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� Novel films were developed from food
waste through fungal cultivation,
fungal biomass pretreatment, and
wet laying processes.

� Ultrafine grinding resulted in
homogenization and densification of
the fungal films films.

� Fungal films were biocompatible
towards human cell lines.
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The fungus Rhizopus delemar was grown on bread waste in a submerged cultivation process and wet-laid
into films. Alkali or enzyme treatments were used to isolate the fungal cell wall. A heat treatment was
also applied to deactivate biological activity of the fungus. Homogenization of fungal biomass was done
by an iterative ultrafine grinding process. Finally, the biomass was cast into films by a wet-laid process.
Ultrafine grinding resulted in densification of the films. Fungal films showed tensile strengths of up to
18.1 MPa, a Young’s modulus of 2.3 GPa and a strain at break of 1.4%. Highest tensile strength was
achieved using alkali treatment, with SEM analysis showing a dense and highly organized structure. In
contrast, less organized structures were obtained using enzymatic or heat treatments. A cell viability
assay and fluorescent staining confirmed the biocompatibility of the films. A promising route for food
waste valorization to sustainable fungal wet-laid films was established.
� 2022 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Detrimental effects from consumption of non-renewable fossil
sources for production of synthetic materials and the staggering
issue of waste handling have led to serious environmental con-
cerns [1,2]. Therefore, materials based on more sustainable
resources are in high demand. At the same time, food waste is a
big problem for today’s society, which discards both the food and
also all resources used for its production and delivery. Unsold
bread represents one of the major fractions of waste generated in
Swedish supermarkets [3]. Bioconversion to biogas or ethanol are
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among the suggested sustainable treatments for food waste [4],
but these wastes also hold greater potential for the development
of bio-based materials as an alternative to fossil-based plastics.

Recently, Svensson et al. [5] reported the valorization of bread
waste through the cultivation of a zygomycete fungus and devel-
opment of yarns from fungal microfibers by wet spinning. Filamen-
tous fungi are fast-growing microorganisms, which can grow on
low-cost substrates, such as food waste [6,7]. The mycelium of
zygomycetes has a fibrous structure, of which the fungal cell wall
contains different biopolymers of high interest such as chitin and
chitosan [8].

The wet-laid process, commonly used for production of paper,
has been adapted for production of wet-laid non-woven textiles
[9], while similar processes have also been used for the develop-
ment of flat structures from the mycelium or fruiting bodies of
fungi [10,11,12]. While solid state fermentation is common for
development of myceliummaterials, submerged cultivation to pre-
pare wet-laid material has been reported in a few studies [10].

In the submerged cultivation, different substrates have been
used, including a minimal medium containing glucose and aspara-
gine [13], molasses [11], and a semisynthetic medium containing
glucose and yeast extract [10]. The cultivation of fungi on food
waste, such as bread waste, results in fungal biomass, which is a
promising source of biopolymers that has potential for the devel-
opment of textiles and bio-plastic materials.

Homogenization and chemical treatments are usually conducted
on fungal biomass before film formation. The purpose of the homog-
enization step is to break up large agglomerations and to prepare a
uniform suspension of fungal microfibers. Previously, a pulp disinte-
grator [14], a kitchen blender [11,12], or high shear mixing with a
homogenizer [10] have been used to homogenize fungal biomass.
Ultrafine friction grinding, using a device called supermasscolloider,
is a wellknown process to produce nanofibrillated cellulose [15,16].
The applicability of this method has yet to be investigated as a pre-
treatment for development of wet-laid fungal films.

The alkali treatment, using sodium hydroxide, is often per-
formed to remove proteins and other alkali-soluble fractions from
the fungal cell wall [11,12]. This alkali-soluble fraction, which
makes up 70–90% of the total fungal biomass, is usually not recov-
ered [11,12]. However, this protein-rich material could potentially
be further used for the production of protein-rich materials or
foodstuffs, if a less aggressive method of protein removal on the
fungal biomass is used.

The wound healing properties and biocompatibility of chitin
and chitosan from crustaceans have made these biopolymers
promising candidates for biomedical applications [17]. Purified
chitin and chitosan from fungal species have also shown biocom-
patibility and even improved tissue growth of human cells
[18,19]. Biocompatibility of the waste derived wet-laid materials
made of fungal mycelium, towards human cell lines, has not been
examined before. Biocompatible wet-laid fungal films could then
potentially serve as wound dressings with wound healing capabil-
ities. Cell wall of other fungal species such as Ganoderma tsugae,
which belongs to Basidomycota and contains chitin-glucan, has
shownwound healing properties [20]. Furthermore, getting benefit
of the good barrier and mechanical properties, as well as the bio-
compatibility, biomaterials based on chitin and chitosan are good
candidates for food packaging applications [21].

