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ABSTRACT 
Leather, despite being recognised as a symbol of luxury and durability, carries a 
substantial environmental and ethical footprint. Issues such as greenhouse-gas 
emissions from livestock farming, harsh chemical usage, work environment 
safety, and animal welfare have led to growing interest in sustainable alternative 
leather materials. Fungal-based materials are considered promising alternatives 
to leather and are gaining interest from both researchers and the public owing to 
their low environmental impact, and fully vegan nature. Fungi, known as nature’s 
recyclers, can convert organic waste into valuable biomass, enhancing the 
environmental sustainability, circularity, and economic potential of vegan leather 
production. 

This thesis developed alternative leather materials using filamentous fungi 
cultivated on food waste. Unsold bread waste from supermarkets and lemon-peel 
residues from juice industry were used to prepare substrates for submerged 
fungal cultivation. In the first approach, Rhizopus delemar was cultivated in a 
media composed of bread waste, with or without starch hydrolysation. In the 
second approach, a fungal–fungal co-culture was designed with Rhizopus 
delemar and Aspergillus oryzae, and cultivation was conducted using a substrate 
prepared by suspending bread powder in nutrient-rich liquid extracts from lemon 
peel. All cultivations were scaled up until pilot scale using a 1300 L bubble column 
bioreactor. The harvested fungal biomass was fractionated, with one fraction 
subjected to vegetable tanning, while the remaining fraction was alkali-treated to 
isolate chitin-chitosan rich fungal cell wall material. Solid residues from lemon 
peel were further processed with alkali treatment and bleaching to purify the 
cellulose and subsequently treated mechanically to fibrillate the cellulose. Single-
layer and multi-layer composite materials were fabricated using the tanned 
biomass, cell wall material, and fibrillated cellulose via the wet-laid method. The 
materials were subjected to plasticising post-treatments and finally coated with 
a biobased binder.  

The leather like materials developed in this study showed mechanical properties 
(up to 20 MPa tensile strength and up to 14.8 % elongation at break) analogous 
to tensile strength of natural leather (10 – 30 MPa and 20 – 70 % elongation at 
break). To the best of our knowledge, vegetable tanning of fungal biomass was 
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cultivated on food waste. Unsold bread waste from supermarkets and lemon-peel 
residues from juice industry were used to prepare substrates for submerged 
fungal cultivation. In the first approach, Rhizopus delemar was cultivated in a 
media composed of bread waste, with or without starch hydrolysation. In the 
second approach, a fungal–fungal co-culture was designed with Rhizopus 
delemar and Aspergillus oryzae, and cultivation was conducted using a substrate 
prepared by suspending bread powder in nutrient-rich liquid extracts from lemon 
peel. All cultivations were scaled up until pilot scale using a 1300 L bubble column 
bioreactor. The harvested fungal biomass was fractionated, with one fraction 
subjected to vegetable tanning, while the remaining fraction was alkali-treated to 
isolate chitin-chitosan rich fungal cell wall material. Solid residues from lemon 
peel were further processed with alkali treatment and bleaching to purify the 
cellulose and subsequently treated mechanically to fibrillate the cellulose. Single-
layer and multi-layer composite materials were fabricated using the tanned 
biomass, cell wall material, and fibrillated cellulose via the wet-laid method. The 
materials were subjected to plasticising post-treatments and finally coated with 
a biobased binder.  

The leather like materials developed in this study showed mechanical properties 
(up to 20 MPa tensile strength and up to 14.8 % elongation at break) analogous 
to tensile strength of natural leather (10 – 30 MPa and 20 – 70 % elongation at 
break). To the best of our knowledge, vegetable tanning of fungal biomass was 
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applied for the first time in this thesis to produce fungal leather materials. This 
treatment resulted in the stabilisation of fungal proteins, thereby reducing the 
brittleness of the material after drying. Additionally, a novel co-culture approach 
was used to obtain hybrid fungal biomass for material production which resulted 
in enhanced mechanical properties owing to the structural and functional 
properties of both fungi.  

All processes, from fungal cultivation to material production, were scaled up, 
demonstrating the potential of controlled submerged cultivation and paper 
production process as a scalable alternative to the commonly used solid-state 
fermentation approach for fungal leather production. Overall, the results of this 
thesis highlight the potential of fungal biomass, produced through submerged 
cultivation, as a sustainable material for leather while promoting waste 
valorisation and opening new avenues for research into the development of 
fungal-based materials.  

Key words: Fungal leather, Alternative leather materials, Filamentous fungi, Food 
waste valorisation, Vegetable tannin, Co-cultivation, Submerged cultivation, Wet-
laying, Cellulose, Rhizopus delemar, Aspergillus oryzae, Fungal cell wall, Chitin, 
Chitosan 
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ABBREVIATIONS 
CBS – Centraalbureau voor Schimmelcultures 

BSL – Biosafety level 
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1. INTRODUCTION  
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was wasted, leading to considerable environmental pollution and financial loss 
(FAO). Food loss and waste contribute 8-10% of global greenhouse gas emissions 
which is nearly five times the emissions associated with the aviation sector, and 



xiii 
 

ABBREVIATIONS 
CBS – Centraalbureau voor Schimmelcultures 

BSL – Biosafety level 

VVM – Volume of air per volume of liquid per minute 

HPLC – High-performance liquid chromatography 

PDA – Potato dextrose agar 

PEG – Polyethene glycol 

DGE – Glycerol diglycidyl ether  

FTIR – Fourier transform infrared spectroscopy  

NMR – Nuclear magnetic resonance spectroscopy  

EA – Elemental analysis 

FE-SEM – Field emission scanning electron microscopy 

SSF – Solid state fermentation 

SmF – Submerged fermentation 

LSSF – Liquid state surface fermentation 

RD – Rhizopus delemar 

AO – Aspergillus oryzae 

AFM – Atomic force microscopy 

GSM – Grams per square meter 

 

 

 

1 
 

1. INTRODUCTION  

1.1. BACKGROUND OF THE WORK 

Leather is one of the oldest and luxurious materials invented by humans. 
Currently, leather industry has grown into a multibillion-dollar business; thus, 
environmental issues such as water and land pollution by hazardous chemicals, 
sludge and gas release, and the ethical issues related to animal welfare and bad 
work environments in tanneries, have also reached critical levels (Thomasset and 
Benayoun, 2024, Fortune Business, 2026, Corradini et al., 2016, Håkansson and 
Vance, 2022, Dixit et al., 2015). Due to these issues, alternative materials that can 
substitute leather, produced via more environmentally friendly methods using 
renewable and non-animal-related raw materials, are in high demand (Jones et 
al., 2021).  

Fungal-based materials are gaining increased attention as sustainable and vegan 
leather alternatives from researchers, retailers, and consumers (Jones et al., 
2021). Fungi can convert low-quality organic matter into valuable products, such 
as food waste thus, providing both environmental and economic benefits through 
circular process development via resource recovery (Jones et al., 2021, Jones et 
al., 2020b, Sadaf et al., 2021, Gmoser et al., 2017). Fungal-based materials are 
gaining importance because of their low environmental footprint, as they rely on 
renewable feedstocks, require relatively low energy for production, and can be 
fully biodegradable at the end of their life cycle (Jones et al., 2020a). The potential 
of fungal-based materials to replace petroleum-based plastics, foams, and 
synthetic composites in packaging, construction, and textiles makes them 
especially valuable for addressing climate change, waste generation, and 
resource depletion (Udayanga and Miriyagalla, 2021, Jones et al., 2020a).  

Food waste-derived substrates have a higher potential for fungal cultivation 
because they are rich in nutrients, low in economic value and readily available. 
Globally approximately one-third of the food produced for human consumption 
was wasted, leading to considerable environmental pollution and financial loss 
(FAO). Food loss and waste contribute 8-10% of global greenhouse gas emissions 
which is nearly five times the emissions associated with the aviation sector, and 



2 
 

responsible for up to 14% of global methane emissions which is 84 times more 
potent in global warming than CO₂ over 20 years (UNEP, 2026). Thus, food waste 
has become a global emergency, and addressing it is critical for achieving 
sustainability and climate-related goals.   

The work presented in this thesis focuses on the production of alternative leather 
materials from submerged cultivated fungal biomass, while valorising different 
food waste streams through fungal fermentation. By integrating waste-to-
resource strategies via material development, this research contributes to several 
United Nations Sustainable Development Goals, such as SDG 9 (Industry, 
Innovation, and Infrastructure), SDG 12 (Responsible Consumption and 
Production), SDG 14 (Life Below Water), and SDG 15 (Life on Land) (United 
Nations Department of Economic and Social Affairs, 2025). Specifically, it 
addresses the reduction of food waste and losses, promotes renewable material 
production, and contributes to mitigating environmental impacts, such as water 
and land pollution, in both the food waste and leather industries.  

1.1.1. LEATHER AND LEATHER INDUSTRY  

Leather is produced via a series of chemical treatments on animal hides, with a 
history as old as that of mankind (Covington and Wise, 2019). Traditionally, 
leather making is considered a sustainable and circular industry because it 
manages byproducts from the meat industry and converts them into value-added 
products (Chen et al., 2023, COTANCE, 2020). Converting animal hides into 
leather is a multistep process (Figure 1) that includes sorting of the hides, 
trimming away the fur and fats, soaking to rehydrate the skin, liming to remove 
the epidermal tissues and hairs, deliming to remove the residual lime salts, bating 
to enzymatically degrade residual proteins to isolate only collagens, pickling to 
swell the collagen fibres with acids, tanning and re-tanning to crosslink collagen 
fibres with either plant polyphenols or chromium, fat liquoring to plasticise the 
collagen fibril network, and finally finishing and coating to give the leather its final 
characteristic finishes (Thomasset and Benayoun, 2024, McLaughlin et al., 1946). 
This process has been developed gradually over many centuries from prehistoric 
times to the present and has been boosted by mechanisation, purified industrial 
enzymes, and chromium tanning since the industrial revolution  (The Editors of 
Encyclopaedia, 2026).  
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At present, the leather industry has transformed from a mere byproduct 
valorisation process to a global business giant with a market value of 
approximately 531 billion USD in 2025 and is expected to grow up to 982 billion 
USD by 2034 (Fortune Business, 2026). Currently, genuine leather is regarded as 
a luxury fashion product, and its high market value is largely attributed to its 
chemically intensive and complex processing. 

 

Figure 1: Flow chart of leather process 

The multi-step leather production process typically spans several weeks to 
months, depending on the end product requirements, and employs substantial 
amounts of water and chemicals, thus producing hazardous wastewater, volatile 
organic compounds, and solid waste (Corradini et al., 2016, Håkansson and 
Vance, 2022, Thomasset and Benayoun, 2024, Dixit et al., 2015). Moreover, 
animal cruelty, unsustainable animal farming, and poor working conditions in 
tanneries have raised ethical concerns in the leather industry (Corradini et al., 
2016, Hakansson et al., 2023).  Thus, despite the high quality and luxury appeal 
of leather, the industry has been accused of both environmental and ethical 
issues in its production (Corradini et al., 2016). Due to these issues, vegan leather 
alternatives produced using environmentally benign processes, such as fungal-
based materials, are gaining attention from consumers, industry, and the 
research community (Jones et al., 2021). 
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VEGETABLE TANNINS 

Tannins are plant-based polyphenolic compounds that have historically been 
used for animal hide stabilisation in the leather industry (Covington and Wise, 
2019). There are two main categories of vegetable tannins: hydrolysable tannins, 
such as tara, myrobalan, and chestnut, with a sugar-based structure linked to 
gallic acid, and condensed tannins, such as quebracho, birch, and mimosa, built 
from flavonoid units, each with distinct chemistry and applications (Covington 
and Wise, 2019, Falcão and Araújo, 2018). Traditional tanning methods include 
pit tanning for large hides using layered vegetable materials over several months, 
vat tanning for smaller skins with stirred plant extracts over weeks, and bag 
tanning, a faster process where skins were sewn into bags filled with tanning 
agents and agitated for a few weeks to produce fine leathers (Falcão and Araújo, 
2018).  

In the leather processing, during the vegetable tanning, the phenolic groups 
available in tannins crosslinks with prolines in collagen proteins (Haslam, 2007, 
Adamczyk et al., 2017). The reaction occurs in two stages: binding and 
aggregation via hydrogen and covalent bonds, resulting in the precipitation of 
proteins (Adamczyk et al., 2017). Additionally, tannins interact with organic non-
protein compounds, such as chitin and chitosan (Adamczyk et al., 2011, 
Adamczyk et al., 2017). Thus, fungal biomass, which consists of chitin and 
chitosan in the cell wall and proteins containing amino acids such as proline and 
arginine, is expected to undergo cross-linking when treated with vegetable 
tannins thus improve the final material properties.  

