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Abstract

Leather, a popular material in a wide array of industries, is traditionally sourced from animal hides.
The scale of production has increased over time, leading to ever-greater concerns about the
environmental, ethical and health impacts of leather manufacture. The substantial resources
required, plus the pollution and waste generated, pose serious doubts over the sustainability of
existing production systems and their ability to meet the increasing demand for leather-like
materials. To address these issues, alter- natives to leather have been developed. Up to now though,
these materials have been unable to perform as well as genuine leather, either mechanically,
aesthetically or texturally. Some of the polymer-based alternatives may even be more harmful to the
environment than leather itself. The need for a more-suitable leather substitute has coincided with
the emergence of cellular agriculture technologies. In the future, it is hoped that leather-like
materials may be engineered from collagen created by cellular agriculture, instead of relying upon
animal slaughter. Such a material could offer great design, sustainability, environmental and ethical
benefits over real leather. Whilst there is significant potential, more investment in research and
development is needed before the technology can be considered sufficiently well developed. So far,
tissue engineering techniques applied from clinical fields have proven too costly and inefficient for
scaling up, but work has already commenced to identify sources of collagen and cell growth media
that are less animal-dependent and not so expensive.Even so, more-efficient methods of controlling
the collagen network structure still need to be created. The new round of research is therefore
expected to focus upon increasing cell-culture efficiency using, for example, specialised bioreactors.
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1. Introduction
Leather is classically defined as a material produced upon the preservation of animal hides
(Sharphouse, 1995a). The material is used in a wide variety of industries, including clothing,
footwear, furnishing and automotive. The high global demand for leather is due to its unique
properties, such as durability, lustrous texture and breathability (Covington, 2011a). The scale of
production of leather has increased over time, leading to concerns about negative environmental,
ethical and health impacts of various aspects of leather manufacture. For example, the resource
demands, the pollution and the waste generated, pose serious doubts over the sustainability of
existing production systems and their capacity to meet ever-increasing demand. Production of
leather poses ethical issues surrounding animal welfare before slaughter and environmental
concerns throughout the material’s life cycle (Tasca and Puccini, 2019). Consumers are increasingly
conscious of such consequences surrounding their product choices (Thomas, 2019). There is more
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significant pressure on, plus competition between, manufacturers to provide consumers with the
sustainable, ethical and high-quality products they desire.

To address such issues, leather substitutes have been developed, deriving from natural and synthetic
polymers. The most widely used plastic alternatives are, however, heavily reliant upon unsustainable
fossil fuels and cannot biodegrade as readily as organic leather (Mersiowsky et al., 2001; Howard,
2002; Sivan, 2011; Avar et al., 2012;). Up to now, these materials have also notoriously lacked the
quality, prestige, tactile properties, comfort and long-term durability of natural leather (Wang et al.,
2014, Forgacs et al., 2016;). These materials are unable to perform as well as natural leather, neither
mechanically, aesthetically nor texturally, and may even be more harmful to the environment than
leather itself.The resultant premature product obsolescence, combined with fast-fashion culture,
stimulates unnecessary waste. Plastic-based faux leathers, therefore, still have significant
detrimental impacts on the environment (Petter, 2019; Pithers, 2019).

High-end, global brands, such as Stella McCartney and Nike, have already expressed significant
interest in development of novel leather alternatives (Greene, 2016; Stella McCartney, 2020a). As an
ethically and environmentally conscious brand, Stella McCartney completely refrains from animal
product use (PETA, 2020a). The company has already collaborated with Bolt Threads, who have
successfully developed an in vitro, protein-based alternative to silk, with comparable properties
(Threads, 2019; Stella McCartney, 2020b). As a biodegradable and cruelty-free option, this is now
preferred by the designer. Yet, a comparably sustainable and high-quality leather alternative is not
currently available. Various plant-based substitutes (e.g. Pinatex, Frumat, Mylo) have started to
enter the market, but production remains on a low scale (Carrara, 2018; Bolt Threads, 2020;
“Pinatex,” 2020). Whilst these fabrics meet sustainability criteria, unlike plastics, they similarly
cannot compare with the lustrous properties of genuine leather. As a result, designers remain
limited in their options of commercially available leather alternatives. With high-end brands already
encouraging further innovation though, other companies will be incentivised to compete and new
materials should enter the market (Sharkey, 2019).

Perhaps a suitable approach to manufacturing a more sustainable leather-like material could be to
engineer animal skin constructs within a laboratory (Jakab et al., 2019). The need for a more-suitable
and sustainable leather substitute has coincided with the emergence of cellular-agriculture
technologies, through which it is hoped that leather-like materials may soon be engineered in
laboratories from collagen, instead of relying upon animal slaughter.

Engineering of human skin tissue substitutes within laboratories, using cell culture technologies, has
already been researched for wound treatment (Horch et al., 2005; MacNeil, 2008; Subramanian et
al., 2011; Chouhan et al., 2019;). In theory, principles of this methodology could be applied to the
cultivation of an animal leather-like material. If eventually successful on a large scale, the fabric
could attain acceptance by designers as a leather alternative in the future. Despite the potential for
the emergent materials to offer significant design, sustainability, environmental and ethical benefits
over real leather, much more time, effort and resource need to be focussed on the research to
provide an improved base from which the technology can become sufficiently-well developed. In
vitro engineered leather remains a niche research area. In this paper, a literature review discussing
genuine leather manufacture and the possibility of a laboratory-grown alternative is presented. As a
multi-disciplinary subject, the intended audience of this paper spans across researchers and
practitioners in the textile, biomaterial and sustainability sectors. Relative ethical and environmental



consequences of each method are assessed. The likelihood and impacts of scaling up laboratory
production to meet current high leather demand also require consideration. Although sparse, any
existing efforts in the field shall be discussed and suggestions for strategy adaptations made. As a
tissue engineered leather substitute is not yet commercially available, there must be drawbacks in
previous innovations and new developments still required. This paper acts as the first extensive
review of literature with respect to the topic. By highlighting gaps in existing research from the
currently available evidence, the article may guide the priorities of researchers within the field. The
review also intends to increase general awareness of a laboratory engineered leather-like material’s
potential, so that acceptance by the public is readier in the future.

Improvements of that kind are still required though, as are more-efficient methods of controlling the
collagen network structures created; allied research ought to focus upon increasing cell culture
efficiency using, for example, specialised bioreactors. This issue of Textile Progress provides both a
compilation and critical review of the existing literature relating to leather substitutes to enable the
highlighting of such gaps in research to prompt further study and to increase awareness about the
potential advantages of in-vitro alternatives to animal products like leather. The idea is also that
with the spread of improved knowledge about the advantages of the emerging products, steps may
soon be taken to help the wider public to become more aware, create demand and be better
prepared to accept them, as soon as technological progress has reached a stage which allows market
entry.

2. Leather
This section will present the literature describing current and long-established manufacturing
processes in the leather industry. Shortcomings of these methods will be discussed, and potential
improvements suggested for future work. It will begin with explaining the structure of animal skin
and how the raw hide is processed before tanning. It will then focus on the tanning and finishing of
leather, concluding with leather characterisation techniques.

2.1 Leather Manufacture
Genuine leather manufacture has principally not changed for centuries (Bosnic et al., 2000; Huffer
and Taeger, 2004). Some natural chemicals have been substituted for synthetics in modern
manufacture, but the goal is consistent: animal skins are preserved in their supple, hydrated form as
leather (Watt, 1906).

This section gathers literature describing current manufacturing processes in the leather industry.
Shortcomings of these methods are discussed, and potential improvements suggested. The general
steps required to produce finished leather from a raw animal hide are provided in Figure 1
(Sharphouse, 1995b; Bacardit et al., 2015; Laurenti et al., 2017). From this outline, it is apparent that
leather manufacture is a complex process, with multiple procedures taking place at each stage. The
key method of preserving animal hides against putrefaction is tanning, but many preparatory and
finishing steps are also required. Clearly, leather manufacture as it stands is a work, resource and
time-consuming process. In this section, each of the main production stages shall be considered in
more detail.
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Figure 1: Schematic outline of the typical steps required during leather manufacture.

2.1.1 The Structure of Animal Skin and Leather
Animal skin in vivo performs a variety of functions that allow continual operation of internal organs.
Skin maintains the structure of the body; provides protection against the elements and
microorganisms; regulates temperature/fluid intake and enables sensory response (Subramanian et
al., 2011). Skin also has the ability to heal itself. The major component of live animal skin is water, at
approximately 64 % (Sharphouse, 1995c). This is followed by proteins at around 33 %. Of these
proteins, the most abundant is collagen, which constitutes the main nanofibrous structural network.
Collagen has many forms, but the predominant type in animal tissue is Type | (Parry and Craig,
1988). Individual polypeptide chains have a repeating X-Y-Gly amino acid sequence, where X is often
Proline and Y Hydroxyproline in mammalian tissue (Grassmann et al., 1957). The presence of Glycine
as every third amino acid sterically enables rearrangement of individual collagen strands into a right-
handed triple helix (Ramachandran and Ramakrishman, 1976; Siggel et al., 2007). Meanwhile, X and
Y stabilise the helix via hydrogen bonding between peptide chains (Ramachandran and Kartha, 1954;
Piez et al., 1963; Ramachandran et al., 1973). Structural rigidity is attained through hierarchical
formation of three-dimensional (3D) collagen fibres, from fibrils of multiple triple helices (Figure 2)
(Hall et al., 1942; Bear, 1944; Gross and Schmitt, 1948). Collagen fibrils and fibres are crosslinked by
hydrogen bonding between triple helices. These interactions are indirect, via water molecules when
skin is hydrated (Bailey and Paul, 1998).



Figure 2: Diagrammatic representation of the hierarchical, fibrous structure of collagen | protein

within animal skin tissue.

