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Abstract
Fresh basidiomes of species belonging to the genera Aurantiporus, Ganoderma, Lentinus, and Panus species were collected 
from a cloud forest patch located in a natural protected area. Tissue portions of the fresh basidiomes were excised and 
grown in axenic culture with potato dextrose medium at 27 °C obtaining six strains. Additionally, a commercial strain of 
Pleurotus ostreatus was included for comparison with previous works. Mycelium films were obtained and morpho-anatomic 
characterized considering the main features. After that, the films were dried at room temperature and pressed at 7.5 g/cm2. 
SEM images were taken with a scanning electron microscope, and mechanical and thermo gravimetric analyses were car-
ried out. The tensile modulus values obtained vary between 3.5 and 128.8 MPa and the tensile strength values between 0.27 
and 1.5 MPa. The density was not uniform and is not related to the mechanical performance. The Maximum decomposition 
temperature of the mycelium films was reached at around 300 °C. The results showed significant differences in physic-
mechanical behavior of mycelium films obtained with different fungal species, some of them with promissory characteristics 
for biotechnological applications.
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Introduction

Among the wide variety of biotechnological applications 
with fungi, the use of fungal mycelium for the manufacture 
of materials stands out. Hyphae, cylindrical fungal cells with 
a wall composed of polysaccharides like chitosan and other 
components [1] and a cytoskeleton composed of 60–70 dif-
ferent proteins [2], have shown promising characteristics for 
the development of sustainable materials with applications 
in various fields, from compostable packaging options [3] to 
thermal and acoustic insulation [4–6] or even textile alterna-
tives [7]. Materials obtained from fungal mycelium have a 

very important characteristic, being completely and rapidly 
compostable, which suggests that products developed with 
mycelium could help to achieve the objectives of a more cir-
cular economy [8], and alleviate the damaging effect caused 
by synthetic materials on the environment and particularly 
in the ocean’s trophic chains [9–11].

Since the first academic works on this subject [12, 13], 
several types of fungal materials manufactured with various 
techniques have been developed and tested, using hyphae 
in the formulation as a binding agent. These types include 
mycelial biocomposites [6, 14, 15], sandwiches [16, 17], 
foams [18, 19], hybrids with synthetic resins or fibers 
[20–22], and films [23]. From these types, the mycelium 
films are the least studied, while mycelial biocomposites 
have been the most investigated, even already produced on 
a commercial scale (for example https:// ecova tived esign. 
com/; https:// mogu. bio/; https:// www. mycow orks. com/). 
The foams were formulated recently [19, 24], however, 
some details of production and the fungal species involved, 
remain undocumented. Sandwiches and hybrids have also 
been formulated incorporating resins in different substrates, 
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obtaining variable results [16, 17, 25], some with the disad-
vantage of including non-compostable materials in the com-
position of composites [20]. Haneef et al. [23] carried out a 
revision and characterization of these materials using strains 
of Ganoderma lucidum and Pleurotus ostreatus. Currently, 
a company (https:// www. mycow orks. com/) manufactures 
leather substitutes and a textile developed with mycelium, 
with promising results for the replacement of petroleum-
based plastics or other materials. However, there is no docu-
mentation of the methods and results of these commercial 
products.

In the different mycelial materials mentioned, the 
approach to the development of production techniques arose 
from the point of view of engineering and design, leaving 
aside the importance of the biological component present. 
In biocomposites, sandwiches and hybrids, the dry weight 
of the mycelium compared to the growth substrate is notably 
lower. However, it is evident that the inherent characteristics 
of the hyphae play an important role in the final mechanical 
performance of the products [26]. Furthermore, products 
such as foams and films, which are entirely composed of 
mycelium, are completely dependent on the morpho-ana-
tomic characteristics of the hyphae to perform adequately.

Some factors that influence the final properties of myce-
lium materials are: species and fungal strains used, pressing 
conditions, substrate (in the case of biocomposites, hybrids 
and sandwiches), growth time and drying methods [27]. 
Among these variables, the selection of species used to 
develop fungal materials in almost all the previous studies 
has been made considering the popularity or the availability 
of strains of commercially known edible, or medicinal spe-
cies of fungi, such as Trametes versicolor used by Elsacker 
et al. [6] or T. multicolor and P. ostreatus used by Appels 
et al. [28]. Although this method of selection seems arbi-
trary, some of the strains used have shown adequate perfor-
mance [29]. However, the biodiversity of Agaricomycetes is 
calculated at around 20,000 species [30], with many fungal 
species existing in nature with interesting characteristics to 
generate mycelium materials not yet explored.

