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Introduction

Silicon oxide nanofibers using fungi mycelium as
template material/from water purification to
space insulationf

Bjorn K. Birdsong,*® Antonio J. Capezza, 2 Maryam Nejati,® Anton Bjurstrom, @3¢
Yuanyuan Li, @2 Amparo Jiménez-Quero*® and Richard T. Olsson & *2

Mycelium derived from Ganoderma lucidum was employed as a template for synthesising silicon oxide
(SiO,) nanofibers. The intricate structures of mycelial hyphae fibrils were replicated with high precision
using an inexpensive commercial silane (3-aminopropyl)-triethoxysilane (APTES). Following the removal of
the organic mycelium template phase at 600 °C, APTES was successfully converted to SiOy. The resulting
SiOy fibres retained the morphology of the mycelium template, with a nearly identical fibre density to the
original fibrous network. A fibril diameter reduction of approximately 43% was observed from 603 to 344
nm. All synthesised materials exhibited coherent structural integrity, sufficient for handling without
breakage, although they were notably less mechanically flexible than the original mycelium template. The
novel hybrid mycelium-3-aminopropyl-silsesquioxane fibre network and the thermally converted SiO,
network displayed notable liquid absorption properties. These materials allowed for the preferential
absorption of oil or water, depending on the presence of the amino group functionality. Remarkably, the
SiOy network rapidly absorbed methylene blue-dyed water within 400 ms, demonstrating behaviour
opposite to the virgin mycelium network. Additionally, the materials exhibited high thermal stability,
withstanding flame exposure at approximately 1400 °C while maintaining their nano/micromorphology.
This innovative approach of using “living” templates expands the range of morphologies that can be
replicated in inorganic materials, enabling the creation of genetically and environmentally tuneable
structures. The SiO, nanofibers produced through this method have potential applications in various fields,
including water purification, biosensors, catalytic support, and insulation.

nutrient uptake, gas exchange, and the production of
secondary metabolite.* To fulfil this role, fungi have evolved

Materials derived from fungi are gaining popularity as
potentially ground-breaking building materials due to their
ease of shaping and sustainability, particularly the ability to
use food waste as a growth medium."™ Mycelia, the vegetative
part of fungi consists of a network of hyphae, filaments
capable of growing in nearly any direction and configuration,
these fibrous networks serve various functions, including
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to grow thin, long, and relatively uniform 1-2 micrometre
thick filaments, similar to many plastic fibres but with the
added advantage of being naturally grown. This unique
characteristic makes them ideal for a wide range of
applications, including their use as a template material.>®
One appealing trait of fungi for templating is the ability to
manipulate the nutrient-acquiring behaviour of mycelium to
influence its growth morphology, enabling the creation of
customisable fibrous templates. Additionally, the structural
morphology of the mycelium can be further controlled by
selecting specific fungi species and drying methods, allowing
for the formation of templating fibres ranging from a few
microns to several meters in length.® This unique
characteristic makes them ideal for a wide range of
applications such as biomedical scaffolds, bio-composites,
acoustic and thermal insulation, including their use as a
template material for replicating the fibrous network
morphology into a secondary material.””® Here, thin silicon
oxide structures sharing a similar morphology as mycelium

© 2025 The Author(s). Published by the Royal Society of Chemistry
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can be imagined for numerous applications ranging from
purification, biosensors, catalytic support, and
insulation due to their chemical, mechanical, and thermal
stability.” ™ As a precursor to silicon oxide, a silane
(silsesquioxane precursor) can be used as an inexpensive
and industrially widely used surface treatment chemical to
replicate fibrous biomaterials. The silsesquioxane precursors
are used in a wide variety of applications ranging from
coupling agents to precursors of silicon materials. An
essential factor for being the most used precursor is its
ability to convert from silane into silanol via either acidic
or alkaline conditions.”®™* In this more reactive state,
silanol can condense with hydroxyl groups found on the
surface of a wide range of materials, from cellulose to
metals.’® The downside of this reactivity is that silanol
often forms various by-products by self-condensation in the
form of amorphous Si-O-Si structures, which limits its use
in the finest and most uniform coatings.'”'® Some silanes,
such as (3-aminopropyl)triethoxysilane (APTES), are less
prone to self-condensation due to their stereochemistry,
resulting in a silane able to be wused for coating
applications with minimal formation of byproducts.’*™" By
adjusting the reaction speed of the silanol condensation, it
is possible to form thin and very even coating layers on
various substrates, allowing for finely detailed morphology
to be replicated.”® These coatings are chemically resistant
due to the strong Si-O-Si bonds formed during the
condensation reaction and also thermally stable, making it
possible to remove the coated structure using chemical or
thermal means from nanoparticle surfaces.>*

