
RESEARCH ARTICLE
www.global-challenges.com

Tunable Fungal Monofilaments from Food Waste for Textile
Applications

E. R. Kanishka B Wijayarathna,* Ghasem Mohammadkhani,
Farshad Homayouni Moghadam, Linn Berglund, Jorge A. Ferreira, Karin H. Adolfsson,
Minna Hakkarainen, and Akram Zamani*

A fungal biorefinery is presented to valorize food waste to fungal
monofilaments with tunable properties for different textile applications.
Rhizopus delemar is successfully grown on bread waste and the fibrous cell
wall is isolated. A spinnable hydrogel is produced from cell wall by protonation
of amino groups of chitosan followed by homogenization and concentration.
Fungal hydrogel is wet spun to form fungal monofilaments which underwent
post-treatments to tune the properties. The highest tensile strength of
untreated monofilaments is 65 MPa (and 4% elongation at break). The overall
highest tensile strength of 140.9 MPa, is achieved by water post-treatment.
Moreover, post-treatment with 3% glycerol resulted in the highest elongation
% at break, i.e., 14%. The uniformity of the monofilaments also increased
after the post-treatments. The obtained monofilaments are compared with
commercial fibers using Ashby’s plots and potential applications are
discussed. The wet spun monofilaments are located in the category of natural
fibers in Ashby’s plots. After water and glycerol treatments, the properties
shifted toward metals and elastomers, respectively. The compatibility of the
monofilaments with human skin cells is supported by a biocompatibility
assay. These findings demonstrate fungal monofilaments with tunable
properties fitting a wide range of sustainable textiles applications.

1. Introduction

The textile and fashion industry has grown to reach a status of un-
controllable environmental and ethical emergency.[1] Due to the
complicated supply chain and high energy consumption, larger
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than aviation and shipping combined,
the fashion industry’s contribution to
the global greenhouse gas emissions is
≈10%.[2] Fast fashion that enforced fre-
quent consumption of cheaply manufac-
tured garments with a short life span pro-
duces more than 92 million tons of waste
annually.[3] Biopolymers, the polymers
synthesized by biological means such as
nanocellulose, animal proteins, chitin,
and chitosan are heavily researched and
will play a key role in making the fash-
ion industry more sustainable in the
future.[4]

Chitin, the second most abundant
biopolymer after cellulose, and chitosan,
the deacetylated derivative of chitin are
two biopolymers with potential for wide
variety of applications such as tissue en-
gineering, drug delivery, packaging, and
textiles.[5,6] Mainly commercial chitosan
is extracted from the crustaceans, and the
extraction process creates harmful efflu-
ents containing acids and bases, which
are utilized for demineralization, depro-
teinization, and especially deacetylation.

Moreover, commercial chitosan production is not enough to
meet the industry requirements, thus, alternative sources such
as fungal chitosan are in high demand.[7] When compared to
crustacean chitosan, fungal chitosan is more environmentally

F. H. Moghadam
Department of Animal Biotechnology, Cell Science Research Center,
Royan Institute for Biotechnology
ACECR
Isfahan 83431, Iran
L. Berglund
Department of Engineering Sciences and Mathematics
Luleå University of Technology
Luleå SE-971 87, Sweden
K. H. Adolfsson, M. Hakkarainen
Department of Fiber and Polymer Technology
KTH Royal Institute of Technology
Stockholm SE-100 44, Sweden

Global Challenges. 2024, 8, 2300098 © 2023 The Authors. Global Challenges published by Wiley-VCH GmbH2300098 (1 of 11)

http://www.global-challenges.com
mailto:kanishka.wijayarathna@hb.se
mailto:akram.zamani@hb.se
https://doi.org/10.1002/gch2.202300098
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


www.advancedsciencenews.com www.global-challenges.com

beneficial and cost effective as the usage of strong and harmful
chemicals is not required.[8,9] Moreover, zygomycetes fungi
can deacetylate chitin to chitosan naturally by themselves[10]

which makes it more favorable when compared to economic and
ecological aspects. Therefore, fungal chitin and chitosan have
attracted a considerable amount of research interest throughout
the past decade.

Filamentous fungi are widely used for bioconversion of food
waste into value added products such as ethanol, lactic acid, food
or feed, and pigments.[11–15] Food waste has become the third-
highest greenhouse gas emitter globally with ≈931 million tons
of food being wasted in 2019.[16] Bread waste contributes to a sig-
nificant fraction of food waste. Global bread production is more
than 100 million tons in a year and ≈10% of that is wasted.[17]

Due to the large quantity of waste fraction and availability of the
nutrients[18] bread waste is extensively researched in biotechno-
logical applications.