Mycelium films are the focus of this study, which have 
a variety of potential uses, and are practically unexplored. 
Considering the aforementioned fungal properties, in this 
work we characterized and performed physical–mechanical 
tests on mycelium films obtained from different strains of 
wild fungal species. To generate more resistant mycelium 
films compared to the previous studies, the species used 
were selected considering: being species not studied before 
and with hyphal systems that produce hard and resistant 
carpophores.

Materials and Methods

Study Site and Basidiomes Collection

Basidiomes were collected in the “Santuario del Bosque 
de Niebla” (SBN), a remnant of the mountain cloud forest, 
which is under the protection of the Instituto de Ecología 
A.C. It is a peri urban natural area in Xalapa, Veracruz, 
Mexico, located at 1360 m above sea level, character-
ized by hosting high biodiversity [31], and high relative 
humidity that allows a great biodiverse assembly of fun-
gal species, some of these endemic and recently described 
[32–37].

An opportunistic method of recollection was developed 
[38], i.e., randomly walking the site in search of visible 
sporocarps, and considering fresh and in good conditions 
basidiomes, without insect or pest damage. Special atten-
tion was paid to fructifications with corky or leathery 
appearance, avoiding soft or weak structures. The fresh 
specimens were covered in foil and transported to the 
laboratory, where descriptive taxonomic characters were 
annotated. Fresh portions of the basidiomes were excised 
for axenic culture and molecular identification. After that, 
the specimens were dried in a hot air dryer at 60 °C for 
72 h for their preservation. The edible species of P. ostrea-
tus complex [39] have often been used in previous works 
[7, 14, 28], so a strain of P. ostreatus was isolated and 
included in this work to compare results and performance.

Axenic Culture and Mycelium Films Production

Tissue portions of the basidiomes were incubated in 
90 mm Petri dishes, at 27 °C, filled with Potato Dextrose 
Agar medium (PDA) following the manufacturer’s instruc-
tions (Bioxon). After isolation, the strains were stored on 
vials, covered with mineral oil for later use and kept at 
room temperature at 20–23 °C [40]. Once the mycelium 
growth of each species covered the entire surface of the 
Petri dish, three circular portions of 0.5 cm diameter of 
the mycelium were placed in Erlenmeyer flasks, contain-
ing 100 mL of sterilized potato-dextrose broth, prepared 
following the manufacturer’s instructions (Sigma-Aldrich). 
The flasks were incubated at 25 °C in dark and agitated at 
120 rpm for the first 72 h to promote faster colonization 
[41]. Then, they remained static at the same temperature 
and light conditions for 18 more days. Mycelium films of 
six different species were obtained (Table 1).

The mycelium films were extracted from the flasks after 
21 days and the remains of the medium adhering to the 
films were removed. Circular films of between 5 and 9 cm 
diameter were obtained, then dried at room temperature for 

https://www.mycoworks.com/


4100 Journal of Polymers and the Environment (2021) 29:4098–4105

1 3

8 h and pressed with an even weight at 7.5 g/cm2 for 72 h 
to avoid recurved margins or wrinkles.

Molecular Identification

DNA was extracted according to César et al. [36]. PCR was 
performed to amplify the nuc rDNA ITS (Internal Tran-
scribed Spacer) using primers ITS1F, ITS5/ITS4 [42, 43]. 
The sequences were obtained using a Genetic Analyzer 
3730XL sequencer (Applied Biosystems) and deposited at 
GenBank database [44]. Table 1 shows the access numbers. 
A similarity search analysis was performed with the BLAST 
program. Sequences with a similitude percentage of 99% 
or higher were considered conspecific. The names of spe-
cies indicated in Table 1 correspond to the results with the 
highest percentage of identity, obtained from the similarity 
analysis above.