In this work, the replication of the mycelia hyphae
morphology was investigated using (3-aminopropyl)-
triethoxysilane (APTES), resulting in a silicon oxide material
that closely replicated the original mycelium hyphae material.
Energy-dispersive X-ray spectroscopy (EDS) and scanning
electron microscopy (SEM) were used to verify the
composition of the produced materials and the accuracy of
the templating method in mimicking the mycelium hyphae.
Furthermore, to investigate the structure of the silane coating
on the mycelium hyphae, Fourier transform infrared
spectroscopy (FTIR), and X-ray diffraction (XRD) were used to
demonstrate that the formed silicon oxide material was
amorphous and had formed covalent bonds to the surface of
the mycelium.

water

Experimental
Mycelium cultivation and preparation of organic template

Mycelial material was produced by cultivating Ganoderma
lucidum strain M9725 (Mycelia, Belgium) on a potato
dextrose agar (PDA) substrate. Following an incubation
period of 5 days at a temperature of 30 °C, fragments
measuring 1 x 1 cm from the resultant mycelia were used
to inoculate a sterile potato dextrose broth medium. The
inoculated medium was then incubated at 25 °C for 12
days. Lastly, to conclude the cultivation process, the
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exopolysaccharide gel-like structure found at the interface
of the fungi and the growth medium was removed by
scraping, and the remaining material was freeze-dried to
remove water and for further use.

Silicon oxide replication of mycelium hyphae structure

The synthesis of APTES-coated mycelium and silicon oxide
nanofibers was done using the method depicted in Fig. 1.
First, mycelium material was coated using (3-aminopropyl)
triethoxysilane (APTES) by immersing 73 mg of the previously
produced mycelia in a solution composed of 8.520 mL
propanol and 1.880 mL MQw, followed by the addition of
0.786 mL (low), 1.572 mL (medium), or 3.144 mL (high)
APTES. The solutions were then left on a shake table for 24
hours to initiate the condensation of the APTES. After which,
0.260 mL ammonia hydroxide (28%) was added and allowed
to react for 24 hours.

The coated mycelium materials were then washed three
times using 98% ethanol and once using MQw, after which
the materials were frozen using liquid nitrogen and dried
using a HyperCOOL (HCC-3110, Republic of Korea) freeze
drier with a pressure <0.1 mbar. To remove the mycelium
hyphae template, the coated materials were placed in a high-
temperature oven (T + M M9-1200) at (T = 586 °C, 2 h, 1
atm), after which the samples were stored in polypropylene
tubes until further analysis.

Myosliumn

Fig. 1 Illustration of silicon oxide nanofibers, APTES coating reaction
(a), liquid and template removal (b).
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Characterisation
Liquid absorption capacity evaluation

The material's ability to absorb water, oil, or a mixture of
both was investigated using a Dino-Light handheld digital
microscope (AM4517MT-FUW, Netherlands) with DinoXcope
software. The materials were recorded during the instance
that the samples came into contact with the liquid phase.
After ca. 3 min of contact with the liquid, the materials
were filmed again to observe liquid retention. To determine
the amount of oil and water absorbed, the samples were
soaked in an equal volume part mixture for 1 min and
weighed, then placed in an oven at 110 °C for 3 h and
weighed again.

Fourier transform infrared spectroscopy (FTIR)

Fourier transform infrared spectroscopy (FTIR) was measured
on the freeze-dried materials (mycelium, APTES-coated
mycelium, heat-treated APTES-coated mycelium), using a
PerkinElmer Spectrum 100, equipped with an ATR accessory,
MIR TGS detector, and Specac Golden gate with a sapphire
crystal. Measurements were performed using 16 consecutive
scans within the range of 600 to 4000 cm™, a scanning rate
of 1 ecm™, and a resolution of 4 ecm™.
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Heat-treated
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Fig. 2 Scanning electron microscope (SEM) images of the mycelium template (a), APTES-coated mycelium low, medium, and high (b-d), and the
ca. 600 °C heat-treated APTES-coated mycelium low, medium, and high (e-g).
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Microstructure characterisation

The structure and morphology of the coated mycelium
materials were investigated using a field emission scanning
electron microscope (FE-SEM; Hitachi S-4800, Japan). The
samples were placed on conductive carbon tape, and images
were taken at an accelerated voltage between 1-3 kV and a
current of 10 pA. The dimensions of the materials were
determined by averaging 50 measured randomly selected
fibres for each sample using ImageJ®, National Institutes of
Health, Bethesda, Maryland, USA.

