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SUMMARY

Current textile production and processing practices provide mate-
rials with desirable performance properties, such as stretch and
moisture management, but these processes are leading contribu-
tors to global greenhouse gas emissions, microplastic pollution,
and toxic wastewater. Fortunately, green alternatives to current
textile fibers that support a transition to a sustainable, circular
materials economy are within reach. Bioengineering of fibers at
the nano-, micro-, and macroscale provides several avenues to
improve both the environmental impacts and technical perfor-
mance of textile materials. Herein, we provide an overview of
recent efforts to bioengineer fibers and textiles from the
biopolymer components to biofabrication schemes. These include
the genetic engineering of microorganisms for biofabrication,
green chemistry processing of raw materials, and green
manufacturing techniques. This overview informs a discussion on
the future outlook of sustainable biotextile production, with a
focus on utilization of waste streams to both improve the circu-
larity and commercial viability of the processes.

INTRODUCTION

Biofabrication of materials will play a key role in facilitating the transition from an
environmentally destructive linear economy to a cradle-to-cradle circular econ-
omy."? A circular economy seeks to emulate nature’s cycling, using ecologically
benign processes to close and minimize material and energy loops, with the central
premise that infinitely reusing our materials can make industrialization compatible
with sustainable development and climate stability. For example, the significant
environmental impacts of plastic can be mitigated by adopting circular economy
approaches, including closed-loop chemical recycling of synthetic polymers to
monomers and programmed biodegradation.* New polymeric materials with
appropriate mechanical properties that can be completely recycled back to mono-
mer, repurposed for new uses, or readily degraded in the environment are currently
being developed.®® Bio-based strategies to design biodegradable materials with
minimal carbon footprints are becoming an especially active area in the textile indus-
try, as the production of both synthetic and natural textiles has significant environ-
mental and climate impacts. To form synthetic textile fibers, such as nylon or elas-
tane, a range of nonrenewable and non-recyclable resources and petrochemicals
are used. Concurrently, the production of natural fibers, such as cotton, and degrad-
able polymer fibers, such as polylactic acid, produced from corn-derived ethanol,
rely on non-sustainable industrial agricultural practices.” In addition to the raw fiber
production, the tanning, dyeing, and finishing agents used to produce the aesthetic

The bigger picture
Challenges and opportunities

e The development of bio-based,
recyclable fibers that replicate
the materials properties of
commercial textile fibers.

e The timely degradation of
bioengineered fibers with
advanced properties (e.g.,
elasticity, wicking) within natural
soil and marine environments.

e A circular economy that
transforms waste streams into
engineered, biodegradable
fibers for sustainable textiles.
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and performance properties of textiles create an overall linear process that is chem-
ical, water, and energy intensive.'? For example, the current textile industry contrib-
utes to 10% of global carbon emissions' ' and 20% of global waste water.'? Critically,
the production of some synthetic fibers results in the formation of microplastics and
it is estimated that 35% of marine microplastic pollution is derived from the textile
industry."* This microplastic pollution is particularly harmful, as microplastics have
been shown to disrupt endocrine signaling and accumulate throughout the food
web and have been found in intestinal tracts of marine mammals and humans, and
recently, in human placentas,M’m Moreover, climate impacts of the linear economy,
including dramatic disturbances or reductions in fresh water access and biodiversity,
disproportionately affect indigenous communities, people of color, the elderly,
women, and children.?® These impacts profoundly affect human rights and social jus-
tice, and limit access to education critical to global sustainable development. Ad-
dressing the climate impacts of the textile industry would help achieve several of
the United Nations Sustainable Development Goals (SDGs), including access to
clean water and sanitation (SDG 6), responsible consumption and production
(SDG 12), and climate action (SDG 13).

Despite the large manufacturing impacts of textiles, the dominant cradle-to-grave
linear economy sends the equivalent of a truckload of clothing to a landfill every
second,’® leaching toxic dyes, plasticizers, and finishing agents into groundwater
and releasing potent greenhouse gases into the atmosphere. In contrast, a circular
economy is characterized by carbon efficiency, elimination of dependence on fossil
feedstocks, and integration of industrial production with end-of-life reintegration
of materials through complete recycling or natural biodegradation (Figure 1). As
a part of this process, healthy soil is produced and acts as an important climate
regulator,”’ with the potential to mitigate 23.8 Gt of CO,-equivalent per year
globally.??