Animal skin is defined by a multiple layer composition (Figure 3) (Sharphouse, 1995c). The epidermis
is the outermost layer of skin, exposed to the surrounding environment. This layer contains
protective, dead, keratinous cells that are removed during leather processing to attain a uniform
surface (Covington, 2011b). Below the epidermis is the dermis. Only the dermal layers of skin are
applicable to the final composition of leather. The upper grain layer has a dense network of fine
collagen fibres with a high angle of weave relative to the skin surface. Whilst most of the skin is
composed of Type | collagen, the grain layer also contains Type Il (Covington, 2011c). Type llI
collagen fibres are finer and weaker, but provide flexibility, as well as the distinctive surface texture
of leather. The most expensive, premium leathers are full grain grade (Figure 3) (Dalgado, 2019).
Only high-quality hides are used for full grain leathers, as any imperfections on the outer surface
(e.g. scarring, blemishing) remain visible (Walker et al., 1990; Yeh and Perng, 2001). Generally, the
highest quality part of a hide is the back, as less superficial damage is likely to occur when an animal
is alive (Tucker, 2017). Surface area and thickness of sufficiently high-quality leather for commercial
use is limited by animal skin size. Additionally, there is wide scope for variation in hide quality, due
to factors such as climate, animal age and upbringing (Hadley et al., 2005; Abebayehu and Kibrom,
2010). Full grain leather is hence reserved for applications where thick leather with exceptional
durability is vital, such as saddlebacks (Tucker, 2017). Top grain leather has the hide’s outer surface
removed, so imperfections are no longer visible in the final material. Top-grain leather is generally
used for high-end fashion goods. Elastin fibres within the grain enable live skin to stretch. Top grain
leather has the hide’s outer surface removed, so imperfections are no longer visible in the final
material. (Covington, 2011b). The lower corium of the dermis comprises of less densely woven, but
thicker collagen fibres, with a smaller angle of weave (Haines and Barlow, 1975). As well as collagen,
the overlapping region between the grain and corium in live skin contains hair follicles, blood vessels
and sweat glands (Figure 3). A veiny surface texture is avoided in traditional leather manufacture by
bleeding animals thoroughly after slaughter (Covington, 2011b). Native skin contains functioning
cells (e.g. fibroblasts, endothelial) throughout the layers (JJ. Tancous, 1969). Beneath the dermis lies
fatty flesh tissue that is, like the cellular components, removed before leather manufacture. Split



leather is comprised of the loosely woven, internal corium layer of skin, so these leathers are
cheaper and suppler (Figure 3). Suede is a form of split leather that is abraded on the corium flesh
side to give a soft nap. Bonded leather is the lowest quality material, often used in cheap furniture,
that is composed of hide offcuts bound with polyurethane (Tucker, 2017).

Hair in Blood Sweat
Follicle Vessel Gland
\ A / Epidermis
I ¥ 7 i | T 3
. i |2 528 Grain
Full Grain HEE | & D (RS
Leather 4 xRy~ T
Grain/Corium
L Junction
— - ‘ —_ = i _ L - e Vo
A
Top Grain } = i
Leather Dermis
¥ Corium
Split Leather Collagen
O Fibre
A4 e o e v
- : B3 S ¢ » . d : Y™ '._0 B &) '_. Y s "-_’4— -0
(3 7, 2 % . 2 . Y8 g S
» 0: ;‘o“:&_“v: :._-' " ‘.L.;“"".‘,l' "":‘!'"' Pt Flesh
v s ¥ ¥ WGP .

Figure 3: Diagrammatic representation of the structural layers within animal skin, where collagen fibres
become gradually finer and more densely woven nearer the skin surface. Hairs are found in the top few skin
layers and blood vessels in the grain/corium junction. Leather grades are approximately designated. Image
created with BioRender.com.

Different animal hides are chosen for leather, according to attributes required in the final product.
Their properties vary, depending upon the collagen network structure (Kelly et al., 2018; Naffa et al.,
2019). Cow hides, for example, are thick (4-10 mm), with tightly woven collagen fibres, of large
diameter, that promote durability (Dowling, 1955; Tulloh, 1961; Haines and Barlow, 1975; Kobayashi
et al., 1999). Therefore, cow hides are preferable for leathers in hardwearing, shape retention
applications, such as shoe uppers (Sharphouse, 1995e). Sheepskins, on the other hand, are thinner
(1-2 mm), with a looser, finer collagen fibre network, so are softer and more flexible (Haines and
Barlow, 1975; Butler and Head, 1993). They are more suitable for supple leathers, used in gloving for
example (Sharphouse, 1995e). There is a restricted range of animal hides permitted for use in the
leather industry. Commercialisation of exotic leathers, derived from reptile skins for example, is
controlled, to protect endangered species. A lack of awareness has further confined the number of
animal skin types utilised in the leather industry, often contributing to unnecessary waste
(Karthikeyan and Chandra Babu, 2017; Sathish et al., 2017; Belay et al., 2019). Design scope with
leather is, therefore, limited at present.



2.1.2. Raw Hide Processing Before Tanning

Prior to permanent preservation of animal hides during tanning, several preparatory steps are
required (Figure 1). Imnmediately after removal from slaughtered animals, hides are trimmed during
flaying, then sorted for quality. Off the carcass, animal skin is prone to degradation, since peptide
bonds within collagen proteins are cleaved by bacterial enzymes (Lindner and Neuber, 1990). This
putrefaction must be prevented quickly, to avoid skin protein structure damage, then consequent
loss of hide quality and value (Didato et al., 2008; Gbolagunte and Hambolu, 2010). Preservation is
via a combination of destroying active bacteria, limiting bacterial activity and preventing
contamination. Often, large quantities of salt are used during hide curing (Wu et al., 2017).
Alternative methods include drying; acidic solution treatment or bactericide application
(Sharphouse, 1995f). Temporary preservation of raw hides is currently necessary during transport
because animals are usually slaughtered in a different location to where they are permanently
tanned.

In addition to the collagen framework utilised in leather, animal skin contains fatty flesh,
keratin and non-structural interfibrillar proteins, such as globulins (Sharphouse, 1995g). Liming
removes these components from hides in traditional leather manufacture. If untreated, the different
protein structures would resist collagen tanning and the resultant leather would have an uneven
finish. Typically, hides are pre-soaked in water, then an alkaline solution of calcium hydroxide and
sodium sulfide initiates hydrolysis of hair and interfibrillar proteins (Covington, 2011d). Prior to
tanning, the hide needs to be neutralised with acid, often sulfuric, during deliming. Further acid
pickling attains the optimum pH for tanning. Care is taken not to leave hides at high pH for too long
though, as this can allow hydrolysis of peptide bonds within collagen itself (Hofman et al., 2011).
Prior to tanning, hides may also be softened during bating to improve tannin penetration.

2.1.3. Tanning of Hides
After lengthy preparation, raw animal hides are currently and traditionally, preserved permanently
as leather through tanning. Hydrated collagen fibres are swollen, due to the free volume taken up by
hydrogen bonded water molecules. The skin remains soft and flexible. Upon skin dehydration,
collagen fibres shrink and eventually, helices become in close enough proximity to hydrogen bond
directly with one another (Sharphouse, 1995h). A lack of free volume causes a dehydrated fibre
network to be dense, stiff and inflexible. Skin surface area is also reduced. Tanning maintains a
hydrated style of network structure, through bonding of collagen to tanning agents, instead of water
molecules. Tanned hides retain flexibility and surface area upon drying (Covington, 2011e). A variety
of tanning agents are available, depending upon the final leather properties desired (Sizeland et al.,
2016). Vegetable tannins are extracted from natural, plant-based resources, such as mimosa bark or
chestnut wood (Sharphouse, 1995h) These tans produce stiffer leathers, suitable for applications
such as shoe soles, with a brown colour (Haslam, 1997; Spencer et al., 1988). According to China,
C.R. et al., vegetable tannings have less and manageable environmental effects (Madhan et al., 2006;
China C.R. et al. 2020). Traditionally, vegetable tans were the most commonly used in leather
manufacture, yet man-made chemical agents are favoured in modern methods (Wilson, 1941b,
1941c; Covington, 2011f). Synthetic tannins (Syn-tans), mimic vegetable tannins, but they are
artificially engineered to hydrogen bond with collagen in specific positions (Ammenn et al., 2015).
Syn-tans can enable faster processing and manipulation of leather properties, such as hydrothermal
stability, flexibility and light fastness, through controlled bonding (Covington, 2011g). However,



these advantages are at the expense of tanning reversibility, material biodegradability and tan
renewability.

Chromium (ll1) sulfate salts stabilise the collagen network of skin through coordination
bonding. These are the most common tanning agents used in leather production today, due to the
advantageous properties achievable (Chattopadhyay et al., 2012). Chromium salts enable production
of flexible leathers, suited to applications such as shoe uppers, as less tanning agent is fixed to
collagen than with vegetable tannins (Covington, 2011f). Chrome tanned leathers have a pale,
blueish colour, which increases ease of subsequent dyeing, compared with dark coloured vegetable
tanned leather (Covington, 2011h). Chromium salts have however, become an environmental
concern upon entering tannery effluent (Section 2.1.5). Metal ions with lower environmental impact,
like Aluminium (IIl), Titanium (IV) and Zirconium (IV), have been considered as replacements for
Chromium (l11) (Covington and Sykes, 1984; VanBenschoten et al., 1985). Unfortunately, their salts
have weaker tanning ability, so Chromium (lll) remains the principal leather tanning treatment
(Dunhill et al., 1990). Chrome accounts for 90% of global tannery (Hao et al., 2023) and results in
chromium-containing solid waste and wastewater (Li et al., 2020; Liu et al., 2022; Hao et al., 2023).
Although, uptake of Chromium (lIl) can be more efficient in the presence of a catalytic metal salt
with weaker coordination bonding, such as Aluminium (lIl) sulfate (Covington, 1986). Chromium
waste in tannery effluent is hereby reduced.

