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Today: mycelium 
materials

▪ Pure mycelium materials –
PMMs (1st half)

▪ Mycelium bound 
composites – MBCs (2nd

half)

▪ Ask yourself – Trendy or 
real deal?
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‘Amazon forests of the 

underground’: Why scientists want 

to map the world's fungi

https://www.nbcnews.com/science/science-news/amazon-forests-underground-scientists-want-map-worlds-fungi-rcna7899
https://www.nbcnews.com/science/science-news/amazon-forests-underground-scientists-want-map-worlds-fungi-rcna7899
https://www.nbcnews.com/science/science-news/amazon-forests-underground-scientists-want-map-worlds-fungi-rcna7899


Fungi are…

▪ …
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Mushroom paper?
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“We can discover fascinating 

creatures such as fungi in nature, 

which may point the way to new 
paths in the future. They can provide 

fertile soil, have healing powers, serve 

as food and restore what has been 

destroyed.”

- Tanja Major (2025)

https://fungi-paper.de/en/homepage-english
https://fungi-paper.de/en/homepage-english
https://fungi-paper.de/en/homepage-english
https://fungi-paper.de/en/homepage-english
https://fungi-paper.de/en/homepage-english
https://fungi-paper.de/en/homepage-english
https://fungi-paper.de/en/homepage-english


Materials scientists are also interested in mycelium 
sheets… why?

▪ Packaging materials and 
textiles

▪ At a fundamental level, 
there is a desire to map 
the performance of pure 
mycelium materials

▪ Can these materials 
really behave like 
plastics? Like leathers?
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All-Natural Smart Mycelium Surface with Tunable 

Wettability, by Sun et al. 2020

https://pubs.acs.org/doi/10.1021/acsabm.0c01449?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c01449?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c01449?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c01449?fig=abs1&ref=pdf


Basidiomycota

▪ Most mycelium materials are from 
Basidiomycota, which are filamentous 
fungi composed of cells called hyphae

▪ Why?

(1) They can digest lignocellulose

(2) They can fuse and bind different 
substrates

(3) They produce dense mats of 
mycelium
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Credits goes to Anita Righetto - Own work, CC BY-SA 4.0, 

https://commons.wikimedia.org/w/index.php?curid=37081811



A closer look at 
mycelium…
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A factory of useful biomaterials!
Haneef, M., Ceseracciu, L., Canale, C. et al. Advanced Materials From Fungal 

Mycelium: Fabrication and Tuning of Physical Properties. Sci Rep 7, 41292 (2017). 

https://doi.org/10.1038/srep41292



Chitin and glucans
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A glucan is a polysaccharide derived from D-

glucose,[1] linked by glycosidic bonds. Glucans 

are noted in two forms: alpha glucans and beta 

glucans. Many beta-glucans are medically 

important. 

SPG Cellulose

Starch

https://en.wikipedia.org/wiki/Polysaccharide
https://en.wikipedia.org/wiki/Glucose
https://en.wikipedia.org/wiki/Glucan#cite_note-1
https://en.wikipedia.org/wiki/Glycosidic_bond
https://en.wikipedia.org/wiki/Beta-glucan
https://en.wikipedia.org/wiki/Beta-glucan
https://en.wikipedia.org/wiki/Beta-glucan


An important paper in the PMM literature
10
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Impact factor: 3.9

Open access

Highly  influential paper: > 500 citations

Two corresponding authors 

This paper is their most cited

Year: 2017



Why is this paper important?
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Abstract. In this work is presented a new category of self-growing, fibrous, natural 

composite materials with controlled physical properties that can be produced in 

large quantities and over wide areas, based on mycelium, the main body of fungi. 

Mycelia from two types of edible, medicinal fungi, Ganoderma 

lucidum and Pleurotus ostreatus, have been carefully cultivated, being fed by two 

bio-substrates: cellulose and cellulose/potato-dextrose, the second being easier to 

digest by mycelium due to presence of simple sugars in its composition. After 

specific growing times the mycelia have been processed in order to cease their 

growth. Depending on their feeding substrate, the final fibrous structures showed 

different relative concentrations in polysaccharides, lipids, proteins and chitin. Such 

differences are reflected as alterations in morphology and mechanical properties. 