1.1.2. ALTERNATIVE LEATHER 

In response to the environmental and ethical concerns associated with 
conventional leather production, alternative materials, collectively referred to as 
vegan leather, have been developed from non-animal sources. Despite their 
cruelty-free nature and growing popularity in the fashion industry, the 
sustainability of these materials remains a topic of ongoing debate (Yetikyel and 
Hardy, 2025). Furthermore, vegan leather exhibits inferior mechanical 
performance compared to natural leather, which possesses a multiscale collagen 
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fibril structure with a density gradient that enables effective load-bearing 
functionality (Meyer et al., 2021). 

In recent years, substantial research and industrial efforts have been directed 
toward improving the performance and sustainability of vegan leather 
alternatives. Consequently, a range of materials, including petroleum-based, 
plant-based, and microbial-based variants, have been developed, with several 
products reaching commercialisation in high-end fashion markets (Yetikyel and 
Hardy, 2025). Petroleum-based vegan leather, typically composed of polyvinyl 
chloride (PVC) or polyurethane (PUR) applied to a textile substrate, can replicate 
the aesthetic and tactile qualities of natural leather (Meyer et al., 2021, Tewari et 
al., 2024). However, increasing awareness of the environmental persistence and 
non-biodegradability of PVC and PUR has led to growing criticism of these 
materials. In addition, the application of polyurethane coatings to enhance or 
protect plant-based alternatives has been questioned from a sustainability 
perspective (Meyer et al., 2021). 

Microbial-derived leather alternatives, particularly those based on fungal 
mycelium, have emerged as promising materials. Mylo™, Reishi™, and Forager™ 
Hides were among the first mycelium-based leather alternatives to reach 
commercial development; however, their current commercial availability remains 
limited, with Mylo™ production paused, Reishi™ producers are going through 
new acquisition with restructuring, and Forager™ Hides not currently 
commercially available. These materials are generally produced via solid-state 
fermentation using agricultural residues as substrates (Jones et al., 2021, 
Vandelook et al., 2021). However, detailed information regarding their 
production methods is often limited because of proprietary restrictions, which 
hinders broader scientific understanding and reproducibility (Amobonye et al., 
2023). In some cases, genetically modified fungal strains are used to enhance 
material properties, whereas in others, polyurethane coatings are employed as 
protective layers (Tewari et al., 2024, Hakansson et al., 2023, Amobonye et al., 
2023). Although fungal-based leather alternatives offer clear advantages over 
conventional leather in terms of environmental impact and animal welfare, 
further advancements are required to improve the mechanical properties, 
eliminate the reliance on synthetic coatings, and develop more sustainable, 
economically viable and transparent production processes.     
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1.2. FUNGI  

Fungi are known as nature’s recyclers that decompose organic matter and release 
essential nutrients back into the soil and ecosystems, supporting plant growth 
and maintaining nutrient cycles (Gadd Geoffrey, 2017). The kingdom of fungi is 
one of the most diverse groups of living organisms on Earth. With an estimated 
number of species in the range of 2 to 3 million, these organisms are classified 
into different subkingdoms, phyla, subphyla, and classes in different literature 
(Wijayawardene et al., 2024, Hibbett et al., 2018, Naranjo-Ortiz and Gabaldón, 
2019). In a recent publication by Wijayawardene et al. (2024), 19 fungal phyla are 
listed: Aphelidiomycota, Ascomycota, Basidiomycota, Basidiobolomycota, 
Blastocladiomycota, Calcarisporiellomycota, Chytridiomycota, 
Entomophthoromycota, Entorrhizomycota, Glomeromycota, Kickxellomycota, 
Monoblepharomycota, Mortierellomycota, Mucoromycota, 
Neocallimastigomycota, Olpidiomycota, Rozellomycota, Sanchytriomycota, and 
Zoopagomycota. Nonetheless, the most generally classified fungal phyla are 
Ascomycota, which are mostly yeasts and moulds; Basidiomycota, which are 
mostly macro fungi or mushrooms; Chytridiomycota, which are aquatic fungi that 
can produce spores with flagella; and Mucoromycota and Zoopagomycota 
(Zygomycota in the old classification (Spatafora et al., 2016)), which are mostly 
black bread moulds. 

1.2.1. FILAMENTOUS FUNGI 

Filamentous fungi are eukaryotic (contains a nucleus and membrane bound 
organelles in the cell) and mostly saprophytic (obtain nutrients from dead and 
decaying organic matter with the help of enzymes) organisms that grow in long 
filament-like structures called hyphae (Wikandari et al., 2022). These fungi belong 
mainly to Ascomycota, Basidiomycota, and Zygomycota (Mucoromycota and 
Zoopagomycota according to the new classification (Spatafora et al., 2016)) 
(Soanes et al., 2008). A single hypha starts its growth from a spore, which is the 
starting form of fungal life, and grows into interconnected mycelial networks 
through branching, fusion, extension, and regression in response to local nutrient 
availability, environmental signals, and physical disturbance (Fricker et al., 2007). 
The fungal biomass of filamentous fungi contains biopolymers such as chitin, 
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chitosan, glucan, and proteins, which can be used in food, feed, and material-
based applications (Wikandari et al., 2023, Delattre et al., 2023).  

FUNGAL BIOPOLYMERS 

 Fungal cells are covered with a robust yet flexible cell wall, which primarily 
protects the cell while allowing nutrients to pass (Gow and Lenardon, 2023). The 
fungal cell wall contains carbohydrate biopolymers, such as chitin, chitosan, α-
glucan, β-glucan, and mannan, to maintain its dynamic behaviour. The 
composition of the fungal cell wall depends on the fungal phylum and strain of 
the fungus. Ascomycota fungi, such as Aspergillus oryzae, have chitin, α-glucan, 
β-glucan, and extracellular polysaccharides (EPS) matrix as the main components 
in the cell wall (Yoshimi et al., 2016), whereas Mucoromycota fungi, such as 
Rhizopus delemar, contain chitin, β-glucan, mannan, and chitosan (Cheng et al., 
2024) as these fungi have the unique ability to synthesise chitosan from chitin 
with the enzyme chitin deacetylase (Crognale et al., 2022) (Delattre et al., 2023).  

Chitin is the second most abundant polymer after cellulose and consists of N-
acetyl glucosamine monomers. Chitosan, the deacetylated derivative of chitin, is 
a co-polymer of N-acetyl glucosamine and glucosamine (Izadi et al., 2025). The 
degree of deacetylation (DD) is the molar ratio between the number of 
deacetylated units (glucosamine) and the number of total units (both 
glucosamine and N-acetyl glucosamine). The minimum degree of deacetylation 
(DD) reported for chitosan in the literature ranges from 40% to 60%, although the 
material remains a copolymer of glucosamine and N-acetylglucosamine 
(Weißpflog et al., 2021). Most commercial samples typically fall between 70% and 
90%, and higher DD values above 95% can be achieved through additional 
deacetylation processes, though these increase production costs and may cause 
partial depolymerisation (Weißpflog et al., 2021). 

In addition to polysaccharides, proteins are also considered biopolymers that can 
be used to produce materials, such as bioplastics (Patel et al., 2025). However, 
the production of bioplastics from fungal proteins alone has never been reported 
(Patel et al., 2025), probably because of the heterogeneity of the fungal cell wall; 
attempting to disrupt the cell wall and extract proteins can denature the 
structures of the proteins of interest (Ahmed et al., 2024).  
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Bio-based materials derived from fungal biopolymers have recently gained 
attention for diverse applications, including antimicrobial biomaterials, tissue 
engineering scaffolds, packaging, construction materials, furniture and 
architectural elements, textiles, and leather-like products, highlighting their 
versatility (Jones et al., 2020b, Udayanga and Miriyagalla, 2021, Svensson et al., 
2021c, Svensson et al., 2021a, Benedikt Maria Köhnlein et al., 2022, Mousavi et 
al., 2026a, Mousavi et al., 2026b, Wijayarathna et al., 2023, Delattre et al., 2023). 
Most materials are produced using filamentous fungi, particularly basidiomycetes 
such as Schizophyllum commune, Fomes fomentarius, Agaricus bisporus, and 
Ganoderma lucidum, although the interest in ascomycetes and mucoromycetes, 
such as Trichoderma reesei, Aspergillus oryzae, and Rhizopus oryzae is increasing 
(Amobonye et al., 2023, Elsacker et al., 2023, Vandelook et al., 2021, Gandia et 
al., 2021). Existing studies have demonstrated a wide range of fungal-based 
material formats, including sheets and foams for packaging, composite bricks for 
construction and furniture, and fibres and filaments for textile applications. 

1.3. FUNGAL LEATHER: STATE OF THE ART 

Fungal leather has emerged as a promising bio fabrication platform for 
developing sustainable alternatives to conventional leather. Significant progress 
has been made over the past decade in producing leather-like sheets and 
composites from fungal mycelium; however, achieving the mechanical 
performance, water resistance, durability, and manufacturing scalability required 
for widespread commercial adoption remains a major challenge (Jones et al., 
2021, Elsacker et al., 2023, Amobonye et al., 2023). Since 2019, the field has 
expanded rapidly, with an increasing number of original research articles, 
patents, pilot-scale manufacturing processes, and commercial products. 
Nevertheless, much of the technological knowledge behind industrial production 
remains proprietary, limiting the detailed scientific understanding of commercial 
fabrication strategies (Vandelook et al., 2021, Elsacker et al., 2023). 
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1.3.1. FUNGAL CULTIVATION FOR MATERIAL 
APPLICATIONS  

When fungi are cultivated for material applications, the cultivation strategy 
should be designed not only to achieve high biomass yield but also to obtain 
biomass with characteristics suitable for subsequent material processing. Factors 
such as fungal morphology, hyphal architecture, cell-wall composition, biomass 
homogeneity and density can influence the ability of the harvested biomass to 
form cohesive networks and ultimately affect the mechanical and functional 
properties of the resulting materials. Current fungal leather research can be 
broadly classified into two cultivation approaches: solid-state fermentation (SSF) 
(Figure 2A), and submerged fermentation (SmF) (Figure 2B). Each method 
produces fungal biomass with distinct structural characteristics that influence 
downstream processing and the final material properties. SSF involves the 
cultivation of fungi in moist solid media, where the mycelium penetrates the 
substrate to obtain nutrients. This method is mostly used in fungal-based 
material production to take advantage of lignocellulosic substrates, such as wheat 
straw, wood chips, and other agricultural residues, to obtain mechanically sound 
foam, block, or sheet-type material as a composite between fungal and plant 
biopolymers. Here, the reinforcement effect of substrate originated cellulose 
fibres available in the fungal composite plays an important role in properties of 
the final material (Amobonye et al., 2023, Srikanth et al., 2025). In contrast, SmF 
involves the cultivation of fungi in liquid media with dissolved and suspended 
nutrients (Srikanth et al., 2025). The advantages SmF are fast and properly 
controlled fermentation, the ability to obtain pure fungal biomass with little or 
no entangled solid residues, and ease of post-harvest modification of the fungal 
biomass to tune the final material properties (Amobonye et al., 2023, Srikanth et 
al., 2025). Nonetheless, when the natural habitat of fungi is considered, SSF more 
closely resembles their preferred growth conditions than SmF, owing to their 
natural affinity for moist solid environments (Gowthaman et al., 2001). In 
addition to SSF and SmF, liquid-state surface fermentation (LSSF) where fungi 
grows as a surface mat on nutritious liquid broth (Figure 2), was also proposed by 
Elsacker et al. (2023),Conti and Benetti (2025), Amobonye et al. (2023), and 
Gandia et al. (2021) for materials production. Each fermentation system has its 
own advantages and disadvantages thus choosing the relevant cultivation 
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method depends on the fungal strain, the culture media and the requirements of 
the final material.  

 

Figure 2: Schematic representation of (A) liquid-state surface fermentation (LSSF) and solid-
state fermentation (SSF), (B) submerged cultivation used for fungal-based material 
production. Created in BioRender. Wijayarathna, E. R. K. B. (2026) 

Moreover, to gain the reinforcing potential of cellulose, recent studies have 
explored the incorporation of different forms of cellulose into fungal biomass and 
proven effective. Kniep et al. (2024) and Zhao et al. (2026) used readymade 
cotton woven fabrics as the support basidiomycetes based materials while Tewari 
et al. (2026b) used both woven and nonwoven materials from either natural 
(cotton, jute and wool) or synthetic (polyester) origin to reinforce materials made 
with Aspergillus niger. Additionally, Xu et al. (2025) used carboxymethyl cellulose 
with Ganoderma mushroom to produce biodegradable mycelium leather 
materials. One promising approach for lignocellulosic waste valorisation is to 
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pretreat the lignocellulosic substrate to obtain nutrients for fungal cultivation and 
process the residual cellulosic material (Wijayarathna et al., 2025a) by 
subsequently mixing both fungal biomass and the cellulosic fraction to obtain 
improved mechanical reinforcement for the end material. 

