International Journal of Biology Sciences 2023; 5(2): 56-62

Inferna’rional Journal of Biology Sciences

ISSN Print: 2664-9926
ISSN Online: 2664-9934
1JBS 2023; 5(2): 56-62
www.biologyjournal.net
Received: 20-07-2023
Accepted: 24-08-2023

Dr. Ramesh Methre
Department of Biotechnology,
College of Agricultural Science
and Applied Research,
Bharatiya Engineering Science
and Technology Innovation
University, Headquarters,
Gownivaripalli, Gorantla,
Andhra Pradesh, India

Corresponding Author:

Dr. Ramesh Methre
Department of Biotechnology,
College of Agricultural Science
and Applied Research,
Bharatiya Engineering Science
and Technology Innovation
University, Headquarters,
Gownivaripalli, Gorantla,

Andhra Pradesh, India

Fermentation technology meets fashion: Mycelium
leather and bacterial cellulose as sustainable
alternatives to animal products - commercial viability
analysis

Ramesh Methre

DOI: https://www.doi.org/10.33545/26649926.2023.v5.i2a.550

Abstract

The fashion and materials industry faces mounting pressure to reduce environmental impact and
eliminate animal exploitation. Traditional leather production involves substantial greenhouse gas
emissions, water consumption, toxic chemical use, and animal welfare concerns. This research
investigates mycelium-based leather and bacterial cellulose as sustainable alternatives, evaluating
production methods, material properties, commercial viability, and market adoption potential. Through
laboratory cultivation, materials testing, lifecycle analysis, and market research, we examined technical
feasibility and economic sustainability of biomaterial production. Results demonstrate that mycelium
leather achieved tensile strength of 12.4 megapascals, approaching conventional leather at 15.8
megapascals, while bacterial cellulose reached 9.7 megapascals. Water consumption during mycelium
production was 97% lower than conventional tanning, with 89% reduction in greenhouse gas
emissions. Production costs decreased from $127 per square meter in 2015 to $23 per square meter in
2020, approaching conventional leather costs of $18-22 per square meter. Market analysis revealed
47% annual growth in biomaterial adoption from 2015-2020, with major fashion brands initiating
partnerships. Consumer surveys indicated 68% willingness to purchase biomaterial products at price
parity. Environmental lifecycle assessment showed mycelium leather and bacterial cellulose achieving
83% and 76% reductions respectively in overall environmental impact compared to conventional
leather. Commercial viability analysis suggests biomaterials could capture 15-20% of leather market by
2025. However, challenges remain including achieving consistent material properties, establishing
supply chains, and building consumer confidence. This research concludes that biomaterials represent
commercially viable sustainable alternatives with significant environmental benefits, though market
transformation requires continued innovation and investment.
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Introduction

The global fashion industry confronts unprecedented sustainability challenges requiring
fundamental transformation of material sourcing and production practices. Conventional
leather production generates substantial environmental damage through multiple pathways
including livestock farming impacts, chemical-intensive tanning processes, and waste
generation throughout supply chains. Cattle ranching for leather contributes significantly to
deforestation, particularly in critical ecosystems like the Amazon rainforest, while producing
methane and other greenhouse gases that accelerate climate change. The tanning process
traditionally employs toxic chromium compounds, creating hazardous waste streams that
threaten human health in production regions and cause long-term environmental
contamination. These environmental costs coincide with growing consumer awareness of
animal welfare issues, driving demand for cruelty-free alternatives that perform equivalently
to traditional materials. Mycelium, the vegetative root-like structure of fungi, offers
promising sustainable alternative with unique properties and production advantages.
Mycelium grows rapidly on agricultural waste substrates including sawdust, corn stalks, and
hemp fiber, converting these low-value byproducts into high-value materials through natural
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biological processes. Cultivation occurs at room temperature
without energy-intensive heating or chemical inputs,
producing material with leather-like properties including
flexibility, durability, and aesthetic appeal. Companies
including MycoWorks, Bolt Threads, and Ecovative Design
have demonstrated commercial-scale production feasibility,
attracting substantial investment from major fashion brands
including Hermes, Stella McCartney, and Adidas. These
partnerships validate mycelium leather's potential while
accelerating development through funding and market
access. Bacterial cellulose represents complementary
biomaterial innovation with distinct properties and
applications.  Certain  bacterial species, particularly
Gluconacetobacter xylinus, produce pure cellulose during
fermentation in liquid medium, creating flexible, strong
material with exceptional moldability. Unlike plant cellulose
which contains lignin and hemicellulose, bacterial cellulose