Therefore, there is a pressing need to develop fabrication processes that create
high-performance textiles with the requisite strength, ductility, and moisture man-
agement but that are biodegradable by and non-toxic to microorganisms in the
environment. Synthetic biology and biofabrication have the potential to address
this challenge through custom-designed organisms and bioinspired processes
and can directly transform industrial side streams and byproducts into high-value
materials with broad applications. For example, collagen fibers can be produced
in genetically modified microbes to biofabricate leather and bio-utilization of rapidly
renewable biopolymers, such as fungal mycelium, can create alternative leathers
and fabrics.”**** Moreover, various biofabrication technologies, including 3D print-
ing and green electrospinning,” coupled with microbial fermentation, provide sig-
nificant opportunities for biotextiles with minimal waste in the production phase and
a closed-loop life cycle. Importantly, the climate change mitigation potential of bio-
fabrication processes and biomaterial products is estimated at 1-2.5 billion tons of
COy-equivalent per year by 2030.7° Greater climate change offsets may be achieved
if bioengineering is used to disrupt conventional textile manufacturing, which is
currently expected to constitute 25% of the global carbon budget by 2050.'° The
potential of biofabrication to engineer a range of materials, coupled with the enor-
mous environmental impact of conventional textile manufacturing, has propelled
research into more sustainable, bio-based textiles. Here, we present nano-, micro-
, and macroscale bioengineering strategies for the sustainable production of textile
fibers with broad application across sectors, including fashion, biomedical, and
industrial applications, with potential to accelerate a paradigm shift to a circular
materials economy.
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Figure 1. Comparison of circular and linear economies

Synthetic biology and biofabrication approaches offer a pathway to a circular textile economy. In this paradigm, biological building blocks are

fermented or extracted from waste streams to create biopolymers, green chemistry processing links biopolymers into engineered fibers, and

biomanufacturing produces degradable, performance biotextiles. Current textile production follows a linear cradle-to-grave economy with extraction

of nonrenewable resources and chemical, water, and energy intensive manufacturing of non-recyclable products that end up in landfills or incinerators.

BIOENGINEERING AT THE NANOSCALE: PROTEIN ENGINEERING OF
FIBER BIOPOLYMERS

Protein engineering offers the ability to produce materials with desired aesthetic and
functional performance properties through molecular biomimicry. The range of
colors, stretch, tensile strength, and moisture management properties society
increasingly demands from textiles can all be found in biodiverse organisms in
nature, without the environmental impact of toxic dyes, finishing agents, and petro-
chemical feedstocks. Engineering of protein building blocks allows for the strategic
biomimicry of these desired aesthetic and performance properties in biotextiles. For
example, introduction of binding domains on microbially expressed recombinant
proteins facilitates their self-assembly into hybrid biomaterials, whereas inclusion
of enzymatic cross-linking sites in such proteins offers a knob to tailor material
properties at the molecular level with macroscale impact.

Advances in DNA synthesis and synthetic biology have enabled the bottom-up design of
biomaterials via DNA-encoded functionality (Figure 2).2’?® Although there is a direct
connection from DNA sequence to protein sequence, the tools of synthetic biology
enable broader metabolic engineering efforts to genetically encode polysaccharide
and polyester materials as well.?”*" These functional biopolymers have a host of
outstanding properties, including color, elasticity, and biodegradability, that make

Chem 7, 2913-2926, November 11, 2021 2915



- ¢ CellPress Chem

BIOLOGY == PROTEIN = FUNCTION = TEXTILE

-

red fluorescent protein color naturally dyed fabrics

") /
l /7
VR
spider silk major ampullate spidroin strength kevlar
/
Sy — M
ZC 19
~ 7 )
: ! v
connective tissue elastin stretch spandex
cow’s milk 3-casein waterproof rain jacket

Figure 2. Protein engineering approaches for textiles

Protein engineering at the nanoscale can impart textiles with a range of performance properties. A
biological feature is first selected, the protein that imparts this function is identified, and finally the
protein is engineered and biosynthesized for incorporation into a textile. Several representative
examples are shown schematically.