1.3.2. PROCESSING FUNGAL BIOMASS TO 
PRODUCE LEATHER-LIKE MATERIALS 

Fungal biomass processing is a critical step in producing fungal leather-like 
materials as freshly harvested fungal biomass after drying is typically brittle, 
hydrophilic, and mechanically weak (Appels et al., 2020, d’Errico et al., 2024). 
Consequently, various physical and chemical treatments have been developed to 
improve flexibility, strength, dimensional stability, and water-repellency. From 
solid state fermentation, the harvested mycelium composite sheets are first 
cleaned to remove residual nutrients and substrate particles, followed by 
controlled drying to produce coherent sheets. Mechanical densification through 
cold or hot pressing is then commonly applied to reduce porosity, improve hyphal 
packing, and increase tensile strength. In contrast, dispersed or pelletised fungal 
biomass harvested from submerged fermentation requires washing and removal 
of cultivation broth and subsequent processing, such as disintegration, 
fibrillation, and wet-laying or casting, to re-organise the mycelium into a coherent 
material structure. 

Plasticisation is one of the most widely employed post-processing methods to 
improve the material flexibility, with glycerol being the most extensively 
investigated plasticiser. Raman et al. (2022) demonstrated that treatment with 
20% polyethylene glycol, followed by hot pressing at 60–120 °C, significantly 
improved the tensile strength and Young's modulus (which measures the stiffness 
of the material) of fungal materials produced by brown rot fungi grown in solid 
state fermentation. Additionally, Appels et al. (2020) demonstrated that glycerol 
concentration strongly influences the mechanical behaviour of pure mycelium 
films made by wet laying of submerged cultivated fungal biomass, where 
increasing glycerol content transforms the material from stiff and paper-like to 
flexible, leather-like, and eventually elastomeric by reducing intermolecular 
hydrogen bonding within the fungal cell wall while increasing elongation at break. 
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Crosslinking reactions have also been introduced to enhance structural integrity 
and moisture resistance. Recent studies using submerged fermentation derived 
mycelium membranes employed tannic acid or genipin as natural crosslinking 
agents, followed by glycerol plasticisation, resulting in significant improvements 
in tensile strength and flexibility compared with untreated material. In their work, 
d’Errico et al. (2024) reported that low concentrations of glutaraldehyde 
produced greater improvements in the mechanical performance of 
Schizophyllum commune mycelium than synthetic or plant-derived tannins, while 
Li et al. (2024) demonstrated that zinc-ion crosslinking effectively reinforced 
chitin-rich fungal matrices. To reduce the environmental impact associated with 
conventional tanning agents, recent studies have explored bio-based 
alternatives, including genipin, which combined with cyclic freeze-thaw 
dehydration to improve the structural integrity of submerged cultivated 
Ganoderma biomass while reducing energy consumption during drying (Song et 
al., 2025).  

Pressing the final material with or without heating is widely employed to densify 
the hyphal network, producing more cohesive and mechanically robust sheets. In 
some occasions pressing is combined with reinforcement using woven or non-
woven natural textiles, such as cotton, hemp, or linen, which enhance tear 
resistance (Elsacker et al., 2023). Finally, surface finishing treatments, including 
dyeing and protective coatings, are applied to improve the softness, 
hydrophobicity, appearance, and tactile properties, enabling fungal materials to 
more closely resemble conventional leather (Crawford et al., 2024, Zhao et al., 
2026).  

1.3.3. MECHANICAL PROPERTIES OF THE 
FUNGAL LEATHER 

The mechanical performance of fungal leather-like materials is strongly 
influenced by fungal strain, cultivation method, and post-processing treatments. 
Unlike leather, where collagen fibres provide a naturally aligned hierarchical 
structure, fungal materials rely mainly on the entangled hyphal network and the 
interaction between fungal cell wall polymers (chitin, chitosan, glucans, and 
proteins). Therefore, mechanical properties are commonly improved through 
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densification, plasticisation, chemical crosslinking, and the incorporation of 
reinforcing biopolymers. 

Most fungal leather research has focused on solid-state cultivation, as it enables 
the formation of continuous mycelial mats with interconnected hyphal networks. 
Raman et al. (2022) cultivated Fomitella fraxinea by solid-state fermentation and 
treated the mycelium mates with 20% polyethylene glycol and hot pressed at 120 
°C to reach increments in tensile strength and Young's modulus, from 1.4 to 7.2 
MPa and 1.4 to 6.7 MPa respectively which shows some level of crosslinking 
rather than just plasticisation.  Li et al. (2024) similarly grew Ganoderma lucidum 
and applied zinc-based crosslinking as an alternative to conventional chromium 
tanning, achieving a tensile strength of 7.0 MPa and a tear strength of 16.4 kN/m. 
Crawford et al. (2024) grew Ganoderma lucidum on a wheat flour base substrate 
with paste consistency and found mat thickness increased from 0.4–0.8 mm as-
grown to 1.4–2.6 mm after glycerol treatment and heat-pressing showing some 
kind of swelling effect of glycerol, with tensile strength varying according to mat 
homogeneity. Kniep et al. (2024) compared several solid-state-grown white-rot 
species (Fomes fomentarius, Pleurotus eryngii, and Trametes versicolor) 
reinforced with regenerated-cellulose felts and reported that materials made out 
of ground F. fomentarius mycelium pulp and T. versicolor composites showed the 
highest tensile strengths between 5 and 15 MPa. 

The mechanical properties of materials grown in SmF are generally highly 
dependent on posttreatments. Appels et al. (2020) produced Schizophyllum 
commune films from liquid shaken culture with an untreated tensile strength of 
5.0 MPa, which decreased to 1.8 MPa after treatment with 32% glycerol, while 
the strain at failure which resembles the flexibility, rose from 1.5% to 29.6%. 
Additionally, d’Errico et al. (2024) cultivated S. commune in liquid culture and 
found that crosslinking with 0.1% glutaraldehyde increased tensile strength from 
7.8 MPa (untanned) to 11.1 MPa. Song et al. (2025) cultivated Ganoderma sp. 
using submerged fermentation and applied a cyclic freeze-thaw dehydration 
process, achieving a tensile strength of 6.2 MPa and an elongation at break of 
18.9%. In a recent work, Tewari et al. (2026a) cultivated Aspergillus niger by 
submerged fermentation and reported a composite material of glycerol-treated 
fungal biomass, textile backing using a cotton knitted fabric 370 GSM, and a 
synthetic binder, which reached a tensile strength of 2.2 MPa and elongation at 
break of 178%. In a recent study Ahokas et al. (2026) reported tensile strength 
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between 11 to 19 MPa with 10 % elongation at break in large scale materials with 
nanocellulose reinforcement and plasticisation made with a special variant of 
Trichoderma reesei. 

In addition to fungal cultivation and use the mycelium of filamentous fungi, 
recent studies have explored the direct utilisation of mushroom fruiting bodies 
and spent mushroom substrate as alternative feedstocks for leather-like 
materials. A scalable fungal leather alternative from Agaricus bisporus processing 
residues was reported using a papermaking-inspired approach, where mushroom 
biomass was mechanically pulped into chitin–glucan-rich fibres, followed by wet-
laying, pressing, and drying to produce flexible sheets (Zhao et al., 2026). Unlike 
mycelium-based leather, where mechanical performance relies on an intact 
hyphal network, these materials derive their strength from the entanglements of 
chitin-glucan fibres and further reinforcement with cellulose fibres achieving 
tensile strengths of up to 20 MPa, elongations of 16–18%, and tear strengths of 
104–107 N mm⁻¹. Similarly, Zhao et al. (2025) demonstrated a broader fungal 
biorefinery approach by fractionating mushroom residues and spent mushroom 
substrate into multiple functional materials, including leather-like sheets, 
through mechanical fibre processing and post-treatment strategies. Glycerol 
plasticisation improved flexibility, increasing the tensile strain from approximately 
1% to 45%, while optimised spent mushroom substrate sheets achieved tensile 
strengths up to 42 MPa and Young’s modulus of approximately 5 GPa. These 
studies demonstrate an alternative route to fungal leather production based on 
fungal fibre reassembly and biomass valorisation, offering advantages in 
scalability and integration with existing fibre-processing technologies compared 
with conventional mycelium cultivation approaches. 

Collectively, these studies demonstrate that the performance of fungal leather is 
determined not by a single post-processing technique but by the synergistic 
effects of crosslinking, plasticisation, densification, reinforcement, and surface 
finishing. However, the lack of standardised processing protocols across fungal 
species and production systems remains a major challenge for comparing 
material performance and achieving industrial-scale manufacturing. 
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1.4. FOOD WASTE AS A SUBSTRATE FOR FUNGAL 
FERMENTATION  

According to the United Nations Sustainability Developments Goals (UNSDG) 
report published in 2025, the annual global food waste in 2022 was  more than 
1.05 billion tonnes which contributes to 8-10% of total greenhouse gas emissions 
and 1 trillion USD loss (United Nations Department of Economic and Social 
Affairs, 2025). This means that each person wastes 132 kg of food per year, while 
one in 11 people suffers from hunger and one in three cannot afford a healthy 
meal (United Nations Department of Economic and Social Affairs, 2025). To 
alleviate this global issue, the universally accepted 3R (Reduce, Reuse, and 
Recycle) method for solid waste management should be considered (Diaz, 2011). 
While reducing food waste remains the most effective and preferred approach, 
opportunities for direct reuse are often limited owing to safety concerns and 
subsequent laws once food is discarded. In such cases, recycling and valorisation 
offer the most viable pathways for mitigating the impacts of food waste by 
converting it into valuable products, such as bioenergy, chemicals, and bio-based 
materials, thereby supporting more circular and sustainable resource systems.   

BREAD WASTE  

Bread is one of the most consumed and wasted foods in the world, contributing 
to 12% of the total food waste (Dymchenko et al., 2023, Ananda et al., 2024). In 
Sweden, the annual bread waste is approximately 80,410 tonnes, equivalent to 
8.1 kg of bread waste per capita (Brancoli et al., 2019). Nonetheless, bread 
contains more than 50% starch, more than 10% protein, approximately 5% fat, as 
well as micronutrients, making it a valuable resource for valorisation via microbial 
fermentation (Dymchenko et al., 2023, Svensson et al., 2021b).  

Bread waste is a promising substrate for fungal cultivation, for producing value-
added products such as animal feed, pigments, ethanol, and bio-based materials, 
while closing the loop of bread production, consumption, and waste reuse 
(Dymchenko et al., 2023, Gmoser et al., 2020, Gmoser et al., 2021, Gmoser et al., 
2019, Svensson, 2024, Svensson et al., 2021b, Svensson et al., 2021c, Pietrzak 
and Kawa-Rygielska, 2014, Abbasi et al., 2026). Bread leftovers collected from 
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material performance and achieving industrial-scale manufacturing. 
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1.4. FOOD WASTE AS A SUBSTRATE FOR FUNGAL 
FERMENTATION  

According to the United Nations Sustainability Developments Goals (UNSDG) 
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and 1 trillion USD loss (United Nations Department of Economic and Social 
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meal (United Nations Department of Economic and Social Affairs, 2025). To 
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Recycle) method for solid waste management should be considered (Diaz, 2011). 
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materials, thereby supporting more circular and sustainable resource systems.   

BREAD WASTE  

Bread is one of the most consumed and wasted foods in the world, contributing 
to 12% of the total food waste (Dymchenko et al., 2023, Ananda et al., 2024). In 
Sweden, the annual bread waste is approximately 80,410 tonnes, equivalent to 
8.1 kg of bread waste per capita (Brancoli et al., 2019). Nonetheless, bread 
contains more than 50% starch, more than 10% protein, approximately 5% fat, as 
well as micronutrients, making it a valuable resource for valorisation via microbial 
fermentation (Dymchenko et al., 2023, Svensson et al., 2021b).  

Bread waste is a promising substrate for fungal cultivation, for producing value-
added products such as animal feed, pigments, ethanol, and bio-based materials, 
while closing the loop of bread production, consumption, and waste reuse 
(Dymchenko et al., 2023, Gmoser et al., 2020, Gmoser et al., 2021, Gmoser et al., 
2019, Svensson, 2024, Svensson et al., 2021b, Svensson et al., 2021c, Pietrzak 
and Kawa-Rygielska, 2014, Abbasi et al., 2026). Bread leftovers collected from 
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bakeries have been used in commercial-scale beer brewing by a UK-based 
company, and biofuel production by the Swedish company Lantmännen.  

 

LEMON PEELS 

Lemons are citrus fruits grown mainly in tropical and subtropical countries, with 
an annual production exceeding 20 million tonnes (Akanda and Mehjabin, 2025).  
Lemons are used on an industrial scale for juice production, and lemon peels, 
which usually account for 50% of the total weight of lemon fruit, have become a 
challenging waste, both environmentally and financially (Akanda and Mehjabin, 
2025, Suri et al., 2022). Traditional lemon peel handling methods include 
incineration, landfilling, composting, and animal feed (Zema et al., 2018).  

