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ABSTRACT: This study explores vegan leather, an eco-friendly substitute for conventional animal-derived leather.
Using materials like polyurethane, pineapple leaves, cork, and recycled plastics, vegan leather aims to transform the
fashion industry and consumer products while addressing environmental concerns. Despite its advantages, challenges
related to availability and durability persist. The booming market for vegan leather is expected to reach billions of dollars,
reflecting a broader societal shift towards sustainable and cruelty-free alternatives. The review traces the historical
development of vegan leather from its origins in Germany to modern innovations like Mylo and Pifiatex. By comparing
these materials to conventional leather, the study assesses their potential to replace animal-derived leather. Looking at
different types of sustainable leather, like synthetic, plant-based, mycelium, and collagen-based leather, shows how they
connect with being environmentally friendly and made from natural materials. The ultimate aim is to contribute to
ongoing discussions about transitioning to a circular economy, where durable bio-based and biodegradable materials
offer a promising future for sustainable leather alternatives.
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1 Introduction

The meat industry supplies the raw animal hides needed to produce traditional leather. This suggests
that leather is a byproduct that may last a lifetime, depending on its intended use. However, the meat industry
produced 14.5% of global greenhouse gas emissions in 2013. Furthermore, it is impossible to ignore the
impact of leather because it is a byproduct given these emissions and the fact that the leather market is worth
approximately $400 billion year [1].

There has been work done on developing leather substitutes due to the significant environmental impact
of animal leather. Plastic-based leather, which is typically made of polyvinyl chloride (PVC) or polyurethane
(PU), is one category of substitutes that have surfaced [2].

In the meantime, new leather alternatives are being invented that are biodegradable and not based
on fossil fuels. The history of animal-free leather dates back to the late 19th century in Germany. During
this time, the first known alternative leather, called Presstoft, was developed from layered and treated paper
pulp due to the rationing of animal leather caused by impending wars [3]. This marked the early stages of
the development of synthetic and plant-based leather alternatives. Over the years, various materials have
been developed, such as Mylo, made from mycelium, and Pifiatex, made from pineapple leaves, offering
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sustainable alternatives to conventional leather due to their biodegradable nature [2]. The history of animal-
free leather showcases a continuous evolution of materials and technologies, driven by the growing demand
for sustainable and ethical fashion choices. This research focuses on the identification of this new group of
leather alternatives and their characteristics compared to traditional leather. The main goal of this review is
to identify how likely these innovative materials are to replace animal leather.

2 Leather Alternatives

Customers and innovators are becoming more aware of and interested in sustainable leather alternatives
like synthetic leather, plant-based leather, mycelium leather, Laboratory cultured Collagen leather as a
result of the demand for products that support society’s shift towards a circular economy [4]. The intricate
relationship among sustainability, biodegradability, and biobased materials is crucial to this change. “Bio-
based” refers to a substance that is produced by living things, including fungi, plants, and animals [5]. One
example of a bio-based product is animal leather. Something’s ability to break down by microorganisms is
referred to as its biodegradability. From a cyclical perspective, products should break down into substances
that don’t harm the natural. Leather is bio-based, but not always biodegradable due to the cross-linking
compounds added during the tanning processes [6]. The goal for sustainable leather alternative producers
is to create a bio-based product from replenishable resources that is bio-degradable and durable at the
same time.

2.1 Synthetic Leather

Toxic chemicals are used in the manufacture of PVC, and hazardous byproducts including dioxins are
produced. Furthermore, the primary source of energy for these materials is fossil fuels, which raises the
issue of greenhouse gas emissions related to the extraction and refinement of fossil fuels. Numerous other
issues exist as well, like plastic pollution. It is projected that there are about 250,000 t of plastic in maritime
habitats [7]. Second, the chlorine found in PVC can create a variety of chlorinated compounds that are
hazardous to the landfills and marine ecosystems where the PVC has accumulated. A third issue is that the
manufacturing of PU leathers requires hazardous substances like N and N-dimethylformamide [8].

2.1.1 Properties of Synthetic Leather

Synthetic leather is a versatile material with several advantages, including its durability, resilience,
waterproofness, breathable properties, heat resistance, and color variety. It is suitable for various applications
such as outerwear, athletic gear, and upholstery. Some types are designed for comfort, while others offer heat
resistance, making them suitable for upholstery and automotive interiors. Most of these properties make
synthetic leather a popular choice for a variety of products, offering a balance of performance, durability, and
ethical considerations [9].

2.1.2 Production Process of Synthetic Leather

Synthetic leather production involves several steps, including obtaining the base material, formulating
the plastic, coating the fabric, adding a color coat, and adding a textured finish [10]. The base material is
typically cotton or polyester, which are porous and require special manufacturing. The plastic substances
used are polyurethane (PU) and polyvinyl chloride (PVC), which are made by combining salt and petroleum.
The base fabric is then coated with the plastic substance using methods like calendaring, which involves a
mixture of PVC and pigments. A color coat is then added using dyes or pigments to create different colors.
A textured finish is often added using stamping or embossing. The production process of synthetic leather
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has evolved to become more efficient and cost-effective, with the specific process varying depending on the
material used as shown in Fig. | below [11].

Synthetic leather manufacturing process
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Figure 1: Synthetic leather manufacturing process (a,b) [12]. Adopted from Journal of Applied Science, Willey © 2009

2.1.3 Benefits and Uses of Synthetic Leather

Synthetic leather, also known as faux or artificial leather, is a man-made material that mimics the look
and feel of real leather. It offers several benefits, including affordability, animal welfare, consistency, durability,
versatility, and lower environmental impact [13]. Synthetic leather is more affordable than genuine leather,
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making it an attractive option for those on a budget. It is also animal-friendly, as it doesn't involve the use
of animal products. It can be manufactured to have a consistent texture and appearance, making it easier to
clean and maintain.