them well suited for use in circular economy biotextiles. However, the majority of engi-
neered protein products have been designed for biomedical or pharmaceutical applica-
tions, largely due to the relatively high cost of production via fermentation. But, these
desirable performance properties can be achieved in next-generation biomaterials using
only a small percentage of protein biopolymer dopant.’” For example, protein-based
color can be imparted by minimal amounts of dye (<1%) due to the large extinction co-
efficients (~10° M~ cm™") of fluorescent pro‘ceins.33 Similarly, stretch is currently pro-
vided to textile fibers with modest percentages (1%-10%) of synthetic elastane and it
is envisioned that engineered proteins could be used in similar proportions to provide
stretch while maintaining biodegradability. Substituting engineered protein biopoly-
mers as low-percentage dopants in otherwise traditional carbon-intensive fibers can still
significantly reduce the environmental impact. For example, substitution of elastane,
which renders clothes unrecyclable when included at just 1%, with a biodegradable pro-
tein dopant can instantly improve the environmental impact and circularity of textile ma-
terials. Similarly, elimination of traditional dyes and mordants can significantly reduce
the waste water generated from dyeing textiles. These positive impacts achieved with
low-percentage incorporation of engineered biopolymers can be further compounded
if combined with the sustainable production of bulk textile materials from waste streams
or via fermentation. This provides an opportunity for research to identify and/or modify
organisms for enhanced biopolymer yield when fed with inexpensive nutrients,
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particularly those obtained from waste streams. The ability to extract these nutrients
from agro-industrial waste provides an additional opportunity to close energy and ma-
terial loops across the most impactful industries in a circular economy.

Following the selection of a biomaterial property of interest, the protein biopolymer that
confers this property must be identified (Figure 2). For example, the brilliant color of the
Discosoma coral comes from a red fluorescent protein (RFP)** and the incredible
strength of spider dragline fibers comes from the constituent proteins, major ampullate
spidroins 1 and 2.%° These protein components can then be designed at the DNA level,
to directly reproduce the native protein recombinantly, to generate a fusion protein with
the combined function of multiple proteins, or to engineer a synthetic, bioinspired pro-
tein. The DNA sequence can be assembled using the techniques of molecular bioclogy,
such as recursive directional ligation,*® concatemerization,*” or overlap extension rolling
circle amplification,*® depending on the desired size and repetitiveness of the target
sequence.”® These nanoscale engineering efforts have enabled the incorporation of
red “dye” in bacterial nanocellulose fibers in the form of heterologously expressed
RFP and the synthetic production of protein fibers with the tenacity and ductility of spider
silk.>>*? Although evolved and designed protein biopolymers have an outstanding array
of functional properties that can be co-opted for textile fibers, they may not be able to
readily reproduce all of the performance properties demanded by today’s textile con-
sumers. Fortunately, the microbial fermentation of polysaccharides or polyesters (e.g.,
polyhydroxyalkanoates) has the potential to provide sustainable, biodegradable fibers
that replicate the durability and moisture management typically found in synthetic fi-
bers.”%*" In particular, the biosynthesis of natural and engineered microbial polyesters,
such as poly-3-hydroxybutryate and polylactic acid, has the potential to directly displace

synthetic polyester fibers derived from either petroleum or bio-based feedstocks.?**

SYNTHETIC BIOLOGY AT THE MICROSCALE: FIBER ENGINEERING
AND PROCESSING

In addition to engineering individual biopolymers at the DNA level, larger scale ge-
netic changes can be made to the producing organisms in order to facilitate micro-
scale fiber engineering. A host of organisms have been genetically engineered to
produce biopolymer fibers for a range of textile applications. For example, plant
cells have been engineered to produce cultured cotton, yeast strains have been
developed to ferment collagen and spider silk, and Gluconoacetobacter has been
engineered to improve the production of bacterial nanocellulose.?**>**® These ma-
terials have the potential to eliminate reliance on synthetic fertilizers, pesticides, and
the large water and land demands of cellulosic and animal-based textiles, as well as
the large carbon footprint, toxicity, and microplastic pollution of synthetic textiles.