Morphological Analysis of Mycelial Films

The different types of hyphae were characterized and meas-
ured under an optical microscope (Nikon Eclipse E400), 
mounted in 3% potassium hydroxide (KOH), 1% Congo 
Red aqueous solution, and Melzer’s reagent. SEM images 
of mycelial films were taken from the top, bottom and the 
fracture site after mechanical testing (Fig. 1), under a scan-
ning electron microscope (JEOL JSM.6360 LV) and after the 
samples were covered with gold using a sputter applicator 
for 60 s.

Density and Thickness Measurements

After drying, ten 1  cm2 replicates were cut and measured 
with a caliper from each film. Weights were determined with 
a digital scale. The thickness was measured with an optical 
microscope with a ruler (Nikon Eclipse E400), using a Plan 
×4/0.10 objective, recording measurements in three linear 
sections of each film (10 measures per linear section).

Mechanical Tests

Fifteen specimens of the mycelium films of each species 
were obtained for the tensile strength test. The TAPPI T494 
om-06 method [45] was used. The samples were conditioned 
24 h before the test at 25 °C and 50% humidity. A universal 
testing machine (Shimadzu AGS-X Autograph) with a 100 N 
cell and a crosshead speed of 5 mm/min was used.

Thermo Gravimetric Analysis

Thermo gravimetric analysis was performed with a TGA-7 
(Perkin Elmer, USA) using a nitrogen flow of 20 mL/min to 
maintain an inert atmosphere. Temperature increased from 
50 to 700 °C with a rate of 10 °C/min.

Results and Discussion

Strains Obtained

One strain of each of the six fungal species selected was 
isolated (Table 1): Lentinus crinitus (CC16), Panus aff. con-
chatus (CC39), Ganoderma curtisii (CC52), P. ostreatus 
(CC90), Ganoderma mexicanum (CC228) and Aurantipo-
rus sp. (CC243).

Characterization of Mycelium Films Before Pressing

Given the uniform growth conditions, the mycelium of the 
different isolates developed films of different thickness, 
the thinnest was Aurantiporus sp. with 0.33 mm, and the 
thickest was Panus aff. conchatus with 0.76 mm. There is 
no relationship between thickness and tensile strength as 
observed in Table 2. The density of the mycelium films 
ranged between 0.152 g/cm3 for Panus aff. conchatus, and 
0.513 g/cm3 for Aurantiporus sp., which shows that density 
is also not related to the tensile strength of the samples.

Lentinus crinitus, CC16 [Fig. 1(1)]. Mycelium white 
and cottony at the beginning of the development, turning 

Table 1  Taxon, voucher specimens, strains obtained, and similitude percentage with data present at GenBank

Taxon Voucher specimen GenBank accession 
numbers

Strain Most similar result in Genbank

Lentinus crinitus César 16 MW165498 CC16 Lentinus crinitus GU207295 (99.68%)
Panus aff. conchatus César 39 MW762869 CC39 Panus conchatus MT571526 (98.43%)
Ganoderma curtisii César 52 MW762870 CC52 Ganoderma curtisii KF605644 (100%)
Pleurotus ostreatus César 90 MW762871 CC90 Pleurotus ostreatus MG819739 (99.09%)
Ganoderma mexicanum César 228 MW762872 CC228 Ganoderma mexicanum MK531819 (99.63%)
Aurantiporus sp. César 243 MW762873 CC243 Aurantiporus sp.

KT156705
(94.64%)
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Fig. 1  Images of the mycelium films tested. 1 CC16 Lentinus crinitus; 2 CC39 Panus aff. conchatus; 3 CC52 Ganoderma curtisii; 4 CC90 Pleu-
rotus ostreatus; 5 CC228 Ganoderma mexicanum; 6 CC243 Aurantiporus sp. Column (a) 250X; (b) 1000X; (c) 5000X
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coriaceous and reddish-brown, with a radial development, 
with two different types of hyphae: thin (1–2 µm ⌀), with 
thick walls (< 0.3 µm), clamped, septate, bifurcate, not tor-
tuous; second type, broad (2.5–4 µm ⌀), with thick walls 
(ca. 0.5 µm ⌀), diverticulate and tortuous. Chlamydospores 
absent.

Panus aff. conchatus, CC39 [Fig. 1(2)]. Mycelium white, 
cottony, with transparent exuded drops, with certain water 
repellency, forming concentric light brown custards, with 
two types of hyphae: broad (3.5–4.5 µm ⌀), with thin walls, 
straight and clamped; the second type thin (1–1.5 µm ⌀), 
with thick walls (ca. 0.2 µm), straight and more resistant to 
abrasion. Chlamydospores absent.