Filamentous fungithat belong to zygomycetes (as per the previ-
ous taxonomic classification), such as Rhizopus delemar, can nat-
urally synthesize chitosan in the cell wall. The fungus is classified
as mucoromycete in the latest fungal classification.[19] According
to their analysis of Rhizopus delemar cell wall using lytic enzymes,
Tominaga and Tsujisaka[20] confirmed that the cell wall contains
chitin fibers cemented with chitosan and proteins. Moreover, the
amount of chitin and chitosan in the cell wall varies with the
growth conditions. In recent works, Svensson, Ferreira[21] and
Svensson, Oliveira[22] have revealed that the chitin and chitosan
amounts in Rhizopus delemar are ≈20% and 35% of the fungal cell
wall, respectively. Tan, Tan[10] have also shown that zygomycete
fungus Rhizopus oryzae has a chitosan yield of ≈20% and several
other fungi in the same phylum contain 15% to 25% chitosan
in the cell wall. The whole biomass or cell wall fraction of the
fungus Rhizopus delemar grown on bread waste has been used to
make biobased materials such as fibers, films, and leather sub-
stitutes in recent research work.[21–24] Using plasticizers such as
glycerol to reduce the brittleness in biobased materials was inves-
tigated in our previous research[24] as well as by Appels, van den
Brandhof.[25]

The goal of this research was to explore the possibility of tun-
ing the properties of wet spun fungal monofilaments by intro-
ducing different post-treatments. A wet spinning technique was
used initially with ethanol as the coagulation bath to fabricate
the fungal cell wall polymers into monofilaments. The hypoth-
esis of tensile property enhancement from the water-induced
hydrogen bonding was tested. This phenomenon takes place
when rehydrating a dried material due to the co-polymeric ac-
tion of water molecules.[26] In another post-treatment glycerol
was used to incorporate the plasticizing effect to the produced
monofilaments.[25] The morphology and mechanical properties
of the produced monofilaments after post-treatments were exam-
ined. A biocompatibility test was done to investigate the compat-
ibility of the monofilaments with human skin fibroblasts, as one
potential application is to be used in textile. The mechanical data
was analyzed using Ansys Granta EduPack software with the help
of Ashby plots[27] to find out where the monofilaments are placed
in the material universe. This work unveils monofilaments with
different properties along with diversified range of potential end
uses.

2. Results and Discussion

Biobased materials tunable for different applications, such as
the biobased monofilaments developed here from fungal cell
wall, are on high demand considering the current urge on global
sustainability.[28] The fungal cultivation was done using bread
waste as substrate and the harvested biomass then underwent an
alkali treatment to extract the fungal cell wall. The extracted ma-
terial was mechanically homogenized by ultrafine grinding and
wet spun into monofilament yarns. The obtained monofilaments
were subjected to different post-treatments to tune the properties
and the final characterization shows that the produced monofil-
aments are suitable for a wide range of applications.

2.1. Fungal Cultivation of Bread Waste and Preparation of Alkali
Insoluble Material

Rhizopus delemar is known as a robust fungus and has been used
in previous research to valorize bread waste with proven presence
of the chitin and chitosan in the cell wall.[22,29] The fungal cultiva-
tion for this research was carried out for 48 h and the harvested
biomass concentration was 6± 0.4 g L−1 from a 4% bread suspen-
sion. The biomass was subjected to an alkali treatment to separate
the fibrous cell wall fraction. After the treatment, the alkali insol-
uble material (AIM), which is the fibrous cell wall fraction, was
filtered and washed until neutral pH. The washed AIM, after pH
adjustment to 3.5 using lactic acid, was behaving like a hydrogel
due to the protonation of amino groups in cell wall chitosan.

2.2. Mechanical Treatment of Alkali Insoluble Material

The concentration of gel obtained after pH adjustment was low
and direct spinning was not possible, additionally the gel was
not homogenous and contained visible clumps. To increase the
homogeneity, the material was passed through the ultra-fine
grinder. Samples were collected for spinning dope preparation af-
ter different number of cycles through the grinder as mentioned
in Table 1. A microscopic analysis was done on the ground alkali
insoluble material (AIM) using oCelloScope to estimate the size
of the cell wall microfibers. According to Figure 1A–C there is
no noticeable change in the microfiber diameter thus it can be
considered that homogenization has taken place, rather than a
physical size reduction of the material. However, there is a clear
difference in the fiber diameter after 7 grinder cycles (7neg). This
further explains the tensile strength increment and elongation %
at break decrement for the 7neg fibers (see Table 2), which made
the fungal monofilaments stronger but brittle due to the closely
packed thin microfibers. The number of grinder cycles was fur-
ther increased to 9, however, the spinning of monofilaments was
not possible as the spun hydrogel disintegrated in the ethanol
coagulation bath. Therefore, further investigations were not per-
formed on those materials.