However, because lemon peels contain various essential oils, sugars, and 
cellulosic fibres, there is growing research interest in valorisation of lemon peels 
into higher-value products via chemical processes and microbial fermentation 
(Sharma et al., 2022, Lucarini et al., 2022, Núñez-Pérez et al., 2026). Some 
examples of these value-added products include ethanol (Kundu et al., 2021, Choi 
et al., 2015, Boluda-Aguilar and López-Gómez, 2013),  pectin (Gómez et al., 2016, 
Nuzzo et al., 2020), essential oils such as d-limonene, g-terpinene, and b-pinene 
(Martínez-Abad et al., 2020), and lignocellulosic fractions of lemon peels 
(Ververis et al., 2007, Patil et al., 2018, Scurria et al., 2021, Naz et al., 2016).  In 
addition to those, lemon peels or more commonly citrus peels have been used 
to prepare substrates for microbial cultivations to produce enzymes, microbials 
oils, and biomass for materials applications (Wahab et al., 2024, Senatore et al., 
2026, Shariq and Sohail, 2019, Wijayarathna et al., 2025a).        
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1.5.  AIM AND OBJECTIVES OF THIS STUDY   

Figure 3: The intersection between leather and fungi shows the attempt to bridge the 
performance of conventional leather with the environmental and ethical benefits of fungal-
based alternatives. 

The underlying hypothesis of this work is, filamentous fungal biomass submerged 
cultivated on food waste derived growth media be processed into materials with 
leather-like properties using tanning processing followed by wet-laid (paper 
production) method.  

Thus, the main aim of this study was to develop fungal-based alternative leather 
materials and tune their properties towards conventional leather via 
biotechnological, biomass processing and post treatment methods (Figure 3).  

To achieve this aim, the following objectives were designed:  

• To develop and scale up submerged cultivation of fungal mono- and co-
cultures using food waste-derived media to produce fungal biomass.  

• To process fungal biomass with vegetable tanning to enhance the 
structural and functional properties of the final material. 

• To isolate and process fungal- and plant-derived biopolymers, including 
chitin/chitosan from fungal biomass and fibrillated cellulose from lemon 
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peel residues, to be used as reinforcements in composite material 
development.  

• To fabricate fungal-based composite materials, evaluate and scale up the 
production process, and assess their structural and functional properties 
in relation to their potential as leather alternatives. 
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2. EXPERIMENTAL WORK 

Figure 4: Overview of the experimental work. Created in BioRender. Wijayarathna, E. R. K. B. 
(2026) 

2.1. MICROORGANISMS 

Two filamentous fungi were used in the experimental work in this thesis. The first 
was Rhizopus delemar (CBS 145 940), which belongs to the Mucoromycota 
phylum, and the other was Aspergillus oryzae (CBS 819 72), which belongs to the 
Ascomycota phylum. Both strains were purchased from Westerdjik Fungal 
Biodiversity Institute, Utrecht, The Netherlands. In PPaappeerrss  11  aanndd  22, monocultures 
of Rhizopus delemar were used, and in PPaappeerrss  33  aanndd  44, co-cultures of Rhizopus 
delemar and Aspergillus oryzae were used. These fungal strains were used as they 
are classified as bio-safety level (BSL) 1 strains, fast-growing, and can grow in 
minimum nutrient media (Marhendraswari et al., 2020). Moreover, R. delemar 
and A. Oryzae contain cell walls rich with chitin-chitosan and chitin-glucan, 
respectively (Svensson et al., 2021c, Svensson et al., 2022, Svensson et al., 2024).   

2.2. SUBSTRATES 

The main food waste used to prepare the substrates for fungal cultivation were 
unsold bread collected from nearby supermarkets (ICA Gruppen AB,  Borås, 
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20 
 

Sweden) and lemon peels collected from juice industries (Herrljunga Drycker, 
Herrljunga, Sweden and Rå Dryck, Welknox Health AB, Norrköping, Sweden). The 
as-received bread was broken into pieces by hand and dried at room temperature 
for 3–4 days, followed by milling into a powder of size ≤ 3 mm using a rotary dry 
mill (M 100, Retsch Technology GmbH, Germany). The bread powder was either 
directly suspended in water and used as substrate or enzymatically hydrolysed 
using heat-stable α-amylase (Sigma Aldrich) at 80 °C for 2 h using a commercial 
kettle (Digiboil 65 L, KegLand, Australia) to hydrolyse and solubilise starch. The 
resulting slurry was then filtered using 210 µm nylon filter bags (Brew bags, USA) 
to collect the nutrient-rich liquid fraction.  

The as-received wet lemon peels were crushed using a heavy-duty hand blender 
(Robot-Coupe, France). A 2 wt% suspension of crushed lemon in water was heat-
treated at 85 °C for 2 h using the same commercial kettle and filtered to collect 
the nutrient-rich liquid fraction. For pilot-scale cultivation, this lemon peel heat 
pretreatment was carried out in a 1300 L pilot-scale bubble column bioreactor. 

In PPaappeerr  11, a 4% (w/v) bread powder suspension in water was used as the culture 
medium. In ppaappeerr  22, a nutrient-rich liquid fraction collected from bread 
hydrolysis, adjusted to 4% (w/v), was used as the culture medium. For ppaappeerrss  33  
aanndd  44, the culture medium was prepared by mixing dried bread powder with the 
liquid fraction collected from lemon peel pretreatment (5% (w/v) bread 
suspension) (Figure 4).  

2.3. SUBMERGED FUNGAL CULTIVATION 

Submerged fungal cultivation was used in all cultivations. All fungal cultures were 
maintained on agar plates. Initial screening and process optimisation were 
performed in Erlenmeyer flasks. Scale up fungal cultivations were done in 
different levels including, 4.5 L bench scale, 26 L intermediate scale and 1300 L 
pilot scale bubble column bioreactors. The methods used are explained in detail 
in the following subsections.  

FUNGAL CULTURES MAINTAINING IN AGAR PLATES 

Both fungi, Rhizopus delemar and Aspergillus oryzae, were cultured and 
maintained on agar plates. In paper 1 and 2 Rhizopus delemar was maintained in 

21 
 

media composed of 20 g/L glucose, 4 g/L peptone and 17 g/L agar. In later 
studies, following the recommendations of the Westerdjik Fungal Biodiversity 
Institute, this medium was changed to malt extract agar containing 30 g/L malt 
extract, 3 g/L peptone, and 15 g/L agar. Aspergillus oryzae was maintained in 
potato dextrose agar (PDA) media, which contained 20 g/L glucose, 15 g/L agar, 
and 4 g/L potato infusion powder. To prepare spore suspension from fungal 
plates, 20 mL of sterile water was added, and the spores were scraped using a 
sterile L spreader. The spores suspended in the water were collected aseptically. 
For a new plate, 100 µL of spore suspension and for liquid submerged 
cultivations, 2% v/v spore suspension were used as the inoculum.  

 SUBMERGED CULTIVATIONS IN ERLENMEYER FLASKS 

Submerged cultivations in Erlenmeyer flasks were conducted mainly to analyse 
fungal growth in different culture media. For this, either 250 mL flasks with 100 
mL of cultivation substrate or 500 mL flasks with 200 mL cultivation substrate 
were used. The pH of the substrate in the flasks was adjusted to 5.5 prior to 
sterilisation. The flasks with substrate were sterilised using an autoclave at 121 
°C for 20 min. After sterilisation, the flasks were cooled, and spore suspension 
was added at 2 % v/v concentration as the inoculum. The cultivations were 
conducted for 48 h at 35 °C or 30 °C and 110 rpm in a water bath shaker. The 
biomass was harvested using a kitchen sieve and washed with MilliQ water at 
least twice to remove residual substrates. This harvested biomass was stored in 
Ziplock bags at 4°C for further analysis.  

 

SUBMERGED CULTIVATIONS IN BIOREACTORS 

Process was scaled up in bioreactors at different stages to prove scalability of the 
process, which also provided adequate amount of biomass for material 
development. Different bioreactor volumes (4.5 L – ppaappeerr  33, 26 L and 1300 L – 
ppaappeerrss  11,,22  aanndd  44) were used in different experiments. All fungal cultivations were 
carried out with 2% V/V inoculum at 30 °C or 35 °C temperature and at 1 VVM or 
0.75 VVM (volume of air per volume of liquid per minute) aeration. All bioreactors 
were in bubble column arrangement, and the following general methods were 
used in the cultivations. More information can be found in the research papers. 
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For bench scale 4.5 L bubble column bioreactors (Belach Bioteknik AB, Sweden) 
with a working volume of 3 L, the substrate was prepared at the desired 
concentrations and pH, and sterilised inside the reactor in an autoclave at 121 °C 
for 20 min. The sterile reactors were inoculated with 70 ml of spore suspension. 
Fungal cultivation was carried out for 48 h. Liquid samples for HPLC analysis were 
collected throughout the cultivation time. After 48 h, the biomass was harvested 
using kitchen sieves, with washing and filtration to remove unconsumed 
substrates. The harvested biomass was stored in Ziplock bags at 4 °C until further 
analysis or processing.  

For the pilot scale, cultivation was carried out in three stages. Initially, cultures 
grown in Erlenmeyer flasks were transferred to a 26 L bubble column bioreactor 
(Bioengineering AG, Switzerland) with a 20 L of working volume, followed by 
further scale-up to a 1300 L pilot-scale bubble column reactor (Knislinge 
Mekaniska Verkstad AB, Sweden) with a 1000 L of working volume. For 
sterilisation of substrates and reactors follow procedure was followed. Four flaks 
with 100 ml substrate and four 5 L bottles of substrate for 26 L bioreactor were 
sterilised using an autoclave at 121 °C for 20 min. The 26 L bioreactor was steam 
sterilised in situ at 121 °C for 20 min. The 1300 L bioreactor was first sterilised 
empty and then with cultivation substrate filled at 121 °C for 20 min (for 
hydrolysed bread cultivation – PPaappeerr  22) or 80 °C for 1 h (for bread powder 
suspension cultivation – PPaappeerr  11  and  44) with steam.  

Cultivation started with four 250 ml flasks with 100 ml of substrate inoculated 
with 2 ml spore suspension. After 24 h, this 400 ml of cultivation broth was used 
as the inoculum for the 26 L bioreactor. After another 24 h of cultivation in the 
26 L bioreactor, the total cultivation broth was harvested in aseptic conditions 
and used as the inoculum for the pilot-scale bioreactor. The pH of the 1300 L 
reactor cultivation substrate was adjusted to 5.5 using 10 M NaOH.  This final 
cultivation was carried out for 48 h. At the end of 48 h, the biomass was harvested 
by filtration using 210 µm nylon filter bags (Brew bags, USA) and washed with 
water to remove any unconsumed substrate. The harvested biomass was stored 
in Ziplock bags at  -18 °C until further use.  
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2.4. MONOCULTURES AND CO-CULTURES 

Fungal cultivation in ppaappeerrss  11  aanndd  22 was conducted with monocultures of 
Rhizopus delemar, whereas in ppaappeerrss  33  aanndd  44, co-cultures of Rhizopus delemar 
and Aspergillus oryzae were conducted. Single strain spore suspensions were 
used to prepare inoculum for monocultures, whereas a mixture of spores from 
both strains as different ratio was used in co-cultures. Additional information 
regarding this is available in ppaappeerr  33  aanndd  44.  

2.5. PRE-TREATMENT OF FUNGAL BIOMASS 

The harvested fungal biomass was subjected to different pretreatments to either 
treat the fungal proteins and polysaccharides with vegetable tannins or isolate 
the fungal cell wall fraction via alkali treatment. Tanning treatment of fungal 
biomass was used in all 44  ppaappeerrss, and isolation of fungal cell wall fraction via alkali 
treatment was done in ppaappeerrss  22  aanndd  44.  

