at 2916.11 cm ™" in the P.
lilacinum spectrum show the existence of —-CH,- stretching
vibrations, indicating the presence of long hydrocarbon chains.
The peaks at 1653.51 cm ™" and 1386.60 cm ™' are the stretching
vibrations of C=N and -CH, respectively. Strong S=O stretch-
ing is also seen from the spectral peak at 1031.49 cm ™', which
signifies the presence of sulfoxide in the material. The FTIR
spectra of the T. lanuginosus biomaterial contain a variety of
spectral peaks, each of which is associated with a specific
wavenumber. These spectral peaks include the following:
3257.29 (strong O-H stretching), 2920.75 (strong O-H
stretching/weak O-H stretching/medium C-H stretching), and
1607.09 cm " (medium C=C stretching/medium N-H bending/
strong C=C stretching). The P. lilacinum biomaterial's FTIR
spectra include a variety of spectral peaks with associated
wavenumbers, including those at 3282.82 (strong O-H stretch-
ing), 2916.11 (C-H stretching), 1653.51 (C=N stretching/C=C
stretching), 1386.60 (C-H bending/S=O0O stretching/S=0
stretching), and 1031.49 cm ™" (strong S=O stretching) (Fig. 6).

3.3.2 SEM image analysis and elemental composition. The
mycelium sheet is likely coated with cell detritus, as can be seen
in Fig. 6(a) and (b) from SEM images. Both strains, however, allow
for the visualization of the hyphae. P. lilacinum films have
a special kind of compressed filament, as seen in Fig. 7(a). Here,

(b) ——pH=7
-pH=12
—— Sonication’

T T T T T
(] 50 100 150 200 250
Time (Mins.)

Fig. 5 Graph depicting increased cellular contents in SDS solution over time and under different conditions: (a) T. lanuginosus, (b) P. lilacinum.
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Fig. 6 FTIR spectra for biomaterial samples generated from P. lilaci-
num and T. lanuginosus.

it is evident that the feeding substrates have an impact on the
filament's width. The hyphae are mechanically supported by
internal hydrostatic pressure (turgor), which also promotes
hyphal development by producing a mass movement of the
cytoplasm to the hyphal ends. Due to internal hydrostatic pres-
sure, the cell membrane prevents hyphal osmotic lysis. Since the
filaments of T. lanuginosus are substantially smaller, any treat-
ment will have a lower impact on their structure. Particularly,
films of T. lanuginosus during its growth phase display a thread-
like structure (Fig. 7(b)). During the early stages of development,
short, heavily entangled tubes are more frequent, but later on,
compact filaments become more prevalent.

As determined by EDS, the predominant elements in the P.
lilacinum based biomaterial samples were potassium, oxygen,
chlorine, and carbon in various compounds. Smaller amounts of
the elements sodium, aluminium, and sulfur were observed. For T.
lanuginosus based biomaterial samples the predominant elements
were determined to be oxygen, chlorine, potassium and carbon.
We found lower concentrations of sodium, phosphorus, and
sulfur. Aluminum and phosphorus were the trace elements that
were found; they were only detected in a small number of samples.

3.4 Porosity via SEM analysis

The morphological analysis of the decellularized P. lilacinum
and T. lanuginosus based biomaterials was done by using the

View Article Online
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Image] software as mentioned earlier. By using the software, the
pore size and porosity of the sample were determined. The
average pore size of the P. lilacinum decellularized sample was
7.884 pm and the average porosity was 0.101%. For sample 7.
lanuginosus the average pore size was 109.676 um and the
average porosity was 20.023%. Thus, the biomaterial prepared
from T. lanuginosus was determined to be of more porous
nature. The segmented image in “Image]” for analysis is shown
in Fig. 8.

3.5 Swelling ratio analysis

Depending on the particular kind of material and its composi-
tion, the swelling ratio of fungal materials may change. The
swelling ratio of fungal compounds tends to be rather high.
This is because of their ability to absorb and hold moisture
owing to their hygroscopic nature. The kind of fungus, the
chemical makeup of the substance, and the surrounding envi-
ronment all affect how much swelling develops. For P. lilacinum,
the swelling ratio percentages were estimated to be, respec-
tively, 33.99% with water and 52.60% with 1x PBS solution.
According to calculations, T. lanuginosus's swelling ratio
percentages with water and 1x PBS were 39.75% and 50.85%,
respectively. Due to its great affinity for absorbing water, porous
structure, larger amount of cellulose and hemicellulose in their
cell walls, and structural integrity, the latter exhibits a higher
swelling ratio with water. It is important to remember that
variables other than the characteristics of the fungus itself
might affect the swelling ratio of fungal materials. Temperature,
pH, moisture content, and processing methods are all variables
that might affect how fungal compounds expand (Fig. 9).