We hypothesized that filamentous fungi grown on bread waste
in a scalable submerged cultivation process, could have high
potential for production of biocompatible fungal wet-laid films.
We also propose novel enzymatic or heat treatments, as more envi-
ronmentally benign alternatives for the conventional alkali treat-
ment used for pretreatment of fungal biomass. Moreover, it was
anticipated that ultrafine friction grinding would result in homog-
enization of fungal material as well as densification of the fungal
2

films. Fungal films were prepared via a handsheet former used in
paper production. The wet-laid fungal films were characterized
in terms of morphology, mechanical properties and cytotoxicity.
A sustainable approach is demonstrated for the reuse of bread
waste through the development of biocompatible fungal wet-laid
films.

2. Materials and methods

Microorganism: The fungus Rhizopus delemar (R. delemar) CBS
145940, obtained from the Centraalbureau voor Schimmelcultures
(Westerdijk Institute, Utrecht, the Netherlands), was used in this
study. This fungus was originally isolated from Hibiscus spp. and
Tectona gandis leaves used in the process of tempeh production
and previously identified as Rhizomucor sp. CCUG 61147 [22]. R.
delemar was grown on agar plates (17 g/L agar, 20 g/L glucose,
4 g/L peptone) at pH 5.5 and 30 �C for 3–4 days.

Bread: Unsold unpacked baked goods (bread loafs, buns, crois-
sants etc.) were collected from two local supermarkets in Borås
(ICA, Sweden). Sorting requirements were that the products should
not show mold and should not contain high amounts of dried fruit
so as to not disturb the milling. The bread was torn into small
pieces and spread over a large surface to dry ambiently. The dried
bread was ground using a cutting mill (SM 200, Retsch, Haan, Ger-
many) to a size of < 3 mm. The ground bread was used for the sub-
merged cultivation of R. delemar.

2.1. Cultivation of the fungus in a pilot-scale airlift bioreactor

A three-step scale up process was used for the cultivation of R.
delemar, in bread waste in a pilot-scale bioreactor:

(a) Preparation of pre-inoculum: A fungal spore suspension was
prepared by adding 20 mL sterile water to a fungal agar plate
and gently scraping the surface to release the spores. The
obtained spore suspension was then added to 3 shake flasks
containing a 4.5 wt/v% sterilized suspension of bread in
water (2 mL spore suspension to 100 mL bread suspension).
Sterilization of the bread suspension was done in an auto-
clave (VB-150, Systec, Linden, Germany) at 121 �C for
20 min. The flasks were placed in a water bath shaker (OLS
200, Grant Instruments, Cambridge, UK) at 35 �C and
100 rpm for 24 h to grow the fungal mycelium. This resulted
in the fungal pre-inoculum, which was used in step b.

(b) Cultivation in seed fermenter: The seed fermenter was a
bubble column bioreactor with a total volume of 26 L (Bio-
engineering AG, Wald, Switzerland). The reactor was steril-
ized empty using steam injection at 121 �C for 20 min.
Then, a sterile mixture of 900 g bread in 20 L water was
fed into the seed fermenter. The fungus was cultivated
for 38 h at 35 �C. The aeration rate was set to 1 vvm (vol-
ume of air per volume of liquid per minute) for the first
12 h and was increased to 1.5 vvm for the remainder of
the cultivation time. At the end of the cultivation, the
obtained fungal biomass suspension was collected from
the seed fermenter under aseptic conditions to be used in
step c.

(c) Cultivation in pilot-scale fermenter: In this step, the cultiva-
tion was scaled up to a 1.3 m3 airlift bioreactor (Knislinge
Mekaniska Verkstad AB, Kristianstad, Sweden). The reactor
was fed with 800 L of tap water and 25 kg of bread. By inject-
ing 167 kg of steam, this solution was then brought to 70 �C
and maintained at that temperature for 1 h. An additional
20 kg of ground and dry bread (sterilized at 121 �C for
20 min.) was fed into the reactor aseptically through a fun-
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nel. The fungal cultivation was initiated by transferring the
inoculum prepared in step b to the reactor. After 12 h, an
additional 20 kg of ground, dry and sterile bread was added
to the reactor and the cultivation was continued at 35 �C for
an additional 10 h. The grown fungal biomass was separated
from the liquid culture media by manual sieving using a
metal sieve (0.5 mm pore size). The harvested biomass was
then pressed manually in a cotton fabric to reduce its water
content. Using a 5 L beaker, pressed biomass was suspended
in tap water (ca. 500 g wet biomass in 4 L water) to remove
some of undigested bread particles (particles with size of
125–1110 mm, remaining from bread, Fig. A1) via decanting.
The fungal biomass was again recovered by sieving. This
washing process was done three times in total and finalized
by pressing the fungal biomass in cotton fabric and the
material was stored at �18 �C until use. The effects of freez-
ing on fungal mycelium were not evaluated as part of this
study.