The polarized optical microscopy images (Figure 2) show how
the homogeneity of the AIM increased with the different grinder
cycles. Some larger unknown particles that could be substrate
residuals and agglomeration of cell wall microfibers could be
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Table 1. Abbreviation and information of different sample types.

Sample Grinding cycles Coagulation bath Post-treatment Diameter (mm)

1neg E 1. negative gap (-100 μm) Ethanol – 0.20 ± 0.02

3neg E 3. negative gap (-100 μm) Ethanol – 0.20 ± 0.04

5neg E 5. negative gap (-100 μm) Ethanol – 0.20 ± 0.03

7neg E 7. negative gap (-100 μm) Ethanol – 0.20 ± 0.01

1neg E W 1. negative gap (-100 μm) Ethanol Water 0.18 ± 0.01

3neg E W 3. negative gap (-100 μm) Ethanol Water 0.18 ± 0.03

5neg E W 5. negative gap (-100 μm) Ethanol Water 0.19 ± 0.05

7neg E W 7. negative gap (-100 μm) Ethanol Water 0.19 ± 0.05

7neg E 1% G 7. negative gap (-100 μm) Ethanol 1% Glycerol 0.18 ± 0.06

7neg E 2% G 7. negative gap (-100 μm) Ethanol 2% Glycerol 0.21 ± 0.04

7neg E 3% G 7. negative gap (-100 μm) Ethanol 3% Glycerol 0.18 ± 0.03

identified in 1 and 3 cycles samples. However, after 5 cycles the
agglomeration became very low and after 7 cycles the sample does
not contain any microfiber aggregation thus, the microscopic im-
age shows a uniform dark image. This confirms that the sample
contains well dispersed cell wall microfibers. In the blue images,
the sample after 7 cycles shows the dispersed cell wall microfibers
that are still in microscale. This confirms that only homogeniza-
tion and opening up the microfiber agglomerates takes place in
the ultrafine grinder. In their studies Svensson, Oliveira[22] and
Zhou, Sethi[30] have shown similar dispersion behavior for fun-
gal cell wall material and carrot nanofibers in different solvents,
respectively.

2.3. Spinning of Fungal Monofilaments

The alkali insoluble material (AIM) that contains chitosan ex-
hibits gelling behavior and homogeneity due to the protonation
of amino groups in the glucosamine units in acidic pH[22,31]

which facilitates the diffusion of water molecules through the
chitosan chains. However, when water was used to dilute the gel
to avoid clogging the membrane during the gel concentration, a
drastic decrease in homogeneity and material precipitation was
observed. This could be due to the deprotonation of the amino
groups when the pH is increased from acidic to near neutral.
Botelho da Silva, Krolicka[32] have shown similar results in com-
mercial chitosan hydro gelling as a result of the pH change. Con-
sequently, the dilution was carried out using 0.5 M lactic acid to
maintain the acidic pH that helped to retain the gelling behavior.
The concentration of the hydrogel material after the vacuum fun-
nel was between 5%–6 wt%. These hydrogels were successfully
spun in the wet spinning setup.

The hydrogels were wet spun using a simple lab scale extruder
pump (New Era Pumps, USA) with a syringe and coagulation
bath (Figure 3). The material was directly extruded into ethanol
where coagulation took place. Both chitin and chitosan which
are available in the hydrogel are insoluble in ethanol; on the
other hand, water and ethanol are completely miscible and form
strong hydrogen bonding. Therefore, precipitation of as spun
material takes place in ethanol due to phase inversion, thus a
stable continuous monofilament is formed.[33,34] The fibers were
kept in the coagulation bath for 2 min of retention time. During

this time water molecules make stronger hydrogen bonds with
ethanol[35] resulting in dewatering of material and formation of
a stable monofilament. Then the monofilaments were collected
with laboratory tweezers and placed between magnets to dry.
After overnight drying the monofilaments were collected. Post-
treatments were designed to test the tuneability of mechanical
treatments. First, the plan was to investigate if use of glycerol in
different percentages exhibits plasticizing effect[25] and enhance
flexibility of monofilaments. However, as a control, only water
bath was also used. All the monofilaments when collected from
the post treatment baths, showed an excessive increment of wet
stretchability thus, before fixing them to the magnetic clamps for
drying, ≈5% drawing was performed with the help of the clamp-
ing magnets (Figure S1). The monofilaments from glycerol treat-
ments were softer when taken out from the bath therefore, the
handling was more difficult compared with the monofilaments
from only water post treatment. As the last step, all the monofila-
ments were left on the board with holding magnets at room tem-
perature, until they were completely dried. The monofilaments
post treated only with water had more even and uniform sur-
faces than the monofilaments which were not subjected to any
post treatment. Monofilaments treated with glycerol were more
stretchable with a moderately uniform surface. In our previous
work vegetable tannin treated fungal sheets were dipped in a bath
containing glycerol to reach elastic properties.[24] Furthermore,
Appels, van den Brandhof[25] and Tarique, Sapuan[36] have also
used the plasticizing effect of glycerol in reaching elastic proper-
ties in films prepared from mushrooms and starch, respectively.