Energy-dispersive X-ray spectroscopy (EDS)

To determine the relative elemental abundance in the
materials, a field emission scanning electron microscope
(FE-SEM; Hitachi S-4800, Japan) was used as an electron
beam source using an accelerated voltage of 20 kV. The
samples were mounted on conductive carbon tape, and
three separate representative areas were selected for the
data collection.

X-ray diffraction (XRD)

To determine any potential crystalline structures present
in the coated mycelium materials, XRD was investigated
using a PANalytical X'pert PRO X-ray diffractometer

coated-Mycelium
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equipped with a Cu Ko-radiation source with a voltage
and current of 45 kV and 40 mA. Measurements were
performed using a step size of 0.05° between 5° to 80°
and a wavelength of 0.154 nm.

Results and discussion
Microstructure of mycelium-derived materials

Fig. 2a shows the SEM micrograph depicting the mycelium
template as a fibrous mat of mycelium hyphae grown in
random directions of varying fibrillar thicknesses. The
hyphae fibres can be seen as either individual fibres reaching
tens of micrometres in length or hyphae combining via
twisting, forming larger fibre bundles. The APTES-coated
mycelium (Fig. 2b-d, low, medium, and high, respectively)
show almost identical fibres compared to the pure mycelium
template, with virtually no observable morphological
differences.

Comparing the APTES-coated mycelium fibres diameters
to the pure mycelium template fibres, it was evident that
there was a slight increase in fibre thickness from the ca.
600 + 180 nm thick mycelium template fibres to ca. 750-
840 nm after the coating reactions. However, the
difference in thickness between the low, medium, and
high  APTES coatings, representing the different
concentrations used for the coating reactions, was within
the measurement deviations (ca. 830 + 270, 750 + 200,
and 840 + 260 nm, respectively). The results further
suggested that a maximum coating thickness was reached
using even the lowest amount of APTES (see Table 1 for
all fibre thicknesses).>*>*

After the heat treatment of the APTES-coated mycelium,
the morphology and structure remained virtually identical to
before the heat treatment, except for a decrease in fibre
thickness to ca. 300-400 nm, see Fig. 2e-g and Table 1. The
change in thickness was suggested to be due to the removal
of the mycelium template core fibre, resulting in shrinkage
and possibly also involving some mineralisation reactions
leading to the formation of SiO,C, (a denser material in
comparison).”>*® The uniformity of the fibre thickness,
regardless of the APTES amount used in the coating reaction,
supported the APTES ability to self-limit during the coating
reaction.>® Most importantly, no signs of an increase in
fractured or broken fibres were observed for the heat-treated

Table 1 Average thickness of mycelium, coated mycelium, and heat-
treated coated mycelium. Values were obtained from 50 measurements
on randomly selected fibres for each sample

Average fibre thickness (nm)

Mycelium 603 + 184
APTES (low)-mycelium 831 +271
APTES (medium)-mycelium 751 + 203
APTES (high)-mycelium 835 + 261
Heat-treated APTES (low)-mycelium 33275

Heat-treated APTES (medium)-mycelium 304 + 125
Heat-treated APTES (high)-mycelium 397 + 127

© 2025 The Author(s). Published by the Royal Society of Chemistry
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APTES-coated mycelium (Fig. 2e-g), suggesting that the
mechanical stability of the individual fibres did not decrease
in comparison to the pure mycelium and the APTES coating
must have been very evenly distributed along the fibres. It is
thus suggested that the brittle nature of silicon oxide was not
observed due to the formation of a surprisingly uniform and
thin APTES coating that was thin enough to remain
flexible.?”*®