2.1.4. Finishing of Hides After Tanning
Although tanning is the major procedure in converting a raw animal hide to leather, in this
subsection we will be discussing the several finishing processes that can then take place (Figure 1).
As described in Section 2.1.1, the tanned hide may be split into thinner sections, depending upon the
grade of leather desired. Any residual tanning agents ought to be washed out of the hide and the pH
neutralised before re-tanning if necessary. Tanning does not always achieve the final colour desired
from leather, so an additional dyeing step may be needed. Following dyeing, a wide range of
additional finishes can be carried out to achieve the final leather physical properties required. The
most executed procedure is fatliquoring, whereby an oil is transported into collagen fibre bundles as
an emulsion in water (Covington, 2011i; Sharphouse, 1995i). Upon leather dehydration, the oil can
flow over collagen fibre surfaces and thus lubricate them to avoid too closer adhesion. A secondary
consequence of this action is leather softening. After fatliquoring, leathers are set out, to achieve an
even surface texture without creasing, then they are dried. A variety of mechanical finishes or
coatings may subsequently be applied to alter leather properties. A particularly useful finish is
reduction of collagen fibre wetting ability using hydrophobic polymers, to evoke water resistance
(Hodder, 1995). Aqueous fluids can still flow between collagen fibres towards the surface of leather
for evaporation. For example, rainwater is repelled by shoe leather, yet sweat also wicks away from
feet. For these reasons, genuine leather is vastly preferred to purely polymeric alternatives for
comfortable footwear (Bitlislp et al., 2005). Once final quality checks are made, complete leathers
become commercially available to product manufacturers for the next stage in their life cycle. Itis
important to note, as highlighted in Table 1, that there are potential consequential pollutants in
wastewater from post-tanning as not all chemicals are taken up during this process (Hansen et al.
2021a, 2021b). In the following subsection, we will be highlighting future challenges facing the
industry when considering the full life cycle of leather and associated environmental aspects.



2.1.5 Life Cycle of Leather and Associated Environmental Impacts
We have highlighted previously, the traditional and current production processes associated with
leather manufacture and begun to draw attention to the associated environmental impacts. In this
section we will focus on the resource inputs and waste outputs across the current life cycle,
presenting current and future advances in this area.

The entire life cycle of leather is split into three key stages: initial animal agriculture; leather
manufacture itself and finally, the production of leather goods (Figure 4) (Joseph and Nithya, 2009).
Throughout leather’s life cycle, many resources are used; energy consumed and waste produced
(Laurenti et al., 2017). The leather manufacturing stage includes the steps outlined in Figure 1. The
major resource needed during this phase is water, namely for rinsing and chemical solutions. Often,
processing takes place in locations with a limited supply of clean water, such as India. Water does
not constitute the final material, so all that is used goes to waste. Another problem is that water
becomes a carrier for other waste products, which can hinder reuse (Gutterres et al., 2008). These
can contaminate water sources if effluent is insufficiently treated before disposal. Temporary hide
preservation following animal slaughter, for example, introduces salts to wastewater (Section 3.2).
Sodium and chloride ions are particular concerns (Wu et al., 2017). Salts are also formed during
neutralisation reactions. Several studies report that ion contents in waterways near tanneries are
above tolerable limits for drinking (Cooman et al., 2003; Mondal et al., 2005; Brindha and Elango,
2012; Zhou et al., 2012; llou et al., 2014; Kanagaraj and Elango, 2016). Concentration of ions within
soil can also reduce crop fertility and therefore, productivity (Karunyal et al., 1994). By-products of
protein hydrolysis during liming, unhairing and fleshing steps include ammonia and its ammonium
salts (Sharphouse, 1995g). These too can be harmful to human health and toxic to aquatic life if
allowed to enter waterways (Randall and Mandy, 2004; Camargo and Alonso, 2006). Extremes in pH
during hide preparation for tanning pose a health risk to workers. Proteolytic enzymes are a less
harmful, pH neutral option for protein degradation (Taylor et al., 1987; Dettmer et al., 2013). There
is, however, a greater risk of collagen breakdown with enzymes, so conditions need to be more
strictly controlled (Alexander, 1988; Sivasubramanian et al., 2008; Valeika et al., 2019).
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The major source of chemical contaminants in leather production is the tanning process
(Section 2.1.3) (Joseph and Nithya, 2009). Table 1 compiles the broad range of chemical
contaminants in leather production.

Consequential Pollutants from Preparatory Processes and Procedures

(Saxena et al., 2020) e  Sulfuric acid/sulfide,

e mono or disodium phosphate/polyphosphate,
e ammonium salts.

(Dixit et al., 2015) Volatile Organic Compounds

e Ammonia

e Sulphides
(Saxena et al., 2020) e Phosphate,

e Nitrate,

e Sulphate,

e Phenol,

e Blend of noxious organic and heavy metal contaminants
(Dixit S et al., 2015) e Chromium (Cr),
e Vegetable tannins,




e Syntans,

e Phenolics,

e Azodyes,

e Pesticides,

e Sulphonated oils,

e Polychlorinated biphenyls (PCBs),

e Nonylphenols (NP),
e Phthalates.

Potenti
(Piccin et al., 2016; e Deacidulants,
Ortiz-Monsalve et al., e Synthetic and natural fatliquoring agents,
2019; Hansen et al., e Surfactants,
2020; 2021a) e Synthetic and natural retanning agents,
e Dyes,

e Chemical auxiliaries,
e Acids.

Table 1: The broad range of chemical contaminants in leather production (Dixit et al 2015, Saxena et al 2020, Hansen et al.
2020; 2021a)

Tanning agents are generally used in excess and large quantities remain in wastewater (Legesse et
al., 2002; Chattopadhyay et al., 2012; Bhargavi et al., 2015). Sulfate and related sulfide ions from
mineral tanning salts and acids, used to optimise the pH for tanning, reduce the oxygen content of
water (Sharphouse, 1971). The reduction in oxygen content in the water has been reported to be
harmful to aquatic life in freshwater systems (Randall and Mandy, 2004; Camargo and Alonso, 2006).
Chromium in the most common tanning salts is usually in the stable Chromium (lIl) form, but can be
oxidised to the toxic Chromium (VI) state in soil (Bartlett and James, 1979). Chromium (VI) can
persist in soil, if reduction capacity is exceeded (Sreeram and Ramasami, 2003). There is evidence
that chromium from leather tanneries has entered nearby waterways (Brindha and Elango, 2012;
Zhou et al., 2012; Kanagaraj and Elango, 2016). Water polluted with chromium is unsafe for human
consumption and damaging to aquatic life, because Chromium (VI) can enter biological cells through
anionic transport proteins (Venugopal and Reddy, 1992; Singh et al., 1998). As an oxidising agent,
the ion can then act as a carcinogenic mutagen (Green, 1985; Guida et al., 2019). The health risk to
tannery workers is generally high, because, as seen in Figure 5, the largest scale tanneries are often
located in poorer countries with less stringent safety regulations (Shankar, 2014). When observing
global production of leather, 60% is held by developing countries, led by China and then India
(Leather Goods Market Growth & Trends, 2021; De Ponte et al., 2023). Studies have already
confirmed that tannery workers exhibit heightened cancer rates (Rastogi et al., 2007; Balachandar et
al., 2010). Although, the general public residing near tanneries also have their health put at risk upon
exposure to contaminated water. Additional toxic and non-biodegradable chemicals, such as
synthetic, non-biodegradable dyes, are used throughout leather finishing (Section 2.1.4). These can
leach into water supplies as well and cause further environmental problems (Laurenti et al., 2017;
Tasca and Puccini, 2019).



Figure 5: An example of leather processing taking place at Chouara tannery in Fez, Morocco. This is
the largest tannery in the city and has continued to use only manual labour since medieval times
(Patowary, 2014). These traditional techniques offer inadequate protection from toxic chemicals to
workers’ health and the environment. Photo credit: (Nash, 2014) Photo credit: ‘Fes Morocco
Tannery - sept 2014 - 04’ by andynash, licensed under CC BY-sA 2.0. To view a copy of this license,
visit https:// creativecommons.org/licenses/by-sa/2.0/?ref=openverse.

Due to such significant environmental and health hazards, effluent from leather
manufacturing plants have strict limits imposed upon harmful chemical content prior to disposal.
The maximum acceptable quantity of chromium in wastewater from a tannery is 2 ppm (Sreeram
and Ramasami, 2003). Without satisfactory waste processing in place, this value can be as large as
2500 ppm (Ramasami, 1996). In less economically developed countries, these effluent treatment
procedures may not yet be fully established (Bosnic et al., 2000; Konrad et al., 2000; H. L. Paul et al.,
2013). Short-term profits that boost the economy are likely to be of higher priority to tanneries in
such regions (Chowdhury et al., 2018). Non-putrescible waste from leather manufacture is not
readily treatable chemically, even with advanced facilities in place. Degradation of organic matter to
biogas by anaerobic enzymes is a novel, more sustainable possibility (Agustini et al., 2017; Priebe
and Gutterres, 2017).

Considering the entire life cycle of leather (Figure 4), further environmental concerns are
presented at the initial animal agriculture and final leather product manufacture stages (Joseph and
Nithya, 2009; Laurenti et al., 2017; Tasca and Puccini, 2019). Traditionally, leather is manufactured
as a by-product from the meat industry (Wilson, 1941a). However, only around 25-30 % of these
wet-salted hides actually become leather (Sharphouse, 1971). The rest of the original material,
including water, flesh, hair, salt and surplus chemicals, is wasted. The exception being in
fellmongering of sheepskins. Often animal hides for leather are sourced from countries with poorly
enforced animal rights and waste management laws (PETA, 2020a). In order to meet high demand
and increase profit, some of these animals are in fact intensively factory farmed, purely for their
skins (Van-Eelen et al., 2006; PETA, 2019). The proportion of waste can be even higher from such
sources, since there is an increased risk of disease outbreak amongst large numbers of animals



reared in close proximity (Van-Eelen et al., 2006). The food industry has already identified the
unsustainability of animal agriculture as a significant concern for meeting future demand as the
global population rises (Pimentel and Pimentel, 2006; Breemhaar and Post, 2019). Similarly, demand
for a material with comparable properties to leather is still set to increase as populations and wealth
grow. Crop cultivation uses pesticides and fertilisers to feed the animals that will eventually be
slaughtered. Pesticides can accumulate to toxic levels in organisms found higher up food chains;
whilst fertilisers risk soil acidification, groundwater pollution and eutrophication (NSW Government:
Department of Primary Industries, 2019). Intensive animal farming and slaughter also present risks
to human health through disease transmission and antibiotic resistance (Vein, 2004; Elfenbein and
Kolbeck, 2018; Ben-Arye and Levenberg, 2019). Large areas of arable land, energy and water
supplies are also required for livestock upbringing and feeding. The majority of calories consumed by
livestock is wasted on their metabolism and production of less useful tissues (Ben-Arye and
Levenberg, 2019). Meanwhile, crops currently used to feed farm animals could instead address
global famine (Vein, 2004). Forests are often cleared to create arable land, but there is a finite area
available on the planet, which is unable to sustain rising animal product demand (Van-Eelen et al.,
2006; Tuomisto, 2019). In combination with methane release upon fermentation by ruminant
livestock, there is significant contribution to the greenhouse effect (0’Mara, 2011). Globalisation
meanwhile, has led to the manufacture and export of leather goods across the world, particularly in
the age of ‘fast-fashion’ (Tokatli, 2008). Each stage of leather production can occur in a different
country (Sharphouse, 1995b). Transportation consumes energy in the form of unsustainable fossil
fuels, further contributing to the greenhouse effect and climate change (Stern, 2007). The additional
energy consumed throughout leather’s life cycle, to power farm, factory, laundry and waste disposal
machinery, leads to a large carbon footprint overall (Joseph and Nithya, 2009; Azzouz et al., 2017,
Chen et al., 2019; Tasca and Puccini, 2019).