2.4. The Morphology of Monofilaments

The scanning electron microscopy (SEM) images exhibit dif-
ferences in the fiber morphologies after each post-treatment.
By comparing the SEM images of the monofilaments from
the ethanol coagulation bath with the same monofilaments
subjected to the water post treatment, the increase of orienta-
tion in the fungal microfibers as a result of the post-treatment
(Figure 4A vs. B, C vs. D, E vs. F and G vs. H) can be clearly
observed. Furthermore, due to drawing, the monofilaments
have become thinner (Figure 4B,D,F,H). Thus, it can be argued
that the orientation of the polymeric chains inside the fungal
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Figure 1. Images of fungal cell wall microfibers after different number of grinding cycles obtained from oCelloScope and the microfiber diameter distri-
bution.
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Table 2. Mechanical properties of the produced fungal monofilament
yarns.

Sample Tensile strength
(MPa)

Elongation % at
break

Young’s modulus
(MPa)

1neg E 46.5 ± 0.1 4.1 ± 1.1 1815 ± 347

3neg E 60.1 ± 6.1 3.9 ± 1.2 2941 ± 141

5neg E 60.9 ± 5.0 7.1 ± 1.4 2578 ± 332

7neg E 65.0 ± 5.4 4.0 ± 0.1 3286 ± 110

1neg E W 117.8 ± 2.5 4.9 ± 0.4 6383 ± 200

3neg E W 122.4 ± 2.8 2.6 ± 0.5 6947 ± 439

5neg E W 129.3 ± 0.8 2.9 ± 0.5 6993 ± 630

7neg E W 140.5 ± 2.9 2.9 ± 0.1 7590 ± 125

7neg E 1% G 87.0 ± 8.7 7.2 ± 0.8 3311 ± 150

7neg E 2% G 47.6 ± 3.2 11.6 ± 3.3 1588 ± 121

7neg E 3% G 30.8 ± 2.6 13.8 ± 2.2 427 ± 270

monofilaments is increased due to the water post treatment and
drawing. This contention is further strengthened by the tensile
test results with more than two-fold increment of the tensile
strength of water post-treated monofilaments (Table 2). On the
other hand, the monofilaments prepared with the gel that passed
7 cycles through the ultrafine grinder and were subjected to
glycerol post treatments exhibited a swollen and disturbed mi-
crofiber arrangement (Figure 4I,J,K). The penetration of glycerol
into the polysaccharide chains and disruption of the inter and
intra molecular hydrogen bonding network could explain this
disturbed morphology.[37]

2.5. Fungal Monofilaments with Tunable Properties

The tensile strength and elongation % at break data (Table 2)
validate the tunability of the mechanical properties of the pro-
duced fungal monofilaments after being subjected to different
post treatments.

All the monofilaments produced using the hydrogels from dif-
ferent grinding cycles exhibit more than a two-fold increment
in tensile strength after post treatment with water. However, the
same treatment considerably reduced the elongation % at break
making all the monofilaments brittle. Moreover, the increment
of tensile strength after each grinding cycle indicates that the
mechanical homogenization was successful without cutting the
microfibers. When the 7neg monofilaments were treated with
1% glycerol, the tensile strength increased by 33% from 65 to
87 MPa. In addition to that the elongation % at break also in-
creased by 80% from 4.0 to 7.2%. Higher glycerol concentrations
resulted in formation of ductile monofilaments. With 2% and
3% glycerol treatments the tensile strength dropped to 47.6 and
30.8 MPa, respectively, and the elongation % at break increased
to 11.6% and 13.8%, respectively. The drying resulted in stronger
and stiffer monofilaments, which is likely explained by formation
of hydrogen bonds. Recently, hydrogen bonds induced with mois-
ture addition and compression were reported to result in incre-
ments of tensile strengths of nanocellulose films to 149.21 from
23.33 MPa[26] and to 352 from 56 MPa.[38] In both cases purified
nanocellulose films were tested resulting in tough materials with
the highest recorded toughness of 1.9 and 4.1 MJm−3, respec-
tively. On the other hand, here the absorbed glycerol during the
post-treatment was retained inside the monofilament even after

Figure 2. Polarized optical microscopy images of the fungal hydrogel samples after different number of cycles through ultrafine grinder. (1 cycle – 1neg,
3 cycles – 3neg, 5 cycles – 5neg and 7 cycles – 7neg).