TANNING 

For tanning treatment, a suspension of 30 g dry biomass /L of water (3% w/v) was 
prepared and ground either with a kitchen grinder (Bosch, Germany) for 5 times 
(1 min per pass) or with an ultrafine grinder (Masuko, Japan) 3 times at 2700 rpm 
and +50 µm gap, using MK E6-46 DD grinder stones for soft materials. The pH of 
the ground suspension was adjusted to 3.5 using HCl. Different commercial 
tannin powders namely Tara, Myrobalan, Chestnut, and Indusol ATO (Quebracho 
extracts) were added to the fungal biomass suspension at a concentration of 15 
g/l. Tanning pretreatment was continued for 8 days at room temperature with 
mechanical stirring. After 8 days, the unfixed tannins were washed and purged. 
The tanned biomass was stored at 4 °C until use. In PPaappeerr  44, the co-cultured 
fungal biomass was treated with Protease from Bacillus sp. (Protamex, P0029). 
For this treatment the ground biomass (with same method explained above using 
the ultrafine grinder) was treated with protease at 10 mg/g dry biomass in a 
rotary evaporator (Laborota 20, Heidolph Instruments, Germany) under total 
reflux at 60 °C and 60 rpm for 4 h. After treatment the biomass was filtered out 
and treated with chestnut tannin (15g/L) with the same method explained above.  
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g/l. Tanning pretreatment was continued for 8 days at room temperature with 
mechanical stirring. After 8 days, the unfixed tannins were washed and purged. 
The tanned biomass was stored at 4 °C until use. In PPaappeerr  44, the co-cultured 
fungal biomass was treated with Protease from Bacillus sp. (Protamex, P0029). 
For this treatment the ground biomass (with same method explained above using 
the ultrafine grinder) was treated with protease at 10 mg/g dry biomass in a 
rotary evaporator (Laborota 20, Heidolph Instruments, Germany) under total 
reflux at 60 °C and 60 rpm for 4 h. After treatment the biomass was filtered out 
and treated with chestnut tannin (15g/L) with the same method explained above.  
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ALKALI TREATMENT 

To isolate the fungal cell wall fraction, the harvested biomass was subjected to 
alkali treatment. First, a 3 % w/v suspension of fungal biomass was ground using 
an ultrafine grinder (Masuko, Japan) twice at 2700 rpm. Then, NaOH was added 
to the suspension to a final concentration of 0.1 M. The mixture was then heated 
to 121 °C for 20 min in an autoclave. The cell wall fraction was isolated as the 
alkali insoluble material by filtration and washed to neutral pH. The pH of the 
isolated cell wall fraction was further adjusted to 3 with 0.5 M Lactic acid. By 
doing that the amine groups of chitosan in the fungal cell wall were expected to 
be protonated thus forming a gel like material. This hydrogel was used in 
composites sheets in ppaappeerrss  22  aanndd  44.  

2.6. CELLULOSE FROM LEMON PEELS 

The solid residues of lemon peel, following the pre-treatment phase in the 
preparation of fungal cultivation substrates, were used as a source of cellulose. 
The intention was to purify cellulose and use it as a reinforcement for the fungal 
leather materials owing to the enhanced mechanical properties of cellulose. This 
work was executed in ppaappeerr  44 as a material property improvement strategy.  

CELLULOSE PURIFICATION 

To purify cellulose, initially, the residual solids were treated with 2% NaOH at 
80 °C for 2 h, followed by extensive washing and filtration until a neutral pH was 
reached. Various bleaching methods were evaluated, including hydrogen 
peroxide, xylanase, and a combination of hydrogen peroxide and sodium chlorite. 

For the xylanase pretreatment, the alkali-treated pulp was treated with 30 U/g 
(dry pulp basis) at pH 6 and 50 °C for 2 h (Nie et al., 2018). In the hydrogen 
peroxide bleaching, the pulp underwent two bleaching cycles using a solution 
containing 6% H2O2, 1% NaOH, and 1% trisodium citrate dihydrate at 60 °C for 
2 h, followed by washing to neutral pH (Wu et al., 2019). For sodium chlorite 
bleaching, the pulp was treated with 1.7% NaClO2 in acetate buffer (pH 4.5) at 
80 °C for 2 h and then washed thoroughly until neutral pH was achieved 
(Berglund et al., 2016). The residual pulp after different bleaching processes were 
analysed for cellulose purity. 
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CELLULOSE FIBRILLATION 

The purified cellulose fraction was fibrillated using an ultrafine grinder (Masuko, 
Japan) to produce fibrillated cellulose. For this, a suspension of purified cellulose 
in water (1%) was mechanically treated at 2700 rpm using MK E6-46 DD grinder 
stones for soft materials. The distance between the grinding stones was gradually 
reduced from +50 μm (open gap) to −100 μm (contact mode). Grinding was 
carried out continuously using a custom-made closed-loop circulation system. 
Samples were taken at multiple time intervals, and the viscosity was measured 
using a viscometer (A&D Vibro Viscometer SV-10, A&D Company). The grinding 
process was terminated once the viscosity reached a plateau, indicating that 
cellulose fibrillation was achieved (Berglund et al., 2016).  

2.7. DEVELOPMENT OF ALTERNATIVE LEATHER 
MATERIALS 

Fungal-based leather materials were produced using tanned biomass, isolated 
cell wall fraction, and fibrillated cellulose fractions using the wet-laid method. The 
sheets obtained after drying were subjected to different post-treatments to 
enhance their mechanical properties towards natural leather. Finally, the wet-
laying process was scaled up using dynamic sheet former.  

WET-LAID METHOD (SMALL SCALE) 

Small-scale wet-laid samples with diameters of 75 mm and 100 mm were 
prepared by filtering a biomass suspension on 30 µm pore size nylon membranes 
(Spectra Mesh® woven filters, Nylon, Thermo Fisher Scientific, USA) using 
laboratory vacuum funnels. The filter cake from the vacuum funnel was collected 
as a sheet and dewatered using blotting papers. Finally, the sheets were dried at 
room temperature by placing them on plastic sheets (plexiglass) and stacking 
them with plastic rings in between. To minimise shrinkage during drying, a weight 
of approximately 3 kg was placed on top of the stack.  
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SANDWICH COMPOSITES 

Sandwich composites were prepared using different combinations of wet-laid 
sheets, i.e., tanned biomass and cell wall fraction (PPaappeerr  22) and tanned biomass, 
cell wall fraction, and fibrillated cellulose (PPaappeerr  44). Sandwiching was performed 
using wet sheets. The composite sheets were pressed using an oil benchtop press 
at 12 kN for 5 min. Subsequently, the drying of the composite sheets was 
performed using the same method explained in Section 2.5.1.  

SCALE UP WET LAID MATERIALS 

Larger scale wet-laid sheets with the size of 210 mm x 840 mm  were made using 
a dynamic sheet former. Each suspension of tanned biomass, cell wall material 
and fibrillated cellulose was adjusted to 0.2% (w/v) with water and added to the 
reservoir tank equipped with a mechanical mixer. The rotating drum which had a 
cylindrical area of the sample size was covered with an 80 µm nylon filter. The 
drum rotation speed was set to 1200 rpm, and the suspension spray pump 
pressure was maintained at 2.5 bar.  Each 0.2% suspension was sprayed on to the 
rotating nylon filter evenly with the help of traverse movement of the nozzle and 
the centrifugal forces of the rotating drum. Following wet laying, the nylon filter 
carrying the wet cake was removed from the drum and dewatered using blotting 
paper. After achieving the desired level of dewatering, the sheets were dried 
between layers of blotting paper and clamped between perforated plexiglass 
sheets to maintain their dimensions during drying. 

2.8. POST PROCESSING OF THE MATERIALS 

Post-processing of the produced materials was conducted to enhance their 
mechanical properties. One main requirement was to increase flexibility; thus, 
different plasticisers, such as glycerol, poly(Ethelene) glycol (PEG), glycerol 
diglycidyl ether (GDE), and commercial fat liquors, were used. The process used 
in each work is explained in detail in the ppaappeerrss  11  ttoo  44  and briefly described here. 
To treat the glycerol sheets (in ppaappeerrss  11--44), the dried sheets were soaked in 20% 
v/v glycerol solution for 30 min to 1 h. The sheets were then dewatered with 
blotting papers and dried at room temperature. Glycerol, PEG and GDE all were 
tested as a plasticisers in ppaappeerr  44.  
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In addition to plasticising to improve mechanical properties and water repellence, 
a biobased binder (Lotus®, OrganoClick AB, Sweden) finish coating was applied to 
both sides of the glycerol-treated materials using a paintbrush. The treated 
sheets were dried at room temperature.  

2.9. CHARACTERISATION METHODS 

Different analytical methods were used to evaluate fungal cultivation, fungal 
biomass yield and composition, cellulose purification and yield, cellulose 
fibrillation, and material properties of the produced fungal alternative leather 
materials. The characterisation methods used are described in detail in the 
papers 1- 4.  

2.9.1. ANALYSIS OF SUBSTRATE, METABOLITE, 
AND YIELD IN FUNGAL CULTIVATION 

Liquid samples were taken from submerged cultivations (both Erlenmeyer flasks 
and bioreactors) to analyse the concentrations of glucose and other pentose 
sugars (sugar mix) as the main carbon sources in the substrate and ethanol as the 
main primary metabolite. The collected samples were centrifuged for 10 min at 
5000 × g, followed by filtration of the supernatant through 0.2 µm cellulose 
acetate syringe filters. The samples were analysed using high-performance liquid 
chromatography (HPLC) using a hydrogen-based ion-exchange column (Aminex 
HPX-87H; Bio-Rad, Hercules, CA, USA) at 60 °C, with 0.6 mL/min of 5 mM H2SO4 
as the mobile phase.  

The biomass yield was determined using gravimetric method. After cultivation, 
harvested biomass samples were placed into pre-weighed drying containers and 
dried in a laboratory oven at 70 °C for 24 h. The dried samples were then cooled 
in a desiccator to avoid moisture uptake before being weighed on an analytical 
balance. Biomass yield was calculated based on the final dry weight of the 
samples and the total wet weight of the collected biomass. 
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2.9.2. CHEMICAL ANALYSIS OF TANNED FUNGAL 
BIOMASS AND CELLULOSE PURITY 

The reaction between tannins and fungal biomass was analysed using Fourier 
transform infrared (FTIR) spectroscopy and nuclear magnetic resonance (NMR) 
spectroscopy. FTIR spectroscopy was used as a more qualitative measurement, 
and NMR spectroscopy was used to further confirm the interaction with more 
quantitative measures.  

The purity of the isolated cellulose fraction was analysed using elemental analysis 
(EA), and Fourier transform infrared (FTIR) spectroscopy. The as-received lemon 
peels, lemon peel solid residues after pretreatment (nutrient extraction), lemon 
peel pulp after alkali treatment, and bleached pulp were analysed using Sigmacell 
cellulose as the reference for pure cellulose. Prior to analysis, the samples were 
freeze-dried using a freeze dryer (Labconco FreeZone 84 C, Labconco 
Corporation, USA) and powdered using a ball mill (Retsch, Germany). 

FOURIER TRANSFORM INFRARED (FTIR) SPECTROSCOPY 

FTIR was used in all the ppaappeerrss  ((11  ttoo  44)). The samples were examined using an FTIR 
(Nicolet iS10, Thermo Fisher Scientific, USA) with 32 scans and a resolution of 4 
cm-1. The samples were kept in a desiccator for 24 h prior to the analysis to 
remove surface moisture. A background spectrum was first recorded and 
removed to reduce atmospheric noise. The spectra were then collected and 
analysed to understand the changes in bonds, thus relating them to functional 
groups to qualitatively analyse the tanned fungal biomass and cellulose purity. 

NUCLEAR MAGNETIC RESONANCE (NMR) SPECTROSCOPY 

The interactions between tannins and fungal biomass were further examined 
using nuclear magnetic resonance (NMR) spectroscopy (PPaappeerr  11). All spectra 
were acquired on a Bruker AVANCE-II spectrometer (Bruker Corporation, USA) 
operating at a 14.1 T magnetic field, employing a cross-polarisation pulse 
sequence with proton decoupling and a custom-built double-resonance magic-
angle-spinning (MAS) probe designed for 4 × 25 mm Si3N4 rotors. The samples 
were spun at 12.5 kHz, with a 2 ms ramped cross-polarisation pulse, and a 5 s 
relaxation delay between scans. A total of 12,600 accumulations were collected 
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for pure tannin, and 16,000 accumulations were recorded for the untreated and 
tanned fungal biomass samples to generate each spectrum.  

ELEMENTAL ANALYSIS (EA) 

For the analysis of the carbon, hydrogen and nitrogen, a CHNS elemental analyser 
(Thermo Fisher, USA) was used (PPaappeerr  44). Prior to the analysis, the ash contents 
of the samples were measured using TAPPI 211 om-02 method, and corrections 
were performed so that only the organic fraction was analysed with the EA. 
Duplicate samples were analysed, and the oxygen content was calculated by 
subtraction.  

2.9.3. MECHANICAL PROPERTIES OF THE 
MATERIALS 

The mechanical properties such as tensile strength and elongation % at the break 
of the produced fungal leather materials were analysed in PPaappeerrss  11  ttoo  44  with 
tensile testing. Prior to analysis, the sheet thickness was measured at five 
different positions using a Mitutoyo gauge (Japan), and the mean value was used 
as the input value to the tensile testing software (Horizon, Tinius Olsen, USA). In 
accordance with ISO 527-2 (2012), type 5A dog-bone test specimens were 
prepared from the sheets using a press knife (Elastocon, Sweden). Before the test, 
the specimens were conditioned for 24 h in a controlled environment at 23 ± 2 °C 
and 50 ± 5% relative humidity. The tensile tests were carried out on a HK10 
tensile testing machine (Tinius Olsen, USA) equipped with a 100 N load cell, using 
a 25 mm gauge length and a crosshead speed of 1 mm/min.  