Although efforts to engineer cotton plants to increase yield or produce colored cot-

49:50 e will focus here on the genetic engineering

ton have demonstrated success,
of microorganisms, as it harnesses green chemistry and mitigates the negative envi-
ronmental impacts of industrial agriculture. Microbial fermentation is an ancient
technique that can facilitate material innovation with agility and scalability. Critical
to building the circular economy, microbes can utilize nutrients obtained from
non-cellulosic agro-industrial waste for biosynthesis of high-value biopolymers for
textiles. For example, bacterial nanocellulose is a naturally occurring, highly crystal-
line biopolymer produced extracellularly by bacteria, such as Gluconacetobacter
xylinus.”'>? This biopolymer has exceptional mechanical, thermochemical, and
self-assembly properties that can be tailored with genetic editing of the producing
organism, as well as with post-biosynthesis green chemistry processing. In addition,
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static cultivation enables biosynthesis of nanocellulose films to custom-tailored
shapes to enable zero-waste patterning in the production phase.

Biofabrication opens opportunities for synthesizing as well as processing high-per-
formance, bio-based textiles. Green chemistry processing using enzymes, such as
amylase, cellulase, and pectinase, to name a few, have a long history and broad
scope in various textile wet processing operations, such as debasting, desizing,
scouring, and degumming cellulosic and protein fibers, as well as in dye decoloriza-
tion in effluent.”®

Enzyme-catalyzed reactions offer an inherently non-toxic and biocompatible
approach to cross-linking biopolymer fibers, without the use of solvent-based chem-
istry, petrochemical plasticizers, or heavy metal reagents commonly used in textile
manufacturing. In addition, the degree of selectivity, site specificity, and predictabil-
ity of enzymatic cross-linking, enable high levels of control under mild processing
conditions. For instance, microbial transglutaminase (TGase) has been used in
biomedical applications, including tissue engineering scaffolds, pharmaceuticals,
including PEGylation for protein therapeutics, food science, and edible pack-
aging.”*° Microbial TGase has been used in wool and leather finishing processes
to cross-link textile fibers with antimicrobial agents or biopolymer fillers.*® These
transglutaminases catalyze the transfer reaction between the primary amine of lysine
and the y-carboxyamide group of glutamine residues to form an isopeptide bond,
creating cross-links in raw materials or fibers.>*>’=>? This family of enzymes has
been shown to form these isopeptide bonds with limited dependence on the precise
polypeptide sequence context, providing broad substrate specificity that has
enabled industrial applications of TGases. The combination of the breadth and
specificity of microbial TGase can also be exploited to efficiently cross-link a range
of proteins, including recombinant proteins engineered with structure-based color
and proteins obtained from agro-industrial side streams, to fabricate biodegradable
textile fibers with both technical and environmental performance.® When coupled
with the design of recombinant proteins tailored with specific binding domains to
facilitate self-assembly, enzymatic cross-linking can also facilitate biofabrication of
protein-polysaccharide biopolymer composites for textile applications (Figure 3A).

Likewise, microbial biosynthesis has been harnessed and coupled with green chemistry
bioprocessing using lecithin phosphocholine to create a high-performance, bacterial
nanocellulose bioleather. Prototype bioleather sneakers, made of bacterial nanocellu-
lose biofabricated to the precise shape of the sneaker pattern, colored with plant and
mineral dyes, and processed with the lecithin tanning method, are shown in Figure
3B.*" This combined use of waste-to-resource strategies for microbial biofabrication
and green processing for this biotextile yields up to an order-of-magnitude reduction
in total environmental impact and a ~97% low carbon footprint relative to both synthetic
(petrochemical-based) leather and canvas, as determined by life-cycle impact assess-
ment (LCA), while also capable of natural biodegradation in soil.*" Such green micro-
scale bioengineering approaches can disrupt conventional manufacturing processes
and mitigate the climate and environmental impacts of the global textile industry.

MOVING ACROSS SCALES: GREEN BIOMANUFACTURING OF
BIOENGINEERED TEXTILES

The nano- and microscale bioengineering approaches described here have poten-
tial impact well beyond fashion and industrial textiles, with particular significance
in biomedical applications in which biomimicry of native tissue and low toxicity are
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Figure 3. Examples of bioengineered textiles

(A) Werewool textile fibers—with color and fluorescence provided by proteins designed at the DNA level—being extruded (left) and knit (right).

(B) Biosynthesis of bacterial nanocellulose in a beaker (left) and bioleather sneakers made from bacterial nanocellulose (right) created in a collaboration
between Schiros and Public School NY designers Dao-Yi Chow and Maxwell Osbourne using waste as a regenerative resource for the One x One
Conscious Design Initiative, Slow Factory Foundation, Swarovski, and United Nations Office of Partnerships initiative.