forms ultrafine fiber networks conferring mechanical
strength exceeding plant-derived materials. Production
occurs in controlled bioreactors using sugar-based

feedstocks from agricultural sources, enabling precise
manipulation of material properties through -cultivation
parameter adjustment including nutrient composition,
temperature, pH, and fermentation duration. The resulting
material can be dried, pressed, and finished to create leather-
like products or maintained in hydrated state for applications
requiring different properties. Sustainability advantages of
biomaterials extend beyond production phase, encompassing
entire product lifecycle. Mycelium and bacterial cellulose
production generates minimal waste since substrate
materials are fully consumed or composted, contrasts
sharply with conventional leather's chemical-laden
wastewater and solid waste requiring specialized disposal.
Production occurs at ambient temperature, dramatically
reducing energy consumption compared to traditional
tanning requiring heating and drying. No toxic chemicals
are required, eliminating worker exposure risks and
environmental contamination associated with chromium
tanning. Feedstocks come from renewable agricultural
sources or waste streams, avoiding fossil fuel dependence.
End-of-life disposal presents additional advantages as
biomaterials biodegrade naturally, avoiding synthetic
leather's microplastic pollution while returning nutrients to
soil ecosystems. Comprehensive lifecycle assessment
research suggests dramatic environmental impact reductions
across multiple categories, though commercial-scale
validation remains ongoing. However, commercial viability
depends on achieving multiple interconnected objectives
beyond environmental performance. Cost competitiveness
determines whether biomaterials can capture meaningful
market share versus established alternatives. Material
performance must match or exceed conventional leather
across durability, water resistance, breathability, and
aesthetic properties to satisfy diverse applications from
footwear to furniture. Manufacturing must scale from pilot
facilities producing thousands of square meters annually to
industrial operations producing millions of square meters to
supply global fashion industry. Supply chains require
establishment encompassing substrate sourcing, production
facilities, finishing operations, and distribution networks.
Regulatory approval processes must be navigated to ensure
biomaterials meet safety and labeling requirements across
jurisdictions. ~ Consumer  acceptance  depends  on
communicating value propositions effectively while
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overcoming skepticism toward unfamiliar materials. Brand
partnerships  accelerate  adoption by  incorporating
biomaterials into high-visibility products, though require
demonstrating reliability and quality. Current market
dynamics favor biomaterial adoption despite challenges.
Consumer demand for sustainable fashion grows annually,
particularly among younger demographics who prioritize
environmental and ethical considerations in purchasing
decisions. Surveys consistently show majorities willing to
pay premiums for sustainable alternatives, though actual
purchasing behavior sometimes diverges from stated
preferences. Major fashion houses have committed publicly
to sustainability goals including reducing environmental
footprints and eliminating problematic materials, creating
demand pull for alternatives. Regulatory pressures on
conventional leather intensify, particularly regarding
chemical use, emissions, and waste management, potentially
increasing production costs while creating regulatory
advantages for cleaner alternatives. Investment in
biomaterial companies has accelerated dramatically, with
venture capital funding enabling rapid scaling and
technological development. This capital influx reflects
investor confidence in market potential and technological
feasibility. Technical challenges require continued attention
to realize commercial potential. Mycelium leather must
achieve consistent material properties across production
batches while matching conventional leather's durability,
water resistance, and aesthetic appeal across diverse
applications from delicate handbags to rugged boots. Batch-
to-batch variation currently exceeds acceptable tolerances,
requiring improved process control and quality management
systems. Bacterial cellulose production costs remain
elevated compared to alternatives due to relatively low
yields and expensive growth medium components, requiring
process optimization focused on increasing productivity
while reducing input costs. Both materials need
comprehensive performance testing across applications to
identify suitable uses and establish technical specifications
guiding product development. Supply chain infrastructure
must expand dramatically, from current artisanal or pilot-
scale operations to industrial manufacturing meeting global
demand. This research provides comprehensive assessment
of Dbiomaterial technical performance, environmental
benefits, and commercial viability, evaluating whether these
innovations can meaningfully transform fashion and
materials industries toward sustainability while remaining
economically competitive with established alternatives.

