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ABSTRACT ARTICLE HISTORY
Mycelium-based composites (MBCs) are produced through a combination of fungi and lignocellu- Received 10 September 2025
losic materials. Identifying novel combinations of fungi and lignocellulosic waste is crucial for Accepted 24 May 2026
exploring new material properties. In this study, MBCs were prepared with strains of Ganoderma KEYWORDS
orbiforme and Lentinus squarrosulus from Sri Lanka, using three different types of locally sourced Biocomposites; fungal
lignocellulosic substrates, including Cocos nucifera sawdust, Mangifera indica sawdust, and coir mycelium; protective
pith derived from coconut husk. Mycelium inoculum grown on rice seeds was introduced to packaging material;
organic substrates and incubated at 28 °C for 30 d. The resulting composites were separated scanning electron
from the container, dried at 80 °C, and characterised for physicochemical, and microscopic proper- microscopy; styrofoam
ties. Results indicated that the produced MBCs exhibit properties equivalent to or superior to those alternative

of expanded polystyrene (EPS). The Ashby chart generated revealed that MBCs possess properties

comparable to cork and other low-density foams, making them suitable for insulating, cushioning,

and packaging applications. Among the combinations tested, MBCs made with coir pith and

coconut sawdust proved to be the most effective, eco-friendly alternatives to protective

packaging.
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1. Introduction

Mycelium-based composites are emerging globally as
alternatives to synthetic materials, due to their eco-
friendly nature (Alaux et al. 2024; Saini et al. 2024;
Majib et al. 2025). Synthetic polymers have
a significant environmental impact because they
accumulate in large quantities in both inland and
aquatic environments. They also release harmful
fumes when burned (Majib et al. 2025). The wide-
spread use of synthetic foam-based packaging mate-
rials, such as expanded polystyrene (EPS), has
significantly increased land and water pollution. This
is because most commonly used synthetic plastics are
not easily compostable (Bhardwaj et al. 2020).
Burning expanded polystyrene (EPS) releases hazar-
dous chemicals, including styrene, polycyclic aromatic
hydrocarbons (PAHs), carbon black, and carbon mon-
oxide, into the air (Alemu et al. 2022). Additionally,
discarded EPS clogs drains, streams, and rivers in large
cities and suburban areas, causing widespread envir-
onmental issues (Bravo and Hotchkiss 1993; Rossi
et al. 2001; Alemu et al. 2022).

Over the past decade, innovative biomimetic pro-
cesses have gained remarkable attention utilising fun-
gal mycelium to transform lignocellulosic materials
into high-value products, such as foams, panels, thin
sheets, and leather alternatives (Vaitkus et al. 2022;
Dhiman et al. 2024; Kohphaisansombat et al. 2024;
Madusanka et al. 2024a).

Mycelium is the vegetative component of filamen-
tous fungi, comprising a network of fine white fila-
ments with diverse layers of protein, glucans,
mannans, and chitin (Shin et al. 2025). Fungal myce-
lium has become a subject of increased interest in
research and commercial applications due to its ver-
satility and minimal energy consumption during pro-
duction (Bhardwaj et al. 2020; Huang et al. 2024).
Mycelium can inherently adhere to nearby organic
substrates, including sawdust, coffee husk, straw,
and bagasse, forming a dense network of filaments
(Shin et al. 2025).

Recent studies have revealed the significant
potential of mycelium-based composites (MBCs)
as alternatives to traditional materials. These
materials can be used in packaging, construction,
furniture and design, biodegradable mulch, and
automotive components (Bhardwaj et al. 2020;
Robertson 2020; Alaux et al. 2024). Despite these

advancements, significant research gaps persist in
the development of MBCs, particularly in optimis-
ing fungal species and substrate combinations for
specific applications (Sreerag et al. 2025).
Selecting appropriate fungal species remains
a critical challenge. Factors such as growth rate,
mycelium density, cultivation ease, noxiousness,
cost of growth media, and structural properties
must be balanced (Bhardwaj et al. 2020;
Madusanka et al. 2024a).

The characteristics of mycelium-based materials
are influenced by various factors, including the sub-
strate used, the fungi strain, the provided environ-
mental conditions in which it grows, and post-
processing techniques (Appels et al. 2019; Robertson
2020). Attias et al. (2019) reported that mycelium-
based composites can possess properties comparable
to EPS and other foams. Biocomposites designed for
protective packaging applications must satisfy
a combination of key functional properties, including
low density for lightweight handling, adequate com-
pressive strength to withstand stacking and impact
loads, and low compression set, to recover after defor-
mation. In addition, moisture resistance is also impor-
tant to maintain structural integrity under humid
conditions, while thermal stability and flame retar-
dancy contribute to safety during storage and trans-
port (Madusanka et al. 2024b).

This study aims to discover novel combinations of
selected locally sourced lignocellulose substrates and
isolates of mushroom-forming fungi belonging to the
genera Ganoderma and Lentinus to produce mycelium-
based composites and to fully characterise them for
their mechanical and physicochemical properties, asses-
sing their applicability for packaging and other uses.

2. Materials and methods
2.1. Fungal sample acquisition

The fruiting bodies of mushroom-forming fungi were
collected from two selected locations in the Western
and Southern provinces in Sri Lanka [CM17 from
Morawaka, Kodikaragoda (6.273003, 80.484362), M34
from Kottawa, Malapalla (6.846508, 79.981629)]. Small
pieces of the mushroom fruiting bodies were surface-
sterilised using 70% ethanol, then aseptically trans-
ferred onto potato dextrose agar (PDA) plates to isolate
fungal cultures. Plates were inoculated at 27 £2 °C



until mycelial growth was seen. Pure cultures were
acquired via successive subculturing and deposited at
the University of Sri Jayewardenepura Culture
Collection (USJCC) (M34 = USJCC 0191, CM17 = USJCC
0192).