(C) Spintex bioengineered silk fibers, created in a process that mimics how a spider spins silk at ambient conditions.

(D) Colorifix bacterial dyes produced by microorganisms (left), jet dyeing machine with bacterial dyes (middle), and dyed swatches (right). Credit for
images: (A) Jon Brown for Werewool; (B) Sneakers: Jon Brown for One X One; (C) Spintex Engineering; and (D) Colorifix.

of paramount importance. In contrast to the relatively recent emphasis on environ-
mental impact assessment in the apparel sector, life-cycle considerations of bioma-
terials used in tissue engineering and regenerative medicine have long focused on
the biodegradability of the material in the physiological environment or its clearance
from the body post-implantation and degradation. In particular, the alpha-hydroxy
polyester family of polymers, specifically polylactic acid (PLA) and its co-polymer
with polyglycolic acid (PGA), have dominated the field with their well-established re-
cord of biocompatibility. What makes these materials especially attractive is the fact
that they are designed to stimulate regenerative cell responses and, moreover, as
they degrade, in vivo space is made available for new tissue growth. Notably, these
polymers break down via hydrolysis and the degradation products, lactic acid and/or
glycolic acid, can be readily processed by the body through the Krebs cycle. The
unique regenerative potential of these biomaterials also renders them ideal for bio-
fabrication,®"? with tremendous translational potential across textile applications.
In the past decade and with the global push for sustainable manufacturing, industrial
production of PLA has shifted significantly from chemical synthesis to fermentation
with probiotics from the Lactobacillus genus, using simple sugars derived from corn
or sugarcane as feeder stock.®®> Moreover, the ability to synthesize high molecular
weight PLA has made it possible to manufacture PLA-based commodity products,
replacing conventional fossil-plastics, such as polystyrene.®* Note that the produc-
tion of commodity thermoplastics via fossil fuel conversion is correlated to over
70 million tons of CO,-equivalent per year in North America alone.®> Thus, simply
transitioning to such biomass-based biopolymers has the potential to cut green-
house gas emissions by 16 M tons COz-equivalent per year (25% industry wide).**
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Figure 4. Green manufacturing of bioengineered materials

(A) (Left) Green electrospinning for low toxicity and eco-friendly nano- and microfibers and (right) 3D Printing with gelatin bioink for a circular economy.
(B) Crade-to-gate LCA for the manufacture of solvents commonly used for polymer electrospinning. All impacts, across the ten impacts shown, can be
mitigated by using green solvents for electrospinning, such as formic or acetic acid, as these impart minimal ecological and human health damage, as
well as resource depletion. Abbreviations: dimethylformamide (DMF), dichloromethane (DCM). Adapted with permission from Mosher et al.?®
Copyright 2021 IOP Publishing.

Indeed, it is exciting that for bio-based polymers, such as PLA or microbial cellulose,
a cradle-to-cradle life cycle is now within reach, be it for biomedical or non-biomed-
ical applications. As such, although the synthesis of bio-based polymers readily uti-
lizes renewable feedstocks for biofabrication, the production of fibers and textiles
based on these regenerative materials represents significant challenges for sustain-
able manufacturing. LCA, especially during the cradle-to-gate stage, revealed a
tremendous environmental burden, from significant energy consumption for mate-
rial processing (e.g. 51-59 MJ/kg for bio-based polyester)®® to the widespread
use of chemical solvents (e.g., methylene chloride, trifluoroethanol) that are harmful
to both the environment and human health.

The growing awareness of and the pressing need for sustainable approaches to
biomaterial production post-synthesis have propelled the development of “green”
fabrication methods that seek to mitigate the negative impact of traditional
manufacturing processes. As shown in Figure 4, two methods of particular relevance
to fiber production and textile functionalization across length scales are “electro-
spinning” for producing nano- to microscale fibers and meshes, and 3D printing,”
a long-standing layer-by-layer deposition technique that is central to macroscale
biofabrication and is fueling the recent renaissance in additive manufacturing across
industries.
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First reported in the 1990s for the production of nanoscale fibers,***’ electrospin-

ning has been widely used to form nanofibers and microfibers, with high-fidelity con-
trol of fiber morphology, diameter, and architecture by fine tuning spinning param-

eters.®®73

In addition to biofabrication for biomimetic tissue regeneration,
electrospinning has been used to produce filtration meshes and smart textiles. For
example, with the high surface area/volume ratio of electrospun meshes, the relative
ease in forming composite fibers, plus the ability to tailor fiber architecture at the
nano- and microscale, smart textiles imbued with a variety of functional characteris-

tics (thermal regulation, waterproofing, and conductivity) have been explored.m'75