Material and Methods
Material: This research was conducted from January 2017
to December 2020. Mycelium cultivation utilized

Ganoderma lucidum and Pleurotus ostreatus species grown
on agricultural waste substrates including sawdust, hemp
fiber, and corn stalks obtained from certified organic
sources.  Bacterial cellulose  production employed
Gluconacetobacter xylinus cultivated in bioreactors with
glucose and yeast extract medium. Ethical approval was
obtained from institutional ethics committee. Material
testing equipment included universal testing machines for
mechanical properties, water absorption apparatus, and
environmental chambers for accelerated aging. Market
research involved surveys of 1,847 consumers across 15
countries and interviews with 67 fashion industry
professionals. Lifecycle assessment followed ISO 14040


https://www.biologyjournal.net/

International Journal of Biology Sciences

standards using ecoinvent databases
measurements from laboratory operations.

and primary

Methods

Mycelium cultivation occurred in controlled environment
chambers at 25 degrees Celsius and 70% humidity for 14-21
days. Harvested material underwent drying, pressing, and
optional surface treatments. Bacterial cellulose production
used 7-day Dbatch fermentation cycles. Materials
characterization employed standardized testing protocols
including ASTM D2209 for tensile strength, ASTM D624
for tear resistance, and moisture vapor transmission rate
testing for breathability. Lifecycle assessment quantified
environmental impacts including greenhouse gas emissions,
water consumption, and resource depletion using cradle-to-
gate boundaries. Economic analysis integrated production
cost modeling with sensitivity analysis. Consumer surveys
assessed purchase intentions and willingness to pay using
validated scales. Industry interviews explored adoption
barriers and market projections. Statistical analysis utilized
SPSS version 26.0 with analysis of variance for material
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properties, regression modeling for cost drivers, and chi-
square tests for consumer preferences.

Ethical Considerations

This research maintained rigorous ethical standards
throughout all phases. No animal testing was conducted; all
material assessments employed mechanical testing
equipment. Consumer research participants provided
informed consent with survey responses anonymized.
Interview participants provided explicit consent for
recording and quotation. The research team declared no
financial conflicts of interest with biomaterial companies,
though collaborative arrangements existed for materials

access. Environmental claims underwent verification
through independent lifecycle assessment. Market
projections employed conservative assumptions. The

research received institutional ethics committee approval for
human subjects research components. Data security
measures included encrypted storage and access controls.

Results

Table 1: Material Properties Comparison: Biomaterials vs Conventional Leather

Property Mycelium Leather Bacterial Cellulose | Conventional Leather | Synthetic Leather

Tensile Strength (MPa) 12.4+1.7 9.7+#1.3 15.842.1 11.2+1.9

Tear Resistance (N/mm) 47.3+6.2 38.6+5.1 58.94+7.3 42.1+6.8

Water Absorption (%) 234438 31.744.2 18.3£2.9 8.7x1.4

Breathability (mg/cm?h) 12.7+2.1 15.3+24 14.2+2.3 3.8+¢0.9

Biodegradation (% in 90 days) 87.3+4.6 92.1+3.8 78.4+6.2 2.3#1.1
Table 1 presents comprehensive material property areas for improvement through surface treatments.
comparisons. Mycelium leather achieved 78.5% of Breathability of biomaterials matched or exceeded
conventional leather tensile strength, demonstrating conventional  leather.  Biodegradation rates  were

substantial performance though not complete equivalence.
Bacterial cellulose reached 61.4% of conventional strength.
Water absorption was higher in biomaterials, indicating

dramatically higher for biomaterials, advantageous for
environmental impact but requiring consideration for
product longevity.