2.2. Molecular identification of fungi

The modified method described by Arnold and
Lutzoni (2007) was used to extract genomic DNA
from 7-day-old mycelia. The internal transcribed
spacer (ITS) region was amplified by PCR utilising the
ITST and ITS4 primers in a BIORAD® T100TM thermal
cycler. The PCR conditions were followed as specified
by Manamgoda et al. (2012). The PCR-amplified pro-
ducts were visualised for successful amplification by
electrophoresis on a 2% agarose gel, followed by
sequencing at the Sanger DNA sequencing centre at
Macrogen, Seoul, South Korea. The ITS sequences
generated in this study were initially identified with
the Basic Local Alignment Search Tool (BLAST) search
against the National Center for Biotechnology
Information (NCBI) database (www.ncbi.nlm.nih.gov).
Sequences exhibiting a similarity of 99% or greater
with either ex-type sequences or reliable references
were classified as conspecific with the support of
morphological and ecological characters of the
mushrooms.

2.3. Preparation of grain spawn

Grain spawns were prepared using rice grains in poly-
propylene bags as described by Madusanka et al.
(2024b). The grains were sieved to clean any debris
and were then soaked overnight in clean water. These
soaked and washed grains were boiled for 15 min. The
boiled grains were spread on paper towels to remove
excess water and allowed to cool to around 25-30 °C.
Then, the grains were mixed with 5% wheat flour,
1.2% commercial-grade gypsum (CaSO,), and 0.3%
calcium carbonate (CaCOs) and filled into the poly-
propylene bags. The bags were subjected to sterilisa-
tion in an autoclave at 121 °C and 15 psi for 20 min.
For inoculation, the prepared grain substrate was
opened under the laminar flow, and five fragments
of the isolated fungal culture were placed onto the
grain surface. The inoculated bags were incubated in
darkness at ambient temperature for a duration of
2 weeks.
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2.4. Comporsite fabrication

2.4.1. Selection of lignocellulosic fibre material and
feed preparation

Three locally available, abundant natural fibres, coco-
nut (Cocos nucifera) sawdust, mango (Mangifera
indica) sawdust, and coir pith (spongy byproduct of
the coconut fibre extraction process), were used in
this study. The sawdust and coir pith were passed
through a 4 mm mesh to eliminate large particles.
The fibre materials underwent a soaking process in
fresh water for a duration of 24 h, followed by
a thorough rinsing with fresh water. The soaked mate-
rial was then squeezed manually and spread on paper
to air dry for 24 h. The fibres were placed into poly-
propylene bags measuring 175 mm x 325 mm and
subjected to autoclaving for 20 min at a temperature
of 121 °C. The bags were allowed to cool for
a duration of 24 h.

2.4.2. Inoculation and cultivation

All composites for each fungus-substrate combina-
tion were prepared from a single growth batch to
ensure consistency in this study, with five replicates
(n=5) analyzed statistically. The 90% wt (wet weight)
of fibres was mixed with 10% wt of mushroom spawn,
mixed in a sterilised condition, and labelled. The poly-
propylene bags were subsequently positioned in
a dark growth chamber, where the environment was
controlled at 28 °C and maintained at a relative
humidity of 90%-95%.

2.4.3. Growing MBCs

Following the incubation in growth chambers for
7 d, the cultivated mycelium was moved from bags
to PVC moulds (height 20 mm, diameter 60 mm) to
initiate the second growth stage. Before filling
them with mycelium, the moulds were surface
sterilised using 75% ethanol. The mycelium was
then added to the moulds in layers, with each
layer being compressed to ensure a compact sam-
ple. The filled moulds were covered with
a transparent cellophane foil and positioned in
a growth chamber maintained at a temperature
of 28 °C, in darkness, for a duration of 14 d. The
cultivation timeline (7 d in bags + 14 d in moulds)
was based on preliminary observations of com-
plete visual colonization, adapted from established
protocols (Madusanka et al. 2024b).
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2.4.4. Ceasing the growth of composites

As described by Madusanka et al. (2024b), following a 14-
day growth phase in the moulds, the composites were
removed and weighed both before and after drying,
with their diameter and height also recorded. Each com-
posite was dried in a convection oven at 80 °C for 6-8 h
until a constant weight was achieved. Drying at 80 °C
follows established MBC protocols (Elsacker et al. 2019)
to cease growth. While this may affect protein structure,
chitin remains stable below 300 °C. The influence of
drying protocols on molecular structure and mechanical
properties requires further investigation. Dried samples
were equilibrated at laboratory conditions (24 °C, ~50%
RH) before testing.

2.5. Material characterisation of composites

2.5.1. Morphological analysis

All the composites produced in this study were ana-
lysed by visual inspection, while mounted specimens
were observed using optical microscopy (ZEISS Stemi
508 stereo microscope with Colour View camera). To
observe the development of mycelium in biocompo-
sites, SEM (ZEISS EVO 18 research scanning electron
microscope, German) analysis was conducted at the
Department of Materials Science, Faculty of
Engineering, University of Moratuwa, Sri Lanka.
Before testing, samples of the composites were
coated with a thin layer of gold using sputtering
equipment to ensure clear images of the composites
(Jones et al. 2018).

2.5.2. Mechanical characterisation

Compression test: Due to the lack of a universally
established testing standard for MBCs, mechanical
characterization was performed following the ASTM
D638 protocol, following the available literature
(Elsacker et al. 2019; Raj et al. 2021). Compression
strength testing was carried out on five specimens
from each composite type. The tests were performed
using a Testometric DBBMTCL-500 kg—-1.5-000
machine equipped with a 5 kN load cell, under ambi-
ent laboratory conditions (24 °C and approximately
50% relative humidity). The specimens evaluated for
compression strength were the same ones previously
used in determining dry density. The displacement rate
was 5 mm/min, and specimens were compressed up to
20% of the samples’ original thickness. The compres-
sive stress (0) and strain (€) were calculated using the

load-displacement curve using the following formulas
(Elsacker et al. 2019).