The materials grown on cellulose contained more chitin and showed higher 

Young’s modulus and lower elongation than those grown on dextrose-containing 

substrates, indicating that the mycelium materials get stiffer when their feeding 

substrate is harder to digest. All the developed fibrous materials were hydrophobic 

with water contact angles higher than 120°. The possibility of tailoring mycelium 

materials’ properties by properly choosing their nutrient substrates paves the way 

for their use in various scale applications.
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Abstract. In this work is presented a new category of self-growing, fibrous, natural 

composite materials with controlled physical properties that can be produced in 

large quantities and over wide areas, based on mycelium, the main body of fungi. 

Mycelia from two types of edible, medicinal fungi, Ganoderma 

lucidum and Pleurotus ostreatus, have been carefully cultivated, being fed by two 

bio-substrates: cellulose and cellulose/potato-dextrose, the second being easier to 

digest by mycelium due to presence of simple sugars in its composition. After 

specific growing times the mycelia have been processed in order to cease their 

growth. Depending on their feeding substrate, the final fibrous structures showed 

different relative concentrations in polysaccharides, lipids, proteins and chitin. Such 

differences are reflected as alterations in morphology and mechanical properties. 

The materials grown on cellulose contained more chitin and showed higher 

Young’s modulus and lower elongation than those grown on dextrose-containing 

substrates, indicating that the mycelium materials get stiffer when their feeding 

substrate is harder to digest. All the developed fibrous materials were hydrophobic 

with water contact angles higher than 120°. The possibility of tailoring mycelium 

materials’ properties by properly choosing their nutrient substrates paves the way 

for their use in various scale applications.



▪ Yes, this is an 
oversimplification but still 
might have some use

You are what you eat?
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Back to the paper
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Ganoderma lucidum

Reishi

Pleurotus ostreatus

Oyster mushroom

Both: Saprotrophic, white-rot fungi

Saprotrophic: digest dead or decaying matter

White-rot: have enzymes to digest lignin
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Cellulose = white

Lignin = brown

White-rot: Digests 

lignin first
Brown rot: Digests 

cellulose first

Lignin and cellulose 

are not easy to digest! 
Thanks fungi!

https://doi.org/10.1016/j.ijbiomac.2025.

140554Get rights and content

https://doi.org/10.1016/j.ijbiomac.2025.140554
https://doi.org/10.1016/j.ijbiomac.2025.140554
https://s100.copyright.com/AppDispatchServlet?publisherName=ELS&contentID=S0141813025011031&orderBeanReset=true


Simple experiment:

• Grow two species: P. ostreatus
and G. Lucidum

• Test two different substrates: 
microcrystalline cellulose 
(MCC) and a 1:1 mixture of 
(MCC) and potato dextrose 
broth (PDB)

• MCC is harder to digest than
PDB

How did they grow their mycelium?
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vs.



Digression: What is MCC?
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A pure cellulose that is 

highly crystalline and 

produced by acid hydrolysis 

of natural sources of 

cellulose!

It’s used a lot in food and 

pharma. 

It’s not that different from 

cellulose nanocrystals…



How did 
the 
materials 
look?
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20 days old • 2 days old

• P.o larger than 

G.l

• G.l hyphae look 

the same on both 
substrates

• P.o looks 

collapsed with 

the mixed 
substrate

• 2 days old



Hyphal development
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• Density increases with time

• Tubes and threads, threads increases with time

• Diameter is around 0.8 µm on both substrates (a little bigger than AFM)

• (Btw – it’s rare that materials studies look at time!)



Hyphal development
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• Only one type of “compressed” filament

• Here, width seems to depend on substrate, higher when grown on cellulose

• Hyphae are collapsed when grown on mixed substrate: why?

• Hypothesis: Cell wall protects against osmotic lysis by a counterbalancing internal “turgor” 

pressure, so when the internal pressure is removed by drying, the cell wall may collapse and 
flatten

• They say this doesn’t happen with the other species because its smaller

• So why does one collapse and the other not? (Stay tuned!)
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Chemistry is the answer?