2.2. Pretreatment of the fungal biomass

The fungal biomass was subjected to three different treat-
ments before being used to produce wet-laid films. In brief, fro-
zen fungal biomass was thawed in water at room temperature to
make a mixture with a dry biomass concentration of 3 wt%. This
mixture was passed once through a disk mill grinder called
supermasscolloider (MK CA6-5J, Masuko Sangyo, Kawaguchi,
Japan), where the distance between the grinding stones (MKE
#46, fine silicon carbide, standard grinding stones for soft mate-
rials) was set to +50 mm and the rotation speed was set to
1500 rpm. This pre-homogenization resulted in a visually
homogenous suspension of fungal biomass in water, which was
then subjected to heat, alkali, or enzymatic treatments as
described. The heat treatment was carried out in duplicates,
while alkali and enzymatic treatments were done in quadrupli-
cates as described in detail below:

(a) Heat treatment: The suspension of fungal biomass in water
was heated in an autoclave at 121 �C for 20 min to deactivate
the fungal cells.

(b) Alkali treatment: A sodium hydroxide solution was added
to the visually homogenous suspension of fungal biomass
in water to reach a final concentration of 4 g/L NaOH.
The mixture was then autoclaved at 121 �C for 20 min to
dissolve the proteins and other alkali soluble fractions of
fungal biomass. The alkali insoluble material (AIM), con-
sisting of the fungal cell wall material, was recovered by
sieving (0.5 mm pore size). To remove the remaining
sodium hydroxide and alkali soluble fractions, the AIM
was washed three times by suspension in water, followed
by filtration. This resulted in an AIM with a pH of 7–8 as
indicated by pH paper. The AIM was stored at +4 �C until
use (for maximum of one month).

(c) Enzymatic treatment: As an alternative to an alkali treat-
ment, the treatment of fungal biomass with a granular pro-
tease enzyme (Protamex� from Bacillus sp., Sigma-Aldrich)
was investigated to hydrolyze and solubilize the fungal pro-
teins. The protease was added to the homogenous biomass
suspension in water to reach a final concentration of
10 mg granular enzyme per g dry biomass. The protein
hydrolysis process was conducted at 60 �C for 4 h in a water
bath (OLS 200, Grant Instruments, Cambridge, UK). The cell
wall material, i.e., the insoluble material, was recovered by
sieving, washed once with water, sieved again, and stored
at +4 �C until use.
3

2.3. Mechanical homogenization

Prior to mechanical homogenization, quadruplicate batches of
alkali or enzymatic treatments were poured together to make
duplicate batches. A 3% (w/w) suspension of pretreated fungal
material in water was subjected to a mechanical grinding using
the supermasscolloider (MKCA6-5J, Masuko Sangyo, Kawaguchi,
Japan) with MKE #46 grinding stones to homogenize the fungal
microfibers. The cell wall suspension was passed through the grin-
der once with an open gap of +50 mm and up to 15 times in a con-
tact mode (�70 mm gap size) at 1500 rpm. Samples were collected
after 1 and 15 passes of the materials through the grinder (grinding
cycles) in contact mode for the preparation of wet-laid films.
2.4. Wet-laying of fungal films using handsheet former

A handsheet former used for lab-scale papermaking, equipped
with a square nylon wire screen of 165 mm � 165 mm (pore size
125 mm) was used in this study. Wet-laying was conducted accord-
ing to a standard procedure [23], with 100 g/m2 set as the target
mass per unit area of the films. The different fungal materials
obtained after grinding process were diluted using tap water to
achieve a concentration of 0.3% (w/w). Immediately before drain-
ing, the mixture was stirred by an air bubble system for 5 sec., fol-
lowed by draining of the water to form the fungal films (Fig. A.1,).
All films were prepared in duplicates.

The wet fungal films were sandwiched between an acrylic sheet
on one side and a blotting paper sheet (130 g/m2) on the other side,
stacked up on top of each other and subjected to a pressure of
0.395 MPa for 5.5 min using a hydraulic press (Lorentzen and Wet-
tre, Kista, Sweden). Then, the wet blotting paper was replaced with
fresh blotting paper and another pressing in the same sandwich
configuration was performed for 2 min. Finally, the wet-laid films
were assembled in a stacked drying rack to prevent film shrinkage
and provide airflow during the drying of the fungal wet-laid films.
The drying was performed in a ventilation chamber in standard-
ized climate overnight [24].
2.5. Tensile testing of the fungal wet-laid films

A 100 kPa dead-weight micrometer caliper (Lorentzen & Wet-
tre, Kista, Sweden) was used to measure the thickness of the films
according to SS-EN ISO 534 [25]. Tensile properties of the fungal
wet-laid films were tested according to SS ISO 1924-3 [26] using
a tensile testing machine (400/M, MTS, Eden Prairie, MN, USA),
with a deformation rate of 100 mm/min and a distance of
100 mm between clamps. Average film thickness was used to cal-
culate the tensile stress. The Young’s modulus was calculated from
the obtained stress–strain curves (Fig. A.2) in the linear region
between 0.2 and 0.4% strain.
2.6. Scanning electron microscopy analysis of the fungal wet-laid films