Fig. 3a-h shows the various stages of the mycelium
materials from the virgin mycelium template (Fig. 3a), the
APTES-coated mycelium coated with different
concentrations of APTES (Fig. 3b-d, low, medium, and high
concentration, respectively), to the heat-treated APTES-
coated mycelium (Fig. 3e-g), while being mechanically bent.
The mycelium template (Fig. 3a), while visually identically
to the APTES-coated mycelium, exhibited notable softness
and flexibility, enabling considerable deformation without
permanent deformation or damage to the material. In
comparison, with the introduction of the APTES coating
(regardless of the amount of APTES used), the material
exhibited an increased stiffness and was more prone to
tearing or cracking. However, the APTES-coated mycelium
was flexible to handle with ease, and it allowed to be
deformed sufficiently to be folded without permanent
damage. In contrast, after exposure to ca. 600 °C for 2 h,
the heat-treated APTES-coated mycelium was considerably
more brittle in comparison to before heat treatment,

Fig. 3 Photographs of mycelium template (a), coated mycelium
template material using low, medium, and high amounts of APTES (b-
d), heat-treated coated mycelium using low, medium, and high
amounts of APTES (e-g), and the material after a small amount of force
was applied (h).
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breaking apart from even slight deformation, thus requiring
careful handling to not reduce the materials into smaller
particles, as seen in Fig. 2h. After heat treatment, the
material was slightly more translucent compared to before
heat treatment, which was attributed to the removal of the
carbon template material as well as the refractive index of
silicon oxide being closer to that of air.>* To further
investigate and compare the surface morphology and
composition of the mycelium, APTES-coated mycelium, and
heat-treated APTES-coated mycelium, SEM and XRD were
used.
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Fig. 4 illustrates the results from EDS (a), XRD (b), and FTIR (c).
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Fig. 4 summarises the elemental composition of the
materials obtained from EDS measurements (a), the X-ray
diffractogram (XRD), and infrared absorption (FTIR spectra)
(b and c, respectively). Fig. 4a shows that the virgin mycelium
material was mainly composed of carbon and oxygen with
trace amounts of nitrogen present. The composition of the
virgin mycelium remained similar after the coating reactions,
only shifting slightly with the introduction of the APTES
coating, i.e., with the presence of silicon in the material.
When comparing the effect of using different concentrations
of the SiO, precursor (silane), the low, medium, and high
contents in deriving the APTES-coated materials, Fig. 4a
shows only minor differences in the elemental composition
(<10%), suggesting that there was no significant difference
in the amount of APTES on the surface of the mycelium
regardless of the concentrations used. After heat treatment,
the elemental composition of the materials changed to
display almost purely silicon and oxygen, with only trace
amounts of carbon and nitrogen left. The result
demonstrates that the heat treatment at ca. 600 °C was
adequate for the removal of the mycelium template, allowing
the carbon phase to be sublimated to CO,. Furthermore, the
same ratio of silicon and oxygen was observed in all heat-
treated materials, supporting the argument that the amount
of APTES used did not alter the elemental composition of the
final material.

The XRD patterns shown in Fig. 4b reveal that none of the
materials, irrespective of the amount of APTES coating used,
exhibited any detectable peaks other than the characteristic
peaks of the silicon sample holder. The absence of distinct
peaks, along with the presence of a broad amorphous halo,
suggests that the material is predominantly amorphous,
lacking any crystalline regions.***' After exposure to
approximately 600 ©°C, the XRD patterns remained
unchanged, indicating that the silicon oxide material
retained its amorphous nature and did not undergo any
crystallisation or structural reordering during the heat
treatment.

Fig. 4c shows the FTIR spectra of the template mycelium,
APTES-coated mycelium, and the heat-treated APTES-coated
mycelium (SiO,). Comparing the spectra reveals that there
were several key differences. The first was a decrease in the
broad peak around 3400 cm™ attributed to OH-vibrations,
most observable when comparing the APTES-coated
mycelium and the silicon oxide materials, demonstrating a
more substantial decrease in relative OH in the materials
upon the high-temperature exposure.’”> Second, the peaks
between 2950-2870 c¢cm ', attributed to CH, stretching, were
almost entirely absent in the heat-treated coated mycelium
spectra, further supporting the EDS results that the silicon
oxide materials comprised only of silicon and oxygen.**
Comparing the spectra of the virgin mycelium template and
the APTES-coated mycelium template, there was an
additional peak visible at ca. 920 to 950 cm™', which was