Synthetic leather is often used in the fashion industry for clothing items like jackets, pants, skirts,
and shoes. It is also used in furniture upholstery, automotive interiors, accessories, sports equipment, and
electronic devices. It is preferred for its durability and resistance to wear and tear, making it a popular choice
for both manufacturers and consumers but it is incomparable with conventional leather [14].

In addition to its use in clothing, synthetic leather is also used in furniture upholstery, automotive
interiors, accessories, sports equipment, and electronic devices. Overall, synthetic leather offers a wide range
of benefits and applications across various industries, making it a popular choice for both manufacturers and
consumers [15].

2.1.4 Comparison: Synthetic Leather vs. Conventional Leather

Both bovine leather and synthetic leather production have significant environmental impacts, including
greenhouse gas emissions, deforestation, high water consumption, and pollution from tanning chemicals.
Synthetic leather production also relies on fossil fuels and chemicals, with manufacturing processes affecting
water usage, energy consumption, and chemical use. The leather industry has been working towards imple-
menting a zero-discharge policy to address the significant environmental impacts of leather production,
particularly the high-water consumption and wastewater generation. The Zero Discharge of Hazardous
Chemicals (ZDHC) Programmed was formed in 2011 with the recognition that a holistic system change was
needed in the leather industry. The ZDHC has developed a Manufacturing Restricted Substances List (MRSL)
to eliminate the use of hazardous chemicals in leather production [16].

The Zero Liquid Discharge (ZLD) system is being implemented in the tannery industry to ensure
zero water emission and treat wastewater by recycling, recovery, and reuse using advanced cleanup tech-
nology [17]. The ZLD system consists of pre-treatment, tertiary treatment, softening, reverse osmosis (RO)
desalination, and thermal evaporation to separate salts. By adopting this system, water consumption is
reduced, and the tannery industry can mitigate environmental disasters in areas where it is a strong economic
actor [17]. However, the leather industry is facing significant water usage issues, with estimates of 17,128 L of
water used for one leather tote bag and 12,370 L for a pair of leather boots. Cowhides can use up to 14 times
more water than alternatives like polyurethane vinyl (PU leather). However, the industry has reduced its
water footprint by over 35% in the past 25 years through new processes and technologies. Some tanners can
recycle 40% of their wastewater back into production. ECCO Leather has developed a “water-free” tanning
process called DriTan, saving 20 L of water per hide and eliminating 600 t of sludge annually [18].

Synthetic leather production is significantly lower in water consumption compared to traditional bovine
leather production. Cowhides use up to 14 times more water than alternatives like polyurethane vinyl (PU
leather) [19]. PET, a common material used in synthetic leathers, has a blue water footprint of 10 L per kg, but
when including the grey water footprint to account for pollution mitigation, the total water footprint rises to
235 L per kg. In contrast, the water required to make synthetic leather alternatives is two to three times less
than the water needed for genuine automotive leather. The difference is estimated to be 2-3 times less water
usage for synthetic leather alternatives [20].

Genuine leather is a natural leather made from animal hides, obtained through chemical treatments and
finishing. It has a natural ‘grain’ surface and distinctive leather smell, while synthetic leather is fake leather
made from a fabric base coated with plastic [21]. Genuine leather is softer, flexible, and has a distinctive leather
smell. Synthetic leather, on the other hand, has a rubbery or shiny surface feel, is colder to the touch, and often
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has a ‘plastic’ smell. It burns more easily and has a more artificial smell when burned. In summary, genuine
leather is known for its durability and unique characteristics, while synthetic leather offers affordability,
versatility, and ease of maintenance [22].

Water Consumption Summery for: Synthetic vs. Traditional Leather

Traditional leather production is highly water-intensive, requiring 14,000-17,000 L of water per square
meter, with livestock farming accounting for approximately 93% of this footprint. In contrast, synthetic
leather (PU/PVC) uses significantly less water (500-1000 L per square meter) during manufacturing,
primarily for polymer processing [23]. However, synthetic alternatives come with a trade-oft, as they depend
on fossil fuels and generate higher carbon emissions (up to 5.7 kg CO,e/m*) compared to bovine leather
(3.5 kg CO,e/m?) [24]. While synthetic leather reduces water consumption by 90%-95%, emerging
alternatives like mycelium and plant-based materials show potential but need further development in
scalability, cost efficiency, and consumer awareness. To promote sustainable adoption, comprehensive life
cycle assessments (LCAs) and policy support, such as subsidies for biomaterials, are essential.

2.1.5 Environmental Impact of Synthetic Leather

Synthetic leathers are made from various materials, including a fabric base coated with a layer of plastic,
typically polyurethane (PU) or polyvinyl chloride (PVC). The fabric base provides structure and strength,
while the plastic coating gives it the appearance and texture of real leather. However, not all synthetic
leathers are made using the same composition or manufacturing process. Recycling synthetic leather presents
challenges due to its complexity, as the recycling process must consider all components involved, including
the fabric base, polymer coating, and any other materials like metal studs or embellishments.

To recycle synthetic leather effectively, the different components need to be separated, such as removing
the polymer coating from the fabric base and separating any additional materials like metal studs. Material
compatibility may also play a role in recycling requirements, with the fabric base being recyclable through
textile recycling processes, while the polymer coating may require specialized recycling methods for plastics.
Advancements in recycling technologies may offer solutions for handling complex materials more efficiently,
such as chemical recycling or mechanical separation techniques [23].

Design considerations for synthetic leather products can improve their environmental sustainability by
choosing materials that are easier to recycle or reducing the use of non-recyclable components [24]. While
synthetic leather presents challenges for recycling due to its composite nature, efforts to develop recycling
infrastructure and technologies tailored to these materials are ongoing.