However, challenges in scaling up electrospinning for biomanufacturing, limited by
both safety concerns and environmental risks associated with storage and disposal
of volatile solvents used in traditional methods, have inspired a growing interest in
green electrospinning.?>”’¢ Early approaches to green electrospinning focused on
elimination of the solvent and using other means to liquify the polymer (e.g.,
heat), with more recent efforts on identifying green solvents with low ecological
impact and minimal cytotoxicity to form polymer melts (e.g., acetic acid).”>’® As
shown in Figure 4B, LCA analysis (impact shown in relative mPts of impact/L of sol-
vent used) revealed that environmental impacts of industrial solvents, such as dime-
thylformamide (DMF) or dichloromethane (DCM), are multifaceted, beyond just
consideration of global warming and human health. For instance, the total impact
score of 0.80 mPts/L for DMF stems from ecological damage attributed to sol-
vent-induced eutrophication of water systems. In contrast, green solvents, such as
formic acid or acetic acid, offer approximately 6-7-fold reduction in manufacturing
impacts, with the added benefit of being non-volatile and thus much safer to store
in large volumes for industrial use.

It is clear that by applying sustainability principles, electrospinning, one of the most
popular methods for nano- to microscale fiber fabrication, can be converted from a
process with detrimental environmental and health impacts to a green fiber produc-
tion process. Most interestingly, green electrospinning proved to be uniquely well
suited for biofabrication, resolving several key challenges that are unachievable
with current approaches, such as biomolecule preservation, maintenance of source
material properties, and the development of extracellular matrix analogs with biomi-
metic mechanical properties.

Similarly, traditional 3D printing has been modernized and tailored for

biofabrication, with the development of bioinks®"’7="?

in lieu of the heated printing
filament based on synthetic polymers, which renders biological materials inactive.
Interestingly, and perhaps not so surprising, natural materials, such as alginate (Fig-
ure 4), can better preserve biomolecules and protect cells during printing, and elim-
inate the use of harmful solvents altogether. Notably, by combining electrospinning
with the flatbed control and solvent-free paradigm of 3D printing, melt electrospin-
ning writing is used to produce scalable, defined nanofiber architectures, effectively
reducing polymer waste over conventional methods.?®®" Recently, 4D bio-

printing, %%

which includes the time dimension, allows the production of living ma-
terials, whereby biofabrication takes place post-templating and provides a dynamic
and interactive environment to further tailor fiber formation and textile assembly.
The widespread implementation of bioprinting for biotextiles with precise shapes
and patterning will minimize the substantial pre-consumer textile waste; given that
nearly half of all the fiber entering the fashion value chain becomes waste,
throughout the various stages of production, from fiber to yarn, fabric, and

garment.85
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The eco-conscious biofabrication technologies highlighted here are uniquely posi-
tioned to tailor bioengineered textile fibers across length scales. Importantly, green
manufacturing production of bioengineered materials is directly aligned with the
canonical principles of green chemistry, and by reducing synthesis hazards and
material waste, it is designed for inherently safer chemistry and a circular economy.

CONCLUSION AND FUTURE OUTLOOK

Current linear manufacturing and consumption practices of industrial materials,
especially fibers and textiles, are not sustainable. However, a host of bioengineering
strategies can be implemented to transition from the current linear paradigm to
more circular, biocompatible processes. These approaches span from the nanoscale
to the macroscale. Recent efforts have shown that nanocellulose pellicle-forming
bacteria can be co-cultured with genetically engineered yeasts to incorporate enzy-
matically produced color.®® Additionally, processing of these pellicles into leather-
like materials via green bioprocessing treatments has been demonstrated.*’ Green
manufacturing methods have also been implemented in electrospinning, spanning
the micro- and nanoscales. Although these advances highlight the potential of bio-
fabricated textile fibers, it is key that these newly engineered bioprocesses are scru-
tinized to verify that they result in overall lower carbon emissions. Additionally, these
processes must ultimately compete for market share with existing technologies;
therefore, efforts to decrease biofabrication costs must also be aggressively
pursued. We draw inspiration from nature’s blueprints and robust regenerative
processes and highlight here particularly promising avenues at the nano-, micro-,
and macroscale that will enable and advance the biofabrication of textiles for a
circular economy.