At the end of leather’s life cycle, disposal is an important consideration. Leather can have a
lower environmental impact at this stage than oil-based synthetic alternatives, as organic material is
biodegradable (Mersiowsky et al., 2001; Howard, 2002; Ferreira et al., 2010; Sivan, 2011). Although,
the large quantities of hazardous, solid, sludge wastes produced during manufacture are generally
disposed of in landfill (Agustini et al., 2017, 2016). Leather’s biodegradability is also subject to what
chemicals were applied during processing. Synthetic tanning agents, for example, slow leather
degradation (Ollé et al., 2011; Qiang et al., 2012; Guida et al., 2019). Sulfated paraffin oils from
unsustainable crude oil, used during fatliquoring, are difficult to separate from leather for recycling
or biodegradation (Tasca and Puccini, 2019). Toxic, non-biodegradable surfactants used to generate
the oil in water emulsion pose health and environmental risks (Kowalska et al., 2019). As with
fatliquors, polymeric coatings within bonded leather or water resistance finishes are sourced from
unsustainable crude oil and inhibit material recycling or biodegradation (Tasca and Puccini, 2019).

Efforts have been made to increase the sustainability of leather’s life cycle. Examples include:
improved treatment of tannery effluent to remove toxic chemicals (He et al., 2005; Tahiri and De La
Guardia, 2009; Vedaraman and Muralidharan, 2011); sustainable preservation of hides (Kanagaraj et
al., 2001; 2005; Sundar et al., 2019; Vedaraman et al., 2016; Kanagaraj et al., 2020; Tu et al., 2022)
selective breeding of animals for optimum hide size and quality (Zapletal, 1997; Vein, 2004; Vale,
2010); identification of less harmful alternatives to reagents (Kolomaznik et al., 1996; Aravindhan et
al., 2004; Saravanabhavan et al., 2004; Fathima et al., 2006; Rao et al., 2008; Jiang and Zhao, 2014);
enzymatic and eco-benign soaking processes (Dettmer et al., 2012; George et al., 2014; Ma et al.



2014; Kowalska et al. 2019; Kanagaraj et al., 2020) sustainable dehairing of skins/ hides (Kanagaraj et
al., 2020) via an oxidative process (Kanagaraj et al., 2016) and utilisation of waste products (Brown
et al., 1996; Rangel-Serrano et al., 2003; Colak et al., 2005; Yilmaz et al., 2007; Guo-Tao et al., 2013;
H. Paul et al., 2013; Vedaraman et al., 2016). However, the leather making process is principally
inefficient and improvements may only be to a finite extent. When brands have made promises to
consumers in the past about provision of more eco-friendly leather materials, they have generally
failed to deliver, despite significant financial investment (Givhan, 2015). This is no longer a viable
option, as pressure, from both customers and sustainability regulation bodies, is rising (Brugnoli,
2017). Looking longer term, sustainability issues with animal agriculture may convert people to
plant-based diets or cultured meat alternatives (Chriki and Hocquette, 2020). Consequently, the
source of hides that the leather industry depends upon now, could dwindle. In case of this
eventuality, an entirely novel manufacturing process must be considered. Otherwise, the rising
demand for materials with leather-like properties will not be met, as existing leather alternatives are
also unsuitable (Dal et al., 2019b).

2.1.5 Leather Characterisation Techniques and Standards
After production, the finished leather may be characterised using a variety of techniques. This may
be to ensure it is fit for purpose, to ensure quality, to assess product development, safe
consumption or to support sales and marketing of the product. In this section, we will highlight
some examples of current leather characterisation techniques used within a standard, with
examples listed in Table 2.

Before any chemical, physical, mechanical or fastness standard tests are carried out, leather
specimens must be prepared and condition appropriately (ISO 2418:2023).

In Section 2.1.1, surface texture of leather was noted as one key parameter to determine the quality
of the hide. Any remaining imperfections on the outer surface, such as scarring or blemishes, were
noted as undesirable. Electronic techniques can be used to assess dry and wet leather surface (ISO
1907:2023) but further surface properties such as coating thickness (ISO 12186:2011) and resultant
flex resistance (1SO 5402-1:2022) can be further assessed. Further testing can be carried out specific
to the product application. An example for flexibility, would be assessing the impact of finish on flex
of upholstery leather (ASTM D2097 - 03-2023).

Physical and mechanical tests can be carried out to assess surface area and thickness to ensure
appropriateness for commercial use (ASTM D1813 - 13-2023). This is important to assess as Section
2.1.2. noted that there may be variations in the quality of the animal skin due to climate, animal age
and upbringing. Tensile (ISO 3376:2011) and tear strength (ASTM D6077 - 16-2023) test standards
can be carried out to ensure the chosen leather hides have the required durability for the end
product. Together with upholstery leather, there are specific standards for leather applications such
as shoes and apparel, where physical and mechanical properties, such as water vapor permeability
are required (1SO 14268:2023). Leathers used in garment manufacture must adhere to the
performance requirements noted in BS 6453:1984. This includes suede leather, simulated grain
leathers and wool sheepskin.

Alongside physical and mechanical testing of leather specimens, there are also a variety of chemical
and fastness standards that can be used. Examples include, but are not limited to, assessing azo
colourants in dyed leather (ISO 17234-1:2020) quantitative analysis of tanning agents and colour
fastness. As highlighted in Section 2.1.3 by testing specimens of the leather and achieving the



desired result throughout the material, ensures even processing has been carried out from raw hides
through to finished leather.

Standard Number ID Title

SO 2418:2023

Leather - Chemical, physical, mechanical and fastness tests - Position
and preparation of specimens for testing

1SO 1907:2023

Leather - Measurement of leather surface - Electronic techniques

SO 12186:2011

Leather - Physical and mechanical tests - Determination of surface
coating thickness.

ISO 5402-1:2022

Leather - Determination of flex resistance - Flexometer method

SO 14268:2023

Leather - Physical and Mechanical Tests - Determination of water vapor
permeability

SO 3376:2011

Leather. Physical and mechanical tests. Determination of tensile
strength and percentage extension.

SO 17234-1:2020

Leather - Chemical tests for the determination of certain azo colorants
in dyed leathers. Determination of certain aromatic amines derived
from azo colorants.

SO 14088:2012

Leather - Chemical tests - Quantitative analysis of tanning agents by
filter method.

ISO 7906:2022

Leather - Tests for colour fastness - General principles of testing.

ASTM D6077 - 16(2023)

Standard Test Method for Trapezoid Tearing Strength of Leather

ASTM D1813 - 13(2023)

Standard Test Method for Measuring Thickness of Leather Test
Specimens.

ASTM D2097 - 03(2023)

Standard Test Method for Flex Testing of Finish on Upholstery Leather

BS 6453:1984

Specification for performance of leathers for garments

Table 2 - Examples of Test Standards for Leather and Leather-Like Materials

3. Leather Alternatives

Whilst the focus of this review is the production of leather-like materials by cellular agriculture, it is
important to note that there are, and have been, other approaches. The examples provided in this
section are not exhaustive; they aim to highlight the challenges associated with replicating
performance, mechanics and aesthetics of ‘real’ leather. Furthermore, they draw attention to
considerations required towards the feedstock of the material and provide insights of drawbacks to

consider in future work.

3.1 Historical examples
The concept of producing an alternative to leather is nothing new. According to Kanigel, R. (2010) as
early as the 14 Century we have been seeking alternatives, by coating fabrics in oil, and later in the
1800s coating cotton in wax to produce a ‘leatherette’ material for book binding.

In the 20™" Century, DuPont and others began actively seeking man-made alternatives to compete
(and surpass) the natural competitor. These materials are referred to as poromerics (Gooch, J.W.
2007). These materials are defined as ‘...water vapour-permeable leather substitutes...” by D.A.
Littler and A.W. Pearson (1972).

Commercially available products emerged, carefully marketed to avoid the use of the term leather.
These included, but are not limited to, Fabrikoid (used for the seats of Model T-Ford cars) Corfam
and Quox (Kanigel, R. 2010).



According to Kanigel, R. (2010) Corfam was a breathable and homogeneous substitute.

Aesthetically, the grains on the surface of the material produced resembled that of leather. Yet they
claim, mechanically, it was inferior and lacking absorbency. They highlight that consumer reports at
the time noted the ‘blandness’ of Corfam’s uniformed appearance and enduring ‘newness’.
Furthermore, consumers found the aging of leather appealing. Lastly, the author attributes Corfam’s
downfall to the slow adaptability of the fabrication process, to fast, changing fashion and consumer
needs, which experienced, skilled tanners could respond to (Kanigel, R. 2010). All noteworthy points
to consider when designing 21°* Century alternatives.

3.2 Natural or synthetic feedstocks
With the current focus on sustainability, it is important to note the feedstocks in historical and
current alternatives to highlight and explain the challenges associated with incorporating them. If
we classify textile materials according to origin, those deriving from natural resources include cotton
and flax (cellulosics) silk and wool (proteins) and man-made synthetic fibres include polyester,
polyamide, lycra and acrylic fibres deriving from fossil fuel feedstocks. There are also man-made
fibres deriving from natural polymers, such as viscose (rayon) lyocell, ramie and bamboo.

When referring back to poromeric examples provided in section 3.1, Fabrikoid, according to Meikle,
J.L. (1995) was a nitrocellulose product produced by “...coating rolls of cotton fabric with a 'dope' or
'jelly' of nitrocellulose dissolved in castor oil, alcohol, benzene, and amyl acetate...”.