Recycled PET polyester, derived from plastic bottles and manufacturing waste, is a more environ-
mentally friendly option. PVC and phthalates, a common material, are energy-intensive and rely on fossil
fuels, while phthalates are carcinogenic byproducts. Polyurethane (PU) leather, made from petroleum-based
polyurethane, is more environmentally friendly but still contributes to plastic waste. Microfiber leather, made
from a fabric base coated with PVA, is a biodegradable material that can be broken down by microorganisms,
making it a more environmentally friendly option. However, it is crucial to consider the overall production
process, waste generation, and end-of-life considerations when evaluating the environmental impact of
synthetic leather. Overall, the environmental impact of synthetic leather depends on the materials used in
its production [25].
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2.1.6 Market Potential for Synthetic Leather

The market potential for synthetic leather is significant due to its versatility, cost-effectiveness, and low
maintenance. Synthetic leather, also known as faux leather, is made from plastics and polymers, making it a
more affordable and easier to care for alternative to genuine leather [26].

It is commonly used in various applications such as clothing, footwear, upholstery, and accessories.
Synthetic leather is abrasion-resistant, water-resistant, and available in a wide variety of textures, colors, and
finishes, making it a popular choice in today’s marketplace. While it may be less durable than genuine leather,
its low cost and ease of maintenance make it a useful material for a wide range of products. As the demand
for sustainable continues to rise, synthetic leather is expected to play a significant role in fashion, furniture,
and automotive industries.

Therefore, the market potential for synthetic leather remains strong, driven by its affordability,
versatility, and increasing consumer demand for ethical and sustainable products [27].

Draw Backs of Synthetic Leather

Synthetic leather, also known as faux or vegan leather, is a popular alternative to traditional leather due to
its affordability and versatility. However, it has significant environmental and health drawbacks. Made from
polyurethane (PU) or polyvinyl chloride (PVC), synthetic leather relies on fossil fuels, contributing to plastic
pollution and greenhouse gas emissions [28]). It is non-biodegradable, sheds microplastics that harm marine
life [29], and releases toxic chemicals like phthalates and dioxins, posing health risks to both consumers
and factory workers. Additionally, synthetic leather is less durable than genuine leather, prone to cracking
and peeling, lacks breathability [28], and is difficult to repair. Its composite structure makes recycling nearly
impossible, leading to landfill accumulation [27] and poor integration into a circular economy [25]. While
synthetic leather avoids animal use, its environmental and durability issues highlight the need for more
sustainable alternatives, such as bio-based or mycelium leather, supported by advancements in material
science and recycling technologies.

2.2 Mycelium Leather

A substitute material for conventional and synthetic leather is mycelium, which is the fungal root struc-
ture. The network of tube-like roots, or hyphae, that make up a mycelium. These are the biggest organisms on
Earth, with hyphae measuring between 1and 30 um in diameter. They can fuse and branch to form networks
that cover kilometers. These networks’ characteristics are mostly determined by their surroundings. Beta-
glucans predominate on the hyphae’s outside, while chitin crosslinked with polysaccharides makes up the
hyphae’s core [4]. Mycelium structures are strengthened and given rigidity by the chitin microfibrils. Since
the manufacture of mycelium-based leathers is a highly inventive and competitive industry, the specifics of
the procedure vary depending on the research group or company. On the other hand, a broad procedure
outline is available. The common mixture for fungal spores includes sawdust and other organic components.
Using sawdust and organic material that comes from another business as a waste stream can help make the
production process more sustainable [30].

Sawdust is a waste stream from the wood industry that is recovered by a business named Mycotech. To
eliminate any microbial competition for the fungus, the recovered sawdust is first steam-treated [31]. After
that, sawdust and other organic materials are combined with the fungus mixture, and the mycelium-growing
process begins in a high-CO, atmosphere. Solid state fermentation is the term for this process.

Since temperature and humidity have the greatest effects on mycelium growth, they are carefully
regulated throughout this process. The hyphae rapidly expand during this step in an attempt to get oxygen,
which stops the fungus from developing fruitbodies.
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The mycelium has developed into a structure resembling foam after about a week, and can then be
processed into mycelium leather. It was found that the resulting mycelium structure became stifter when the
provided substrate was tougher to consume [32].

Thirdly, a moisturizer is applied, and the material is compressed to less than half its original thickness
in order to maintain its flexibility. Lastly, the material might be embossed or colored to suit the final
product’s tastes. Instead of growing mycelium on a solid substrate as in the solid-state fermentation process,
conventional papermaking techniques can be applied to the processing of mycelium produced by liquid
fermentation [33].

2.2.1 Process of Making Mycelium Leather

Mycelium leather is a leather-like material made by sterilizing a mixture of agricultural waste and
mycelium spores. The mycelium grows and spreads, creating a mat-like structure. Once harvested, it is shaped
and molded into the desired form using techniques similar to traditional leather production. The leather is
then dried and finished in a drying chamber, subjected to heat and pressure to remove moisture, strengthen
the material, and give it a leather-like texture. This process involves several steps to create a durable and
durable leather product [31].

Some companies, like Microworks, have developed techniques to engineer mycelium during growth
to create proprietary, interlocking cellular structures, allowing for the customization of the biomaterial for
traits such as softness, durability, and strength. This is achieved by adding mycelium to an agricultural
byproduct like sawdust, which the mycelium then breaks down and absorbs as energy. Mycelium leather
has been used in various applications, including clothing, bags, furniture, and even building bricks. The
material is lightweight, flexible, non-toxic, waterproof, and fire-resistant, making it an attractive option for
environmentally conscious consumers and industries and preparation of it is shown in Fig. 2 below [34].