© 2025 The Author(s). Published by the Royal Society of Chemistry
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attributed to various Si-O-C bond vibrations, indicating that
there was APTES present and bonded onto the mycelium
material.>* The same Si-O-C bonds were absent from the
heat-treated materials, further supporting that all carbon
material was removed during the heat treatment. Lastly, the
heat-treated materials only show a couple of significant
peaks, with the largest found at ca. 1030 cm™" attributed to
Si-O-Si and the emergence of a new peak seen at ca. 800 cm™"
attributed to Si-O vibrations, indicating that after the thermal
removal of the mycelium template, the remaining material
solely comprised of an amorphous silicon oxide
network.>*?> Although the pure mycelium showed a similar
peak at ca. 1025 cm ™' also found in the silicon oxide
materials, the peak was attributed to C-O-C, C-O, and C-C
bond stretching (found in polysaccharides) typical to
mycelium.***”

was

Liquid absorption behaviour of mycelium and mycelium-
derived materials

Fig. 5a-c shows mycelium, APTES-coated mycelium, and
heat-treated APTES-coated mycelium upon immediate contact
with MilliQ (MQ) water dyed with methylene blue. There was
an apparent difference in water absorption behaviour
between the different materials. The pure mycelium material
showed no visible water uptake in the fibrous material.
Instead, the sugar agar portion (remaining from mycelium
growth) slowly absorbed the MQ water as a wet surface
formed on the sample. After the APTES modification, the
APTES-coated mycelium was able to slowly absorb water
inside the fibrous material. In contrast, the heat-treated
APTES-coated mycelium (Fig. 2c) demonstrated an entirely
different water absorption capacity than the APTES-coated
mycelium and pure mycelium. In less than 400 milliseconds

APTES coated-Mycelium
Absorption

Absorption
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(see ESIt Video S1), water travelled over half the material
sample length (ca. 5 mm). The high water uptake rate for the
heat-treated APTES coated-mycelium was attributed to a
combination of hydrophilicity and capillary effects from the
nanoscale silicon oxide fibres.*®*° The lack of this rapid
water uptake for the APTES-coated fibrils was ascribed to the
(CH,); group found in APTES coating before the heat
treatment, which delayed the water uptake in the coated
mycelium material.*® Fig. 5d-f shows the mycelium, APTES-
coated mycelium, and heat-treated APTES-coated mycelium
exposed to mineral oil (see ESI Video S2). Here, in contrast to
when the materials were exposed to water, all the materials
showed similar behaviour, and the oil was steadily absorbed
into the materials at approximately the same rate.

Fig. 5g-i shows the absorption behaviour of the materials
when exposed to a mixture of oil and methylene blue-dyed
water (see ESIT Video S3). The oil and dyed water emulsion
were obtained by vortex mixing the mixture for 3 min and
immediately exposing the materials to the emulsion before
separation occurred. The pure mycelium material (Fig. 52)
showed a preference for oil absorption, which was
determined by weighing measurements revealing that ca. 85
wt% (Fig. 5j) of the absorbed liquid was oil, further indicated
by the lack of blue colour. Similarly, the APTES-coated
mycelium showed the same preference for oil absorption,
where the same 85 wt% (Fig. 5j) of absorbed liquid was
comprised of oil. However, the APTES-coated mycelium
absorbed slightly less liquid compared to the virgin
mycelium. In comparison, the heat-treated APTES-coated
mycelium showed more blue colouration in the absorbed
liquid phase yet was less vibrant compared to the dyed water,
indicating that the material was somewhat amphiphilic,
which was further demonstrated when the absorbed liquid
had slightly higher water content with ca. 82 wt% oil (Fig. 5j

Heat-treated APTES coated-Mycelium

14
B Oil W Water |

-
o

oo

SN

N

o

Liquid absorption (liquid g/ material g)
(o]

Mycelium APTES coated Heat-treated
-Mycelium  APTES coated
-Mycelium

Fig. 5 Photographs of mycelium, APTES-coated mycelium, and heat-treated APTES-coated mycelium exposed to water (a-c), oil (d-f), and equal
parts oil and water (g-i). The amount of liquid absorbed by mycelium, APTES (high)-coated mycelium and heat-treated APTES (high)-coated

mycelium (j).