F AL
o= K[MPa] and, e = 5
where:
F represents the compressive force measured in N,
A denotes the cross-sectional area of the sample
in mm?, AL indicates the displacement of the loading
surfaces in mm, and Lg refers to the initial height of
the sample in mm.
The compression set value for each composite was
obtained according to the following equation.

to — 1

C= x 100%

0 — tn
where:

C represents the compression set, t, denotes the
thickness of the specimen before compression, t; indi-
cates the thickness of the sample after testing, and t,
refers to the final thickness of the sample during
testing.

2.5.3. Physical characterisation

2.5.3.1. Moisture content. The moisture content on
a wet basis for the composite materials was deter-
mined in accordance with I1SO 16979:2003 (Raj et al.
2021; Madusanka et al. 2024b) using the following
formula:

m— Ww=Wa) 04

Ww
where:
M represents the moisture content expressed as
a percentage, W,, denotes the initial mass in g, and
wy indicates the mass following the drying process

ing.

2.5.3.2. Dry density and shrinkage. The dry density
of the samples was determined in accordance with
ISO 9427:2003 (Raj et al. 2021; Madusanka et al. 2024a)
with the following formula:

_ Weight of dry sample (kg)
~ Volume of wet sample (m3)

2.5.3.3. Capillary water absorption. Completely
dried samples were used to measure the capillary
water absorption (CWA). After determining the dry
weight of the samples, they were placed in



a container and submerged by 5mm in distilled
water. The samples were then weighed at specific
intervals of time, after 10 min, 30 min, 60 min,
90 min, 2 h,4 h, 8 h,and 24 h. The CWA was calculated
following I1SO 15148:2002(E), with the formula (Wei
et al. 2023):

(m; — mg)

“= Ak

In this context, C,, represents the capillary water
absorption coefficient measured in [kg/(m2min®®)].
The variable m; denotes the weight of the specimen
at a specific time t;, expressed in kg, while my indi-
cates the dry weight of the specimen, also in kg.
A refers to the surface area of the specimen that is
in contact with water, measured in m?, and t; sig-
nifies the time in h. No edge sealing was applied;
samples were immersed 5 mm, allowing water con-
tact with all exposed surfaces to assess overall moist-
ure resistance behaviour relevant to packaging
applications.

2.5.3.4. Thermogravimetric analysis. A thermogra-
vimetric analysis was performed using the TGA5500
instrument from TA Instrument Inc., Germany. The
temperature varied from 30 °C to 700 °C, with
a heating rate of 10 °C/min in a nitrogen (N2) atmo-
sphere. Measurements were conducted utilising less
than 10 mg of composite placed in a platinum pan,
with an airflow rate of 100 mL/min. The TGA test was
also conducted on EPS.

2.5.3.5. Flame retardancy test. The UL-94 horizon-
tal burning (HB) and vertical burning (V) tests were
performed to evaluate the flammability characteris-
tics of five specimens each from mycelium-based
materials, along with an expanded polystyrene (EPS)
reference sample. Specimens for the UL-94 HB test
measured 125+ 5mm in length and 13 £ 0.5 mm in
width, with thickness not exceeding 13 mm; speci-
mens per were used after conditioning at 23 +2 °C
and 50% + 5% relative humidity for 48 h. For the UL-
94V test, bar specimens were 125+ 5 mm long and
13 £ 0.5 mm wide, and also preconditioned similarly.
Each specimen was marked with reference lines at
25 mm and 100 mm (HB) from the ignited end (V) to
track burn progression.
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2.5.4. Chemical characterisation

The functional groups in the biocomposites were
identified using Fourier Transform Infrared
Spectroscopy (FTIR) (Nicolet iS10, Thermo Scientific,
USA) over the range of 4000 to 400cm™' with
a resolution of 1cm™'. Approximately 5mg of the
sample was ground thoroughly with 95 mg of FTIR-
grade potassium bromide (KBr) using an agate mortar
and pestle with precautions taken against moisture
absorption, and the mixture was compressed using
a manually operated die to form the sample pellet.

2.5.5. Soil burial test
A soil burial experiment, adapted from the method
outlined by Namphonsane et al. (2023), was con-
ducted to evaluate the microbial biodegradability of
the biocomposites. Specimens with a diameter of
20mm were fabricated specifically for this test.
Commercial compost was used at ambient tempera-
ture (~28 °C), with a pH of 6.8 and a moisture content
of 55%. Each sample was enclosed in a nylon mesh,
weighed, and placed within a 20 L compost container.
The trial was carried out over 30 d. Samples were
examined on days 7, 15, and 30. After 30 d, all speci-
mens were oven-dried at 40 °C until a constant mass
was achieved. Biodegradability was further assessed
through visual inspection of the specimens.

2.5.6. Comparative analysis using Ashby chart

To visually assess the performance of various materi-
als, distinct combinations of attributes (e.g., strength,
density) were represented on a material property
chart (often referred to as an Ashby chart) using a log-
log scale (Ashby 2011). Mycelium-based composites
exhibit properties comparable to those of foams, nat-
ural materials, and conventional synthetic insulation
products, including rock wool, cork, sheep wool, high-
density polyurethane (HDPU), and expanded polystyr-
ene (EPS) (Akromah et al. 2024; Whabi et al. 2024).

2.6. Statistical analysis

The statistical analysis of moisture content, dry den-
sity, capillary water absorption, and compression set
was conducted using Minitab 21 (version 3.1), and the
results were visualised with Origin Pro 2022 (version
9.9.0.22). The data collected were subjected to one-
way analysis of variance (ANOVA), and the significant



6 e C. MADUSANKA ET AL.

means were distinguished by mean differences utilis-
ing the Tukey test at a =0.05.