Field emission scanning electron microscopy (FE-SEM) was
used to study the morphology of the fungal wet-laid films.
Ultrahigh-resolution FE-SEM (S-4800, Hitachi, Tokyo, Japan) using
a 1 kV acceleration voltage was used to acquire the images. For sur-
face images, the samples were coated with 3 nm Pd/Pt. For cross-
sectional imaging, the samples were fractured in liquid nitrogen
and coated with 4 nm Pt/Pd.



Table 1
Loss of fungal biomass after different pretreatments and the water content of
pretreated fungal material. The number of replicates is show as n.

Pretreatment Biomass loss (wt%) Water content (wt%) n

Enzymatic 47 ± 2 77 ± 1 4
Heat 36 ± 11 81 ± 1 4
Alkali 77 ± 5 97 ± 1 13

M. Benedikt Maria Köhnlein, T. Abitbol, A. Osório Oliveira et al. Materials & Design 216 (2022) 110534
2.7. Attenuated total reflectance-Fourier transform infrared
spectroscopy (ATR-FTIR)

The FTIR Spectrometer with ATR accessory and diamond ATR
crystal (Spectrum One, Perkin Elmer Inc, Waltham, MA, USA) was
used to characterize the chemical composition of the wet laid films
(16 scans, 4 cm�1 resolution, wavelength range of 4000–400 cm�1).
2.8. Thermogravimetric analysis (TGA)

The TGA (TGA2 STARe, Mettler Toledo Inc. Columbus, OH, USA)
was used to study the degradation behavior of the different bio-
mass samples by heating in air from 25 to 600 �C at a rate of
20 K/min.
Fig. 1. Process overview for production of fungal wet-laid materials.
2.9. Cytotoxicity of the fungal wet-laid films

Primary Normal Human Dermal Fibroblasts (HDFa) isolated
from the dermis of adult skin (ATCC� PCS-201-010TM) were used.
Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented by
10% (v/v) of fetal bovine serum (FBS), 1% (v/v) of L-glutamine, 1%
(v/v) of non-essential amino acids (NEAA), and penicillin–strepto-
mycin (100 IU mL) was used to culture the cells at 37 �C in 5%
CO2. Until reaching 80% of cell confluence, the medium was
replaced every two days. After that the the biocompatibility and
cell proliferation tests were started.

The cell viability and proliferation of human dermal fibrob-
lasts was assessed after exposure to the wet-laid fungal films.
The fungal films were sterilized at 121 �C, approx. 20 min in an
autoclave. The fungal films were evaluated at two levels: a low
dose (3 mg) and a high dose (12 mg) of the fungal films were
used (Fig. 5a).

HDFa were seeded in a 96-well plate with a density of 3x104

cells per well (eight replicates per sample). Cell wells without
fungal films were used as the positive control, while H2O2 was
added to the cells to induce cell death for the negative control.
The indirect exposure of the cells to the fungal films was per-
formed (using inserts placed on the top of each well with a
few mm distance with the cells) over a period of 8 days. Cell
toxicity was evaluated by an MTT (3-(4,5-dimethyl-2-thiazolyl)-
2,5-diphenyl-2H tetrazolium bromide) assay. In brief, the med-
ium was removed and MTT solution diluted with DMEM was
added to the wells (3 h at 37 �C). The MTT solution was then dis-
carded and a solvent solution (4 mM HCl, 0.1% NP40 in iso-
propanol) was added for 1 h at room temperature. After this
incubation, the absorbance at 590 nm was measured using a
plate reader (Thermo Fisher Scientific Inc., Waltham, MA, USA)
to evaluate the cell growth and viability.

Additionally, in order to examine cellular proliferation, 40,6-dia
midino-2-phenylindole (DAPI) counts (via nuclear staining) were
evaluated on human fibroblasts while exposing the cells to the
wet-laid films from the different pretreatments. Exposure of the
cells to H2O2 was used for the negative control. Non-exposed cells
were used as a positive control. DAPI stained images (9 images per
well in a 96 well plate) were collected via automated acquisition
using the ImageXpress Micro Confocal Imaging System (Molecular
4

Devices LLC, San Jose, AC, USA). An automated DAPI Count was per-
formed by using the Cell Profiler Version 3.1.9 software.