2.9.4. MICROSCOPY  

Different microscopy techniques were employed to observe materials at different 
stages. To observe the fungal mycelium, an optical microscope was used. The 
biomass samples were diluted with water until separate mycelia were visible. An 
optical microscope was used to distinguish fungal strains in the co-culture 
biomass (PPaappeerr  33). 
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The cross-sectional structure and arrangement of the multilayer composites were 
examined using optical microscopy. Images were acquired using a Nikon Eclipse 
LV150NL transmission microscope and analysed using NIS-Elements BR software 
(version 5.41.01, 64-bit). 

Ultra-high field emission scanning electron microscopy (FE-SEM) was mainly used 
to observe the surface morphology of the produced fungal leather materials 
(PPaappeerr  11––33) and the surface of the fungal mycelia in the co-culture (PPaappeerr  33). For 
mycelia observation, the samples were prepared by rapid freezing followed by 
freeze drying. To observe the material surface, final dried sheet materials were 
used. Coating of samples were done either with Pt/Pd or gold. Different voltages 
ranging from 1 kV to 25 kV were used to obtain clear and detailed images.  

2.9.5. MATERIAL COMPARISON WITH ASHBY’S 
CHARTS 

To compare the produced material properties with those of commercially 
available materials, Ashby’s material selection charts software developed by Prof. 
Mike Ashby was used. The fungal sheet properties were assessed using Granta 
EduPack 2025 R2 (version 25.1.2, Ansys Inc., USA) and compared with the natural 
leather data available in the software’s database. To carry out the comparison, 
Young’s modulus, and density were plotted against each other. 
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3. RESULTS AND DISCUSSIONS 
This section outlines the main results and related discussions on the 
development of fungal leather material from submerged cultivated fungal 
biomass on food waste-derived substrates.  Fungal cultivation was carried out as 
both monocultures of Rhizopus delemar and as co-cultures of Rhizopus delemar 
and Aspergillus oryzae, with proofs on scale-up conducted in pilot scale (1300 L). 
The harvested biomass was subjected to pre-treatment with vegetable tannin 
and alkali to produce tanned biomass and isolate the fibrous fungal cell wall 
fraction, respectively. Cellulose was extracted from lemon peel waste and 
fibrillated mechanically. Finally, materials were produced using tanned biomass, 
cell wall fraction, and fibrillated cellulose. The produced materials were 
characterised to compare their properties with those of natural leather, and 
prototypes were produced to exhibit workability.  

3.1 FUNGAL MONOCULTURE AND CO-CULTURE 

Early fungal cultivation was performed in monocultures using only Rhizopus 
delemar (PPaappeerrss  11  aanndd  22), which was later changed to co-cultures of Rhizopus 
delemar and Aspergillus oryzae (PPaappeerrss  33  aanndd  44). 

3.1.1. MONOCULTURES OF RHIZOPUS DELEMAR 

Monoculture of Rhizopus delemar was adapted from Svensson et al. (2021b). The 
substrate concentration was maintained at 4% to harvest an optimal amount of 
fungal biomass in a shorter cultivation time (48 h)  with reduced unconsumed 
bread particles in the harvested biomass following the optimisation studies 
carried out by (Svensson, 2024). The same substrate concentration was used 
when fungal cultivation was conducted in bread powder suspension medium and 
bread hydrolysate medium. In both suspended bread and hydrolysed bread 
substrates R. delemar showed a good growth with dispersed mycelium, indicating 
that the bread substrate provided sufficient nutrients to support fungal growth. 
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3.1.2. FUNGAL-FUNGAL CO-CULTURES OF 
RHIZOPUS DELEMAR AND ASPERGILLUS 
ORYZAE 

For co-culture, the symbiotic growth of the two fungal strains was initially 
confirmed on agar plates, followed by submerged cultivation in semi-synthetic 
media (Figure 5A, B and C). In both agar plates and Erlenmeyer flasks, the two 
strains grew together without any inhibition. Additionally, the inherent pelletised 
growth of A. oryzae (Miyazawa et al., 2020) was not observed in submerged 
cultivation; thus, a fungal biomass containing dispersed mycelium was harvested 
from the co-cultivation (Figure 5D).  

The scanning electron microscopy (SEM) analysis provided further insight into the 
differences between fungal hyphae from monocultures and co-cultures and their 
relationship with pellet formation. A. oryzae monoculture hyphae showed 
“fibrous decorations” on their surfaces (Figure 5 E), which are associated with 
extracellular polysaccharides (EPS) as explained by (Miyazawa et al., 2019), 
whereas R. delemar hyphae exhibited comparatively smooth and clean surfaces 
(Figure 5 F). In the co-culture, the hyphal surfaces were generally smoother and 
contained considerably less EPS, although hyphae resembling both fungal species 
could be distinguished, further supporting their simultaneous growth (Figure 5 G 
& H). EPS on the surface of A. oryzae can promote adhesion between adjacent 
hyphae and thereby contribute to aggregation and pellet formation (Miyazawa et 
al., 2018, Miyazawa et al., 2019). Therefore, the reduced EPS observed during co-
cultivation may have weakened hyphal aggregation and contributed to the shift 
from the characteristic pelletised growth of A. oryzae towards a more dispersed 
mycelial morphology.  

For co-culture scale-up, cultivations with a 5% bread suspension prepared in the 
liquid fraction obtained from lemon peel pretreatment were used (optimisation 
is in PPaappeerr  33). 
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Figure 5: Optical microscope images of Aspergillus oryzae (A), Rhizopus delemar (B) and co-
culture (C). The red arrows show septa. Erlenmeyer flaks in D show the submerged cultivation 
growth morphologies of co-culture (Co), Aspergillus oryzae (AO) and Rhizopus delemar (RD). 
SEM images of: (E) A. oryzae with surface EPS, (F) smooth R. delemar hyphae; and (G & H) co-
culture hyphae with reduced EPS and smooth surfaces. (adapted from PPaappeerr  33 (Wijayarathna 
et al., 2026)) 
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3.2. ANALYSIS OF FUNGAL GROWTH  

SmF was used in all studies related to this thesis because of its advantages, such 
as higher biomass yield in shorter time due to better mass transfer, better process 
control, and fewer chances of contamination, especially when batch cultivation 
is considered (Patil et al., 2016, Cerrone and O’Connor, 2025). As the SmF 
substrate, a bread powder suspension in water was used in ppaappeerr  11, nutrient-rich 
liquid fraction from bread powder hydrolysis with α-amylase was used in ppaappeerr  
22, and for co-cultures in ppaappeerrss  33  aanndd  44, a bread suspension in nutrient-rich liquid 
extracted from lemon peel pretreatment was used.  

Figure 6: A – Biomass yields (g dry biomass/g dry bread) of pilot-scale cultivation, Harvested 
fungal biomass from 4% bread powder suspension in water – B, 4% liquid fraction from bread 
hydrolysis – C, 5% bread powder suspension in lemon pretreated liquid – D. 
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All three cultivations were scaled up until 1300 L polit scale. The harvested 
biomass yields from the pilot-scale reactors are shown in Figure 6A and images 
of harvested biomass from each reactor cultivation is shown in Figure 6B, C and 
D. The co-culture biomass yield (0.22 g/g) was the highest, whereas the 
monoculture cultivated in hydrolysed bread liquid fraction recorded the lowest 
biomass yield of 0.072 g/g. The higher yields when suspended bread powder 
media was used show the complete nutrition fungi receives on one side and the 
effect of unconsumed bread particles entangled in the harvested biomass on the 
other side. In their work on producing mycelium leather with freeze thaw method 
using Ganoderma spp. Song et al. (2025) have reported a higher yield of ≈ 0.23 
g/g with 7 days cultivation in a semi synthetic medium. Similarly, higher biomass 
yield of 0.24 g/g is reported for A. oryzae cultivated on bread hydrolysate and 
inherently higher yields for A. oryzae than R. delemar was reported in literature 
(Svensson, 2024).  

The consumption of glucose as the main carbon source and ethanol as the main 
metabolite were analysed using high-performance liquid chromatography 
(HPLC). When Rhizopus delemar (RD) monoculture grew, an accumulation of 
glucose hydrolysed from starch in bread took place until approximately 40 h, 
followed by the consumption of all the glucose and other sugars by 48 h of 
cultivation. The same trend of glucose accumulation with R. delemar cultivation 
in 5% bread suspension media was observed by Svensson (2024).  

In contrast, when Aspergillus oryzae (AO) monoculture grew, both starch 
conversion to glucose and consumption of glucose by A. oryzae happened 
efficiently, thus no accumulation of glucose took place. Similar glucose 
consumption observation was done when A. oryzae cultivated in bread 
hydrolysate (Svensson et al., 2024). When both strains were co-cultured, the best 
condition was when A. oryzae and R. delemar were inoculated same time (0 h) 
and the spore suspension volume ratio was at 9:1. In that condition glucose 
accumulation continued until 28 h and afterwards all the glucose was consumed 
at 48 h. The yield of ethanol in co-culture at 48 h (≈12 g/l) was noticeably higher 
than the average ethanol yield of 9 g/l in monocultures. This higher ethanol 
production in the fungal co-culture could be due to the lack of access to dissolved 
oxygen owing to denser biomass growth (Satari and Karimi, 2018).  
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Figure 7: A - Glucose concentration (g/l) and B - Ethanol concentration (g/l) change throughout 
the cultivation time in optimal co-culture, Aspergillus oryzae (AO) monoculture and Rhizopus 
delemar (RD) monoculture 

3.3. PRE-TREATMENT OF HARVESTED FUNGAL 
BIOMASS 

The harvested fungal biomass from different cultivation conditions was subjected 
to two different pre-treatments, tanning and alkali, to obtain raw materials for 
fungal leather production. In tanning, the fungal biomass was mixed with 
commercial vegetable tannins used in the leather industry to stabilise the 
proteins, and in the alkali pre-treatment, the fungal biomass was subjected to 
mild sodium hydroxide heat treatment to isolate the fungal cell wall material.  

3.3.1. FUNGAL BIOMASS TANNING  

In this thesis the first demonstration of tannin treatment of fungal biomass for 
leather production was conducted and was first reported in ppaappeerr  11 and used in 
all subsequent papers. The purpose of tanning was to stabilise the fungal proteins 
(Bule et al., 2020), thereby improve flexibility and mechanical stability  of the final 
material. The conditions for tanning treatment (≈100 rpm for 8 days at 25 °C) 
were obtained from the literature (McLaughlin et al., 1946) on tanning of animal 
hides and maintained throughout the whole thesis. The reaction between fungal 
biomass and vegetable tannins was analysed using both Fourier transform 
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infrared spectroscopy (FTIR) (Figure 8) and nuclear magnetic resonance 
spectroscopy (NMR) (Figure 9). As tannins bind to polysaccharides and proteins 
(Aldred et al., 2009), the corresponding spectral changes were assessed. 
Compared to Rhizopus delemar monoculture biomass (RD), the tanned biomass 
(RD-T) showed reduced absorbance at 1050 cm⁻¹, attributed to C–O stretching in 
carbohydrates (Salman et al., 2010). Additionally, variations in the 1200–1700 
cm⁻¹ region, associated with amino groups and C–N stretching in proteins 
(Sivakesava et al., 2004, Salman et al., 2010), indicate interactions between 
tannin and fungal biomass.  

 

Figure 8: FTIR sepctra of Rhizopus delemar untreated biomass (RD) and tanning treated 
biomass (RD-T). (from PPaappeerr  11 (Wijayarathna et al., 2022)) 

In addition to FTIR analysis, 13C nuclear magnetic resonance (NMR) spectroscopy 
provided more concrete evidence of the interactions between tannin and fungal 
biomass. The influence of tannin was evaluated by incrementally adding the pure 
tannin spectrum to that of untreated biomass (RD); the closest approximation of 
the tannin-treated sample (RD-T) was achieved using RD + 0.22 × tannin, 
although peak shifts and intensity changes indicated interactions rather than 
simple spectral addition (Figure 9). While chitin and chitosan signals (60–104 
ppm and ~175 ppm) remained largely unchanged, noticeable differences were 
observed in the carbonyl region (~182 ppm) and aliphatic region (10–50 ppm), 
associated with proteins and lipids. These changes, including peak broadening 
and shifts, suggest reduced mobility and conformational alterations of proteins 
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due to hydrophobic and hydrogen-bonding interactions with tannins, leading to 
association of previously free protein structures. 

 

 

Figure 9: Soild state NMR spectra of Rhizopus delemar untreated biomass added to 0.22 x 
pure tannin spectra (RD + 0.22 * Pure Tannin)  and tannin treated biomass (RD-T) (from PPaappeerr  
11 (Wijayarathna et al., 2022)). 