3. Results and discussion

3.1. Fungal sampling, spawn preparation, and
substrate preparation

Species identification was confirmed through inte-
grative taxonomy combining molecular data (ITS
sequences with 99%-100% similarity to reference
sequences), macro-morphological characteristics
matching the protologue or recently published
descriptions, and available ecological data. The
BLAST search of the ITS sequences derived from
CM17 (GenBank: PP987317) revealed that the isolate
used in this study is Ganoderma orbiforme
(GenBank: PV59611), with 99.65% similarity and
a 100% query coverage. This species was originally
described from Guinea (Fries 1836) and recently
reported from Sri Lanka by Konara et al. (2024).
Macro-morphology of the G. orbiforme also aligned
with the protologue and recent morphological
descriptions available. Similarly, ITS sequence
derived from M34 (GenBank: PP001103) revealed
that the isolate used in this study is Lentinus squar-
rosulus (GenBank: OP758152) with 100% similarity
and query coverage, and morphological similarity
available in the protologue and recent publications
(Kandagalla and Krishnappa 2020; Miriyagalla et al.
2022). Therefore, the two mushrooms used for the
isolation of mycelia were confirmed as G. orbiforme
(CM17) and L. squarrosulus (M34) based on molecu-
lar data and morphology.

3.2. Growth evaluation and fabrication of
mycelium-based biocomposites

In the visual inspection, a dense white layer of myce-
lium was observed in the combinations of CM17
inoculated coconut sawdust (CSG), mango sawdust
(MSG@), coir pith (CPG), and M34 inoculated coir pith
(CPL). A thin white mycelium layer was observed on
mango sawdust inoculated with M34 (MSL), as shown
in Figure 1. Additionally, CM17 showed a higher
growth rate than M34 during the growth phase.

This difference in growth rates can be explained by
strain-specific enzymatic activity and metabolic pro-
files that affect the capacity to degrade lignocellulosic

substrates efficiently. Ganoderma species, including
G. orbiforme, are recognized for producing a diverse
array of lignin-modifying enzymes such as laccases,
manganese peroxidases, and versatile peroxidases,
which facilitate effective breakdown of lignin and
cellulose  structures in  woody substrates
(Thiribhuvanamala and Krishnamoorthy 2021). This
enzymatic versatility enhances colonisation and nutri-
ent assimilation, supporting faster mycelial expansion
on lignocellulose-based materials.

Shapes and sizes of the test samples (60 mm x
20mm cylinders) enabled standardized testing.
When the samples are made in different sizes, larger
than the test samples, some properties may reflect
the impact of oxygen/nutrient gradients and coloni-
zation heterogeneity. Industrial-scale production with
optimized mould designs and process controls repre-
sents a critical next step toward commercialization.

In contrast, Lentinus squarrosulus produces a suite
of biomass-degrading enzymes, including glycoside
hydrolases and auxiliary activity enzymes. Still, its
enzymatic expression can be influenced significantly
by substrate type and environmental conditions
(Onyeka et al. 2025). Transcriptomic studies reveal
the complexity and regulation of ligninolytic enzymes
in L. squarrosulus, which may contribute to its rela-
tively slower mycelial growth compared to
G. orbiforme, depending on substrate compatibility
and nutrient availability (De Leon et al. 2017;
Thiribhuvanamala and Krishnamoorthy 2021).

The comparison of freshly prepared and dried com-
posite revealed that the CPG composite achieved the
highest shrinkage (40.9%) and had the highest den-
sity (Table 1). The CSG recorded the lowest shrinkage
percentage (5.4%). The shrinkage percentage is
slightly higher for composites fabricated with coir
pith (28.3% and 40.9%) than coconut (5.4%) and
mango sawdust (14.6% and 22.9%). The observed
results may be linked to the significant water absorp-
tion capacity of the coir pith. It is highly absorbent
and can retain water up to 8-10 times its weight.
Typically, 1kg of dry coir pith can absorb around
5-8 L of water (Prakash et al. 2021).

3.3. Morphological analysis

Different visual characteristics were observed in the
five composites produced. The CSG and CPG compo-
sites showed similarities in colour and texture. The
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Figure 1. Mycelium-based composites produced during this study after drying. (A) Cross-sectional image of MSL. (B) CSG: Ganoderma
orbiforme + coconut sawdust. (C) MSG: G. orbiforme + mango sawdust. (D) MSL: Lentinus squarrosulus + mango sawdust. (E) CPG:

G. orbiforme + coir pith. (F) CPL: L. squarrosulus + coir pith.

CSG, CPG, and CPL composites were relatively soft
and foamy, while the MSG and MSL appeared to
have a rough surface texture upon visual inspection.
Thus, mango sawdust resulted in better growth com-
pared to coir pith composites in terms of the density
of mycelium. Compared to coir pith composites,
mango sawdust produced a rough surface texture.
CM17 grown on mango sawdust formed a velvety
and smooth skin at the substrate surface. The visual
examination of the composites revealed that fungal
colonisation was more extensive and denser through-
out MSG, CPG, and CPL composites compared to CSG
and MSL. Stereo microscopy analysis of a cross-
section of CSG, CPG, and MSL revealed that fungal
colonisation was more concentrated near the surfaces
of the composites in comparison to the centre of the
composites. The MSG and CPL composites had dense
fungal colonisation in the centre. Appels et al. (2019)
have shown that mycelium growth in the centre of
the composite can be improved by increasing the
oxygen level in the centre of the material.

The stereomicroscopy and SEM images of myce-
lium-based biocomposites are shown in Figure 2.