In order to study the changes in morphology of HDFa cells due
to exposure to the wet-laid fungal films, the cells were fixed using
4% (v/v) paraformaldehyde solution (final concentration) for
20 min and washed with phosphate-buffered saline (PBS). Then,
incubation was done during 10 min with 0.1% Triton in PBS for per-
meabilization. Finally, the cells were stained with Alexa FluorTM 488
Phalloidin (ThermoFisher A12379). The distribution of intracellular
F-actin was visualized by 488-phalloidin staining of fixed intact
cells. Fluorescence micrographs were collected by the cellular
imaging system ImageXpress Micro (Molecular Devices), with
automated acquisition.
2.10. Statistical analysis

The number of replicates during experiments are stated in the
respective sections. The number of replicates during analysis is
shown in tables as n. The data was analyzed by one-way analysis
of variance (ANOVA) using Minitab version 19.2020.1. Variables
with confidence levels above 95% were regarded as statistically sig-
nificant. Error bars depicted in graphs represent standard devia-
tions (SD). Data in tables is given in Mean ± SD.



Fig. 2. Optical microscope images of materials obtained after treatment of fungal biomass by heat, enzyme, and alkali, comparing 1 grinding cycles (a, b, c) with 15 (d, e, f).
Insets show photographs, without magnification, of films strips (1.5 cm � 3 cm) from the different biomass treatments. Intact fibrillar mycelial elements are apparent in all
samples and increased grinding results in fewer bread particles in the films as evidenced by fewer dark spots.

Fig. 3. Representative ATR-FTIR spectra of the different pretreated biomasses, with the main differences in the spectra of the different pretreated samples highlighted by
arrows.

M. Benedikt Maria Köhnlein, T. Abitbol, A. Osório Oliveira et al. Materials & Design 216 (2022) 110534
3. Results and discussion

A filamentous fungus, Rhizopus delemar, was cultivated on
abundant food waste (bread) using a scalable cultivation process
and the obtained fungal microfibers were used to produce wet-
laid films. The effect of alkali, enzyme and heat pretreatments of
the fungal biomass, as well as ultrafine grinding were evaluated.
Finally the cytotoxicity of the fungal wet-laid films was assessed.

3.1. Fungal cultivation and pretreatment of fungal biomass

In this work, cultivation of the fungus was successfully scaled
up to a 1.3 m3 airlift bioreactor. After 22 h cultivation in the biore-
5

actor, 21.2 kg wet fungal biomass was harvested, corresponding to
a fungal biomass concentration in the reactor of 4.42 g/L, and a
yield of 0.095 g biomass/g bread (both based on dry weight). In
recent studies R. delemar showed a high potential for growth on
bread waste, without the need for supplementary nutrients
[27,5]. A yield of 0.14 g biomass/g bread in a 26 L airlift bioreactor
after 48 h was reported [5]. Furthermore, recently, Wijayarathna
et al. [28] reported a yield of 0.15 g biomass/gr bread in a 1.3 m3

airlift bioreactor after 48hr. Therefore, longer cultivation time is
expected to improve the yield of the biomass.

The collected fungal biomass was subjected to either heat, alkali
(using sodium hydroxide), or enzymatic treatments (using pro-
tease). The purpose of the heat treatment was to stop the biological



Fig. 4. TGA of the different pretreated biomasses obtained by heating the samples
in air atmosphere.
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activity of fungal cells before formation of the wet-laid films. This
was done to avoid changes of the final wet-laid films due to
delayed fungal growth. Table 1 presents the mass loss that
incurred during the different treatments of the fungal biomass,
where the heat treatment resulted in a 36% weight loss in the bio-
mass. However, pair-wise comparison (Heat- Enzyme) by ANOVA
using Tukey’s method showed no significant difference between
36% biomass loss after heat treatment compared to 47% after enzy-
matic treatment (p = 0.078). Nonetheless, the loss in biomass after
heat treatment may be due to the solubilization of nucleic acids,
such as RNA, and protein fractions of the fungal biomass. A similar
process is performed for the edible myco-protein product QuornTM,
which is produced from the fungus Fusarium venenatum, in order to
reduce its RNA contents. In the patented process, the treatment
ends with a 25–30% weight reduction of the fungal biomass after
heating the biomass to 80–90 �C [29]. The dissolved fractions of
the fungal biomass, among them hydrophobins, have been investi-
gated for their foaming and emulsifying properties for potential
food products [30,31]. Therefore, the dissolved fraction of the fun-
gal biomass in this study is expected to have good potential for
similar applications.

The enzymatic treatment of fungal biomass resulted in solubi-
lization of 47% of fungal biomass. Comparison of biomass loss after
enzymatic and alkali treatment by Tukey’s method showed a sig-
nificant difference (p < 0.001) (Table 1). Both heat and enzymatic
treatments caused removal of proteins. However, while the
enzyme treatment (performed at 60 �C) caused depolymerization
of the proteins, the heat treatment (performed at 120 �C) probably
lead to a solubilization of protein fractions (See Fig. 1).