Biomaterial Production Growth (2015-2020)

80 =@= Mycelium Leather
=~ Bacterial Cellulose

70 A

=
=3

u
=1

Production Volume (metric tons)
w 5
3 ]

o
(=]

10

2015 2016 2017

Year

2018 2019 2020

Fig 1: Biomaterial Production Volume Growth (2015-2020)

Figure 1 illustrates dramatic production volume growth for
both mycelium leather and bacterial cellulose. Mycelium
production expanded from 3.2 to 78.4 metric tons,
representing 2,350% growth. Bacterial cellulose grew from

1.4 to 41.3 metric tons. The accelerating growth trajectory
reflects increasing investment and market demand.
Production growth enables economies of scale that
progressively reduce unit costs.
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Table 2: Environmental Impact Comparison: Lifecycle Assessment Results

Impact Category Mycelium Leather | Bacterial Cellulose | Conventional Leather | Synthetic Leather
Water Use (L/m?) 12 34 387 156
GHG Emissions (kg COze/m?) 3.2 5.7 28.4 42.1
Land Use (m#m?2) 0.8 0.4 47.3 2.1
Chemical Pollution (index) 0.3 0.2 8.7 6.4
Energy Use (MJ/m?) 127 243 847 523

Table 2 presents lifecycle assessment results. Water
consumption shows dramatic advantages for biomaterials,
with mycelium requiring only 12 liters per square meter
compared to conventional leather's 387 liters, representing
97% reduction. Greenhouse gas emissions similarly favor
biomaterials. Land use differences prove striking, with

conventional leather requiring 47.3 square meters due to
cattle grazing while biomaterials utilize less than 1 square
meter. Chemical pollution indices reveal biomaterials
generate minimal  pollution through chemical-free
production. These results demonstrate 76-83% overall
environmental impact reduction.

Mycelium Leather Market Penetration by Sector
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Fig 2: Mycelium Leather Market Penetration by Application Sector

Figure 2 displays market penetration across footwear,
accessories, and furniture sectors. Footwear adoption grew
from 18% in 2015 to 73% in 2020, driven by athletic
manufacturers. Accessories showed growth from 12% to

67%. Furniture grew from 5% to 48%. Footwear represents
largest absolute market due to enormous production
volumes. Accessories offer highest margins. Furniture
presents long-term potential as properties improve.

Fig 3: Production Cost Trends and Projections (2015-2025)
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Figure 3 illustrates cost trends and projections. Mycelium
costs decreased from $127 per square meter in 2015 to $23
in 2020, with projections reaching $15 by 2025. Bacterial
cellulose declined from $187 to $31, projected to reach $20

https://www.biologyjournal.net

by 2025. Conventional leather remained stable at $18-22.
The convergence of mycelium costs with conventional
leather around 2024-2025 represents critical commercial
milestone enabling price-competitive market entry.

Consumer Willingness to Purchase Biomaterial Products
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Fig 4: Consumer Acceptance and Willingness to Pay for Biomaterial Products

Figure 4 presents consumer research results. At price parity,
68% expressed willingness to purchase, increasing to 82%
with environmental messaging. At 10% premium,
acceptance dropped to 47% without messaging but
recovered to 61% with communication. Younger consumers
showed stronger acceptance (78%) versus older consumers

(54%). These results inform strategies emphasizing
environmental communication and targeting younger
demographics.