According to the stereomicroscopic imaging, the
hyphae had completely occupied the area between
the sawdust and coir pith particles on the outer sur-
face of the material. The SEM images of the compo-
sites revealed that the MSG and CPL composites have
higher fungal colonisation than the other samples
produced in this study. The dried composites showed
colour variation, with white to brown patches. As
described by Antinori et al. (2020), the brown patches
are likely a result of non-enzymatic browning due to
the sugars and proteins present in the fungal cell
walls and the plant material. Previous research sug-
gests oxygen availability may influence central colo-
nization (Appels et al. 2019). While our moulds were
covered with gas-permeable cellophane, a systematic
comparison of different aeration strategies was not
conducted.

3.4. Thermogravimetric analysis

The thermal decomposition of mycelium biocompo-
sites consisted of three decomposition phases, which
were similar to those of previous studies (Appels et al.

Table 1. Summary of moisture content, dry density, average shrinkage, and compressive strength of produced biocomposites.

Code Initial moisture content (%) Dry density (kg/m®) Average shrinkage (%) Compressive strength (MPa)
CsG 36.5+3.6 379.3 +454° 54+28¢ 0.34+0.01°

MSG 59.5+0.9° 286.8 + 28.2° 229+29° 0.65 + 0.05°

MSL 54.8 +4.9% 306.3 + 44.95 14.6 + 43¢ 0.35 +0.02°

CPG 45.8+ 2.9 4747 +55.7° 409+3.1° 0.14+0.01¢

CPL 60.3+9.2° 274.1 £60.3° 283+28° 0.48 +0.04°

csL N/A* N/A* N/A* N/A*

EPS N/A 134+2.1¢ N/A 0.07 +£0.01°

The standard deviation is calculated with five replicates (mean + one standard deviation). Letters (a, b, ¢, d, e) indicate significant differences based on
Tukey's family error rate at p < 0.05 for sample-specific ANOVA. *Specimens failed to grow, N/A = Not applicable. CSG: Ganoderma orbiforme + coconut
sawdust; MSG: G. orbiforme + mango sawdust; MSL: Lentinus squarrosulus + mango sawdust; CPG: G. orbiforme + coir pith; CPL: L. squarrosulus + coir pith;

CSL: L. squarrosulus + coconut sawdust; EPS: Expanded polystyrene.
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2019; Gou et al. 2021). The first stage of decomposi-
tion was the evaporation of moisture, where the tem-
perature ranged from 30 °C to 105 °C (Figure 3).
Heating biocomposites causes a weight reduction
due to the release of bound water and volatile extrac-
tives. This is a common occurrence in plant fibres and
results in increased flexibility and collapsibility of the
fibres, especially under compression (Namphonsane
et al. 2023). Gou et al. (2021) have confirmed that the
thermal degradation of lignocellulose and the pro-
duction of elementary residual products from ligno-
cellulosic fibres are associated with the second and
third phases. In the second stage, compared with
MSG, which started to degrade at around 220 °C
[initial rise (T,,) in Table 2], with a maximal degrada-
tion temperature of 340 °C (Tp,), the thermal degrada-
tion onset of MSL occurred at a higher temperature at
233 °C (T,n), with one degradation peak at 363 °C
(Tpy). Although the CPG and CPL show similar mass
loss (39%) (not shown here) during 183-391 °C and
193-373 °C, respectively, the CPL shows 44% mass
loss at = 373 °C while CPG shows only 27% mass loss
at = 391 °C. The higher thermal stability of CPG based
on Ganoderma sp. may be attributed to greater chitin
content, as suggested by FTIR analysis (peak at
1374cm™") (Sun et al. 2019). Generally, chitin is
known to be more thermally stable than lignin and
is likely to decompose at a higher temperature (Sun
et al. 2019). The increase in thermal stability (lower
mass loss) is proposed to be caused by the decom-
position of hemicellulose, lignin, and other more
stable components by fungi (Alaux et al. 2024; Majib
et al. 2025). The thermal stability difference between
CPG and CPL can be primarily attributed to the influ-
ence of the strains of fungi involved in their decom-
position. This is because both CPG and CPL are made
of the same fibre material, but the specific fungi
strains that break down the fibres can have different
enzymatic capabilities and, therefore, different effects
on the thermal stability of the resulting products.
The results obtained were compared with those of
thermogravimetric properties for EPS. The findings of
this TGA analysis indicate that the mycelium biocom-
posites tested had lower thermal stability than EPS
(expanded polystyrene), but they also produced
a higher residue mass. These results suggest that the
mycelium biocomposites could be a viable option for
producing lightweight materials, which are in high
demand for packaging applications. Furthermore, the

results demonstrated that the produced biocompo-
sites (except CPL) have an advantage over EPS as insu-
lation materials at temperatures of up to 450 °C, as EPS
underwent rapid decomposition under similar condi-
tions. This suggests that these biocomposites could be
a more suitable option for applications that require
insulation materials to withstand higher temperatures.

3.5. Capillary water absorption

The capillary water absorption coefficient (C) was
obtained in the first 90 min, as shown in Figure 4A.
The MSL [4.49 kg/(m?+h®?)] has stronger water absor-
bent properties than CSG [2.16 kg/(m?+h®?)] and MSG
[2.75 kg/(m?-h®°)] composites. Both CPG and CPL
composites using coir pith substrate exhibited water-
repellent properties (C < 0.5) regardless of fungal spe-
cies, suggesting substrate type as a dominant factor.
The absorption of capillary water can be affected by
the type of substrate, which aligns with the research
findings of Walker and Pavia (2014). Additionally,
capillary water absorption correlates with the amount
of fungal colonisation (Vasatko et al. 2022; Wei et al.
2023). The MSL composite had very low fungi coloni-
sation and strong water-absorption properties. The
CPG composite has the highest dry density and water-
repellent properties. Although the CPL had the lowest
dry density, it also shows water-repellent properties.
The reason for this could be the dense fungal coloni-
sation. The MSG composite, which exhibits better
mechanical properties, has water-absorbing proper-
ties, which may need the application of surface coat-
ing in further development.