Ganoderma curtisii, CC52 [Fig. 1(3)]. Mycelium white, 
leathery at the beginning of the development turning yellow, 
with a remarkable resistance to puncture, with a somewhat 
radial pattern of development, with two types of hyphae: 
thin (1–1.5 µm ⌀), with thick walls (< 0.3 µm), not septate 
or clamped, curvy and abundant; the second type are broader 
(2–2.5 µm ⌀), with thick walls (< 0.5 µm), also without vis-
ible septa or clamp connections, hyphal pegs as terminal 
elements (16–21 × 13.5–16.5 µm). Chlamydospores absent.

Pleurotus ostreatus, CC90 [Fig. 1(4)]. Mycelium white 
and cottony, dense and irregular; hyphae without concen-
tric or radial arrangement, 0.75–2.5 µm ⌀, clamped, septate, 
tortuous and some bifurcate and with slightly thicker wall. 
Chlamydospores absent.

Ganoderma mexicanum, CC228 [Fig. 1(5)]. Mycelium 
leathery, white, turning mustard yellow and light brown, 
with some hyphae in radial arrangement, two types of 
hyphae present: narrow (1–1.5 µm ⌀), with thick walls 
(< 0.2 µm), not tortuous and bifurcate, unclamped, not sep-
tate; the second type broad (3.5–4 µm ⌀), with thick walls 
(ca. 1 µm thick), tortuous, unclamped, not septate, with 
ellipsoid and thin-walled hyphal pegs as terminal elements 
(14.5–16 × 10.5–11.5 µm). Chlamydospores absent.

Aurantiporus sp. CC243 [Fig. 1(6)]. Mycelium white, 
translucent, velvety, soft irregular, with denser growth 
in some areas; hyphae (2.5–4 µm ⌀) with thin wall, tor-
tuous, presenting occasional bulges, clamped and 

septate, with globose, thin-walled terminal elements 
(7.5–13.5 × 8–11.5 µm). Chlamydospores absent.

Mechanical Test

Figure 2 shows the stress–strain curves of the films and 
Table 2 the mechanical parameters. Regarding the tensile 
modulus, Panus aff. conchatus CC39 presented the lowest 
value, with 3.5 MPa, showing a weak entanglement between 
hyphae, in contrast to other species with higher results that 
reached up to 128.8 Mpa. Panus aff. conchatus also showed 
the lowest tensile strength of the samples with 0.27 Mpa. 
Meanwhile, G. mexicanum CC228 showed the highest 
value in tensile strength, with 1.5 Mpa. This last mechanical 
parameter presents a great dispersion due to the heterogene-
ous nature of the samples. The differences in mechanical 
properties are significant, demonstrating a wide variation in 
mechanical behavior between mycelium films obtained from 
the different species of fungi. In a previous work by Haneef 
et al. [23], the modulus values were registered between 4 and 
28 MPa, being higher for P. ostreatus grown in cellulose. In 

Table 2  Physical–mechanical results of the mycelium films studied

Taxon Strain Average density (g 
 cm−3)

Average thickness 
(mm)

Tensile modulus 
(MPa)

Tensile strength 
(MPa)

Deformation (%)

Lentinus crinitus CC16 0.323 ± 0.068 0.645 ± 0.219 74.0 ± 48.6 0.87 ± 0.49 2.56 ± 1.51
Panus aff. conchatus CC39 0.152 ± 0.059 0.760 ± 0.044 3.5 ± 1.8 0.27 ± 0.12 11.32 ± 6.23
Ganoderma curtisii CC52 0.226 ± 0.082 0.720 ± 0.123 128.8 ± 49.6 0.84 ± 0.12 1.55 ± 0.83
Pleurotus ostreatus CC90 0.186 ± 0.035 0.505 ± 0.025 44.4 ± 16.7 0.61 ± 0.14 2.36 ± 1.19
Ganoderma mexica-

num
CC228 0.369 ± 0.046 0.745 ± 0.142 66.7 ± 11.8 1.50 ± 0.48 4.09 ± 1.45

Aurantiporus sp. CC243 0.513 ± 0.038 0.328 ± 0.031 112.5 ± 15.4 0.91 ± 0.41 1.45 ± 0.39

Fig. 2  Stress–strain curves of mycelium films
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the present work the modulus value shown by P. ostreatus 
was 44.4 MPa.