Later in the mid 20" Century, composite materials such as Corum were made from urethane
polymers and polyester fibres (Gooch, J.W. 2007). It was produced from a punched nonwoven
material, its structure aimed to replicate the collagen bundles of skin (Kanigel, R. 2010).

Today, there are growing concerns of using fossil fuel-based materials in leather substitutes, (Section
1). Bielak and Marcinkowska (2022) explain that ‘...synthetic materials imitating natural leather...are
most often obtained by applying a layer of plastic (e.g., polyvinyl chloride) onto a textile carrier (e.g.,
fabric) or by impregnating a textile carrier with synthetic resins (e.g., polyurethane) and resin
coagulation in the carrier...” as shown in Figure 6.

Post-Construct

Nonwoven
(e.g. needlepunched)

- Impregnation
(e.g. resin)

Fibres

(natural or synthetic)

- Lamination

(e.g. layer
Yarn - Woven of plastic)
or Knitted

Figure 6: Schematic displaying example of steps to creating leather-like substitutes Bielak and Marcinkowska
(2022)

When considering environmental sustainability, research and industry are reverting back towards
natural resources. This includes, but is not limited to, the use of mycelium and microbium cellulose
as a renewable resource (Peng et al. 2023). Some are further combined with woven, knitted and



nonwoven materials to produce composite materials like their predecessors. Researchers today
continue to produce new leather alternative materials that echo the efforts of the historical
predecessors. Basak et al. (2022) for example, document the performance and mechanical
properties of a new textile composite, created with a needlepunched nonwoven from ramie fibres
coated in natural rubber. There are four main approaches to producing flexible fungal materials
(FFMs) which are Wild Basidiocarp Foraging (WBF), Liquid-State Fermentation (LSF), Liquid-State
Surface Fermentation (LSSF), and Solid-State Fermentation (SSF) (Gandia et al, 2021). Paper-like
materials created via LSF have already been reported for appropriate use as biomimetic fungal
scaffolds in human tissue engineering, and pure mycelium foams for biocompatible cellular scaffolds
for biomedical applications (Pelletier et al., 2019; Narayanan et al., 2020; Gandia et al., 2021;).

According to Li et al. (2023) whilst fungal mycelium has shown great promise in studies, the
versatility and engineerability is limited due to the two optional final production stages. These are
either the process of heat-killing the living cells in the engineered living material or relying on the co-
culture with a model organism for functional modification (Birnbaum, et al. 2021; Gandia et al.,
2021; Jones et al., 2021; Yousefi et al., 2021; Li et al., 2023).

3.3 Environmental concerns and challenges
Despite the current efforts to mitigate environmental impacts, Hildebrandt, Thran and Bezama,
(2021) highlight through the life cycle impact assessment of three leather alternatives the
importance of enhancing the durability of these substitutes and the use of low-impact coating
systems and impregnation agents. This highlights the ongoing challenges with coated or
impregnated composite alternative materials compared to animal leather. They also highlight the
need to integrate best practice interventions, including feedstock supply as mentioned in Section 3.2
and end of life recyclability and degradability (as mentioned in Section 1). It is likely that as more
commercial alternatives to bovine leather enter the market, researchers will continue to carry out
life cycle assessment to determine if the alternatives meet the future challenges and concerns faced
by the fashion industry. This is shown in the work by Williams, E., et al. (2022) who carried out life
cycle assessment of MycoWorks’ Reishi™ against bovine leather.

3.4 Characterisation of Leather Alternatives
In section 2.1.5. traditional and current methods of characterisation of leather (and leather
substitutes) have been presented. In this section, the aim is to highlight that research and
development into leather alternatives, apply these same standard tests to assess their performance
and also to compare against leather. For example, Basak et al. (2022) assessed the performance
properties of the flexural composite mimicking natural leather, by carrying out testing such as
‘...abrasion resistance, tensile strength, tear strength, puncture resistance, permeability, porosity
and dynamic loading and recovery...compared with wet blue (chrome treated) goat leather...”. It is
important to note, that these standard tests would continue to be applied to future developments,
and perhaps influence any new testing observed.

4. Skin Tissue Engineering

This section will highlight the current design and use of lab-engineered skin tissue for medical
applications. It will continue by noting the limitations as a substitution for human skin (sensory and
regulation functions, for example). We will continue by suggesting and explaining how laboratory



synthesis could follow principles from tissue engineering, but non-immunogenicity and complete
skin functionality will not be necessary, as this tissue will not be implanted.

4.1 Overview of purpose and scope
Laboratory-engineered skin tissue was developed initially as a substitute for human skin to repair
wounds due to the low availability of suitable donor tissue (Kirsner et al., 1998). Without engineered
tissue, treatments would depend upon split or full-thickness skin grafts (Seal et al., 2001). Another
source of skin tissue was required to effectively treat more patients and more significant wounds.

4.2 Scaffold use in medical applications
Up to now, engineered skin tissue remains almost exclusively implanted into medical patients for
wound healing applications (Akter et al., 2016). In this role, artificial tissue must effectively mimic
native tissue and be non-immunogenic upon implantation (Horch et al., 2005). Other smaller scale
applications include skin biology research and trialling cosmetic product safety as an alternative to
animal testing (MacNeil, 2007). The main drawback of tissue engineered skin is that it cannot
currently function as complete, healthy skin (Akter et al., 2016). Substitutes lack the complexity of
real skin. For example, they cannot perform sensory or regulation functions without the nerves,
blood vessels, hairs, glands or pigments of genuine skin (Supp and Boyce, 2005). Instead, tissue
engineered constructs tend to mimic structural elements of skin, then stimulate growth factor
production around wounds to aid skin regeneration. Similarly, leather only contains the structural
collagen components of native skin (Section 2.1.1). Laboratory synthesis could, therefore, follow
principles from tissue engineering, but non-immunogenicity and complete skin functionality shall not
be necessary, as this tissue will not be implanted. This could enable a simpler and more probable
application of tissue engineering technologies (Jakab et al., 2019).

Skin has multiple layers, and its major structural component is the 3D, nanofibrous, collagen
network (Figure 3). Engineered skin substitutes ought to imitate this structure, so that comparable
material properties are attained (Venugopal et al., 2008). Tissue engineering involves seeding cells
onto a suitable scaffold material. Additional nutrients and growth factors are then required by the
cells for proliferation and product secretion. On a larger scale, cells may be grown in bioreactors or
built-up layer-by-layer in culture vessels. If scaffolds are employed, they require high porosity for cell
and nutrient infiltration (Yang et al., 2001). The main purpose of a scaffold is to direct the growth of
seeded cells (e.g. fibroblasts) and the production of cellular products (e.g. collagen) (Hutmacher,
2001). For this, it is preferable for scaffolds to have a large surface area for cellular interaction.
Scaffold topography should mimic that of natural extracellular matrix (ECM), in order to replicate
real tissue structure in the final construct (Jayarama Reddy et al., 2013). Scaffolds may be composed
of naturally extracted materials, like collagen itself, or synthetic polymers (Telemeco et al., 2005;
MacNeil, 2008; Ghodbane and Dunn, 2016). Polycaprolactone (PCL) and Poly (lactic-co-glycolic acid)
(PLGA) polymers are already approved for human implantation by The United States Food and Drug
Administration (FDA) (Mansour et al., 2010). Although, for an in vitro engineered leather substitute,
there could be more options, as the material is not for implantation. Depending upon
biocompatibility, synthetic scaffolds may require additional surface functionalisation to improve cell
adhesion (Subramanian et al., 2011). Fibrous scaffolds are favoured, as they inherently have high
porosity, interconnectivity and surface area for cell attachment and infiltration (Senel-Ayaz et al.,
2018). Properties, such as pore size and shape, are also readily controllable with this type of scaffold.
Various techniques are employed to produce scaffolds, including particle leaching; freeze-drying;



high pressure gas expansion or electrospinning (Jayarama Reddy et al., 2013). Fibrous textile fabrics
also have the inherent porosity needed to support cell and nutrient infiltration (Senel-Ayaz et al.,
2018). Biocompatible, microscale fibres within such scaffolds can direct cell orientation and growth
(Moroni et al., 2008).

5. Laboratory-Engineered Leather Substitutes

Under the following headings we will introduce the reader to current substitutes explaining, with the
use of Figures, key current processes and strategies for producing leather substitutes in the
laboratory in future.

5.1 Overview of current small scale commercial approaches
Despite the potential of engineering leather-like materials in a laboratory, this remains currently a
very novel and unique area of research. There are various possible reasons for this. Research into
skin tissue engineering in general has so far not been considered very profitable, due to the
relatively low number of skin casualties in the West for treatment (MacNeil, 2007). Leather is a
material that is consistently in high demand, so perhaps this new application could encourage
further funding for skin tissue engineering research (Koppany, 2004). Perhaps, up until recently,
synthesis of a more sustainable and ethical alternative to leather has simply not been a high enough
priority. Current leather manufacturing processes are well established; profitable; and many people
rely upon the industry for their livelihoods (Covington, 2011a). The industry is, however, unlikely to
be capable of keeping up with demand in the future, so it is important to consider novel
manufacturing processes now (Dixit et al., 2015). Of the groups that have already undergone
research into laboratory engineered leather-like materials, Modern Meadow, a USA company, are
currently the most active (Modern Meadow, 2020).

5.2 Technologies

5.2.1 Strategies and considerations
At present, various strategies have been explored during the development of leather-like materials
within a laboratory, as shown in Table 3.

Company (Location) Technology and Strategy

Le Qara (Arequipa, Undisclosed microorganisms fed with plant residues are fermented to
Peru) produce a biopolymer. The biomaterial can support the high
temperatures and pressures of machines used to finish animal leather.

Bolt Threads Mycelial cells are fed sawdust and organic material in a tray while
(Emeryville, California, | controlling the humidity, temperature and other variables.
USA)

MycoWorks Fungal species of the Ganoderma lucidum complex (reishi) are grown

(Emeryville, California, | as mycelium by controlling temperature, humidity, carbon dioxide

USA) levels and other aspects of the fungus’s environment.