3.6. Compressive strength

Given the lack of a universally accepted testing pro-
tocol for MBCs, an initial phase of experimentation
was conducted, whereby various mould shapes were
tested, based on existing literature (Elsacker et al.
2019). Then, a diameter-to-height ratio of 3:1 was
selected for the compression test. To determine the
20% relative deformation value, the maximum force
required to displace the sample by 20% is measured.
A higher compressive strength is typically desirable as
it indicates that the material can withstand higher
compressive loads before deforming or failing.
Therefore, materials with higher compressive
strength values are generally considered more
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Figure 2. Stereomicroscopy and scanning electron microscopy (SEM) images of mycelium-based biocomposites. Arrows indicate
mycelium (a), substrate (b), and air voids (c). CSG: Ganoderma orbiforme + coconut sawdust; MSG: G. orbiforme + mango sawdust; MSL:
Lentinus squarrosulus + mango sawdust; CPG: G. orbiforme + coir pith; CPL: L. squarrosulus + coir pith.

valuable. The samples with uniformly colonised and
dense white fungal biomass showed the highest com-
pressive strength (Table 1). Lignin is the molecule
responsible for the strong bonding force between
the cell walls of mycelium composites (Alaux et al.
2024; Majib et al. 2025). As a result, the bonding
between mycelium and lignin can be stronger, con-
tributing to stronger overall bonds in mycelium com-
posites (Shin et al. 2025).

The MSG composite achieved the highest com-
pressive strength (0.65 MPa), followed by the CPL
composite (0.48 MPa). The lowest compressive
strength is recorded by the CPG composite
(0.14 MPa). The CPG and CPL composites were pro-
duced with the same substrate but with different
fungal strains; thus, the difference in compressive
strength is caused by the effects of the fungal strain.
Additionally, the MSG and MSL composites were
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Figure 3. Rate of mass change from TGA (thermogravimetric analysis) (A) and DTGA (differential thermogravimetric analysis) curves of
mycelium-based biocomposites (B). CSG: Ganoderma orbiforme + coconut sawdust; MSG: G. orbiforme + mango sawdust; MSL:
Lentinus squarrosulus + mango sawdust; CPG: G. orbiforme + coir pith; CPL: L. squarrosulus + coir pith; EPS: Expanded polystyrene.

Table 2. Onset and peak temperatures of thermal degradation
of mycelium-based composites and EPS.

Biocomposite Ton (°0) Tp1 (°0) Tp2 (°0)
CSG 244.39 316.50 349.15
MSG 220.05 301.21 340.87
MSL 233.63 312.29 363.34
CPG 192.06 303.63 334.44
CPL 193.96 294.60 327.71
EPS 321.35 42091 -

Ton refers to the onset temperature. The degradation temperatures, Tp; and
Tp, refer to the different peak temperatures observed on the DTG curves
and are related to the different thermal degradation steps for each
composite. CSG: Ganoderma orbiforme + coconut sawdust; MSG: G. orbi-
forme + mango sawdust; MSL: Lentinus squarrosulus + mango sawdust;
CPG: G. orbiforme + coir pith; CPL: L. squarrosulus + coir pith; EPS:
Expanded polystyrene.
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produced with Mangifera indica sawdust, but with
two different fungi strains. While the MSG composite
shows the highest strength (0.65 MPa) the MSL com-
posite shows a lower value (0.35 MPa). The findings
indicate that CM17 and M34 exert a notable influence
on the compressive strength. Higher density does not
always mean higher compressive strength. The MSG
composite presents the highest value of compressive
strength (0.65 MPa) while presenting an average dry
density of 286.76 kg/m>. The CPG composite had the
highest average value of dry density (474.72 kg/m?3)
while presenting the lowest compressive strength of
0.14 MPa.

While statistical analysis revealed significant differ-
ences among composites (p < 0.05, Table 1), practical
significance for packaging applications depends on
minimum performance thresholds. Several compo-
sites with statistically different strengths may be
equally suitable for specific applications.

Products with lower density and higher compres-
sive strength are generally considered to have greater
value. This is because lighter materials are easier to
transport and use in various applications in terms of
packaging and insulation (Shin et al. 2025). Therefore,
the MSG and CPL composites can be considered the
most relevant since they have a low density and
a relatively high compressive strength.

Observed variability in compressive strength
(Table 1) reflects inherent biological heterogeneity
and manual processing methods common in labora-
tory-scale MBC production. Process standardisation
and automation would be necessary to achieve indus-
trial consistency, as observed in commercial MBC
manufacturers (Robertson 2020).

3.7. Compression set

The compression set is a parameter used to assess
how well an elastomeric material can regain its
original size and shape after being compressed.
This study is the first reported compression set on
mycelium composites. Due to the absence of
a standardised testing method for mycelium-based
composites, the compression set testing followed
ASTM D395 Method B with compression to 75%
original thickness, performed at 24 °C and 50%
relative humidity, with thickness measured within
30 s after load release. The compression set is deter-
mined as the percentage difference between the
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composites’ original thickness and thickness after
testing relative to the amount of deflection applied
during testing. In simpler terms, these values indi-
cate the material’s ability to recover its initial
thickness.

It is necessary to maintain the shape and function-
ality of biocomposites over time, and the compres-
sion set is a crucial parameter to evaluate their ability
to recover their initial thickness. A low compression
set value indicates that the material can recover effi-
ciently from compression and sustain its performance
over an extended period. In contrast, a high compres-
sion set value implies that the material may undergo
permanent deformation and deteriorate over time.
Thus, the compression set is a significant parameter
to consider when assessing the long-term perfor-
mance of materials in applications where they will
encounter compressive loads.