Potato Dextrose ~ v \
Broth - PD8 (24 /L) PDB substrate removal
30 mL
— —_— —
Mycelium inoculum 20 days incubation in Fully grwon mycelia . -

climatic chamber

Autoclave @ 120 *C for 20 min

./

UV-light drying for 100 min

Figure 2: Preparation of Mycelium based leather (A-C) [33]. Adopted from this paper © 2024 Sag Journal
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Mechanical Property of Mycelium Leather

Pure mycelium leather, derived from the root-like structure of fungi, is an emerging biomaterial with
unique mechanical properties that make it a promising alternative to traditional leather. However, research
on its mechanical properties is still in the early stages, and data can vary depending on the species of fungi,
growth conditions, and post-processing methods. Below is a summary of the known mechanical properties
of pure mycelium leather, supported by available research and data.

Mechanical Properties of Pure Mycelium Leather

Mycelium leather demonstrates promising but variable mechanical properties compared to traditional
and synthetic leathers. Its tensile strength (5-15 MPa) falls within the lower range of animal leather (10-
30 MPa) and overlaps with synthetic leather (5-20 MPa) [35]. It offers good flexibility, with elongation
at break values of 10%-50%, making it suitable for apparel and accessories [36]. However, its stiffness
(Young’s modulus: 50-500 MPa) is generally lower than animal leather (100-1000 MPa) but comparable
to some synthetic alternatives [37]. Tear resistance (10-20 N/mm) is moderate but typically inferior to
animal leather [36], and its overall durability is lower, though post-processing treatments like compression or
natural binders can enhance performance [38]. Additionally, mycelium leather’s density (0.5-1.2 g/cm®) and
thickness (0.5-2 mm) can be adjusted during cultivation [36], offering customization potential for different
applications. While not yet as robust as conventional leathers, ongoing research into processing techniques
may improve its mechanical properties (Table 1).

Table 1: Comparison of mechanical properties of Mycelium with other materials

Property Mycelium Plant-Based Collagen- Synthetic Natural
Leather (e.g., Based Leather Leather
Pifatex) (PU/PVC)
Tensile 5-15 MPa' 5-10 MPa? 10-25 MPa’ 10-20 MPa*  10-30 MP2’
strength
Elasticity Moderate® Low’ High’ High (PU)/Low High’
(PVC)!
Tear Low-Moderate' Low? Moderate- Moderate- High’
resistance High’ High*

Water Requires Variable Moderate’ High* Moderate
resistance coatings' (coated)? (treated)’
Durability Moderate Low- Moderate- High (non- Very High’

(biodegradable)’ Moderate? High’ biodegradable)*
Flexibility Adjustable Stiff (unless High’ High High
processing' blended)? (PU)/Rigid (softens with
(Pve)? use)’

Pure mycelium leather exhibits moderate mechanical properties, making it suitable for applications
like fashion accessories, apparel, and upholstery. While it may not yet match the durability and strength of
traditional animal leather, ongoing research and advancements in cultivation and post-processing techniques
are expected to improve its performance. As technology matures, mycelium leather has the potential to
become a viable, sustainable alternative to conventional leather.
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2.2.2 Benefits of Using Mycelium Leather

Mycelium leather is a sustainable and eco-friendly alternative to traditional animal-based and synthetic
leather. It requires few direct energy inputs and can utilize agricultural/industrial waste as feedstock, making
it a cost-effective and environmentally friendly option. Mycelium leather has a lower environmental impact
in terms of greenhouse gas emissions, water usage, and chemical pollution compared to animal-based
and synthetic leathers. It is also biodegradable, unlike petroleum-based synthetic leathers which have long
degradation spans. The fungal mycelium used to produce the leather is a renewable, natural material that can
be broken down at the end of its lifecycle. One study found that treating mycelium leather with a polylactic
acid coating improved its tear and flex strength, making it more durable and biodegradable than animal-
based leather. Overall, mycelium leather offers a promising alternative to traditional leather and synthetic
options with a lower environmental impact [34].

Mycelium leather, a biodegradable material, is often impregnated with synthetic polymers like resin to
protect and reinforce it, potentially hindering its biodegradability in a natural environment. A study found
that treating mycelium leather with a polylactic acid coating improved its tear and flex strength, but it’s
unclear if this impacts biodegradability. The selection of additional materials used with mycelium leather,
such as fabric backings or reinforcing meshes, can influence the overall sustainability and biodegradability of
the final product. Prioritizing eco-friendly practices and minimizing non-biodegradable elements is crucial.
In summary, while pure mycelium leather is highly biodegradable and eco-friendly, impregnating it with
synthetic resins or coatings may reduce its beneficial properties. The specific materials used in combination
with mycelium are key factors in determining the environmental impact and biodegradability of the final
leather alternative product [34].

Genuine leather is a natural, biodegradable material derived from animal hides, which decomposes
naturally in landfills within 25 to 50 years, compared to synthetic leathers made from materials like
polyurethane or polyvinyl chloride, which can take hundreds of years to break down, contributing to plastic
pollution. It is also highly regulated worldwide, promoting a circular economy and requiring fewer chemical
treatments compared to synthetic vegan leathers. Genuine leather is also extremely durable, with accessories
lasting for years, reducing overall consumption and waste compared to less durable synthetic alternatives.
While leather production has some environmental impacts, the durability and biodegradability of genuine
leather make it a more sustainable choice. Overall, genuine leather is a more eco-friendly and biodegradable
option compared to synthetic leather alternatives made from petroleum-based plastics [31].

2.2.3 Comparison: Mycelium Leather and Genuine Leather

The comparison between mycelium-based materials and traditional leather, particularly in terms of
strength characteristics and the influence of coatings like polylactic acid (PLA), is a complex and multifaceted
issue. Factors such as coating thickness and penetration depth, as well as the testing conditions and
dimensions of the materials being compared, play a crucial role in evaluating the effectiveness of these
materials. Thicker coatings may provide more reinforcement but may also affect the material’s flexibility and
other properties [35].