Similar FTIR spectra were obtained from the tanned biomass obtained from the 
co-culture (Figure 10). The amide bands at 1640, 1540, and 1232 cm⁻¹, along with 
the C–N band near 1406 cm⁻¹, were less distinct, indicating interactions between 
tannin and fungal proteins (Kosa et al., 2017). In addition, a shift in the 
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carbohydrate peak at 1020 cm⁻¹ in the tanned biomass indicates the affinity of 
tannins for polysaccharides (Aldred et al., 2009). 

 

 

Figure 10: FTIR spectra of co-culture biomass and tanning treated co-cultured biomass. 
(adapted from PPaappeerr  33 (Wijayarathna et al., 2026)). 

3.1.1 ALKALI TREATMENT TO ISOLATE THE FUNGAL 
CELL WALL  

The fungal cell wall contains biopolymers such as chitin, chitosan, and glucan that 
can be used as reinforcement in composite materials (Delattre et al., 2023).  Thus, 
the cell wall of Rhizopus delemar rich in chitin and chitosan was isolated using 
mild alkali treatment, as described in Paper 2. By protonating the amine groups 
in chitosan in the cell wall fraction using lactic acid, a hydrogel can be produced 
(Figure 11), and this hydrogel gel was used as a spinning dope to produce 
monofilaments (Lindh et al., 2024, Wijayarathna et al., 2023, Svensson et al., 
2021c).  In Papers 2, and 4, the fungal cell wall hydrogel containing protonated 
chitosan was used as the middle layer in sandwich composite sheets.    
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Figure 11: Isolated cell wall material from Rhizopus delemar (left) and lactic acid protonated 
cell wall hydrogel (right) 

3.4. CELLULOSE FROM LEMON PEELS 

In the paper 4, solid residues from lemon peel pretreatment were used to purify 
cellulose. By treating this residue with alkali, the hemicellulose content was 
reduced. After bleaching with NaClO2 and washing, the remaining pulp became 
white. The cellulose pulp yield was 25.3% . This is a higher yield than previously 
reported works that reported cellulose yields (12.7% and 19.5%) from lemon 
peels (Ververis et al., 2007, Wijayarathna et al., 2025a). 

3.4.1. PURIFIED CELLULOSE CHARACTERISATION 

Solid samples from each purification step from as received lemon peel to 
bleached samples were analysed using FTIR (Figure 12). The shoulder peak at 
1510 cm-1 which related to aromatic skeletal vibrations of lignin was visible in 
both raw lemon peel spectrum and the spectrum after nutrient recovery and 
minimised after alkali treatment (Md Salim et al., 2021). The cellulose 
characteristic peaks at 897 and 1160 cm-1 became more visible in spectra of 
bleached samples (Yue et al., 2023). Additionally, FTIR spectral analysis was used 
to assess the most effective bleaching method for cellulose purification from 
lemon peel solid residues (Figure 12). In the NaClO2 treated sample, the 
absorption peak observed at approximately 1730 cm-1, which was associated with 
the C=O stretching of the carboxyl and acetyl groups from the hemicellulose, and 
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the peak at 1510 cm-1 for lignin aromatic skeletal vibrations were absent (Yue et 
al., 2023). Furthermore, the distinct asymmetric and symmetric C-H stretching 
vibrations at 2850 cm-1 and 2920 cm-1 merged into a broad peak. These spectral 
changes suggest the effective removal of lignin, pectin, and hemicellulose from 
the sample during the NaClO2 bleaching process (Yang et al., 2007, Chien et al., 
2018, Md Salim et al., 2021). The peak related to moisture at 1600 cm-1 is the 
major difference between the NaClO2 bleached and Sigmacell cellulose (pure 
cellulose) spectra. Otherwise, both spectra display nearly identical cellulose 
characteristic peaks, demonstrating the successful purification of cellulose from 
lemon, showing the effectiveness of alkali treatment and bleaching.  

The FTIR spectra of other cellulose purification methods i.e.: H2O2 once,  H2O2  

twice, and xylanase and H2O2 twice show the cellulose characteristic peaks at 898 
and 1160 cm-1 but the peaks related to hemicellulose, pectin and lignin were 
noticeably visible showing the purification was not completely effective. 
Therefore, based on the FTIR spectral analysis, NaClO2 treatment demonstrated 
the highest cellulose purification efficiency among the evaluated methods.  

 

Figure 12: FTIR spectra of step-by-step solids analysis from lemon peel to purified cellulose 
with different bleaching methods  
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Elemental analysis results are shown in the Figure 13. The reference Sigmacell 
cellulose contained only carbon, hydrogen, and oxygen. The native lemon peel 
contained 1.7% nitrogen and 40.9% carbon. This nitrogen could be due to the 
trace amounts of proteins available in lemon peel and compounds such as 
alkaloids, which give the bitter taste of the lemon peel (Gualdani et al., 2016, 
Munir et al., 2024).  

Figure 13: Elemental analysis of lemon peel cellulose purification. (From PPaappeerr  44) 

After alkali treatment, the nitrogen content was significantly reduced (p = 0.000) 
to 0.04%. The composition of other elements, such as carbon and hydrogen, were 
slightly lower but closely related to those of Sigmacell cellulose. There was no 
difference between alkali treated lemon peel and bleached lemon peel 
composition. These results show that the purification step of cellulose was 
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successful; however, the results also confirm that the recovered pulp was not 
100% pure cellulose. 

3.4.2. CELLULOSE FIBRILLATION 

The purified cellulose pulp was diluted to a 1% suspension with Milli-Q water and 
subsequently fibrillated mechanically.  

Figure 14: Changes in the viscosity of cellulose suspension during the fibrillation process (from 
PPaappeerr  44). 

The fibrillation was analysed using the viscosity of the samples collected at 2 min 
intervals (Figure 11). The viscosity increased and plateaued after approximately 
1 h of processing time.  The viscosity increment and plateauing indicates fibre 
disintegration and strong fibrillated network formation (Berglund et al., 2016). In 
a recent study Wijayarathna et al. (2025a) used a similar method, and obtained 
nano fibrillated cellulose, which was confirmed by atomic force microscopy 
(AFM) and scanning electron microscopy (SEM). This fibrillated cellulose 
suspension was used as a reinforcement in the preparation of fungal materials.  
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Elemental analysis results are shown in the Figure 13. The reference Sigmacell 
cellulose contained only carbon, hydrogen, and oxygen. The native lemon peel 
contained 1.7% nitrogen and 40.9% carbon. This nitrogen could be due to the 
trace amounts of proteins available in lemon peel and compounds such as 
alkaloids, which give the bitter taste of the lemon peel (Gualdani et al., 2016, 
Munir et al., 2024).  

Figure 13: Elemental analysis of lemon peel cellulose purification. (From PPaappeerr  44) 

After alkali treatment, the nitrogen content was significantly reduced (p = 0.000) 
to 0.04%. The composition of other elements, such as carbon and hydrogen, were 
slightly lower but closely related to those of Sigmacell cellulose. There was no 
difference between alkali treated lemon peel and bleached lemon peel 
composition. These results show that the purification step of cellulose was 
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successful; however, the results also confirm that the recovered pulp was not 
100% pure cellulose. 

3.4.2. CELLULOSE FIBRILLATION 

The purified cellulose pulp was diluted to a 1% suspension with Milli-Q water and 
subsequently fibrillated mechanically.  
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3.5. FUNGAL BASED ALTERNATIVE LEATHER 
MATERIALS 

Fungal biomass consists of microfibrillar mycelium which becomes swollen and 
pulp like behaviour when subjected to vegetable tanning. In PPaappeerr  11  both 
untreated fungal biomass and tanning treated biomass of R. delemar 
monoculture was used in wet laying to produce “nonwoven mats”. As the 
mycelium has microfibrillar structure, filtration went smoothly without clogging 
the 30 µm nylon filter membrane used in the laboratory vacuum funnel setup.  
When the amount of dry matter per filter cake area calculated by grams per 
square meter (GSM) was 100 or more, it was easier to remove the filter cake from 
the filter membrane.  

Figure 15:Rhizopus delemar biomass sheet (A), tannin treated Rhizopus delemar biomass 
sheet (B), SEM image of Rhizopus delemar biomass sheet (C), SEM image of tannin treated 
Rhizopus delemar biomass sheet (D) (From PPaappeerr  11  (Wijayarathna et al., 2022)) 

The dried sheets made of untreated fungal biomass showed more paper-like and 
brittle behaviour with a tensile strength of 19.9 MPa and a low elongation at 
break of approximately 2% (Table 1). The tanned fungal biomass material had an 
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improved flexibility thus easily foldable without breaking however the physical 
appearance was still looked more like a paper (Figure 15 A and B). The brittleness 
of RD sheets may be attributed to the dense packing of fine hyphae (Figure 15 C), 
resulting in a compact, non-porous structure. Tanning produced swollen, thicker 
hyphae and a more porous structure (Figure 15 D), which may have contributed 
to the improved flexibility of RD-T sheets. Plasticisation with glycerol and coating 
with biobased binder enhanced the flexibility of the material. Additionally,  the 
material appearance changed from paper-like to leather-like.  

In PPaappeerr  22 multilayer composite materials using R. delemar monoculture biomass 
tanned with four different commercial tannins and isolated cell wall material 
which contains biopolymers such as chitin and chitosan were produced 
mimicking the layered tightness gradient of collagen fibres in animal hide. Unlike 
the tanned biomass, the nonwoven mat made of cell wall material was not easy 
to remove from the nylon membrane. This could be due to the gelling nature of 
the cell wall material used. Gelation was induced by addition of the lactic acid to 
the cell wall material which protonated the amine group in chitosan and enhance 
the homogeneity and consistency of the cell wall materials significantly 
(Wijayarathna et al., 2024). As the dewatering of the nonwoven mat made of cell 
wall material was hard, the composite arrangement was done in wet form 

Accordingly, the nonwoven sheet made of cell wall material was placed on the 
top of a sheet made of tanned biomass and subsequently sandwiched by another 
sheet of tanned biomass. After bench pressing and drying the three layers of the 
composite were bound to each other well due to the binding and glue-like nature 
of the cell wall hydrogel (Figure 16 A and B). The tensile strengths of composite 
sheets from different tannin types were between 15.1 and 20.5 MPa  (Table 1) 
showing the middle  layer (cell wall material) behaved both as a binder and a 
reinforcement (PPaappeerr  22)).  
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Figure 16: The three layer sandwich structure of tanned biomass and cell wall material 
(AA direct cross-sectional view, BB cross-sectional view from top with slant cut edge). (From 
PPaappeerr  22 (Wijayarathna et al., 2025b)) 

The co-culture approach investigated in PPaappeerr  33 resulted in a tanned biomass 
single layer sheet with a tensile strength of 11.7 MPa (Table 1) which is higher 
than tanned biomass single layer sheet of R. delemar monocultures (9.2 and 9.6 
MPa). This shows that when Aspergillus oryzae and Rhizopus delemar are grown 
together, the fungal mycelia in the hybrid biomass are mechanically better than 
Rhizopus delemar monocultures and potentially have a higher affinity toward 
vegetable tannins. However, the sheet made of tanned biomass from co-culture 
was brittle (elongation at break of 0.85%).  