The heat-treated and the protease-treated biomass displayed a
heavily entangled fibrous appearance with undigested bread resi-
dues within the structure (Fig. 2a, b). Interestingly, the protease
treatment seems to have caused a reduction in visible bread parti-
cles, which are seen as darker particles throughout the films
(Fig. 2b). During the washing process it was observed that more
bread particles sedimented and were removed from enzymatically
Table 2
Film thickness (mm), Young’s modulus (E), ultimate tensile strength (rUTS), and strain at b
replicates is show as n.

Pretreatment Grinding cycles Thickness (mm)

Alkali 1 124 ± 11
15 102 ± 6

Enzymatic 1 143 ± 3
15 94 ± 2

Heat 1 120 ± 6
15 82

6

treated biomass compared to the other pretreatments. This was
possibly due to a disruption of the linkages between bread parti-
cles and mycelium by enzymes, which allowed an easier
separation.

The alkali treatment resulted in solubilization of the largest
fraction of biomass (77%) among all pretreatments (Table 1). Com-
parison of biomass loss after heat and alkali treatments by Tukey’s
method showed a significant difference (p < 0.001). The AIM dis-
played more of a hydrogel-like morphology instead of the fibrous
appearance, which was apparent for heat and enzymatic treated
biomasses. Bread residues were most visible in the alkali treated
biomass and the films produced from it (Fig. A.3). This was proba-
bly due to a slight bleaching effect of sodium hydroxide on the fun-
gal biomass, making it appear more greyish in color. At the same
time, bread particles probably darkened due to the hydrolysis by
sodium hydroxide, known as the Maillard-reaction [32].

In an earlier study [5], the AIM yield of R. delemar grown on
bread waste was 0.23 g/g biomass, which is in agreement with
the yield obtained in this study. The AIM had the highest water
content among different pre-treated fungal biomass (Table 1),
which is an explanation of the hydrogel-like morphology of this
material compared to the fibrous morphology that was displayed
for the heat and enzyme treated biomasses.

In addition to studying the yield of the different pretreatments,
changes in the chemical signature of the biomass were monitored
by ATR-FTIR spectroscopy (Fig. 3). All spectra show the character-
istic peaks expected from the chitin/chitosan backbone and other
carbohydrates from residual bread. Spectra of the heat and enzyme
pretreated materials were quite similar. The alkali pretreatment
changes the biomass to the greatest extent, with a sharp band
emerging at 1740 cm�1, which is only seen as a very small feature
in the spectra of the other samples, as well as a loss of the
1705 cm�1 feature. The band at 1740 cm�1 is indicative of an oxi-
dized alkali insoluble fraction. Additionally, the relative intensity
of the 1377 cm�1 band is the highest for the alkaline pretreated
material. The alkaline treated material has been stripped of protein
to a greater extent (see Table 1) and is therefore expected to be
enriched in the chitin and chitosan fractions that are resistant to
alkaline solubilization and degradation, which may account for
the increased intensity of the 1377 cm�1 band. Finally, spectra
were collected from different areas of the biomass, with no signif-
icant differences observed in the resulting spectra, indicating good
material homogeneity (data not shown).

Composition and thermal degradation behavior of the biomass
after the three different pretreatments was probed by TGA
(Fig. 4). Like the FTIR observations, the thermal degradation pro-
files are similar for the materials that have undergone different
pretreatments. The alkali and heat-treated samples show nearly
identical degradation profiles and are fully degraded at 600 �C,
whereas the biomass pretreated by enzymes degrades at an earlier
temperature onset and has a small residual mass at 600 �C (�3%).
The TGA of all samples show three features: a mass loss < 150 �C
reak (e) of fungal wet-laid films prepared using a handsheet former. The number of

E (GPa) rUTS (MPa) Ε (%) n

1.28 ± 0.19 9.4 ± 2.5 0.7 ± 0.1 7
2.25 ± 0.42 18.1 ± 1.6 1.0 ± 0.1 7
0.82 ± 0.14 4.5 ± 1.1 0.6 ± 0.2 9
1.18 ± 0.16 13.3 ± 1.2 1.4 ± 0.2 9
1.12 ± 0.16 7.7 ± 0.9 0.8 ± 0.1 9
1.54 9.1 0.8 2



Fig. 5. SEM images of wet-laid films made from alkali-, enzyme-, and heat treated fungal biomass (after 15 grinding cycles). Images a, c, and e represent the respective cross-
sectional images, while b, d, and f show the respective surface images.
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attributed to dehydration, a significant degradation event
from � 200–250 �C, and a lesser event at > 500 �C.
3.2. Homogenization and wet-laying

The pretreated fungal biomass was subjected to 1 or 15 cycles
of grinding using the supermasscolloider. Wet-laying of ground
fungal biomass in preliminary trials indicated that the fungal bio-
mass has a high tendency to adhere to the wire screens in the
handsheet former as well as to the blotting papers used in the
water removal process.