Comparing the performance of pure, uncoated mycelium-based materials against uncoated leather
under similar conditions can provide valuable insights into their inherent strengths and weaknesses.
This comparison can help assess the effectiveness of coatings in improving performance and identify
areas for further improvement [36]. In addition to the aforementioned factors, industry expertise and
consultancy insights highlight the complexity of enhancing the performance of mycelium-based materials.
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Understanding the limitations and potential of these materials is essential for developing effective solutions
and advancing the industry [37].

In conclusion, while claims about the enhanced strength of mycelium-based materials with coatings like
PLA may be made, a comprehensive evaluation is crucial. Industry experience underscores the importance
of rigorous scrutiny and ongoing research to advance the understanding and application of mycelium-
based materials.

Mycelium leather and animal leather have some similarities and differences. According to a study,
mycelium leather and synthetic leather have similar levels of durability, and both were found to be less durable
than genuine leather. However, when mycelium leather was treated with a special coating (polylactic acid), it
improved its tear and flex strength [35]. It can be customized for specific traits, such as softness, durability, and
strength, by engineering the mycelium during growth. On the other hand, animal leather is a natural material
that has been used for centuries and has a unique texture, feel, and smell. However, animal leather production
requires raising animals, which has a significant environmental impact, including greenhouse gas emissions
and water usage. Additionally, animal leather is not biodegradable and can take years to decompose [36].
Mycelium leather, on the other hand, is 100% biodegradable, making it an eco-friendlier option compared to
traditional leather. Mycelium leather production requires relatively little space, energy, chemicals, or water,
and it generates far less waste compared to traditional leather production. However, the cost of mycelium
leather is currently higher than that of traditional leather [34].

Draw Backs of Mycelium Leather

Mycelium leather faces challenges in scaling up production, reducing costs, and achieving consistent
quality. Limited consumer awareness and acceptance are crucial for its successful adoption. Further research
and development are needed to improve properties and expand applications. Limited availability in fashion
products is another issue [39]. Despite its potential, mycelium leather has a lower environmental impact
compared to traditional leather. Careful management of agricultural waste and water is necessary in the
production process. Despite these challenges, mycelium leather has the potential to revolutionize the fashion
industry. Therefore, further research and development are needed to fully realize its potential [40].

2.3 Plant-Based

Cellulose, which is found in plant components, gives plant-based leathers their final stiffness. The linear
polysaccharide cellulose plays a significant role in the cell walls of green plants. The cellulose in these cell
walls is arranged into microfibrils, which give the plant stiffness and strength [38].

Production methods vary according on the cellulose source utilized, and they are difficult to describe
due to the companies that produce these kinds of leathers operating in secret. The usage of a woven substrate
made of polyester or cotton is a common feature shared by the majority of plant-based leathers discovered
for this study. Made from the fibers of pineapple leaves, a by-product of the pineapple industry, Pinatex is one
of the top plant-based leathers. To make a non-woven mesh, the fibers from the leaves are removed, dried,
cleaned, and combined with corn polylactic acid (PLA) [2].

Partially inspired by cactus leaves, Desserto is composed of a woven base composed of polyester, cotton,
or a combination of both, a compact layer, and a foam layer (Black). Mexico grows this cactus, which are
harvested twice a year. They only collect fully developed cactus leaves, allowing the cacti on their plantations
to thrive for around eight years. Here, neither herbicide nor irrigation are required. After being washed and
crushed, the cactus leaves are sun-dried for three days. After that, the leaves’ proteins and fibers are removed
to make a combination that is later made into Desserto leather [41].
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Bio-Based Content of Plant-Based Leather

Plant-based leather is an innovative and sustainable alternative to traditional animal leather and
synthetic leather. It is made from renewable plant resources, such as agricultural byproducts (e.g., pineapple
leaves, apple peels, cactus) or natural polymers (e.g., cellulose, starch). The bio-based content of plant-based
leather refers to the proportion of the material derived from biological sources, as opposed to synthetic or
petroleum-based components. Below is a detailed analysis of the bio-based content of plant-based leather,
including examples, challenges, and references.

Bio-Based Content of Plant-Based Leather

Plant-based leathers vary significantly in their bio-based content depending on the raw materials and
manufacturing processes used. Pifatex, made from pineapple leaf fibers, has a high bio-based content
(80%-90%) but incorporates PLA or PU binders, reducing its biodegradability [41]. Similarly, Desserto
(cactus leather) contains 50%-70% bio-based materials, though synthetic coatings lower its sustainability
profile [42]. Apple leather, derived from apple waste, achieves 50%-60% bio-based content but relies on
PU binders, limiting its eco-friendliness. In contrast, mycelium (mushroom) leather is nearly 100% bio-
based and biodegradable, though production scalability remains a challenge [43]. Cork leather stands
out as fully natural (100% bio-based) but lacks versatility in applications [42]. The bio-based content of
these materials is influenced by factors such as raw material selection, synthetic binders, and processing
methods—highlighting the trade-offs between sustainability, durability, and functionality in plant-based
leather alternatives (Table 2).

Table 2: Comparison of bio-based content

Material Bio-Based Content  Synthetic Key Challenges
Pinatex (Pineapple) 80%-90% 10%-20% Use of PU or PLA coatings
Desserto (Cactus) 50%-70% 30%-50%  Synthetic binders and coatings
Apple leather 50%-60% 40%-50% Reliance on PU binders
Mushroom leather 90%-100% 0%-10% Scaling production
Cork leather 100% 0% Limited versatility

The bio-based content of plant-based leather varies widely, ranging from 50% to 100%, depending on
the raw materials and processing methods used. While many plant-based leathers rely on synthetic binders
or coatings to achieve desired properties, ongoing innovations aim to increase bio-based content and reduce
environmental impact. As technology advances, plant-based leather is expected to become a more sustainable
and viable alternative to traditional leather.