Figure 3. Schematic representation of the wet-spinning and post-treatment setup.
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Figure 4. The SEM images of A) 1neg E, B) 1neg E W, C) 3neg E, D) 3neg
E W, E) 5neg E, F) 5neg E W, G) 7neg E, H) 7 neg E W, I) 7neg E 1% G, J)
7neg E 2% G, K) 7neg E 3% G.

drying thus the plasticizing effect continued producing stretch-
able fibers after drying. Chen, Runge[39] explain how glycerol in-
creases the plasticizing effect in chitosan by forming single-site
hydrogen bonds that disrupt the strong hydrogen bond network
in chitosan.

Figure 5. Results of MTS assay for assessment of cell mitochondrial ac-
tivity. The data plotted in the graph represents the effect of fungal monofil-
aments on cell survival compared to control (TCP). Images show the cell
density of the control sample (TCP) and the sample containing fungal
monofilaments (FM).

The highest tensile strength 140.5 MPa was achieved with
the incorporation of water as the second bath. Moreover, all
the monofilaments produced by using water as the second bath
showed tensile strength values above 117 MPa. These are signif-
icantly higher values compared with previously produced fungal
monofilament yarns by Svensson, Ferreira[21] at 72.3 MPa and
Svensson, Oliveira[22] ≈30 to 45 MPa (P value < 0.05, assump-
tion of sample size ≥ 3). These tensile strength values are even
substantially higher than the tensile strength of 91 MPa of the
wet spun monofilaments made from nano chitin hydrogels by
Das, Heuser[40] (P value < 0.05, assumption of sample size ≥ 3).
Moreover, the 7neg E 1% G monofilaments, which were prepared
with the hydrogel that had 7 grinder cycles and were post treated
with 1% glycerol, also showed a higher tensile strength of 87 MPa
than all the monofilaments without any post treatments with ac-
ceptable elongation % at break of 7%.

2.6. The Biocompatibility of the Fungal Monofilaments on
Human Skin Cells

Cytotoxicity of the fungal monofilaments on human skin cells
was tested to get an overview of the biocompatibility of the
monofilaments. Since the monofilaments were made using fun-
gal biomass and when used in textile applications close contact
occurs with human skin, biocompatibility is considered an im-
portant property. The results of the cell mitochondrial activity
experiments done using the MTS assay show that the fungal
monofilaments (FM) have no toxic effect on the proliferation and
survival rate of human foreskin fibroblast (HFF) cells as there
was not any significant difference between tissue culture plates
(TCP) and FM groups. The phase contrast images (Figure 5, TCP
and FM) of the samples further confirm that the toxicity results
of FM are on par with the control cell culture in TCP. According
to the phase contrast images, the cells in both groups have prolif-
erated and expanded in the same way and have become spindle-
shaped, and the order of the cells and their degree of confluence
are completely the same in both groups. This indicates that the
optimal growth and survival rate in the FM group is similar to
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Figure 6. Ashby’s material plot containing all general materials. (Plotted using Granta EduPack 2021 R2 Version: 21.2.0).

what happened in the control group, so fungal monofilaments
can be considered biocompatible with human skin[23,41]

2.7. Material Comparison with Ashby’s Plots

To obtain a clearer understanding of the monofilament mechan-
ical properties, Ashby’s material selection plots were used. With
the help of these plots, clear conclusions can be obtained on
which segments of conventional materials are more similar to
the new material.

The Ashby plot in Figure 6 was plotted including the com-
monly known material groups using tensile strength versus elon-
gation % at the break for the x and the y axis, respectively. All
the fungal monofilaments are in the natural material bubble and
the monofilaments post treated with water are more biased to-
ward metals and alloys while untreated and glycerol post treated
monofilaments are located in an area shared with the polymer
bubble. When the newly derived materials are compared with the
existing material it can be observed that monofilaments without
any post treatments have properties close to polylactide (PLA). Af-
ter post treatment with water the mechanical properties become
closer to magnesium alloys and hard wood due to the increment
of the tensile strength. Moreover, the properties of the monofila-
ments post treated with glycerol are more related to the properties
of polyhydroxyalkanoates (PHA) and epoxies. The material selec-
tion graph shows how widely tunable properties were possible to
obtain by using the post-treatments of fungal monofilaments.

To further relate the properties of the new fibres to already ex-
isting fibre materials two more Ashby plots were created using
tensile strength, elongation % at break and Young’s modulus in
different combinations. In the Figure 7A elongation % at break
and Young’s modulus has been selected as x and y axis, respec-

tively. According to the plot, 7 monofilament types out of 11 are
placed in the natural fibres bubble. Moreover, from the monofil-
aments which were post-treated with water, 1neg E W shows the
nearest similarity to cotton which is still the most used natural
fibre in the textile industry.[42] When the number of grinder cy-
cles increased (to 3–7) the monofilaments became more similar
to sisal and palm fibres (Figure 7A) which are commercially used
to make rugged materials such as carpets and rattan. Even though
1neg E, 3neg E, and 7neg E monofilaments are just outside the
natural fibres bubble they are almost in the same position as poly
lactic acid (PLA) fibres.