Hide Biotech (London, | Isolated proteins from scales, bones and other fish waste are

UK) engineered with enzymes, chemicals and dyes to create a leather
alternative

Modern Meadow Plant-based proteins combined with a bio-based polyurethane to

(Nutley, New Jersey, create a polymer blend called Bio-Alloy

USA)




Bucha Bio (New York) | Bacterial microorganisms such as Gluconacetobacter xylinus are
fermented to produce nanocellulose, which is formulated with plant-
based components into various biocomposite materials

Ecovative (Green Undisclosed fungus strains are grown as mycelium on long beds by
Island, New York, USA) | controlling the atmosphere and other aspects of the fungus’s
environment. The mycelial cells are fed agricultural and forestry by-
products.

Table 3 Strategies of leather-like material manufacturing from selected companies (Waltz 2022)

A key consideration is whether the use of a supporting scaffold is required during tissue engineering.
An example of a company adopting this technique is VitroLabs, where ‘...immortalized cell lines
derived from cells biopsied from an animal grow in a nutrient-rich environment with the help of bio-
based scaffolds, forming into tissue with the complexity of an animal hide...” (Waltz 2022). The main
processes involved during this method are outlined schematically in Figure7 .

Mass culture of Guide cells Preserve Design and
animal skin cells (and tissue) growth engineered tissue manufacture
using optimised with porous scaffold through products
conditions or alternative tanning processes from finished

leather-like material

Figure 7: Schematic illustration of the key processes involved in laboratory engineering of a leather-
like material using scaffolding technologies. Image created in part with BioRender.com.

5.2.2 Scaffold use
In this section we will highlight latest advantages of using scaffolds and also challenges with future
approaches, including their limitations.

Fibrous scaffolds offer the advantage of providing a porous, 3D, mechanical support, that directs
nutrient infiltration; cellular growth; and tissue formation (Netti et al., 2005). The structure of the
resulting ECM is hence, controlled by the scaffold. The scaffold does not necessarily alter the final
material’s properties though, as, if biodegradable, the scaffold will not remain in the construct. One
option is electrocompaction of collagen into a dense network, using an electric field and subsequent
fibrillation (Marga et al., 2017). Dehydration, fibre cross-linking and lubrication can achieve a
material with similar properties to tanned leather. Similarly, a non-woven fibrous collagen network
may be electrospun in an electric field from a collagen solution (Matthews et al., 2002). Following
this, tanning techniques can preserve the protein network, as with animal hides when forming
leather (Section 3.3). These strategies may, although laboriously, be scalable through the production
of multi-layered constructs. Despite this, a stock source of collagen protein is required. Key
drawbacks to this are the expense, impracticality and ethical concerns surrounding extraction of the
most commercially available collagen from animal skin (Marga et al., 2017). A research group has
been able to recycle collagen waste from leather tanning processes, to generate suitable tissue



engineering scaffolds (Netti et al., 2005). This, however, is paradoxical, as production, at least
initially, shall rely upon the same industry that a leather substitute would aim to cease. Whilst useful
proofs of concept, these methods do not successfully rectify the existing problems with traditional
leather manufacture. Sustainable collagen sources should not depend upon animal livestock
(Breemhaar and Post, 2019). The use of collagen produced by recombinant plant, bacterial, fungal or
mammalian cells could improve the ethics of a final material. Modern Meadow have already
successfully genetically engineered recombinant yeast strains to produce collagen for the purpose of
leather biofabrication (Dal et al., 2019a, 2019b). Although, this approach would increase the
timescale and complexity of overall production methods.

Textile scaffolds are an alternative strategy under investigation, as they are already quick to produce
cheaply and on a large scale, with computer-aided design flexibility. Mechanical properties and
cellular interactions of the fabrics are highly dependent upon their structure and fibre content
(Edwards et al., 2004). Some scaffolds can conveniently provide both firmness and elasticity to the
final material, analogous to the properties of real animal skin, as well as support cell and tissue
growth during culture. Textile fibres can be spun into yarns, which are then traditionally used to
produce woven, knitted or non-woven fabrics. Yarns have superior strength to fibres alone, so can
produce more durable scaffolds. Such fabrics are generally on the millimetre thickness scale, which
parallels to that desired in the final leather-like material. Modern Meadow present the novel idea
that, through a tanning process comparable to during traditional leather manufacture (Section 3.3),
a scaffold may be cross-linked to the surrounding tissue expressed by cultured cells (Purcell and
Forgacs, 2017). The resultant material is described as a fibre-reinforced composite. Superior
durability is possible, compared with degradable scaffolds, which can enable mechanical
performance on par with real leather. As the material is not for implantation, biocompatibility is not
vital, unlike most medical applications of tissue engineering. For successful cross-linking to collagen
protein in tissue though, the scaffold ought to include biological functional groups, such as amine,
carboxylic acid, sulfhydryl and hydroxyl. Successful collagen network growth and cross-linking has
been achieved with silk protein fibre scaffolds so far. Silk has previously received success within
biomaterials generally, due to its biocompatibility, longevity and favourable mechanical properties
(Wang et al., 2006). Modern Meadow’s material is readily characterised as dissimilar to genuine
leather on the microscale, but does achieve the ultimate goal of imitating its look, feel and
mechanical performance. It is worth noting however, that silk is a valuable fibre, which increases the
cost of an already expensive tissue engineering procedure (Babu, 2015). Silk, could also be a
controversial fibre, as it is sourced from silkworms (PETA, 2020b). Target consumers of a laboratory
synthesised leather substitute are likely to have concerns about animal product use, so other
suitable fibres may need consideration. Silk is also primarily sourced from China, which could add
transportation costs and pollution to the life cycle of the final material. Other research groups have
suggested that cellulosic and/or synthetic, rather than exclusively protein fibres, could generate
suitable scaffold materials and so, provide more sustainable and ethical options (Helgason and
Dusko, 2017; Purcell and Forgacs, 2017). With further development, the use of textile scaffolds
could, hence, remain a viable strategy for laboratory engineered leather-like materials.

Latest Scaffold Development Positives and Limitations

Electrocompaction of collagen into a dense Key drawbacks to stock source of are the
network, using an electric field and subsequent | expense, impracticality and ethical concerns
fibrillation (Marga et al., 2017) surrounding extraction of the most




Non-woven fibrous collagen network commercially available collagen from animal
electrospun in an electric field from a collagen skin (Marga et al., 2017).

solution (Matthews et al., 2002). Sustainable collagen sources should not depend
upon animal livestock (Breemhaar and Post,
2019)

Modern Meadow present a scaffold that may Superior durability is possible, compared with

be cross-linked to the surrounding tissue degradable scaffolds, which can enable

expressed by cultured cells through a tanning mechanical performance on par with real

process comparable to traditional leather leather. For successful cross-linking to collagen

manufacture (Purcell and Forgacs, 2017) protein in tissue, the scaffold ought to include

biological functional groups, such as amine,

carboxylic acid, sulfhydryl and hydroxyl.

Table 4 - Latest Developments in Scaffold Use

5.2.3. Advantages of scaffold-free approaches and limitations
In Section 5.2.2 the promise of textile scaffolds was highlighted, yet it is important to note that at
present, scaffold free approaches are also being considered. In this section, we will highlight the
advantages and limitations of these approaches.

Modern Meadow are developing a leather-like material through scaffold-free tissue engineering
technologies. This decision is justified by a scaffold adding unnecessary expense and complication to
the manufacturing process (Forgacs et al., 2016). Identification of a compatible biomaterial for a
specific cell type is generally a lengthy process of trial and error, that is perhaps appropriate for
medicinal purposes, but not for larger scale cellular agriculture (Forgacs et al., 2014). If scaffolds
remain in the material, then they can also affect the end structure and properties, so finding an
appropriate scaffold can be difficult and require time-consuming testing. 3D scaffolds, of comparable
thickness to genuine leather, pose the additional difficulty of achieving complete nutrient and
oxygen infiltration, for consistent cell survival throughout. These reservations are valid and Modern
Meadow has made impressive progress without needing a scaffold material. On the other hand, the
fabrics produced so far do not have equivalent durability to real leather. The material is currently
unfit for purpose, as most products require support from an unsustainable plastic-based backing
fabric (Jakab et al., 2019). Perhaps in the short term though, this methodology could be a valuable
steppingstone, until technology is further refined to allow sufficient durability of cell-based materials
in their own right. The lack of fabric strength is likely a result of the current tissue cultivation
methodology employed (Figure 8). Cells are expanded in 22 x 22 cm? culture dishes, then conditions
are optimised for collagen secretion. Fresh cells are layered onto the collagen network formed and
this process is repeated until three layers fuse together. Triads are then fused to attain a fifteen-
layered construct, that undergoes a further three weeks in culture. Scaffolds were not used as ECM
mimics to guide cell growth at any point during fabrication. Whilst the technology has some
advantages over scaffold utilisation during tissue engineering, the resultant fabric is less robust and
thinner than animal skin, being only comparable to the very top grain layer at around 0.1 mm in
thickness (Figure 3) (Sharphouse, 1995c). Collagen fibres within the engineered sample are fine, also
like those found in the grain, with lower entanglement than in real skin (Covington, 2011b). These
characteristics prevent the material from performing as well under tensile and tear stress as genuine



leather (Kelly et al., 2019). Most leathers contain at least part of the corium layer as well to maintain
structural robustness. Thicker, stronger collagen fibres, with greater entanglement, similar to those
in the corium, are necessary for generation of a material with comparable mechanical properties to
real leather (Figure 3) (Dalgado, 2019). The use of a scaffold in tissue engineering can enable greater
control over the collagen fibre network structures formed and resultant material properties
(Hutmacher, 2001; Jayarama Reddy et al., 2013). Fabrication with a scaffold as a single layer could
also improve fibre entanglement. Alternatively, Modern Meadow have suggested that incorporation
of chemical binders can increase crosslinking within the collagen network (Jakab et al., 2019). The
company may even utilise their past technological developments, regarding cell-based meat, in
future engineered leather production. Previously patented is a layer-by-layer bioprinter, which may
be able to tackle the issue of finite scaffold thickness, with respect to complete nutrient infiltration
and cell survival (Forgacs et al., 2008, 2014). Superior structural control may also be attained
through such computer-aided deposition of multi-cellular bodies.
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Figure 8: Schematic illustration of leather-like material production in a laboratory using Modern Meadow’s
scaffold-free technologies. Image adapted from Jakab et al., 2019.