2.3.1 Production Process of Plant-Based Leather

The process begins with disassembling plant fibers to form a pulp, which can be done through methods
like soaking in water and drying for mushroom leather or extracting fibers from leaves for pineapple leather.
The pulp is then combined with a binding agent like polymer or natural latex to create a durable material.
The mixture is then spread into leather sheets, which can be cut into smaller pieces for the final product. The
sheets are then dyed and finished using natural or synthetic dyes to achieve the desired color and texture.
Finally, the sheets are dried and pressed to ensure durability [39].

For specific plant-based leather types, the production process may vary. For example, cork leather
is made by harvesting cork from trees, which is then ground and compressed into a mat, and finally
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coated with a polymer to improve durability. The production process of plant-based leather has several
advantages over traditional leather, including its environmental friendliness, lower use of toxic chemicals,
and biodegradability (Fig. 3).
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Figure 3: Production Process of Plant-Based Leather [2]. Adopted from Willey Journal © 2021

2.3.2 Comparison: Plant-Based Leather vs. Animal Leather

Plant-based leather is generally more environmentally friendly than traditional leather due to its
fewer toxic chemicals and waste production. Traditional leather production is highly polluting, using toxic
chemicals like chromium and formaldehyde in the tanning process [44]. Plant-based leather typically
involves breaking down plant fibers and combining them with a binding agent like polymer or natural latex.
Traditional leather is made from animal hides, which are tanned using toxic chemicals and take longer to
produce. Plant-based leather can be durable and water-resistant, while traditional leather may involve toxic
chemicals and waste.

Its versatility is also significant, as it can be made from various plant materials, offering a range of
textures and colors. In contrast, traditional leather is limited to animal hides, which can vary in quality and
texture [40].

The leather industry’s environmental impact is a complex and sensitive topic, with concerns raised about
the accuracy of statements regarding its impact on the environment. Key points to consider include chemical
usage, regulations and practices, life cycle assessment, transparency, and accountability.

Chemical usage, such as chromium (III) sulfate, has lower toxicity than chromium (VI), but it still
has environmental implications. Regulations and practices can vary depending on geographical location,
regulatory standards, and industry practices. Regions with stricter regulations may operate with greater
environmental responsibility. A comprehensive life cycle assessment (LCA) is necessary to evaluate the
environmental footprint of materials, considering factors like resource extraction, manufacturing processes,
transportation, product use, and end-of-life disposal [41].
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Transparency and accountability are essential when making claims about the environmental benefits of
alternative materials. Industry expertise in mycelium-based materials and experience in addressing strength-
related challenges highlight the complexity of enhancing their performance. Understanding the limitations
and potential of these materials is crucial for developing effective solutions and advancing the industry [42].

2.3.3 Environmental Impact of Plant-Based Leather

Plant-based leather has a lower environmental impact compared to traditional leather. The production
of traditional leather is a highly polluting industry, with toxic chemicals such as chromium and formaldehyde
commonly used in the tanning process. In contrast, the production of plant-based leather uses fewer toxic
chemicals and produces less waste. Furthermore, some plant-based materials used to make plant-based
leather, such as cork and pineapple leaves, are considered waste products from other industries and would
otherwise be discarded. Plant-based leather is often used as an environmentally friendly alternative to tradi-
tional leather [43]. However, some plant-based leather may contain banned chemicals and plastics, which can
have negative environmental impacts. The environmental impact of plant-based leather production varies
depending on the specific material and production process used. Overall, plant-based leather offers a more
sustainable and ethical alternative to traditional leather, with a lower environmental impact and fewer toxic
chemicals used in production [42].

The drawbacks of plant-based leather include:

Plant-based leather faces several challenges, including complex manufacturing processes, higher pro-
duction costs, and limited availability of innovative sources. These include the high cost of sourcing
and processing plant-based materials like fruits, mushrooms, or plant fibers, which can limit consumer
affordability and hinder market growth.

Additionally, the production of plant-based leather is more expensive than traditional leather, which
can also limit its affordability. Despite these challenges, plant-based leather continues to gain traction as
a sustainable and ethical alternative to traditional leather, and future advancements in technology and
production processes are expected to address these challenges.

2.4 Laboratory Cultured Collagen Based Leather

The term “animal-free leather” typically refers to materials that mimic the look and feel of traditional
leather but are produced without using animal-derived ingredients. Collagen-based leather, however, does
involve the use of animal-derived collagen [43].

Collagen is a protein found in the connective tissues of animals, including skin, bones, and tendons.
In the context of collagen-based leather, collagen is usually sourced from animal byproducts such as hides,
skins, or bones. This collagen can then be processed and used to create a material that resembles traditional
leather in appearance and texture [44].

While collagen-based leather may not involve directly using animal hides or skins, it still relies on
animal-derived collagen as a key ingredient. Therefore, it may not meet the criteria for being considered
completely animal-free. While collagen-based leather may offer certain advantages compared to traditional
leather, such as potentially reduced environmental impact or ethical considerations, it may not be suitable
for those seeking entirely animal-free alternatives [41].

As explained in the conventional leather section, the material that forms the main support for leather is
collagen. The collagenous matrix of animal skins provides the perfect basis for leather, as it can be modified
to fit various functions, and it is very durable. Efforts have gone into producing this collagen matrix without
killing the animal. Modern Meadow, a company situated in New Jersey, started research into lab-cultured
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leather. This lab-cultured leather is created by taking cells from a cow without seriously harming it. These
cells are multiplied in the lab and put on the right medium to promote collagen production (Jakab, Marga
etal., 2019). Collagen in animal skins consists of various layers with different coordination of collagen fibrils.
The resulting matrix is able to withstand a high level of wear. For example, collagen in the corium layer of the
skin is coordinated in a weave-like structure, which was not successfully reproduced with the lab-cultured
collagen. Modern Meadow decided to move away from tissue engineering to work with a mixture of enzymes
and yeast cells that were DNA edited to produce collagen [44].