© 2025 The Author(s). Published by the Royal Society of Chemistry

RSC Appl. Interfaces, 2025, 2, 210-219 | 215


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4lf00314d

Open Access Article. Published on 14 de novembre 2024. Downloaded on 23/2/2026 12:05:33.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

2] b

Styrofoam Mycelium APTES(Low) Heat-treated
-Mycelium  APTES(Low
-Mycelium

- — =~ T~ -
: < A

APTES(Med)Heat-treated APTES Heat-treated
-Mycelium  APTES(Med) (High)- APTES(High)
-Mycelium Mycelium -Mycelium

g _

‘ J
“é

T =300"°C

Styrofoam Mycelium APTES(Low) Heat-treated |Styrofoam Mycelium APTES(Low) Heat-treated
) -Mycelium  APTES(Low) -Mycelium APTESHLOW)
-Mycelium -Mycelium

PTES(Med)Heat-treated APTES
-Mycelium APTES(Med) (High)- APTES(High)|-Mycelium APTES(Med) (High)- APTES(High)
-Mycelium Mycélium -Mycelium

View Article Online

RSC Applied Interfaces

T =450°C

ST S - 4

Heat-treated JAPTES(Med) Heat-treated APTES Heat-treated

-Mycelium Mycelium -Mycelium

i external structure
, 2

P35 4,

Fig. 6 Shows the effect of applied heat on Styrofoam, pure mycelium, and coated mycelium before and after removal of the mycelium template
(a—c). The effect of exposure to ca. 1400 °C using a butane torch on APTES (medium)-mycelium and the heat-treated APTES (medium)-mycelium
(d and g), and obtained SEM images of the microstructures after the high-temperature exposure of APTES (medium)-mycelium (e and f) and the

heat-treated APTES (medium)-mycelium (h-j).

).** Although other mycelium-based materials can exhibit
much higher oil selectivity, the heat-treated APTES coated-
mycelium exhibited a high sorption capacity, ca. 12 g g™
compared to 5.3 g g ', while also being thermally stable due
to the silica composition.*> The combination of selectivity,
sorption capacity, and thermal stability allows heat-treated
APTES coated-mycelium to be envisioned for wastewater
treatment processes such as oil-water separation under harsh
conditions where organic derived mycelium materials would
be destroyed.***?

Heat and fire behaviour of mycelium-derived silica oxide
materials

Fig. 6a-c shows the effect of increased temperature on
commercial Styrofoam (expanded polystyrene), the pure
mycelium, the APTES-coated mycelium (low, medium, and
high), and the SiO, material after the heat-treatment of the
APTES-coated mycelium (low, medium, and high), (see ESIT
Video S4). All the materials exhibited stability at low
temperatures (ca. 100 °C), showing no indication of thermal
decomposition such as brown discolouration or deformation.
The Styrofoam and the heat-treated APTES-coated mycelium
materials all showed a strictly pure white colour, while the
materials that contained the mycelium had a slight beige
colouration. When the temperature was increased to ca. 200
°C, the Styrofoam began to deform, and the structure
collapsed, while the other materials remained visually
unchanged until ca. 300 °C was reached (Fig. 6b). At this
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temperature, the pure mycelium and the APTES-coated
mycelium began to darken in colour, whereas the Styrofoam
was reduced to a dark melt.

Overall, all the materials that contained carbon darkened
and began to deform between ca. 350-450 °C, starting with
the Styrofoam and the pure mycelium, closely followed by the
APTES-coated mycelium (low, medium, and high). The
darkening in colour observed for the mycelium materials
corresponds to the onset of thermal decomposition, which is
also seen in mycelium insulation materials and mycelium
composite materials.* In contrast, the heat-treated APTES-
coated mycelium (low, medium, and high) remained intact
with no visible changes. Finally, when ca. 500 °C was reached
(see ESI Video S4), all that remained of the Styrofoam was
char residue, while the pure mycelium had continued to
deform and was heavily charred. In comparison, the APTES-
coated mycelium materials had deformed somewhat and
darkened, yet remained noticeably lighter in colour
compared to the untreated mycelium. In contrast, the heat-
treated APTES-coated mycelium materials remained
unchanged in shape and colour throughout the heating
range due to the highly thermally stable silicon oxide
material composition.*’

To test the limit of the material's thermal stability, the
pure mycelium, APTES-coated mycelium, and heat-treated
APTES-coated mycelium were subjected to over 1400 °C,
using a butane torch for ca. 5-10 seconds, see Fig. 6d and g
(see ESIT Video S5). Whereas the pure mycelium material was
destroyed by the intense heat, resulting in no solid remaining