3.6 Hydrodynamic characterization

Insightful information on the behaviour, structure, and char-
acteristics of fungal biomaterials in various fluid environments
is provided through hydrodynamic characterization methods.
Using Image] software, the hydrodynamic properties of the
materials were ascertained after calculating the contact angle of
water droplets with the biomaterials' surfaces. For P. lilacinum
and T. lanuginosus, the contact angles were found to be 147.3 £
5.7° [Fig. 10(a)] and 143 =+ 7.6° [Fig. 10(b)], respectively. With
respect to the contact angles shown by the materials, they were
determined to be hydrophobic in nature. Assessment of the

Fig. 7 SEM image of (a) P. lilacinum and (b) T. lanuginosus.
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Fig. 8

Swelling ratio estimation
using water

using 1X PBS

Swelling ratio estimation

Fig. 9

(a) Segmented image of P. lilacinum obtained from ImageJ. (b) Segmented image of T. lanuginosus obtained from ImageJ.

(a) Dried and weighed samples of the biomaterials. (b) Samples immersed in distilled water. (c) Side view of the dried P. lilacinum sample.

(d) Side view of the water swelled P. lilacinum sample. (e) Side view of the dried T. lanuginosus sample. (f) Side view of the water swelled T.
lanuginosus sample. (A) Dried and weighed samples of the biomaterials. (B) Samples immersed in 1x PBS solution. (C) Side view of the dried P.
lilacinum sample. (D) Side view of the PBS swelled P. lilacinum sample. (E) Side view of the dried T. lanuginosus sample. (F) Side view of the PBS

swelled T. lanuginosus sample.

stability and aggregation propensities of fungal biomaterials is
aided by hydrodynamic characterization. This information is
crucial for creating stable formulations and understanding the
processes of aggregation or destabilization in varied settings.
This feature is advantageous for bioplastics because it offers
mechanical strength,*® water absorption capacity, and appro-
priateness for environmentally friendly applications such as
food packaging.**

4. Application of mycelium-based
materials

Fungal biomaterials offer an environmentally significant alter-
native to conventional materials, contributing to resource
conservation, reduced pollution, and a more sustainable

© 2024 The Author(s). Published by the Royal Society of Chemistry

approach to material production and consumption. Impor-
tantly, this study reveals a low-cost, environmentally favourable
method for producing biocompatible materials that might be
used to produce stronger, more robust, and eco-friendly
construction materials. The biomaterial produced through our
research has the potential to serve as a foundational concept for
a material utilized in the construction industry, such as
a restorative material for fractured concrete structures or the
design of entire building structures. Several studies and exam-
ples pertaining to construction materials derived from myce-
lium are provided herein.

An emerging field that is garnering increasing interest is the
utilization of fungi as building materials. Numerous articles
have examined various advancements concerning the applica-
tion of fungal materials in the field of architecture, which have
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Fig. 10 Contact angle measurement: (a) P. lilacinum, 147.3 + 5.7° and (b) T. lanuginosus, 143 + 7.6°.

significantly transformed our understanding of material utili-
zation.*> Compared to conventional materials, mycelium-based
products have a number of benefits, such as being less expen-
sive, biodegradable, and having a lower density and smaller
environmental effect. For particular purposes, a wide variety of
substrates may be used in conjunction with carefully regulated
processing methods to produce materials obtained from
mycelium that have the required structure and functionality.
Due to cracking, concrete, a crucial element of the built envi-
ronment, has problems with stability and longevity. Concrete
may fracture due to a variety of physical, chemical, and bio-
logical factors, such as freeze-thaw cycles, overload stress,
physico-chemical weathering, and bio-weathering.**™** Water
and oxygen increase corrosion when the passivation layer has
deteriorated. Coating may be thought of as a preventive tech-
nique utilized before any cracks emerge and would function as
a barrier to guard against liquids and gases as opposed to
restorative procedures.*® Adding admixtures or reducing the
water to cement ratio, surface treatment is a practical and
economical solution to enhance the quality of the concrete's
surface layer while safeguarding the structure.*”** The
mechanical properties of mycelial composites support
compression-based structural designs. Using mycelium-based
building materials makes novel technical, aesthetic, and
sustainable construction approaches conceivable. For instance,
one bio-composite, a mycelium brick, is composed of mycelium
and agricultural waste and is capable of forming a three-
dimensional structure. Such bricks may be employed as
construction materials that are both robustly flexible and fire-
resistant.