2.4.1 Methods of Producing Laboratory Collagen Based Leather

Laboratory-cultured collagen-based leather is a type of leather-like material produced using collagen
derived from laboratory-cultured cells rather than traditional animal sources as shown in Fig. 4 below.
This biotechnological process involves cell culture, collagen production, extracellular matrix formation,
processing, and finishing [44]. The process involves cultured cells from animal or sustainable sources,
providing growth factors, nutrients, and environmental conditions conducive to collagen synthesis.
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Figure 4: Collagen-based leather manufacturing [24]. Adopted from © Eli Siver publisher, 2023

The extracellular matrix, formed by the cultured cells, mimics the structure found in natural tissues and
provides the foundation for the leather-like material. The extracellular matrix is harvested and processed to
create a flexible and durable material with properties similar to traditional leather. Additional treatments
may be applied to achieve desired aesthetics and performance characteristics [45].

Laboratory-cultured collagen-based leather offers several advantages over traditional leather, including
reduced environmental impact, ethical considerations, customization, and consistency and quality control.
It can reduce the need for large-scale animal farming, deforestation, water consumption, and greenhouse
gas emissions. It also allows for greater control over the properties of the material, enabling customization
of factors such as texture, thickness, and color. However, challenges remain in scaling up production,
optimizing the production process for efficiency and cost-effectiveness, and addressing regulatory and
consumer acceptance issues. Despite these challenges, laboratory-cultured collagen-based leather holds
promise as a sustainable and ethical alternative to traditional leather in the future [32].
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Laboratory-cultured collagen-based leather, also known as cultured or bio-fabricated leather, is a
promising alternative to traditional leather production methods. In this approach, collagen, the primary
protein found in animal skin and connective tissues, is produced through biotechnological processes in a
laboratory setting.

The methods of producing collagen-based leather involve the extraction of collagen from leather
production waste and its subsequent application in various processes. Research has focused on obtaining
collagen from non-tanned waste of leather production, such as limed pelt, delimed pelt, and flashings,
through acid hydrolysis and subsequent precipitation. This extracted collagen has been utilized for leather
finishing, aiming to enhance the final appearance, durability, and quality of leather products. Additionally,
collagen recovered from leather-tanned solid wastes has been employed to improve the quality of low-
grade leather, contributing to a cleaner and circular production flow. The application of extracted collagen
in leather processing has been investigated for its potential to create biobased finished leather, offering
an eco-friendly alternative to traditional synthetic chemical-based finishing techniques. Furthermore, the
development of collagen-based products for leather finishing has been explored, with a focus on the feasibility
and effectiveness of these products in enhancing the properties of leather. Overall, the methods of producing
collagen-based leather involve the utilization of collagen extracted from leather production waste to create
sustainable and high-quality leather products [46].

2.4.2 The Challenges in Producing Collagen-Based Leather Include

The feasibility and effectiveness of collagen-based products for leather finishing are crucial for their
practical application and benefits. Traditional leather finishing techniques often involve synthetic chemicals,
which can lead to environmental and health concerns. Collagen-based products should address these
issues. The use of collagen extracted from leather production waste promotes sustainability and a circular
production flow, but implementing these practices and scalability may pose challenges. Proper waste
management and resource utilization strategies are necessary for the efficient utilization of non-tanned waste
for collagen extraction. Economic viability is also crucial for the widespread adoption of collagen-based
leather production [47].

Addressing these challenges will be crucial for the successful production and adoption of collagen-based
leather, contributing to the sustainability and environmental friendliness of the leather industry.

2.4.3 Comparison of Collagen Leather and Conventional Leather

Collagen-based leather, derived from animal proteins, represents an innovative approach to reduc-
ing the environmental impact of traditional leather production. However, it is important to note that
collagen, even when lab-grown, is still an animal-derived material. This distinguishes it from truly animal-
free alternatives such as plant-based (e.g., pineapple, cactus), fungi-based (e.g., mycelium), and synthetic
leathers, which are entirely free of animal inputs. While lab-grown collagen eliminates the need for
animal farming and reduces associated environmental harms, it does not fully align with the definition of
“animal-free leather”.

Lab-grown collagen is produced using cellular agriculture techniques, where animal cells are cul-
tured in a controlled environment to produce collagen fibers. This method significantly reduces land
use, water consumption, and greenhouse gas emissions compared to traditional leather production
(Kumar et al., 2020). However, the process still relies on animal-derived starter cells, which may not satisfy
the ethical or environmental concerns of consumers seeking completely animal-free products. In contrast,
plant-based, fungi-based, and synthetic leathers are derived from renewable or non-animal resources and do
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not involve animals at any stage of production, making them more aligned with the principles of a circular
and cruelty-free economy [42].

Quantitative Analysis of Leather Alternatives

A comparative analysis of leather alternatives reveals key differences in lifecycle impact, durability, and
cost efficiency. Traditional leather has the highest environmental footprint, consuming ~17,000 L of water per
kg and generating significant CO, emissions from livestock and tanning. In contrast, collagen-based leather
reduces water use by 50% and emissions by 30-40% but remains energy-intensive [24]. Plant-based leathers
(e.g., Pinatex, cactus leather) show substantial improvements, using as little as 200 L of water per kg and
offering lower carbon footprints due to renewable sourcing [4]. Fungi-based (mycelium) leather performs
best environmentally, cutting CO, emissions by up to 80% with minimal water use. However, synthetic
leathers (PU/PVC) contribute to plastic pollution and greenhouse gases despite avoiding animal inputs [6].

In terms of durability, traditional leather remains the benchmark, lasting decades with care.
Collagen-based leather matches mid-grade traditional leather in strength [24], while plant-based options
vary—Pinatex requires synthetic reinforcements, and mycelium leather shows promise in tensile strength.
Synthetic leathers are highly wear-resistant but degrade into microplastics.