Generally, the fungal wet-laid materials were brown colored
films, in which remaining bread particles appeared as darker spots
(Fig. 2). Increasing the number of grinding cycles from 1 to 15
reduced the size of these bread particles in the wet-laid material.

Generally, the effect of pretreatment and grinding on Young’s
modulus and tensile strength were significant (p < 0.001). For
strain at break only grinding had a significant effect (p < 0.001),
while the differences originating from different pretreatments
were insignificant (p = 0.385). An increased number of grinding
cycles resulted in a reduction of thickness of the wet-laid films
for all three pretreatments (p < 0.001) (Table 2). This is likely due
to fungal mycelium clusters increasingly breaking up of the fungal
cell wall, which results in a more homogenous dispersion of fungal
7

microfibers in water. This in turn allows for increased consolida-
tion of microfibers and therefore results in films with a lower
thickness and higher density. However, the pretreatments were
not found to result in significant differences in film thickness
(p = 0.120).

Among the pretreatments, the alkali process resulted in films
with the highest tensile strength. After 1 grinding cycle, the
films obtained from AIM had a tensile strength of 9.4 MPa
which is � 2 times higher than the tensile strength of the films
obtained from enzyme treated biomass (4.5 MPa). The improved
mechanical performance may be related to the uniform surface
and interior microstructures of the films produced from alkali-
treated biomass, which as seen by SEM images (Fig. 5), are
more homogeneous and compact relative to the films produced
from either heat or enzyme-treated biomass. The tensile
strength of the films made using heat treated fungal biomass
(7.7 MPa) was also �1.7 times higher than the tensile strength
of enzyme treated films. This may be due to the presence of
more proteins in the heat-treated biomass compared to the
enzyme treated material. The self-binding capacity of proteins,
through formation of covalent and non-covalent interactions,
has been utilized in the development of protein-based bioplas-
tics [33].



Fig. 6. (a) Average value of cell viability of human dermal fibroblasts after exposure
(to wet-laid fungal films from 15 times ground biomass) compared to control cells
and (b) DAPI counts.
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Increasing the grinding cycles from 1 to 15 times significantly
improved the tensile strength of the alkali and heat treated mate-
rials �1.9� and �1.2� (p < 0.001), respectively (Table 2). The lar-
gest improvement in tensile strength was achieved for the
enzyme treated films, which experienced an increase of
�2.9 �when raising the number of grinding cycles from 1 to 15
(4.5 MPa and 13.3 MPa, respectively). For the enzyme treated films,
the reduction of thickness by 66% due to the increment of grinding
cycles was also the highest compared to the other pre-treatments.
The grinding treatment likely allowed for a denser packing of fun-
gal microfibers and therefore increased the likelihood of develop-
ing molecular bonds in the wet-laid films. ANOVA showed that
the pretreatment did not have a significant effect on the strain at
break of the films (p = 0.385).

Appels et al. [13] reported an ultimate tensile strength of
11.2 MPa, tensile modulus of 1.26 GPa, and strain at break of
1.2% for mycelium derived wet-laid materials. The fungus Schizo-
phyllum commune, which is an edible agaricomycete, was grown
in minimal medium containing glucose and asparagine in that
study. Jones et al. [11] used different fungi grown in molasses for
development of wet-laid films. The films derived from alkali trea-
ted mycelium of Allomyces arbuscula, a Blastocladiomycete,
showed a tensile strength of 16.0 MPa, Young’s modulus of 1.8
GPa, and strain at break of 0.9%. In the same study, films derived
from alkali treated mycelium of Mucor genevensis, a Mucoromy-
8

cete, showed respective values of 24.7 MPa, 1.9 GPa, and 1.5%.
The wet-laid films obtained from 15 times ground alkali treated
biomass in the study at hand, had a higher Young’s modulus of
2.3 GPa compared to the data reported by Jones et al. [11]. Possibly,
the grinding treatment resulted in smaller mycelia clusters, that
lead to a densification of the film structure, which then results in
an increase in Young’s modulus. The results suggest that the grind-
ing treatment could be analogous to the hot pressing used by Jones
et al., [11] and Nawawi et al. [12] to densify and strengthen the
mycelium materials. Therefore, we propose the grinding treatment
by the ultrafine friction grinder as an alternative to hot pressing.