Additionally, in the plot (B) of Figure 7, where tensile strength
was plotted instead of elongation % at break as x axis and Young’s
modulus as y axis, many fungal monofilaments are shown to be
closely comparable to wool fibers. After the water post treatment,
the monofilaments became closer to natural plant fibers such
as coir, palm, and sugarcane. However, the additional elasticity
provided by the more and more increment of glycerol concentra-
tion moves the monofilaments out from the natural fibers bub-
ble. This further confirms what was shown in the previous plot
Figure 6, that higher glycerol concentration leads the monofil-
ament toward the elastomers area. In their article Appels, van
den Brandhof[25] has also observed similar trend in mycelium
materials with increasing glycerol concentration during the post
treatments. The monofilaments after post treatment with water
move toward palm and sugarcane fibers in both graphs A and
B in Figure 6, thus it shows that the fungal monofilaments col-
lected from the water second bath behaves the same way to those
natural fibers regardless of tensile strength or elongation % at
break plotted as the x axis.

Altogether, the produced fungal monofilaments with illus-
trated widely tunable properties from steel like, to polymer
like, to natural fiber like showing diversified range of potential
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Figure 7. Ashby’s material plot containing commercial fibers, A – Young’s modulus versus elongation % at break and B – Young’s modulus versus
tensile strength. (Plotted using Granta EduPack 2021 R2 Version: 21.2.0).

applications. The monofilaments can be used in textile ap-
plications to produce fabrics for both fashion and technical
applications such as filters and membranes. The biocompatibil-
ity of the monofilaments allows usage in medical applications
such as tissue engineering and wound dressings. Moreover, due
to the high strength and lower flexibility in water post-treated
monofilaments, they can be used as a reinforcement layer in
biobased composite material developments.

3. Conclusion

Monofilaments with varied mechanical properties were success-
fully produced from a fungus grown on food waste. The fibrous
cell wall of the fungal biomass was extracted, and a hydrogel
was produced. Using wet spinning method promising monofila-
ments were spun from the produced hydrogel. The tunability of
the properties of the monofilaments by different post-treatments
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was illustrated. By comparing the results with the commercially
available fibers, the diversity of potential applications is also
demonstrated. The fungal cultivation was done in a pilot scale
and the spinning method used is already available in commer-
cial scale for production of conventional fibers, thus the scale up
of this fungal monofilament production can be easily designed
in the future. Overall, the work demonstrates an alternative re-
newable material production using abundant waste as resource
and an environment benign process with branch out promising
applications.

4. Experimental Section
Microorganism and Materials: The fungus Rhizopus delemar CBS

145940 (Centraalbureau Voor Schimmelcultures, Utrecht, The Nether-
lands) originally isolated from tempeh was used for valorization of bread
waste. The substrate, waste bread was collected from nearby supermar-
kets (ICA group AB, Sweden). The bread was broken into pieces by hand
and dried at room temperature for 3 to 4 days. After that, the dried bread
was ground to a powder of size less than 3 mm using a rotary dry mill (M
100, Retsch Technology GmbH, Germany) and storing was done at 4 °C
until use. Agar, glucose, and peptone purchased from Sigma–Aldrich were
used for the preparation of agar plates. Sodium hydroxide and lactic acid
obtained from Sigma–Aldrich were used for hydrogel preparation. Ethanol
(absolute) acquired from VVR was used in the coagulation bath.

Fungal Cultivation: Rhizopus delemar was first cultivated in agar plates
containing 17.0 g L−1 agar, 20 g L−1 glucose, and 4 g L−1 peptone. The agar
solution was prepared, and the pH was adjusted to 5.5 using 1 M NaOH
and 1 M H2SO4 followed by heat sterilization using an autoclave (VX-95,
Systec, Linden, Germany) at 121 °C for 20 min. After cooling, the agar
solution was poured into petri dishes. Agar plate inoculation was done
using 0.1 mL of spore suspension (14 × 106 spores mL−1; concentration
was measured with a Bürker counting chamber). The incubation time of
the agar plates was 3 days at 30 °C. After 3 days the agar plates were sealed
with parafilm and kept at 4 °C until used.