Comprehensive Interpretation

Economic analysis revealed production costs following
technology learning curves with 15-20% unit cost
reductions per production doubling. Mycelium costs
decreased from $127 to $23 per square meter through
substrate optimization, automated harvesting, and improved
facility utilization. Consumer research indicated 68%
willingness at price parity rising to 82% with benefit
communication. Fashion professionals expressed
enthusiasm tempered by supply consistency concerns. The
convergence of improving properties, declining costs, and
growing acceptance suggests biomaterials approach
commercial viability inflection point.

Discussion

This research demonstrates that mycelium leather and
bacterial cellulose represent viable sustainable alternatives
to conventional leather with improving commercial
prospects across technical performance, environmental
impact, and economic competitiveness dimensions. The
97% reduction in water consumption and 89% decrease in
greenhouse gas emissions for mycelium production offer
compelling environmental benefits directly addressing
fashion industry's sustainability crisis and responding to
regulatory pressures and consumer demands for cleaner
alternatives. Material properties approaching conventional
leather performance with mycelium achieving 78.5% of

~ 60~

tensile strength combined with superior breathability and
biodegradability create differentiated value proposition
balancing performance and sustainability. Cost trajectories
suggest biomaterials will achieve price competitiveness
within 2-3 years as production scales further through
continued investment and process optimization, removing
major adoption barrier. However, several challenges require
attention for full commercial realization. Material property
consistency across production batches needs improvement
through better process control, quality management systems,
and potentially genetic engineering for more uniform fungal
strains. Current batch-to-batch variation in tensile strength
exceeds acceptable tolerances for industrial applications
requiring consistent material specifications. Water resistance
enhancement remains priority for certain applications, likely
achievable through bio-based surface treatments avoiding
synthetic chemical coatings that would compromise
environmental benefits. Scaling production infrastructure
demands substantial capital investment; transitioning from
pilot facilities to industrial operations producing millions of
square meters requires estimated $50-100 million per
facility, though decreasing costs should attract necessary
funding from venture capital and strategic corporate
partnerships. Consumer education about biomaterial benefits
and performance constitutes essential complementary
strategy alongside technical development. The 14
percentage point increase in purchase intentions when
environmental benefits are explicitly communicated
demonstrates  information's  critical role. However,
communication must avoid greenwashing by accurately
representing both benefits and current limitations, building
trust through transparency. Industry partnerships with
established fashion brands accelerate adoption through high-
visibility product launches, though require demonstrating
reliability and quality that justify brand reputation risks
associated with novel materials. Regulatory frameworks for
biomaterial classification and labeling need development to
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prevent misleading marketing while enabling legitimate
sustainability claims. Current ambiguity about whether
mycelium leather can be labeled leather creates confusion
and potential legal challenges, with conventional leather
industry opposing such terminology while biomaterial
companies argue their products deserve the descriptor.
International standards development through organizations
like ISO could provide clarity while ensuring consistent
requirements across jurisdictions. Sustainability certification
schemes adapted to biomaterials would help consumers
navigate competing claims and reward genuinely
environmentally superior products. The research suggests
biomaterials could realistically capture 15-20% of leather
goods market by 2025 representing meaningful
environmental impact given fashion industry's enormous
scale, though conventional leather will likely maintain
majority market share for foreseeable future given
entrenched supply chains, established performance track
record, and consumer familiarity. This market penetration
would prevent millions of metric tons of CO2 emissions,
save billions of liters of water, and avoid substantial
chemical pollution, demonstrating that even partial market
transformation delivers significant environmental benefits.
Future research should track actual market adoption rates,
investigate long-term product performance through
extended field testing, and examine socioeconomic impacts
including employment effects in traditional leather-
producing regions requiring just transition planning.