Of the strains studied here, CC228 and CC52, belonging 
to G. mexicanum and G. curtisii respectively, showed the 
best performance in the mechanical test. The CC16-Lenti-
nus crinitus strain, even though it did not show the greatest 
resistance, is a species suitable for developing mycelium 
films, due to the aggressive and rapid growth of its myce-
lium. We consider that after monosporic mycelium inter-
crossing, it might be possible to enhance desirable traits. 
Our results indicate that the tensile strength achieved by G. 
curtisii could exceed the performance of other materials 
such as leather, and in this way, mycelium films could be a 
substitute for both disposable and long life products.

Termogravimetric Analysis (TGA)

Figure 3 shows the TGA and differential TGA (DTGA) 
curves of the mycelium films. It can be observed in Fig. 3a 
that the TGA curves present three zones of mass loss, due 
to thermal degradation of the components constituting the 
mycelium. The first zone shows a mass loss of around 9% 
at 100 °C, due to the evaporation of water absorbed by the 
mycelium. In the second zone, from 200 to 370 °C, the main 
degradation of the sample is observed with a mass loss of 
55–70%. This zone is observed as a peak in the DTGA 
curves, where the maximum decomposition temperature 
(TDmax) is reached at 300 °C. Here, the thermal decompo-
sition of the components of the mycelia, such as proteins, 
chitin and cellulose take place. At temperatures higher than 
370 °C, a monotonic mass loss is observed, with a residual 
mass of 7–20%. At 700 °C the residual mass varies between 
2 and 12%.

Conclusions

This is the first work to test mycelium films obtained 
directly from wild fungal species not used commercially to 
produce edible or medicinal carpophores. As has already 
been observed, the differences in the mechanical behavior 
of the mycelium films obtained from different species are 
important and are related to the morphology and structure 
of the mycelium.

The enormous biodiversity of fungal species, especially 
in tropical areas, presents interesting opportunities for 
applications in the development of mycelium materials and 
biocomposites. When developing mycelium materials to 
replace other non-compostable, an important characteristic 
of the chosen strain is the resistance it offers. To select 
the most suitable species for this purpose, among others, 
the distinctive taxonomic characteristics between the gen-
era are important. In this context, the patterns of hyphal 
system [46] could serve as a starting point for selection, 
which considers the different morpho-anatomic types of 
hyphae present in the carpophores.

One of the groups of fungi in which the hyphal system 
has been recognized as taxonomically informative is that 
of the Polyporales. Hyphal systems consider character-
istics of different hyphae present in carpophores. These 
characters are different from those present in the mycelial 
stage before the morphogenesis of the carpophores [47], so 
to choose suitable species to manufacture mycelial materi-
als, such classification systems could not be very precise 
based only on wild carpophores. Except P. ostreatus, all 
the species evaluated here can be considered Polyporales, 
and show different behaviors in the mechanical test.

Fig. 3  a TGA and b DTGA curves of mycelium films
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It is necessary that in the search for species of fungi suit-
able for the elaboration of mycelial materials, the specimens 
under study be accurately reported and identified at the spe-
cies level. This would offer a clearer idea of the performance 
of specific taxa. To exemplify this, let´s consider the popular 
use of Ganoderma spp. strains, indiscriminately mentioned 
in previous research on mycelium materials under the name 
Ganoderma sp. or under the popular Chinese name “rei-
shi”. The species complex under that name encompasses 
more than 13 different species [48, 49], with different mor-
pho-anatomical characters and probably different physico-
mechanical behaviors to form mycelium materials. In fact, 
two different closely related species of Ganoderma, tested 
in the present work, showed different behaviors. It is impor-
tant also, to continue studying the chemical composition and 
antibacterial properties of the mycelium of different species 
to evaluate its usefulness in some medical applications.

With the exception of P. ostreatus, the fungi used in this 
work are Neotropical species that have never before been 
tested in their application for the manufacture of mycelium 
films. More research is needed on the performance of differ-
ent groups of fungi, with the aim of developing sustainable 
materials to reduce pollution problems occasioned by non-
compostable synthetic materials.
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