• Ganoderma has more lipids 

• Pleurotus has more polysaccharides

• More lipids when grown on mixed substrate

• More chitin when grown on cellulose

Specifically looked at the ratio IR bands of 

chitin/polysaccharides:

Ganoderma: 0.3 (cellulose) vs. 0.1 (mixed)

Pleurotus:  0.08 (cellulose) vs. 0.06 (mixed)

They say that the decrease in chitin content in 

Pleurotus is probably why the cell wall collapses…

“mutants that are unable to synthesize chitin are 

morphologically altered and osmotically senstitive"
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Material properties 

• All films are resilient to humidity

• But P. ostreatus grown on mixed substrate took 

up the most water at 100% - they link this to 

reduction in relative chitin content

• All films are hydrophobic > 120°; related to 

mannoproteins

• All material degrade around 225 °C; with a char 

of 15-25%
• (Char is a good thing for flame retardant 

materials, as the C-rich layer acts as a barrier)



Mechanical properties
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20 days old

2 days old

20 days old

Tensile tests on 20-day old films:

• Species: Pleurotus is stiffer and 

less extensible than Ganoderma, 

UTS is unaffected; fracture energy 
is higher for Ganoderma

• Substrate: cellulose gives stiffer 

materials, whereas PDB 

stimulates plasticizers (protein & 
lipids) relative to chitin, giving a 

more ductile material

Nanoindentation on 2-day old 
samples:

• Confirms that cellulose substrate 

yields stiffer materials



Context and comparison! 
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Let’s remember:

4-28 MPa 

Young’s 

modulus

4-33% 

elongation at 

break 

~1 UTS



Do you like this paper? Why or why not?
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Some important follow ups with S. commune
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Schizophyllum commune

Splitgill

Found worldwide on rotting wood
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• Not on Google Scholar

• Same journal

• Very active authors in field

Year: 2018



Why is this paper important?

Filamentous fungi colonize substrates by forming a mycelium. This network of 
hyphae can be used as a bio-based material. Here, we assessed the impact of 
environmental growth conditions and deletion of the hydrophobin
gene sc3 on material properties of the mycelium of the mushroom forming 
fungus Schizophyllum commune. Thermogravimetric analysis showed that 
Δsc3 mycelium retained more water with increasing temperature when compared 
to the wild type. The Young’s modulus (E) of the mycelium ranged between 438 
and 913 MPa when the wild type strain was grown in the dark or in the light at 
low or high CO2 levels. This was accompanied by a maximum tensile strength (σ) 
of 5.1–9.6 MPa. In contrast, E and σ of the Δsc3 strain were 3–4- fold higher with 
values of 1237–2727 MPa and 15.6–40.4 MPa, respectively. These values 
correlated with mycelium density, while no differences in chemical composition of 
the mycelia were observed as shown by ATR-FTIR. Together, genetic 
modification and environmental growth conditions impact mechanical properties 
of the mycelium by affecting the density of the mycelium. As a result, mechanical 
properties of wild type mycelium were similar to those of natural materials, while 
those of Δsc3 were more similar to thermoplastics.

M
S

E
 4

9
3

28



Why is this paper important?

Comparing the two papers: 

1. Genetics matter (suppressing 
aerial hyphae is maybe beneficial) 
– same as previous 

2. Growth conditions kind of matter 
(they suppress aerial hyphae or 
not) – same as previous

3. Chemistry doesn’t matter –
different!

4. Density matters but how it is 
impacted by different conditions is 
unclear – not addressed

5. Tunable mechanical properties –
same as previous
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In this case: no difference in chemistry 

between wild-type and mutant even though 

they had very different mechanical properties



▪ High char content, > 
20%

▪ Consistent with 
other species

▪ Promising as a 
flame retardant 

Thermal properties
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▪ Young’s modulus between 0.5-2.5 GPa

▪ UTS between 5-35 MPa

▪ Elongation between 1-3%

▪ Very different than previous work 
with other species… so species 
matters? Let’s see…

Summary of mechanics
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Context and comparison!
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• Tunable between 

natural materials and 

polymers in this 

aspect alone. 

• Can you think of 

polymer properties 

that are absent in 

these materials?



The authors could!