To reduce the brittleness, further biological modification of the co-culture 
biomass was carried out through enzymatic treatment, analogous to the bating 
process in leather manufacturing, Bating is the process where animal hide is 
treated with carefully designed proteases to remove the residual proteins to 
isolate collagens (McLaughlin et al., 1946). Accordingly, in PPaappeerr  44 the fungal 
biomass was subjected to protease treatment to reduce the brittleness. The 
Protease treatment alone maintained tensile strength near that of the tanned co-
culture material from Paper 3 with improved flexibility, whereas combined 
protease-tannin treatment increased tensile strength to 15.2 MPa (Table 1). 
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Table 1: Mechanical properties of the fungal leather alternatives (RD – Rhizopus delemar, T – 
Tannin , G – glycerol, B – Biobased binder, C – Composites, Co – co-culture, Pro – protease 
treated, CW – cell wall material, CE – cellulose, PEG – polyethylene glycol, GTE – glycerol 
diglycidyl ether) (CW90CE10 – mixture of cell wall material and cellulose at 90:10 ratio) 

SSaammppllee  
TTeennssiillee  

ssttrreennggtthh  
((MMPPaa))  

EElloonnggaattiioonn  
aatt  bbrreeaakk  

((%%))  

YYoouunngg''ss  
mmoodduulluuss  

((GGPPaa))  

DDeennssiittyy  
((kkgg//mm33))  PPaappeerr  

RD 19.9 ± 0.9 2 ± 0.3 1.4 ± 0.1 903 ± 19 

1 
RD-T 9.6 ± 0.6 2 ± 0.2 0.8 ± 0.1 654 ± 19 

RD-TG 2.7 ± 0.2 16 ± 1.5 0.2 ± 0.0 717 ± 22 

RD-TGB 6.9 ± 0.5 17 ± 1.6 0.2 ± 0.0 824 ± 45 

Tara C 20.5 ± 0.3 7.2 ± 1.1 0.9 ± 0.2 1055 ± 25 

2 

Tara C GB 6.9 ± 0.2 13.9 ± 1.6 0.4 ± 0.0 1075 ± 25 

Myrobalan C 15.1 ± 1.9 6.0 ± 1.1 0.6 ± 0.2 986 ±34 

Myrobalan C GB 6.3 ± 0.6 14.8 ± 1.0 0.3 ± 0.0 1110 ± 2 

Chestnut C 16.0 ± 0.9 6.6 ± 0.6 0.8 ± 0.1 918 ±17 

Chestnut C GB 8.0 ± 0.0 12.4 ± 0.2 0.4 ± 0.1 1090 ± 20 

Indusol Ato C 19.0 ± 0.8 6.6 ± 0.5 0.9 ± 0.2 974 ± 20 

Indusol Ato C GB 6.8 ± 0.4 11.5 ± 0.6 0.3 ± 0.1 944 ± 4 

Co - T  11.7 ± 2.0 0.9 ± 0.1 1.6 ± 0.1 687 ± 23 
3 Co – TG 3.0 ± 0.1 8.0 ± 1.5 0.3 ± 0.0 895 ± 29 

Co – pro 10.0 ± 2.2 1.3 ± 0.3 1.0 ± 0.0 1071 ± 86 

4  

Co - Pro – T 15.2 ± 2.3 1.6 ± 0.2 1.3 ± 0.1 798 ± 62 

Co - Pro T-CW-T 20 ± 2.8 1.9 ± 0.5 1.5 ± 0.0 1719 ± 68 

Co - Pro T-CW90CE10-T 18.9 ± 3.4 1.8 ± 0.5 1.5 ± 0.1 1428 ± 59 

Co - Pro T-CW80CE20-T 17.5 ± 0.2 2.1 ± 0.2 1.2 ± 0.1 995 ± 46 

Co - Pro T-CW80CE20-T G 7.1 ± 0.4 11.9 ± 1.0 0.3 ± 0.1 1536 ± 75 

Co - Pro T-CW80CE20-T PEG 13.8 ± 0.6 3.4 ± 0.6 0.9 ± 0.0 1309 ± 74 

Co - Pro T-CW80CE20-T GDE 17.7 ± 1.6 2.8 ± 0.6 1.0 ± 0.1 1522 ± 44 

 

Additionally, multilayer composite materials produced incorporating the 
fibrillated cellulose and the cell wall material from co-culture biomass were also 
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explored in PPaappeerr  44. Those composite materials in achieved tensile strengths in 
the range of 17.5 to 20 MPa with an elongation of break around 2%. To improve 
the flexibility three plasticisers (Glycerol, polyethylene glycol (PEG) and Glycerol 
diglycidyl ether (GDE) ) were tested. Out of the three plasticisers used glycerol 
has the highest effect with elongation at break increment from 2 to 12%. 
However,  a consistent trend observed throughout the studies (PPaappeerrss  11  ttoo  44) was 
an inverse relationship between tensile strength and elongation at break. 
Treatments that increased material flexibility generally resulted in lower tensile 
strength. This behaviour is characteristic of plasticised polymer networks, where 
increased molecular mobility enhances deformability at the expense of load-
bearing capacity (Reinecke et al., 2011). Similar behaviour has been reported for 
mycelium-based materials produced with Schizophyllum commune which 
progressively increased strain at failure while reducing tensile strength at higher 
glycerol concentrations (Appels et al., 2020).  

The tensile strengths values obtained in this thesis are above the average of 
mycelium-based leather cited in literature. Xu et al. (2025) reported mycelial 
leather materials cross-linked with dialdehyde carboxymethyl cellulose with a 
tensile strength of 2.18 MPa using Ganoderma mushroom via solid state 
fermentation. The materials made from  Schizophyllum commune showed tensile 
strengths of 7.8 MPa and 11.1 MPa when plasticised with glycerol and crosslinked 
with glutaraldehyde respectively (d’Errico et al., 2024). Zhao et al. (2026) 
managed to reach a tensile of 20MPa by using the cell wall fraction of discarded 
Agaricus bisporus mushroom stems. The tensile strength results achieved in this 
study are even higher that some of the commercialised fungal, plant and 
polymer-based leather alternatives such as Reishi™ (12.5 MPa), Mylea™ (11 
MPa), Forager™ (12 MPa), Muskin™ (0.2 MPa), Appleskin™ (14 MPa) and 
Pinatex™ (4.5 MPa)(Meyer et al., 2021, Zhao et al., 2026). Additionally, the 
elongation at break of mycelium-based leather alternatives reported in the 
literature ranges from 1% to 20%, with values reaching up to 80% for some 
commercial fungal leather alternatives (Zhao et al., 2026, Meyer et al., 2021, 
d’Errico et al., 2024) depending on the plasticising treatments and polymer-
based coatings.  

Larger scale material production was done using a dynamic sheet former to 
exhibit the feasibility of scale up fungal leather materials production via wet laid 
method (Figure 17 A,B,C & D). The formation of the material on the nylon filter 
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inside the rotating drum took place successfully after few trials. Multilayer sheets 
were easily formed by spraying suspensions one on top of the other. Taking out 
the formed sheet from the drum was done facing challenges due to the wet 
weight of the multilayer composite sheets. The dewatering of the formed sheet 
was done using blotting papers consecutively. The dried sheets were plasticised 
with glycerol and coated with biobased binder. 

 

 

Figure 17: Large scale wet laid materials production. A - dynamic sheet former, B - material 
drying by clamping between blotting papers and perforated plexi glass, C - wet laying drum of 
dynamic sheet former, D - Wet laid multilayer sheet collected from the dynamic sheet former 
((PPaappeerr  44)).. 
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To compare the properties of the materials developed in this study with natural 
leather, an Ashby’s plot (Figure 18) was used. On the plot materials made with R. 
delemar monocultures are closely related to conventional leather. The co-culture 
composites exceed the young’s modulus range of conventional leather while 
maintaining similar densities highlighting their brittleness. Additionally, the lower 
density of single layer sheets and higher density of composite sheets shows the 
composite materials reached to more compacted structure with the 
incorporation of cell wall material and fibrillated cellulose.  

 

Figure 18: Ashby's plot of Young's modulus vs density comparing the materials made with 
natural leather (Plotted using Ansys Granta EduPack 2025 R1 Ver: 25.1. 

Overall, the results demonstrate that fungal biomaterials can be engineered 
across a broad mechanical spectrum. Untreated and tannin-treated materials 
exhibited tensile strengths approaching 20 MPa, whereas plasticised materials 
achieved elongations exceeding 15%. The observed trends highlight the 
fundamental trade-off between strength and flexibility nonetheless, demonstrate 
that cultivation strategies including mono and co-cultivations, enzymatic 
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modification, post-processing treatments, and composite arrangements can be 
used to tailor fungal-based materials for use as leather alternatives. 

3.6. DEVELOPMENT OF PROTOTYPES FROM 
FUNGAL BASED LEATHER ALTERNATIVES 

Prototypes were produced from early lab-scale materials to prove the 
processability of the produced fungal sheets. The feasibility of processes such as 
pattern cutting, folding and stitching are demonstrated with the produced 
prototypes. Prototyping fungal based materials to a tangible product is a rarely 
reported among the literature where only two recent studies reported a purse 
and a garment (Pertile et al., 2025, Zhao et al., 2026) except to the prototypes 
reported by this thesis from PPaappeerrss  11  aanndd  22..  The prototype D (Figure 19) is 
available in the Borås textile museum showroom “smart textiles”.   

 

Figure 19:  Different prototypes prepared (A – Tanned R. delemar monoculture, B – untreated 
R. delemar monoculture, C – Chestnut and Indusol Ato tanned R. delemar monoculture 
composites, D - Chestnut tanned R. delemar monoculture composites) 
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Figure 19:  Different prototypes prepared (A – Tanned R. delemar monoculture, B – untreated 
R. delemar monoculture, C – Chestnut and Indusol Ato tanned R. delemar monoculture 
composites, D - Chestnut tanned R. delemar monoculture composites) 
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4. CONCLUSIONS AND FUTURE WORK 
The work presented in this thesis explored the development of fungal-based 
alternative leather materials derived from filamentous fungal biomass cultivated 
through submerged fermentation. Food waste was used to cultivate fungi, which 
provided an added environmental and economic advantage to the process owing 
to the fungi’s ability to grow on minimal nutrients from organic waste. Tanning of 
fungal biomass with vegetable tannins led to flexible materials with soft feel while 
plasticising and top coating further tuned the mechanical properties of the final 
materials produced by wet-laid method. Following main concluding remarks were 
made,  

• Fungal cultivation (monoculture and co-cultures) was successful in food 
waste derived media demonstrating the potential of low value organic 
waste valorisation. The fungal cultivations were scaled up until pilot scale 
demonstrating the process scalability. The harvested biomass from the 
pilot scale cultivations were suitable for material production.  

• Vegetable tanning of fungal biomass was demonstrated as a novel 
biomass processing approach, where interactions of tannins with 
proteins and carbohydrates enhanced the flexibility of the final 
materials. 

• The wet-laying method adapted from paper production was successfully 
demonstrated as a simple yet effective approach for fabricating fungal 
based alternative materials. 

• Fungal cell wall material containing the biopolymers chitin and chitosan 
was successfully isolated and demonstrated as an effective reinforcing 
and binding agent in the production of composite materials. 

• Purification and fibrillation of cellulose from lemon peel waste, after 
nutrient extraction for fungal cultivation, demonstrated a holistic thus 
more efficient waste valorisation approach.  

• Composite materials produced incorporating tanned fungal biomass, 
fungal cell wall material, and fibrillated cellulose showed improved 
tensile strength compared to single layer sheets, while subsequent post-
treatment further enhanced their flexibility, demonstrating the 
tunability of the mechanical properties of the resulting alternative 
leather materials.  
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Building on the findings and conclusions of this thesis, several opportunities 
remain to advance biotechnological processes and material design strategies, 
particularly to improve the mechanical performance of fungal-based materials 
and tailor their properties for specific applications. In this context, some of the 
most important directions for future research are outlined below, 

• Exploring the vast diversity of the fungal kingdom to develop a broader 
range of fungal-based materials, while further investigating mono- and 
co-cultivation strategies for the valorisation of diverse organic waste 
streams. 

• Further development of biomass processing and modification 
approaches, including tanning, plasticisation, crosslinking, and other 
post-treatment strategies, to improve the mechanical performance, 
flexibility, water resistance, and durability of the resulting materials. 

• A deeper understanding of fungal biology and cellular responses could 
enable the cultivation process to be strategically engineered to steer 
fungal growth and biomass composition towards properties that are 
favourable for specific material applications. 

• Reinforce the materials by incorporating various biopolymers such as, 
lignin, alginate, or protein-based materials, either individually or in 
combination with nanocellulose to further enhance the mechanical 
performance. 

• Controlling the orientation and alignment of fungal microfibers and 
reinforcing fibres such as nanocellulose, chitin and chitosan through 
optimisation of wet-laying parameters could provide an additional 
means of enhancing the mechanical performance of the developed 
materials. 

• Assessment of the environmental and economic sustainability of the 
developed processes and materials through life-cycle assessment and 
techno-economic analysis, particularly in comparison with conventional 
leather and other leather alternatives. 
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This thesis presents work that was done within the Swedish Centre for Resource 
Recovery (SCRR). Research and education performed within SCRR identi�es new 
and improved methods to convert residuals into value-added products. SCRR covers 
technical, environmental and social aspects of sustainable resource recovery.

Fungal-based leather materials are promising alternatives to 
conventional leather because they are animal-free and have 
a lower environmental impact. Fungi are nature�s recyclers, 
naturally converting organic matter into useful biomass, 
making them particularly attractive for valorising low-value 
resources. This thesis explores the production of leather-like 
materials using �lamentous fungi cultivated on food waste. 

The nutrients from food waste were mixed with water and used as the substrate 
for growing �lamentous fungi. The fungal cultivation process was scaled up from 
100 mL to 1000 L. The harvested fungal biomass was treated with vegetable 
tannins to add softness and �exibility to the �nal material, which was made 
using the paper production method. Tanned fungal biomass was used as the main 
component, while fungal cell-wall biopolymers and cellulose from food waste were 
incorporated as reinforcement to produce leather-like materials. Post-treatments 
and a bio-based coating were subsequently applied to tailor the material properties. 
The mechanical properties of the produced materials were comparable to those 
of commercially available and research-stage leather alternatives. The developed 
approach combines fungal cultivation with food waste valorisation and biomass 
fractionation, o�ering a potential route for producing value-added, animal-free 
materials while contributing to mitigating the environmental impacts of both 
food waste and the leather industry.
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