3.3. Morphology of wet-laid fungal films

The SEM images taken from the surface of the fungal wet-laid
films (obtained after 15 grinding cycles) displayed a dense contin-
uous morphology (Fig. 5b, d, f). Images of films with disturbances
by bread particles were omitted. The surface images of the material
obtained after alkali treatment exhibited a densely bonded surface
morphology free of large pores (Fig. 5b). Cross-sectional SEM
images of the same specimens (Fig. 5a, c, e) indicate that these
films are organized as closely packed parallel layers. In contrast,
randomly distributed fungal microfibers were slightly more visible
in the surface image of the wet-laid film obtained after enzymatic
treatment (Fig. 5d). The material was less organized compared to
the material obtained after alkali treatment (Fig. 5b). The improved
microstructural uniformity of the films from the alkali-treated bio-
mass may indicate better packing between the fungal microfibers/
undigested bread particles, perhaps because this treatment softens
and swells these elements, allowing them to better conform to one
another upon film formation and drying. The surface (Fig. 5e) and
cross-section (Fig. 5d) images of the wet-laid films obtained from
heat treated fungal biomass also showed a random distribution
of fungal microfibers and a less organized structure compared to
the films prepared by alkali and enzyme pretreatments. Jones
et al. [11] also reported highly dense surface morphologies for
wet-laid materials derived from alkali treated biomass of A. arbus-
cula and M. genevensis.

3.4. Biocompatibility of the fungal wet-laid materials

In order to examine the biocompatibility of the fungal wet-laid
films, cell viability and proliferation of human dermal fibroblasts
were evaluated after 8 days of indirect exposure. Fungal wet-laid
materials (3 or 12 mg) were immersed in the cell culture media.
As shown in Fig. 6a, after 8 days of exposure, no toxicity was
induced in any of the fungal wet-laid films, compared to the posi-
tive control. In the negative control, dramatic cell death occurred
due to the exposure of cells to H2O2 (Fig. 6a). As no significant
reduction in cell viability was observed between the positive con-
trol and fibroblasts exposed to the fungal wet-laid materials, the
films can be regarded as biocompatible [19,34]. However, a signif-
icant difference in cell viability was not observed between fibrob-
lasts which were exposed to the wet-laid films obtained after heat,
enzymatic or alkali pretreatments. DAPI counts of fibroblasts,
which were exposed to the fungal wet-laid films, showed a signif-
icant increase in counts compared to the positive control (Fig. 6b).
As indicated before, glucosamines, especially chitosan, have been
found to have tissue healing qualities by cell proliferation
[18,19]. This might explain the obtained results, as chitosan pre-
sent in the exposed fungal cell wall has been shown to promote tis-
sue regeneration, reduce lysozyme degradation, and demonstrate
antimicrobial activity [34]. Fig. 6a and b also show that fungal films
from alkali treated biomass resulted in slightly lower cell viability
compared to the positive control. This might be due to trace
amounts of sodium hydroxide left in the fungal material, which
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inhibited cell growth. Supporting this idea, comparing 3 mg
against 12 mg fungal samples (Fig. 6a), showed that higher amount
of fungal material present, resulted in lower cell viability.

Additionally, phalloidin staining was done to show the integrity
of the cytoskeleton of the fibroblasts. Compared to the positive
control sample, cells proliferated more in the samples with wet-
laid films from enzymatically treated biomass, which is reflected
in more DAPI counts as well. In samples with films from alkali trea-
ted biomass, cells proliferated less than in samples with enzymat-
ically treated films. This confirms the theory that trace amounts of
sodium hydroxide inhibited cell growth (Fig. A.4).

The results of this study confirmed the biocompatibility of the
fungal wet laid films, however, cell culture experiments with direct
contact of fungal films are required to examine whether the cells
adhere on the fungal films and to explore the potential of the fun-
gal films for wound healing applications.
Fig. A1. Undigested bread particles removed from fungal biomass by dispersion of
the biomass in water. The particles were collected from water and dried on a filter
paper before capturing the images. The size of particles were 125–1110 mm as
4. Conclusions

R. delemar mycelium grown on bread waste was successfully
utilized for fabrication of wet-laid films. Pretreatments of fungal
biomass by alkali or enzyme treatments, and the homogenization
using the supermasscolloider lead to wet-laid films with improved
tensile properties. Wet-laying of fungal biomass by papermaking
processes was confirmed to be suitable for the preparation of fun-
gal films, while ultrafine friction grinding allowed a denser packing
of fungal microfibers. Cell viability tests indicate promising bio-
compatibility for the produced fungal films. The valorization of
bread waste to biocompatible fungal films by a scalable process
was demonstrated, opening up possibilities for sustainable mate-
rial fabrication.
determined by measurement of size of 100 particles.

Fig. A2. Exemplary stress–strain curves of fungal films from alkali, enzymatic, or
heat treated fungal biomass.
Data availability.

The raw data required to reproduce these findings are available
to download from https://doi.org/10.17632/fdy8pgtv3b.1.
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Fig. A4. Phalloidin staining of control sample with and without induced cell death by H2O2 (left of the dashed line) and wet-laid film from enzymatically, heat, or alkali
treated biomass with 3 and 12 mg loading (right of the dashed line).

Fig. A3. Photographs of wet biomass after pretreatment by (a) heat, (b) enzymes, or (c) alkali and wet-laid films after 1 and 15 grinding cycles from (d) heat, (e)
enzymatically, or (f) alkali treated biomass.
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