© 2025 The Author(s). Published by the Royal Society of Chemistry
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material after the exposure (see supplementary video 5), the
APTES-coated mycelium, although deformed and completely
blackened, remained relatively unchanged and only showed
warping in its orientation, possibly caused by the force of the
torch flame itself (Fig. 6d). Similarly, the heat-treated APTES-
coated mycelium remained completely unchanged with only
some bending observed in smaller areas, see Fig. 6g (see ESIT
Video S5). The high-temperature exposed materials were
further investigated using SEM imaging, Fig. 6e, f and h-j.
The APTES-coated mycelium (Fig. 6e and f) and heat-treated
APTES-coated mycelium (Fig. 6h-j) revealed that although the
heat-treated APTES-coated mycelium appeared unchanged on
the macroscopic scale, the exposure to ca. 1400 °C had
melted and fused some of the silicon oxide fibres into a more
solid shell, as can be seen in Fig. 6h and i. Despite the fused
silicon oxide shell, the internal structure could be observed
through cracks in the material and it showed that the silicon
oxide fibres remained with small deformation due to
softening and melting occurring under the melt-formed shell,
Fig. 6h-j.”° Interestingly, the APTES-coated mycelium, which
was observed twisting during the high-temperature exposure
(Fig. 6d), remained virtually unchanged after the 1400 °C
exposure (Fig. 6e and f). The material, although black in
appearance, also remained fibrous with little evidence of any
morphological change. The remarkable thermo-mechanical
stability was attributed to the remaining mycelium core
inside the fibres, which, although charred during the heating
and was trapped, as can be seen from the black colour,
provided a carbon source that possibly diffused and
prevented early fusion of the fibres, or reacted with the SiO,,
resulting in stiffness to the fibres, preventing softening
deformation.*® Despite the pristine fibres that could be seen
in Fig. 6e and f, it was apparent that there was a limited
amount of time that the organic material could survive, and
all carbon was removed due to combustion at ca. 600 °C as
previously demonstrated see Fig. 4a (EDS).

Conclusions

Materials derived from fungi are gaining popularity as
potentially ground-breaking building materials due to their
ease of shaping and sustainability aspects, particularly the
ability to use food waste as a growth medium. This
investigation into using mycelium as a template for silicon
oxide fibre synthesis revealed the potential to replicate the
finest filament structures of the mycelium, leading to the
creation of unique silicon oxide structures previously
unreported. The coating of the mycelium fibrils with APTES
produced a material highly similar to the original mycelium
fibre thickness. This structural integrity of the fibres was
maintained after the mycelium template was removed via
thermal treatment at around 600 °C. However, removing the
mycelium template reduced mechanical flexibility, resulting
in a more brittle material prone to fracturing under slight
bending forces, i.e., compared to the original mycelium, the
mechanical properties of materials before and after removal
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of mycelium template could be investigated in future work to
develop better understanding of the role of mycelium on the
stiffness and brittleness of the materials. EDS together FTIR
spectroscopy revealed the formation of C-O-Si bonds
between APTES and mycelium, which, upon thermal
treatment, transformed into Si-O-Si and Si-OH materials
with only trace amounts of carbon remaining in the silicon
oxide material. The XRD analysis confirmed the amorphous
nature of the silicon oxide material, which remained
unaltered even after removing the mycelium template at ca.
600 °C. In summary, this study shows the viability of using
mycelium as a template for synthesising amorphous silicon
oxide fibre structures, demonstrating formerly living
organisms as precision templates for inorganic material
preparation. It is suggested that the results represent a
significant advance in the templating field, enabling the
creation of more complex and customised templates, possibly
through genetic and environmental manipulation of the
growing template prior to its replication. Future studies on
“living” templates should focus on exploring and comparing
various fungi strains, and refining their growth patterns, to
further develop the materials.*”**” The heat-treated APTES
coated-mycelium share both microscopic structures and
chemical composition as the insulative materials used as
heat-resistant panels for re-entry rockets, with the only
exception being that the produced fibres were thinner in
diameter, suggesting that the materials could potentially be
used in similar applications.’> The results herein further
suggest that the materials may also be used as insulation in
high-temperature applications that require thermal and
mechanical stability in temperatures above 90-100 °C, where
conventional Styrofoam failed to maintain its structural
dimensions. The materials also hold potential for
applications in biosensors, catalytic support, and wastewater
treatment, owing to their adaptable properties and
sustainability.” "> This work represents a pioneering step in
using tuneable living organisms as templates for the
fabrication of nanostructures, pushing the boundaries of
organic/inorganic hybrid materials and paving the way for
future innovations in material science.*’
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