As shown in Figure 4B, the CSG composite exhibits
the lowest compression set (42.88%). The CPL and
CPG composites, which were made from the same
lignocellulosic material, also have low compression
set values (47.35% and 48.22%). Those composites
can recover efficiently from compression and sustain
their performance over an extended period. The com-
pression set of CPG and CPL composites is compar-
able to commercial EPS (50.35%) tested under
identical conditions. On the contrary, MSG and MSL
had the highest compression set values (70.46% and
63.15%). These results indicate that the fungal strain
has little effect on the compression set of fungal
composites and that the lignocellulosic matrix is
more influential on this characteristic.

3.8. FTIR analysis

The overall composition of different substrates was
analysed through an FTIR analysis, which involved
observing the appearance and disappearance of cer-
tain bands. The FTIR spectra of both fungal-colonised
and original fibres were recorded. FTIR analysis
revealed qualitative differences in functional groups
between substrates, mycelium, and composites. The
spectral changes suggest substrate modification by
fungal enzymes, consistent with reported ligninolytic
capabilities of fungal species (Thiribhuvanamala and
Krishnamoorthy 2021).

The FTIR spectrum of the CPL composite was
compared to that of the fresh coir pith and with
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pure mycelium grown on the coir pith (Figure 5A).
The peak presence in 3437 cm™', which corresponds
to O-H stretching, indicates a strong presence of
hydroxyl groups, likely due to abundant carbohy-
drates in undecayed coir pith. In 2930 cm™', the
peak indicates C-H stretching in lipids. In the com-
posite, the spectrum also revealed an increase in the
relative intensities attributed to the aromatic (C=C)
of lignin at1510cm™, 1456 cm™', and the C-O bond
at 1262 cm™' compared to fresh coir pith. In addition,
the mycelium spectrum indicated the presence of
a peak at 1374cm™', which was assigned to
C-H bonding in the chitin and differed from fresh
coir pith. Chitin is a structural polysaccharide that
influences the physical strength of mycelium-based
composites (Elsacker et al. 2019; Zhou et al. 2020).

The FTIR spectrum of the MSG composite was also
compared to that of the fresh mango sawdust and
pure mycelium grown on mango sawdust, as shown
in Figure 5B. The degradation of the MSG composite
by CM17 led to a small decrease in intensities at
3437 cm™', suggesting hydroxyl groups in cellulose
and hemicellulose in the plant material. The degrada-
tion of mango sawdust also resulted in increased
intensities at 1510 cm™', 1456 cm™', and 1262 cm™
attributed to aromatic rings, C-H deformation, and
aromatic methoxyl group in lignin, respectively. The
spectrum of the MSG composite indicated the pre-
sence of a clear peak at 1374cm™', which was
assigned to chitin.

0.25

O-H stretching
3437 cm!

0.20

C-H bending
(chitin)

C-O stretching
1262 cm?

1374 cm™—
C=C stretching
(lignin)

1456 cm™ |

o

N

o
1

C=C stretching
1s10em” |
C=O stretching

1636 om'?

C-O stretching
1057 cm!

C-H stretching
2930 cm”!

o

N

o
1

=0 stretching

Absorbance

<3

Mycelium grown on coir pith

Composite of mycelium and coir pith
Undecayed coir pith

T T T T T T
3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

Overall, in undecayed mango sawdust, domi-
nated by lignin, reflecting its plant-based composi-
tion. The spectrum of the mycelium shows
a notable protein signature and minimal lignin,
consistent with fungal biomass rich in polysacchar-
ides and proteins. The spectrum of the composite
combines features of both, with a balanced profile
of hydroxyl groups, carbohydrates, lignin, and
proteins.

A low vibrational frequency of 2930 cm™ (within the
2800 cm™' to 3000 cm™' range) is indicative of a lipid-
based structure. In contrast to cellulose, the mycelium
more readily absorbs feeding substrates such as starch
and glucose, which promotes the biosynthesis of lipids
rather than chitin. Past research has indicated that the
breakdown of lignin, which is caused by phenol-
oxidising enzymes (specifically laccase and peroxi-
dase), impacts the adhesion and strength of compo-
sites. These enzymes encourage the formation of cross-
links between lignin-based radicals, which increases
the composite’s strength. Additionally, a greater quan-
tity of cellulose in fibres leads to higher Young’s mod-
ulus and tensile strength (Elsacker et al. 2019;
Madusanka et al. 2024a). The compressive strength of
mango sawdust-based composites (MSG) was found to
be higher (0.65 MPa) than that of coir pith-based com-
posites (0.48 MPa). In summary, the test results demon-
strate that the mechanical performance of mycelium-
based composites is predominantly affected by the
type of fibre incorporated.
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Figure 5. FTIR spectra of mycelium composites. (A) CPL: Lentinus squarrosulus + coir pith. (B) MSG: Ganoderma orbiforme + mango

sawdust.



3.9. Fire resistance

Table 3 shows that all biocomposites except EPS reach
the UL-94 V1 vertical burning classification, while EPS
fails to achieve any vertical rating and exhibits a much
higher horizontal burning rate. The CSG, MSG, MSL,
CPG, and CPL biocomposites present low horizontal
burning rates, varying around 28-33 mm/min, and all
are classified as V1 in the UL-94 vertical test, indicating
self-extinguishing behaviour with limited dripping and
after-flame time. In contrast, EPS shows a burning rate
of about 110 mm/min, more than three times higher
than the biocomposites, and does not attain a UL-94 V
rating, reflecting rapid flame spread and poor fire
resistance. Due to their better flame-retardant perfor-
mance, mycelium-based biocomposites represent
a promising alternative to expanded polystyrene for
applications where enhanced fire safety is required.

3.10. Environmental implications

All biocomposites completed the degradation cycle
within 1 month, as indicated by the soil burial test
findings (Figure 6). After 7days, brown stains
appeared on the surfaces while the biocomposites
still retained their original shapes. By day 15, the
materials had fragmented into small pieces, and
by day 30, the lignocellulosic components had sepa-
rated from the binding hyphae and were partially
decomposed. This demonstrates that the total disin-
tegration time for the substrate from the composites
is 30 days, which is sufficient for complete disintegra-
tion. The MSG composite exhibited lower compost-
ability relative to the other samples. Visual assessment
confirmed that all biocomposites produced in this
study are capable of undergoing composting.