To harvest a substantial amount of biomass, fungal cultivation was
scaled up into three steps. The fungal cultivation and biomass harvest-
ing were performed as explained in detail in our previous article,[24] and
briefly reported here. First, four 250 mL Erlenmeyer flasks with 100 mL of
4% bread suspension were inoculated with 2 mL of spore suspension col-
lected from the agar plates. After 24 h, the Erlenmeyer flask cultivations
were used as the pre-culture for the 26 L bubble column bioreactor (Bio-
engineering, Wald, Switzerland). The reactor was steam sterilized in situ
and contained 20 L of sterile 4% bread suspension. After another 24 h
cultivation in the 26 L bioreactor the cultivation broth was transferred to
a 1300 l airlift bioreactor (Knislinge Mekaniska Verkstad AB, Kristianstad,
Sweden) which contained in situ sterilized 1000 L of 4% bread suspension.
This cultivation was carried out for 48 h and the harvested biomass was
washed three times by soaking in water and sieving. While washing, un-
consumed substrate particles were manually removed from the biomass.
Finally, the cleaned biomass was packed in plastic bags and stored at
−18 °C until use. Cultivations at all three scales were performed at 35 °C.

Alkali Treatment of Fungal Biomass: Alkali treatment on harvested fun-
gal biomass was done using NaOH to prepare the alkali insoluble mate-
rial (AIM) which mainly consists of the fungal cell wall. As the first step a
suspension of biomass in water was prepared and ground once through
an ultra-fine grinder (Suzuku, Japan) by passing the solution between two
MKE46 (fine silicon carbide) grinding stones for soft materials. The gap
between the grinder stones and the speed were adjusted to 50 μm (open
gap) and 2700 ± 50 rpm respectively. Then, sodium hydroxide and wa-
ter were added to the suspension to reach a final concentration of 0.1 M
NaOH and 30 g dry biomass/l. This grinding opened up the fungal hy-
phae and increased the NaOH penetration. Finally, the prepared biomass
– NaOH suspension was heat treated in an autoclave (Systec, Germany)
at 121 °C for 20 min. The AIM was separated using a 1 mm compact sieve

(Russell Finex Ltd, Middlesex, UK) and washed with water until the pH
became neutral.

Preparation of Hydrogels for Wet Spinning: To prepare the hydrogel for
wet spinning, first the separated AIM was diluted to 2% w/w using water
and then the pH was adjusted to 4.5 using 3.5 M lactic acid. The AIM sus-
pension was then homogenized using the same ultra-fine grinder (Suzuku,
Japan) in contact mode by grinding 1–7 cycles through −100 μm gap sizes
between the MKE46 grinder discs with a rotor speed of 2700 ± 50 rpm.
Samples were collected for gel preparation after 1, 3, 5, and 7 cycles.
Samples labelling was done as 1neg, 3neg, 5neg, and 7neg (Table 1)
respectively.

To obtain a spinning dope for wet spinning, concentration of the AIM
hydrogel was required. The concentration of the gel was done using a vac-
uum funnel with a nylon filter membrane of 30 μm pores. Direct filtra-
tion of the AIM hydrogel collected from the grinder was not possible as
the filter membrane was clogged. Dilution of the hydrogel with water was
not successful as it reduced the gel homogeneity due to the pH increase.
Therefore, the gel was diluted with lactic acid solution prior to filtration
to maintain the homogeneity of the hydrogel with the acidic pH. For one
batch, 50 g from the 2% AIM gel was mixed with 50 mL of 0.5 M lactic
acid to get a homogenous diluted hydrogel that was subjected to vacuum
filtration (Sterlitech, USA) to reach a gel with dry weight content of 5.5 ±
0.5%. This gel was used as the spinning dope in wet spinning process to
make monofilaments.

Hydrogel Characterization: FluidScope scanning (oCelloScope): To ob-
serve the fungal microfibers and to measure the size of them after dif-
ferent grinding cycles a FluidScope scanning analysis was performed with
the help of an oCelloScope (BioScience Solutions, Denmark). The uncon-
centrated AIM hydrogel samples were diluted 1:100 times using 0.5 M
lactic acid to maintain the acidic pH which helps to maintain the homo-
geneity of the suspension. A 24 wells plate (SPL life sciences, Korea) was
used with 0.5 mL of diluted suspension in each well. For each observation
the illumination time was 2 ms, the imaging distance was 4.9 μm, and the
number of images used was 20. To obtain an average, 50 different fungal
microfiber diameter measurements were taken.

Polarized electron microscopy (POM): The samples were visualized after
1, 3, 5, and 7 cycles through the ultrafine grinder, using a polarized optical
microscope (POM) Nikon Eclipse LV100N POL (Japan), and the imaging
software NISElements D 4.30.

Wet spinning of Fungal Monofilaments: To form monofilaments using
the concentrated hydrogel a wet spinning set up was used with ethanol as
the coagulation agent according to Svensson, Ferreira.[21] The wet spin-
ning was done using a 10 mL syringe and a laboratory syringe pump (WPI,
Germany). The diameter and the length of the syringe needle were 1.2 and
50 mm, respectively. The injection speed was 0.6 mL min−1 and the resi-
dence time of the monofilaments in the coagulation bath was 2 min. Co-
agulated monofilaments were fixed on a white board from the two ends
using magnets for drying.