A review of patent documents reveals that bio-foam
composites and intricate structures comprised of mycelium-
based composites may be utilized as structural materials, inte-
rior finishing materials, components for mobile home
furnishings, and packaging materials in the construction of
buildings. Their low thermal conductivity makes them suitable
for sound absorption or insulation applications. Applications
within the construction industry are primarily limited to
impermeable thermal and acoustic insulators.*

While myco-materials are a relatively new technology, there
is a dearth of understanding about their potential. Many

1422 | Environ. Sci. Adv, 2024, 3, 1413-1425

individuals, including architects, engineers, and builders, are
just unaware of the potential that they possess. The fact that
myco-materials may be more costly than conventional concrete,
despite the fact that the cost is decreasing as the technology
advances, is one of the reasons why they are not very popular
among the general public. Although there is some question
about the long-term performance of myco-materials, such as
their resistance to fire and durability, there is still some
uncertainty. Due to the fact that the manufacture of building
materials based on mycelium is currently restricted, it may be
challenging to use these materials for construction projects of
a significant size. It is anticipated that myco-materials will gain
more widespread acceptance in the years to come as a result of
the efforts of researchers who are striving to overcome these
problems. Nevertheless, it will take some time for the building
sector to completely accept this technology when it has been
introduced.

5. Conclusion and future perspective

Within the scope of this investigation, we have proposed
a method for the cultivation and harvesting of the fungal
mycelium as well as the molding of this mycelium into a scaf-
fold. The purpose of this investigation was to offer a method for
the cultivation and harvesting of the fungal mycelium as well as
the formation of a scaffold using these materials. Growth
dynamics for two fungal species, namely T. lanuginosus and P.
lilacinum, were investigated; they exhibit exponential growth
during the first seven days after they are cultured. T. lanuginosus
has a faster growth rate than P. lilacinum. P. lilacinum shows the
presence of vibrations that are characteristic of hydroxyl and
alkyl groups, imine or oxime compounds or alkene compounds,
a mixture of carbon-hydrogen bonds and sulphate groups or
sulfonyl chloride groups in the sample. T. lanuginosus shows the
presence of functional groups such as hydroxyl groups, addi-
tional hydroxyl groups, alkyl groups, alkenes, and amines. It can
be concluded after seeing the porosity and swelling ratio (%)
that the P. lilacinum sample (average porosity: 0.101%; swelling
ratio 15.75% with water and 25.44% with 1x PBS solution)
would form a less advantageous material for applications such
as drug release, whereas the materials prepared using T.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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lanuginosus (average porosity: 20.023%; swelling ratio 69.18%
with water and 61.76% with PBS) can aid in maintaining a moist
environment conducive to tissue regeneration, as well as
controlled drug, fertiliser or pesticide release. Decellularized
tissues may also be used as bio-scaffolds for cell-based thera-
peutics, disease modelling, and drug testing. The presence of
awide variety of chemical functionalities on their surface makes
mycelia an interesting platform for tissue engineering applica-
tions. Cells preferably attach onto carbohydrate and protein
moieties, namely by interacting with the numerous proteogly-
cans and proteins present in the extracellular matrix (ECM).
Therefore, the observed wide variety of chemical functionalities
on the fungal surface indicates a promising path towards the
development of fully fungal-based biomaterials.

However, the potential applications of myco-materials go far
beyond the realm of building materials. Because the mycelium
has a naturally fibrous structure, it is a good option for the
creation of scaffolds that may be used in tissue engineering and
drug delivery applications. The idea of harnessing mesen-
chymal stem cells to build new tissues, transport medicine
directly to specific locations of the body, or even construct
implanted devices is among the possibilities that researchers
are investigating. The resilience of myco-materials to fire is now
a barrier that prevents their broad implementation in the
building industry. In the future, research may concentrate on
the creation of fire-retardant additives or treatments for the
mycelium itself, or it might examine the possibility of designing
the material to have qualities that are naturally resistant to fire.
In addition, research directed towards enhancing the mechan-
ical strength, durability, and water resistance of myco-materials
would further expand the usefulness of these materials. The
mycelium has an innate capacity to heal itself on its own. It is
possible that in the future, research may investigate methods to
make use of this capability to produce self-healing bioconcrete.
This has the potential to result in structures that are able to heal
cracks or small damage on their own, hence lowering the
amount of money spent on maintenance and prolonging the
lifetime of the building. It may be possible to include sensors
into myco-materials so that they can keep track of their own
health and performance. The early discovery of issues would be
made possible as a result of this, which might assist in the
prevention of catastrophic failures. It is possible to widen the
scope of study on myco-materials in order to investigate
mycelium-based composites for purposes other than structural
building. For example, the development of bio-packaging
materials, components for furniture, or even automobile parts
derived from the mycelium might fall under this category. It is
possible for scientists and engineers to continue the develop-
ment of myco-materials and unleash their full potential as
a material that is both sustainable and adaptable for the future
if they investigate these and other prospective research avenues.
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