While biodegradability suggests environmental
advantages over EPS, a comprehensive life cycle
assessment including energy inputs, carbon foot-
print, and end-of-life analysis would provide quan-
titative validation of sustainability claims (Alaux
et al. 2024).

3.11. Comparison with conventional materials

According to the Ashby chart generated in this study
(Figure 7), the mycelium composites (CSG, MSG, MSL,
and CPL) behave similarly to cork and low-density
foams. This makes them suitable for insulating,
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Table 3. The UL-94 horizontal burning (HB) and vertical burning
(V) test results of biocomposites.

Biocomposite

Burning rate (mm/min) UL-94V rating

CsG 29.70 +0.32° V1
MSG 28.00 +0.35¢ V1
MSL 28.20 +0.50 V1
CPG 32.67 +0.70° V1
CPL 32.03 +0.45° V1
EPS 110 £+ 2.06% Not achieved

Letters (a, b, ¢, d) indicate significant differences based on Tukey’s family
error rate at p < 0.05 for sample-specific ANOVA. CSG: Ganoderma orbi-
forme + coconut sawdust; MSG: G. orbiforme + mango sawdust; MSL:
Lentinus squarrosulus + mango sawdust; CPG: G. orbiforme + coir pith;
CPL: L. squarrosulus + coir pith; EPS: Expanded polystyrene.

cushioning, and sustainable design applications, but
not for structural use. This is the first study to report
a comparison between its own mycelium-based com-
posite data and a material property chart.

Except for the CPG composites, all other combina-
tions overlap with the foam region. Hence, they will
be a viable option for the packaging industry because
low strength is acceptable, and low density is an
advantage. Achieving lower density can increase the
market value for biocomposites. By reducing the
weight of the material, transportation costs can be
lowered, and the product can become more appeal-
ing to customers who value environmentally friendly
alternatives. Due to their biodegradability, it is suita-
ble for eco-friendly single-use packaging to replace
polystyrene or polyethylene. Since the foam materials
are used as acoustic insulation and thermal insulation,
our composites will be eco-friendly applications in
those industries. The lightweight, aesthetic appeal,
and natural texture of the biocomposites make them
suitable for use in eco-interior cladding, wall panels,
and furniture accents (Akromah et al. 2024).
Additionally, the biodegradability of the biocompo-
sites will be a viable application in electronic packa-
ging, disposable containers, and molded inserts used
to secure products inside boxes. Long-term mechan-
ical behaviour, including creep, stress relaxation, and
fatigue performance under cyclic loading, represents
important areas for future investigation to fully assess
packaging application suitability.

EPS used in this study was of Standard Light (SL)
grade, which is commonly employed for general
packaging applications. The approximate density is
13.5 kg/m>. Notably, the compression set of the tested
EPS sample was 50.35% during this study. Similar com-
pression set values were recorded for CPG and CPL
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Figure 6. Visual observations from the soil burial test at days 0,
15, and 30. CSG: Ganoderma orbiforme + coconut sawdust; CPL:
Lentinus squarrosulus + coir pith; MSG: G. orbiforme + mango
sawdust.

composites. These results revealed that the CPG and
CPL composites are compatible with commercial EPS.

This approach allows for the identification of opti-
mal combinations for producing MBCs with physical
and mechanical properties comparable to or superior
to EPS, introducing a novel and sustainable solution in
the packaging industry.

The estimated production cost of the specific
mycelium-based composites developed in this study
was approximately 0.5 USD per kilogram, including
the sterilization and drying processes. However, it is
anticipated that large-scale production and process
optimisation will substantially reduce the unit cost. At
present, mycelium-based materials are often posi-
tioned as premium, environmentally conscious, inno-
vative products. To make these materials more
accessible for widespread packaging applications,
scaling up production will be essential to achieve
cost competitiveness with conventional materials.
Reinforcement packaging material with natural fibre
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combinations will drastically enhance the strength in
larger panels while keeping the cost reasonably lower
(Kohphaisansombat et al. 2024).

This study has some limitations that should be
addressed by future research when the materials
are produced in large scale with various applica-
tion-specific characteristics. Despite these con-
straints, the study offers a valuable baseline
characterization of novel fungus-substrate combi-
nations and establishes a foundation for systema-
tic optimization and future pre-commercial
development.

4. Conclusions

This study demonstrates the potential of mycelium-
based composites (MBCs) fabricated using locally
sourced fungi G. orbiforme (CM17) and
L. squarrosulus (M34) and commonly available plant
biomass as sustainable alternatives to synthetic mate-
rials. The incorporation of CM17 with coir pith and
M34 with coconut sawdust resulted in MBCs exhibit-
ing physical and mechanical properties that are com-
parable to, or in some cases surpass, those of
Standard Light (SL) grade expanded polystyrene.
Coir pith-based composites containing both fungal
strains showed very low water absorption coefficients,
suggesting their suitability for a range of applications.
The high fixed carbon content in the biocomposites
highlights their potential for use in insulation and
interior applications. The combination of coir pith
and CM17 shows similar compressive strength to
EPS. Mycelium composites with a compressive
strength of 0.65 MPa and a dry density of 286.8 kg/m>
behaved similarly to cork and low-density foams.
Among combinations tested, MBCs made with coir
pith and coconut sawdust show potential as eco-
friendly alternatives for protective packaging applica-
tions. A thorough evaluation of the diverse properties
of mycelium-based composites (MBCs) provides
insights into the advancement of green manufacturing
and aligns well with global initiatives towards promot-
ing circular bioeconomy solutions.
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