After drying, the monofilaments were soaked in water as the second
bath for 30 min and again dried following the same method by fixing the
two ends. Different second baths (only water and water with different con-
centrations of glycerol, 1%, 2%, and 3%) were tested to obtain tunable
mechanical properties. After drying, the monofilaments were collected,
and fiber diameter was measured using an optical microscope (Nikon.
Japan) with the help of the software NIS Elements V 5.11.01 (Nikon,
Japan). The details on grinding cycles, 1st and 2nd coagulation baths, and
monofilament diameter correspond to the sample naming was given in
Table 1.

Characterization of the Monofilaments: Tensile Test: The mechanical
properties of the monofilaments were measured using a tensile test equip-
ment (H10KT, Tinius Olsen, USA) with a load cell of 100 N. The gauge
length was 20 mm, the crosshead speed was 1 mm min−1, and the pre-
load was 0.01 N. The tensile strength and elongation % at break were
obtained from the software QMat (Tinius Olsen, USA) and the Young’s
modulus (E) was obtained by calculating the slope of the linear part of the
stress–strain curve between 0.1% to 0.5% strain. The monofilaments were
pre-conditioned overnight at 23 ± 2 °C and 50 ± 4% relative humidity (ISO
139, 2005) before the test.
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Biocompatibility test: To check the compatibility of the produced fungal
monofilaments with human skin cells, a biocompatibility test was carried
out. First, human foreskin fibroblasts (HFF, Royan institute cell bank) were
seeded into 96-well culture plates (Corning, 10 452 232) at a density of
1500 cells well−1 with 150 μL of culture media in passage 6. Sterilized fun-
gal monofilaments (FM) were cut into small pieces and 3 mg of them were
put in cell culture inserts (96-well plate inserts, polyester (PET) membrane
1.0 μm pore size, Corning, 10 043 832), so the final weight/volume rate was
20 mg mL−1. Then, loaded inserts were located into the cell-seeded culture
plates. Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco, 11 965 092)
supplemented with 10% fetal bovine serum (FBS, Gibco, 26 140 079),
2 mM L-glutamine (Glutamax, Gibco, 35 050 061), and 100 U mL−1 peni-
cillin, and 100 μg mL−1 streptomycin (Gibco, 15 140 122) were used for
cultivating the cells at 37 °C in a humidified atmosphere of 95% air and
5% CO2. Cells cultured without any intervention in tissue culture plates
(TCP) were assumed to be the negative control group.

The cell cultivation was carried out continuously for 7 days. On the 8th
day, the culture inserts were removed, and the medium level was changed
to 80 μL in each well with fresh medium. The mitochondrial activity of
cells was measured using MTS/PMS reagent (CellTiter 96® AQueous One
Solution Cell Proliferation Assay, Promega Corporation, G5430), which
was based on the reduction of the MTS tetrazolium compound by viable
mammalian cells. After adding 80 μL of fresh medium on day 8, 20 μL of
MTS/PMS (3-(4,5-dimethylthiazol-2-yl)−5-(3-carboxymethoxyphenyl)−2-
(4-sulfophenyl)−2H-tetrazolium/phenazine methosulfate) reagent was
added to each well. The plate was then incubated for 3 h at 37 °C in a
CO2 incubator. The absorbance measurement was done using an ELISA
microplate reader at 495 nm reference wavelength and subtracted from
the absorbance at background wavelength at 610 nm (OD 495–610). All
experiments were performed in triplicates.

Scanning Electron Microscopy: The morphology of the monofilaments
was observed and analyzed using an ultra-high resolution field emission
scanning electron microscope (S-4800, Hitachi, Tokyo, Japan). A 3 kV ac-
celeration voltage was used to obtain the images of 2 nm Pd/Pt coated
fiber samples.

Material Selection Plots: Once the mechanical properties were mea-
sured, the produced novel fibers were placed in a material selection plot
to understand where they stand among the commercially used fibers. The
most widespread used technique to compare materials is Ashby’s bubble
chart method since the graphical presentation gives an easy understand-
ing to the properties of different materials and thus the comparison of one
material to another can be effectively done.[27,43] To plot the graphs Granta
Edupack 2021 R2 version: 21.2.0 (Ansys Inc. USA) with level 3 advanced
material database was used. Different mechanical properties were used as
x-and y-axis. The comparison of novel fibers was done with the help of the
graphical data.

Statistical Analysis of Data: The number of data replicates were either
equal or more than 3 in all instances. The data was analyzed using Minitab
21 (Minitab 21.1.1) software and the significance between two mean val-
ues was tested using 2 sample t test with 95% probability.
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