Limitations

Several limitations merit acknowledgment. First, material
testing focused on mechanical properties and basic
durability; long-term performance in real-world applications
requires validation through extended field testing with
actual consumer products. Laboratory accelerated aging
provides useful data but may not fully replicate complex
degradation mechanisms. Second, lifecycle assessment
relied on laboratory-scale production data extrapolated to
industrial scales; actual commercial-scale environmental
impacts may differ due to infrastructure requirements and
energy sources. Third, economic analysis assumed
continued scaling efficiencies following historical learning
rates, but these may face diminishing returns. Fourth,
consumer surveys captured stated preferences that may not
translate to actual purchasing behavior. Fifth, the research
focused specifically on mycelium and bacterial cellulose;
other biomaterial alternatives exist that might offer superior
properties or economics. Sixth, market projections assumed
continued investment and regulatory support that could
change. Seventh, competitive responses from conventional
leather and synthetic alternatives were not fully modeled.
Finally, cultural and psychological factors affecting material
acceptance require deeper investigation.

Conclusion
Fermentation technology applied to fashion materials
represents  transformative  innovation  simultaneously

addressing environmental sustainability and animal welfare
imperatives that increasingly define fashion industry's social
license to operate. Mycelium leather and bacterial cellulose
demonstrate that biological production processes can create
high-performance materials genuinely competitive with
conventional alternatives while dramatically reducing
environmental —impact across water  consumption,
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greenhouse gas emissions, chemical pollution, and resource
utilization. The 97% water reduction and 89% emissions
decrease achievable through mycelium production,
combined with elimination of toxic chromium tanning
chemicals and animal exploitation, present compelling
sustainability case that aligns with escalating consumer
expectations, regulatory  pressures, and corporate
responsibility commitments. Material properties
approaching conventional leather performance across key
metrics including tensile strength, tear resistance, and
flexibility, coupled with unique advantages in breathability
and natural biodegradability, create products that need not
compromise functionality for sustainability a critical
requirement for mainstream adoption. Current limitations in
water resistance and batch consistency represent addressable
technical challenges rather than fundamental barriers, with
clear research pathways through surface treatment
optimization and process control improvement. Commercial
viability improves rapidly as production scales and costs
decline toward parity with conventional materials, with
mycelium leather projected to achieve price competitiveness
around 2024-2025, removing major adoption obstacle and
enabling mass-market penetration. Market adoption
accelerates driven by multiple reinforcing factors: consumer
demand for sustainable alternatives particularly among
younger demographics; major fashion brand commitments
to sustainability goals creating demand pull; regulatory
pressures on conventional leather increasing compliance
costs; and substantial venture capital investment enabling
rapid technological development and manufacturing scale-
up. The convergence of these market forces with improving
technical performance and economic competitiveness
suggests biomaterials will capture 15-20% of leather goods
market within five years, representing meaningful market
transformation though not complete replacement of
conventional materials in near term. However, realizing
biomaterials' full potential requires continued innovation
across multiple dimensions simultaneously. Production
efficiency must improve further through strain development,
process optimization, and automation to sustain cost
reduction trajectories. Material property development should
address remaining performance gaps while expanding
application versatility. Manufacturing infrastructure must
scale dramatically through major capital investment in
industrial facilities, though declining costs should attract
necessary funding from both venture capital and strategic
corporate sources. Supply chain development encompassing
substrate  sourcing, production operations, finishing
processes, and distribution networks requires coordination
across multiple industries and geographies. Consumer
education constitutes critical complementary strategy,
communicating both environmental benefits and product
performance characteristics accurately to build trust while
avoiding greenwashing. The research demonstrates
information's powerful effect on purchase intentions, with
benefit communication increasing acceptance by 14
percentage points, but messaging must balance enthusiasm
with honesty about current limitations and ongoing
development. Industry partnerships with established fashion
brands accelerate adoption by incorporating biomaterials
into high-visibility products, though require demonstrating
reliability justifying brand reputation risks. The humble
fungus and bacterium, cultivated through ancient
fermentation processes refined by modern biotechnology,
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may revolutionize fashion materials through combination of
traditional biological wisdom and contemporary scientific
innovation. While unlikely to completely replace
conventional leather in near term given entrenched supply
chains and consumer habits, biomaterials can meaningfully
transform  materials industry toward sustainability,
demonstrating that biological innovation offers practical
pathways addressing environmental imperatives while
maintaining economic viability and product performance.
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