How do we make materials stretchy in this class?
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IF = 5.2

Open access

Same-ish team: Utrecht University

Year: 2020



▪ Abstract. Fungal mycelium is an emerging bio-based material. Here, mycelium 
films are produced from liquid shaken cultures that have a Young’s modulus of 
0.47 GPa, an ultimate tensile strength of 5.0 MPa and a strain at failure of 
1.5%. Treating the mycelial films with 0–32% glycerol impacts the material 
properties. The largest effect is observed after treatment with 32% glycerol 
decreasing the Young’s modulus and the ultimate tensile strength to 0.003 GPa
and 1.8 MPa, respectively, whereas strain at failure increases to 29.6%. 
Moreover, glycerol treatment makes the surface of mycelium films hydrophilic 
and the hyphal matrix absorbing less water. Results show that mycelium films 
treated with 8% and 16–32% glycerol classify as polymer- and elastomer-like 
materials, respectively, while non-treated films and films treated with 1–4% 
glycerol classify as natural material. Thus, mycelium materials can cover a 
diversity of material families.

▪ S. commune wild type

Why is this paper important?
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Representative stress/strain curves of non-treated 

mycelium material (a) and mycelium material treated with 

H2O (b) and 1% (c), 2% (d), 4% (e), 8% (f), 16% (g) and 

32% (h) glycerol.
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• They are now in the 

elastomer space with 

very high glycerol 

loadings

• Same results as 

before for wild type, 

so pretty consistent 



Water contact angle and  water uptake
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Kind of interesting! More glycerol, less water uptake!



Abstract. Pure mycelium materials (PMMs) are a sustainable alternative for a range of 
non-sustainable products such as textile, leather and meat. So far, properties of PMMs of 
different fungi have not been systematically assessed. Here, 11 mushroom-forming fungi, 
of which 10 isolated from nature, were grown in liquid shaken 
cultures. Schizophyllum commune, Ganoderma resinaceum, 
and Trametes betulina produced the highest biomass (8.62, 7.58, and 6.94 g L−1, 
respectively) when grown as mono-cultures in malt extract broth. Therefore, PMM 
properties were determined of mono-cultures, mixed-cultures, and co-cultures of these 
three fungi. The maximum tensile strength of the PMMs of the mono-cultures, mixed-
cultures, and co-cultures of S. commune, G. resinaceum, and T. betulina did not show 
significant differences and ranged between 4.5 to 6.3 MPa. The elongation at break of 
the different PMMs was generally low and ranged between 0.8 and 1.6%. The Young’s 
modulus of the PMMs also showed relatively small differences ranging between 408 and 
710 MPa. The G. resinaceum PMMs showed the lowest water uptake, while the S. 
commune mono-, mixed- and co-culture PMMs showed the highest water contact angle. 
Together, it is concluded that the properties of the mono-, mixed-, and co-cultures 
of S. commune, G. resinaceum, and T. betulina are not very different. These data 
suggest that the species of mushroom forming fungi does not have a major impact on 
PMM properties of biomass from liquid shaken cultures.

Why is this paper important?
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The maximum tensile strength of the PMMs of the mono-cultures, mixed-cultures, and 
co-cultures of S. commune, G. resinaceum, and T. betulina did not show significant 
differences and ranged between 4.5 to 6.3 MPa. The elongation at break of the different 
PMMs was generally low and ranged between 0.8 and 1.6%. The Young’s modulus of the 
PMMs also showed relatively small differences ranging between 408 and 710 MPa.

▪ Hmmm wait? Are they now saying that all mushrooms have the same mechanical 
properties, more or less? Is this controversial?

▪ Keep in mind: all wild-type, all grown in same, non-optimized environment

Why is this paper important?
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Summary of mechanical properties
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So, not tunable afterall?

• They go on to say a lot of things about how to maximize tensile strength, like:

• Blending the biomass is important

• Post treatments like wet-dry cycling is important (a 2024 paper we did not look at)

• Still some open questions…



▪ PMM history (it’s pretty recent – we only 
started in 2017)

▪ Tunable properties?

▪ Is tunability more about post-processing 
than anything else?

▪ How different can we expect similar 
mushrooms to be? (I don’t know, maybe 
not that different?)

▪ Will we make materials out of 
mushrooms? (Hint: We already are!)

▪ Next class: mycelium-bound 
composites and an example from our 
research

Takeaways
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