Ultimately, the choice between scaffold and scaffold-free tissue engineering technologies depends
upon the properties required by the finished material in its intended purpose. It has, for example,
been found that culturing a leather alternative for use in automobile interiors, such as steering
wheel covers or seat belt components, is preferable with moulds, rather than scaffolds (Dumbrique
et al., 2016). The key advantage is that a leather-like material may be engineered to the final size
and shape required, without the need for cutting and sewing of fabric pieces. Waste is minimised,
without compromising fabric or product quality. This would be the case with traditional leather from
animal hides or, although to a lesser extent, flat pieces of material produced by tissue engineering
with a scaffold. The mould method is, on the other hand, currently only suitable for relatively small
and thin pieces of leather-like material, that are used primarily for aesthetic purposes. Mechanical
support may be introduced by other materials as a backing, if necessary, but this can present
sustainability concerns (Jakab et al., 2019). Modern Meadow demonstrates the possibility of
decorating textile fabrics with 3D patterns and textures of biofabricated leather material (Lee et al.,
2019). The application of a liquid solution of collagen protein to a fabric substrate enables great
design flexibility. Again though, sustainability of the technique depends upon collagen sourcing. Until
advancement of tissue culture technologies with, for example, cell aggregates (Forgacs et al., 2008),
engineering with a scaffold likely remains the most promising option for the production of larger



leather-based products that require greater durability, such as jackets and furniture. This suggestion
is corroborated by clean meat products, which are currently at a larger scale in development than in
vitro leather products. These mostly rely upon existing scaffolding technologies, at least in part
(Vein, 2004; Van-Eelen et al., 2006; Marga et al., 2015; Elfenbein and Kolbeck, 2018; Ben-Arye and
Levenberg, 2019). Although it is worth noting that, so far, most research efforts in laboratory
engineered meat have focused upon the refinement of cell culture methods for scale up, before
detailed consideration of scaffolds (Genovese et al., 2016; Breemhaar and Post, 2019; Forgacs and
Gupta, 2019).

5.3 Overview of Potential Advantages
In this section, we will provide an overview of potential advantages of laboratory engineered leather
substitutes. Should technological advances allow laboratory cultivation of a scalable leather
substitute in the future, it may more closely imitate the desirable tactile, mechanical and aesthetic
properties of genuine leather than existing alternatives (Qu et al., 2008; Marga et al., 2017). Product
applications will also be discussed, as well as comparisons with genuine leather, focusing on
resources inputs and outputs.

5.3.1 Product applications
In this section, current and future product applications for laboratory engineered leather will be
discussed.

Already, several brands, including Nike, have acknowledged many potential design benefits that
could be offered over real leather (Greene, 2016). Such a material may be engineered to have
specific properties, encompassing texture, shape, size and mechanical performance. Possibilities
could range beyond the present restrictions of animal hides. For example, hides are non-uniform,
plus inconsistent in quality and size, due to high dependence upon the natural state of reared
animals. Engineering under controlled laboratory conditions may enable synthesis of larger pieces,
or the exact amount, of material needed, at more consistent quality. Fewer additional processing
steps are likely to be required, in comparison to traditional leather manufacture, prior to material
preservation during tanning (Figure 1). This could be advantageous in terms of waste reduction.
Laboratory synthesis also has the potential to engineer any type of animal skin, through structural
control of the collagen network formed. Collagen fibre and overall leather thickness, plus resultant
physical properties, may be pre-determined during laboratory engineering by, for example, the cell
type used (Purcell and Forgacs, 2017). Applicable cell types could go beyond the current range of
animal hides used in leather production. For instance, skins that are now banned, or rare, in the
leather industry, such as endangered reptile, might be constructed in a laboratory to produce
similarly prestigious exotic fabrics (Qiang and Han, 2018). Novel mammal, bird, reptile, fish,
amphibian and invertebrate cells, or combinations thereof, may eventually be applied to in vitro
leather synthesis (Greene, 2016; Helgason and Dusko, 2017; Purcell and Forgacs, 2017). Overall,
designers could have a broader range of material options available to them, with simultaneous
poaching reduction. This aspect would be popular with fashion leather consumers, who constantly
desire new trends (Belleau et al., 2002; Alia et al., 2017).

A key benefit to laboratory engineering of leather substitute materials is that manufacturers should
have a lesser dependence upon animal exploitation. Concerns over animal welfare amongst ethically
conscious consumers may be tackled, as animal dermal cells can be sourced via harmless biopsies or
immortalised cell banks (Purcell and Forgacs, 2017; Jakab et al., 2019). In addition, environmental



and sustainability issues concerning animal agriculture could be minimised, as fewer animals are
likely to need rearing within the material’s life cycle. This aspect and further related advantages are
discussed in Section 7. Notably, animal tissue produced within a sterile environment reduces the risk
of disease transmission and lowers antibiotic dependence (Birbir et al., 2019; Bhat et al., 2015). As
temporary preservation of hides during pre-tanning processes after slaughter will no longer be
necessary, the need for antibiotics to prevent putrefaction shall also be removed (Stockman et al.,
2007). Availability of active antibiotics is limited, so less reliance during laboratory engineering of
leather-like materials would retain these for human treatment and prevent the development of
resistant bacterial strains.

5.4 Life Cycle of Laboratory Engineered Leather in Comparison with Genuine Leather
In this section, for comparison with that of real leather (Section 2.1.5., Figure 4), the predicted life
cycle of a laboratory synthesised leather-like material will be represented in a schematic. All stages,
plus the relative inputs and outputs during production, are only estimations for now, as the process
is not yet optimised for or performed on a comparable scale to genuine leather manufacture.

5.4.1 Inputs and Outputs
For comparison with that of real leather (Section 2.1.5, Figure 4), the predicted life cycle of a
laboratory synthesised leather-like material is represented schematically in Figure 9. All stages, plus
the relative inputs and outputs during production, are only estimations for now, as the process is not
yet optimised for or performed on a comparable scale to genuine leather manufacture. It is assumed
that the final material shall be a suitable substitute to real leather, for use in equivalent products.
The initial stage of production involves engineering structural components of animal skin tissue in a
laboratory, in contrast to whole animal agriculture for real leather. The tissue is cultivated from cells,
nutrients, growth factors and sterilised matrices (Section 4). Cultured leather should reduce
dependence on livestock, which shall in turn lower feed crop, fertiliser, pesticide and land usage
(Elfenbein and Kolbeck, 2018). Although, the cells and growth factors used during tissue culture are
generally still derived from animals, so a contribution from animal agriculture to the full life cycle
cannot yet be entirely eliminated. It currently takes months to rear livestock to a stage where they
are large enough to supply suitable hides for the leather industry. Once fully developed, laboratory
synthesis could reduce the time needed to produce the same amount of material. At present, a
tanned leather-like material may be produced in a laboratory within just six weeks, compared to the
months required for genuine leather (Jakab et al., 2019). The exponential growth rate of cells can
also provide a more sustainable source of collagenous material, with higher yield (Netti et al., 2005;
Arshad et al., 2017). Cellular agriculture is more likely, than animal agriculture, to be capable of
keeping up with the future increases in demand for leather-like materials (Dal et al., 2019a, 2019b).
A single animal can, however, provide a wide variety of materials to humans, such as milk, meat,
fertiliser and medicines, rather than leather alone (Tuomisto, 2019). To fully assess whether cellular
agriculture will genuinely reduce environmental impacts compared with animal agriculture,
laboratory synthesis of all animal products ought to be considered in the future (Eibl et al., 2018;
Stephens and Ellis, 2020).
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Figure 9: Diagrammatic representation of the predicted life cycle for an in vitro engineered leather
substitute, including resource inputs and waste outputs.

Whole animals are comprised of complex biological tissues. Meanwhile, leather itself has the
majority of animal skin components removed (Jakab et al., 2019). Most of these then go to waste.
Laboratory engineering could eliminate blood vessels and other non-essential components from the
offset. Liming procedures, plus consequential toxic pollutants, from traditional leather manufacture
(Section 2.1.2 and Table 1), could therefore be avoidable.

In fact, all of the usual pre-tanning stages could be eliminated (Figure 1) and production allowed to
continue directly from tissue engineering to tanning. Chemical/water input and pollution, plus solid
waste output in particular, shall be lowered (Sorolla et al., 2010). The omission of temporary hide
preservation, and its associated environmental impacts, is possible through laboratory synthesis,
because tissue engineering and tanning can occur sequentially at the same location. Tanning is the
major process from traditional leather manufacture that shall need to be carried forward into
laboratory synthesis for long-term material preservation (Section 2.1.3.). The combination of tanning
agents chosen will depend upon the properties specified within the final leather product. Procedures
less harmful to health and the environment should take preference for impact reduction. Most post-
tanning steps of production shall still go ahead, in order to achieve the desired final properties
(Figure 1). Although, generation solely of the necessary collagen network for the final material could
eliminate hide splitting into different grades, reducing waste.

In terms of energy usage, laboratory synthesis could significantly lower consumption during
transportation especially, as most stages of manufacture are likely to occur in the same location
(Jakab et al., 2019). In combination with a rise in vegetarian lifestyles, laboratory engineering should



lower farmland and energy use too (Wilson, 1941a). It is, however, worth noting that the relative
environmental impacts of in vitro and in vivo leather production cannot yet be accurately
determined, as they do not presently function on equivalent scales. Whilst there shall be a reduction
in energy inputs and greenhouse gas emissions owing to animal agriculture, it is likely that the
powering of laboratory machinery will be similarly energy intensive. The relative environmental
impacts of each manufacturing method will depend upon what sources of energy are used in the
future (Tuomisto and Teixeira De Mattos, 2011). Environmental benefits of in vitro synthesis relating
to climate change may also only be realised if the land where livestock were previously reared is put
to efficient use, such as through rewilding (Tuomisto, 2019).