Cost efficiency varies widely: traditional leather is expensive due to livestock and tanning; collagen-
based leather is currently costly but may decrease with scaling; plant and fungi-based options are moderately
priced; and synthetic leather remains the most affordable, though dependent on petrochemical markets.
Opverall, bio-based alternatives offer more sustainable options, but trade-offs in durability, cost, and scalability
must be addressed for wider adoption (Table 3).

Table 3: Comparison of leather alternatives

Characteristic Traditional Plant-Based Fungi-Based Synthetic
leather leather leather leather
Animal-Free No Yes Yes Yes
Biodegradability Low High High Low
Water Usage (L/kg) ~17,000 ~200 ~500 ~500
CO; Emissions (kg/kg) 110 20 15 50
Durability High Moderate High High
Cost Efficiency High Moderate Moderate Moderate

Performance Comparison of Leather Types

Below is a performance comparison table of different types of leather, including natural leather, synthetic
leather, plant-based leather, collagen-based leather, and mycelium-based leather. The table evaluates key
performance metrics such as durability, flexibility, water (Table 4).

Table 4: Performance comparison of leather types

Property Natural leather  Synthetic leather Plant-Based Collagen-Based leather Mycelium-Based
leather leather
Durability High (10-30 MPa  Moderate (5-20 Moderate (5-15  Moderate (10-20 MPa)  Moderate (5-15 MPa)
tensile) MPa) MPa)
Flexibility High (20%-60%  High (20%-100% Moderate High (20%-50%) Moderate (10%-50%)
elongation) elongation) (10%-50%)

(Continued)
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Table 4 (continued)

Property Natural leather ~ Synthetic leather Plant-Based Collagen-Based leather Mycelium-Based
leather leather
Water resistance Moderate (requires High (inherently Depends on Moderate (depends on ~ Depends on treatment
treatment) water-resistant) coatings treatment)
Breathability High Low Moderate High Moderate
Environmental  Animal tanning High depends on Low to Moderate Moderet
impact non-biodégradable binders
Biodegradability Low Low (non- Moderate Low to Moderate High (fully
biodegradable) biodegradable)
Cost High Low Moderate Very High Moderate to High
Aesthetic appeal High Moderate Moderate High Moderate

The performance of bio-based and synthetic leathers varies significantly across different metrics.
While natural leather remains the gold standard for durability and aesthetics, its environmental impact
is a major drawback. Synthetic leather is cost-effective and versatile but suffers from environmental and
biodegradability issues. Plant-based leather offers a moderate balance but often relies on synthetic binders.
Collagen-based leather mimics natural leather well but is expensive, while mycelium-based leather is highly
sustainable but still developing in terms of durability and scalability. The choice of material depends on the
specific application and the balance between performance, cost, and sustainability.

3 Challenges of Sustainable Leather

Sustainable leather alternatives including mycelium, collagen-based, plant-based, and synthetic leather
offer ethical and environmental advantages but face adoption challenges. Mycelium leather struggles
with scalability due to energy-intensive production, higher costs, and variable durability compared to
traditional leather [32]. Collagen-based leather, while eliminating animal slaughter, remains costly and
faces ethical concerns over animal-derived growth factors, along with regulatory hurdles. Plant-based
leathers (e.g., Pinatex, cactus leather) suffer from material inconsistency, reliance on synthetic binders
that reduce biodegradability [23,25], and limited durability for high-performance uses. Synthetic leather
(PU/PVC), though affordable, contributes to plastic pollution, contains toxic chemicals like phthalates [12],
and is perceived as lower quality. Common barriers across all alternatives include higher production costs,
consumer skepticism about performance and luxury appeal, and underdeveloped supply chains. Overcoming
these challenges demands further innovation, investment, and cross-industry collaboration to improve
scalability, performance, and market acceptance.

4 The Future of Fashion: Animal-Free Leather

The fashion industry is increasingly adopting sustainable leather alternatives, with mycelium leather
emerging as a leading solution due to its biodegradability and low environmental impact. Companies
like Bolt Threads (Mylo) and Myko Works are collaborating with luxury brands to commercialize this
fungal-based material, while technological advancements aim to improve scalability and reduce costs [32].
Plant-based options like Pinatex (pineapple leaf fiber) and Desserto (cactus leather) are gaining mainstream
acceptance through partnerships with major brands such as Hugo Boss and H&M. Meanwhile, collagen-
based leather offers high-end potential through lab-grown technology that replicates traditional leather’s
qualities while addressing ethical concerns through animal-free growth media.

Key trends driving this shift include: (1) growing consumer demand for sustainable materials, (2)
cross-industry collaborations accelerating innovation, (3) biotechnological advancements enabling high-
performance alternatives, (4) supportive regulatory policies promoting eco-friendly options, and (5)
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increasing awareness of animal welfare and environmental issues. While challenges like production costs,
regulatory hurdles, and consumer acceptance persist, the convergence of these factors suggests a promising
future for animal-free leather alternatives in creating a more ethical and sustainable fashion industry.

5 Conclusion

Sustainable leather, also known as vegan leather, has emerged as a popular choice for environmen-
tally conscious consumers seeking sustainable and ethical fashion alternatives. Vegan leather is generally
considered more ethical and environmentally friendly than traditional animal leather, as it is cruelty-free
and often made from sustainable materials like pineapple leaves, cork, or recycled plastic. However, vegan
leather still faces challenges such as availability and durability compared to traditional leather. The quality and
durability of vegan leather have improved significantly in recent years, but it is still considered less durable
than traditional leather in some aspects. Despite these challenges, the global plant-based leather market is
projected to grow significantly, reflecting the increasing adoption of vegan leather by designers, artisans,
and fashion brands. As innovations continue to scale up and improve, some industry experts believe that an
animal-free future in fashion is on the horizon, where vegan materials are the norm.
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