Laboratory cultivated leather-like materials preferably ought to remain biodegradable at the end of
their life cycle. This ability may depend upon what matrix materials are utilised during tissue
engineering methodology. Some polymeric scaffolds, for example, may be unable to degrade and
concurrently increase reliance upon unsustainable fossil fuels. In addition, similarly to genuine
leather (Section 2.1.5), biodegradability of the material shall depend upon which chemicals are
applied during processing. Irrespective of biodegradability, the material is still likely to offer a more
sustainable alternative to leather than the mainly plastic-based synthetics available on the market at
present (Dumbrique et al., 2016; Greene, 2016). Unlike polymeric imitation leathers, in vitro leather
substitutes are expected to have equivalent mechanical properties to real leather and so, shall not
compromise durability or quality (Forgacs et al., 2016). Waste generation should, therefore, be
minimised, as products that wear out more gradually over time tend to require less regular
replacement. Whilst the life cycle inputs and outputs of a laboratory synthesised leather substitute
are currently only predictions, there is certainly advantageous potential for an overall reduction in
resource consumption and environmental harm. Although, this is under the assumption that ample
investment and time shall be allocated to the research area in the future for sufficient technological
development and scale up.

6. Possible Limitations
In this section, we will highlight the limitations of laboratory engineered leather substitutes, focusing
on the performance and aesthetic properties, production costs and ethical concerns. To do so, we
will discuss current limitations, along with the impact of future approaches on the industry.

For example, despite the possible environmental, ethical and health benefits of laboratory
engineered leather substitutes (Sections 5.2 and 5.3), there may be some opposition with regards to
initial social disadvantages, such as job losses in the farming industry. Nevertheless, the research
area remains in its early stages. Scale up of current tissue engineering procedures to meet the
demand for a suitable leather alternative is not yet practical or economically viable. It remains
unclear whether scaffolding, or other technologies, are the most appropriate strategy, as each
method includes drawbacks (Section 5.1).

6.1 Performance and aesthetic properties
Neither approach has, so far, been able to engineer a material with comparable structural
complexity or properties to genuine leather. Aside from poor mechanical performance, another
drawback of present innovations is that they exclusively appeal to high-end markets (Kansara, 2017).
Even the main competitor within the field has not yet been able to commercialise a leather-like
material (Modern Meadow, 2020). Products designed for their pilot brand Zoa have remained
limited edition samples only. There are several factors that could be responsible for the delay in



market entry. Perhaps further publicisation is needed before designers and consumers will accept
such a material and enable profitability. Conversely, a higher demand may be expected and hence, a
lag time is required to produce initial stocks. Most likely though, the manufacture processes are
simply not yet viable or cost-effective in larger quantities.

6.2 Production costs
Currently, a key limitation is that the tissue engineering technologies derived from biomedical
applications remain very costly (Bhat and Bhat, 2011; Specht et al., 2018). It is not easy to
contemplate how these techniques could directly compete with established leather manufacturing
practices on a comparable scale. Significant developments are still needed to achieve a readily
scalable fabrication technique.

It is therefore, too soon to generate an accurate cost estimation for laboratory engineered leather-
like materials upon market entry. Consumers shall only choose to buy an alternative to real leather if
it is of comparable, or greater, quality and similar price to the traditional material. By means of a
suitable parallel, the first in vitro meat product, released in 2013 merely as a proof of concept, cost
at least 300,000 times the price of a classic hamburger (Fountain, 2013). Less than ten years on,
companies claim that they can now reduce the cost to around $10 per burger (Gonzalez and
Koltrowitz, 2019). Eventually, it is hoped that the product could even become cheaper than
traditional meat. Similarly, the expense of laboratory engineered leather-like materials is anticipated
to decrease over time, as technical aspects and scale up methods are refined. Leather does however,
have the advantage of already being considered a luxury item. High-end fashion products can
currently sell for thousands of dollars. Therefore, cost may be less of a limitation for in vitro leather
and products could actually become competitive within the market sooner than cultured meat.

6.3 Ethical concerns surrounding cell use and sourcing
At present, a distinct limitation of most investigations into laboratory engineered leather-like
materials is that successful animal cell proliferation during routine culture relies upon media
supplementation with growth promotors, like foetal bovine serum (FBS). There are serious ethical
concerns surrounding the sourcing of FBS. Cows pregnant at slaughter have their unborn foetuses
removed, then FBS is extracted by cardiac puncture, causing significant distress to both mother and
foetus (Van Der Valk et al., 2004). Due to batch variation, the exact constitution of FBS is poorly
defined, but it contains essential growth factors and hormones for the stimulation of animal cell
proliferation (Maurer, 1986). To remove issues regarding animal cruelty entirely, a replacement for
FBS should be considered in the future (Tuomisto, 2019). This could improve marketability of a
biofabricated leather-like material amongst increasingly ethically conscious consumers. Growth
factor supplements are also the most expensive part of cell culture medium. They are therefore,
primarily responsible for the cost and market restrictions of a cultured leather alternative (Tuomisto,
2019). Cell line specific, serum-free medium formulations, or plant-based serums, are potential
options for the future (Gstraunthaler, 2003). Although, these require extensive development and
tend to be less efficient cell proliferation promoters. Modern Meadow are already considering an
alternative solution, whereby collagen is sourced from a non-animal source, such as fungal, bacterial
or plant cells (Section 3.2). These methods do however, add the complexity and controversy of
genetic engineering to manufacture and they may not be able to produce collagen fibres of
comparable strength to those in animal hides. Genetic manipulation of cells is strictly controlled in
most countries and some consumers are wary of such practices, so companies remain cautious when



proceeding with this approach due to consumer perceptions of genetic modification (Wunderlich, S.
et al., 2015). The cultured meat industry, currently more advanced than that of in vitro leather, has
acknowledged the problems associated with FBS use, along with other common animal derived
products (e.g. trypsin), during routine cell culture. Work has already commenced into finding
alternatives (Benjaminson et al., 2002; Genovese et al., 2016; Elfenbein and Kolbeck, 2018; Allan et
al., 2019; Breemhaar and Post, 2019). Applicable technology may hence have improved sufficiently
before a suitable laboratory engineered leather substitute is even identified.

7. Conclusions and Recommendations

In this final section of the paper, conclusions are drawn together to support recommendations for
future work. This includes conclusions on the advantages of leather substitutes against traditional
approaches, challenges associated with leather substitutes such as costings and consumer
acceptance.

7.1. Advantages of leather substitutes vs traditional approaches
A laboratory engineered leather substitute has distinct commercial potential, as demand
amongst consumers for more sustainable and ethical materials is increasing (Petter, 2019;
Pithers, 2019). The material could offer many benefits compared with genuine leather,
including better control over and a greater range of fabric properties. There should also be a
lesser dependence upon animal exploitation during production and hence, fewer harmful
consequences. Environmental damage may be lowered through reductions in resource use
and waste generation. It is likely that there shall be fewer risks to health during manufacture
too. These advantages may however, only be realised if technology is capable of advancing
sufficiently in the future. All groups presently working in the field have acknowledged
shortcomings in their research so far and have begun to explore possible solutions.
Examples of key issues that ought to be tackled include the continued reliance upon animal
products during routine cell culture and inferior mechanical performance of cultivated
materials compared to genuine leather. Research into the topic generally remains in its early
phases though, so as this grows, the possibility will hopefully become more achievable,
much like the progress being seen towards laboratory cultured meat (Jaso, 2019; Marr,
2019).

7.2. Challenges associated with leather substitutes

7.2.1. Costings
Beyond fine technological developments, one of the next key research steps will focus upon
improving cost-efficiency (Jakab et al., 2019). So far, the tissue engineering methods
translated from medical applications remain too labour intensive and expensive to replicate
the colossal scale of genuine leather production (Breemhaar and Post, 2019). As for all
forms of cellular agriculture, automated and scalable bioproduction methods are required
before product prices may become more reasonable. Nutritious medium is currently the
costliest component of cellular culture. Serum-free formulations remain useful avenues of
research, but systems that enable medium recycling would be more beneficial for future



cost reduction. Trials have already commenced in relation to cell-based meat, which may
later be tailored to other cellular agriculture systems, like leather (Forgacs and Gupta, 2019).
In addition, it is possible that genetic manipulation to, for example, generate self-renewing
cells, may, regulation permitting, continue to aid cost reduction (Elfenbein and Kolbeck,
2018). Eventually, large scale bioreactors shall ultimately be necessary to meet the high
demand for leather-like materials (Allan et al., 2019; Langelaan et al., 2010; Bhat and Fayaz,
2011;). Generally, biological cells are adherent, so rely upon attachment to a substrate, such
as a scaffold material, for successful growth and proliferation. Scaffolds are the other major
addition to the cost and complexity of classical tissue engineering techniques. They can also
restrict material thickness, due to limitations upon cell, oxygen and nutrient infiltration.
Alternative methods to control cell growth and the resultant tissue structure will remain
important research focusses. Bioprinting techniques could perhaps enhance structural
precision during tissue culture (Forgacs et al., 2008). Suspension culture of cells within
bioreactors is likely to be more useful when scaling up, so microcarriers, for example, or
specialised apparatus, may be utilised in the future (Marga et al., 2015; Breemhaar and
Post, 2019). Vital research within the field may however, only continue if further funding is
provided (Bhat et al., 2015). As a relatively niche research area to date, it is hoped that this
review and future publications shall increase awareness about the concerns over genuine
leather and improve understanding of in vitro alternatives.

7..2.2. Consumer acceptance of alternatives vs current substitutes vs traditional
approach.

Even if technology does advance sufficiently in the future to allow scalable
production of cultured leather-like materials, it is as yet uncertain how accepting consumers
shall be of such animal product alternatives. Research already indicates apprehension
towards cell-based meat and the terms used during advertisement are inconsistent (Siegrist
et al., 2018). Lessons shall need to be learnt from this industry as it develops and in vitro
leather branded according to new market research. Consumers may distrust a new product
if reference is made to, for instance, cellular culture or genetic modification. As the
foremost company in the field, Modern Meadow actually do not aim to directly compete
with the leather industry and instead provide consumers with the option of a novel material
(Jakab et al., 2019). It may be that leather itself shall be dissociated from any commercial
name for future laboratory engineered alternatives, following a similar marketing trend to
plant-based imitation leathers. Consumer perceptions towards these materials shall clearly
form another important focus of future research. Overall, it is hoped that the compilation of
existing literature within this investigation has increased knowledge in the field and also
highlighted gaps in previous research to prompt further work. With this, laboratory
engineered alternatives may soon become as popular as genuine leather is today.
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