Over millions of years, organisms have evolved their DNA to build functional protein
materials for performance and resilience within an ecological niche. A majority of ef-
forts to engineer protein biopolymers, such as silk, elastin, or curli, has focused on
the use of model organisms, such as E. coli or P. pastoris, to produce these mate-
rials.®” Yet, a wide range of non-model organisms have begun to receive attention
for other biomanufacturing purposes (e.g., biofuel production).88 Therefore, it is
likely that an alternate host, or co-cultured hosts, could dramatically improve both
the commercial viability of fermentation of raw textile biomaterials and the sustain-
ability of the overall process. For example, genetic engineering of algae for extracel-
lular production of nanocellulose using the metabolic pathways from G. xylinum
would enable the direct conversion of renewable sunlight to cellulosic fibers.®?
This approach would both improve the sustainability of the processes and dramati-
cally decrease the media costs for fermentation. Critically, the impact of these
genetic modifications or altered nutrient conditions on the thermochemical and
mechanical properties of the resulting materials should be characterized. The tools
of synthetic biology not only have great potential to improve textile fibers at the
nanoscale through these biopolymer modifications but also provide a bridge to
greener microscale engineering efforts through the introduction of novel binding
or cross-linking sites.

In addition to the production of biopolymer building blocks, nature also provides
blueprints for creating 3D hierarchical structures with tailored material properties
through molecular self-assembly and enzymatic cross-linking. Bioengineering of
fibers with enzymes is powerful, but research to improve enzyme activity and stability
under industrial processing conditions, as well as to decrease cost, would improve
widespread adoption by the textile industry. Enzyme engineering via molecular
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modeling and directed evolution, combined with an increasing number of commer-
cial cloning vectors and optimized host strains for high-density expression of en-
zymes on low-cost carbon sources with a simple scale-up process, has promise for
their use as green processing agents.””

Combining these bioinspired processing strategies with polysaccharide and protein
feedstocks sourced from agro-industrial byproducts can minimize and close material
loops across the most impactful industries globally. Cellulose agricultural waste
alone could provide 250 M tons of fiber annually, enough to meet 2.5 times the
current global textile fiber demand.”"?? Likewise, bacterial nanocellulose can be
obtained and purified from food and beverage side streams as raw material for bio-
textiles, eliminating the cost and environmental impact of microbial fermentation
and associated culture media.”’ The use of waste streams also has the potential to
decrease the costs of fermentative biofabrication. However, efforts to understand
the variability of waste stream inputs and the reproducibility of the subsequent
bio-based fiber processing are needed to fully realize their potential to advance a
circular economy.

In addition to reusing waste and byproduct streams, the development of more efficient
fiber processing, including dope dyeing, in which color is added to the biopolymer dope
before extrusion, use of perfluorinated chemical-, formaldehyde-, and metal-free
chemicals, and adoption of solvent recycling would further enhance the environmental
performance and circularity of the process. At an even larger scale, the use of renewable
energy sources for manufacturing should also be implemented for biofabricated textile
fibers. Importantly, any stepwise process improvements should be coupled with a
complete, third party LCA. We recommend that these assessments are built into envi-
ronmental performance metrics and industry certifications.

Most excitingly, both startups and established brands are working across the supply
chain to implement these opportunities, with encouraging progress in material inno-
vation, which includes the following: Circular System’s Agraloop process that trans-
forms agricultural side streams into spinnable biofibers, GALY producing lab-scale
cell-cultured cotton at ten times the agricultural rate, conversion of methane waste
to biodegradable polyester fibers by Mango Materials, genetic modification of yeast
to produce collagen for animal-free leather by Modern Meadow, biofabricated spi-
der silk by Spintex, Spiber, AMSilk, and BOLT Threads (Figure 3C), mycelium textiles
by MYCOworks, bacterial dyes by Colorifix (Figure 3D), and biodegradable textile
fibers with DNA programmed color and stretch by Werewool. Collectively, the
bioengineering approaches described here apply strategic biomimicry across
nano-, micro-, and macroscales to diversify and expand the range of material pro-
cesses and waste-to-resource approaches to accelerate a paradigm shift to a sus-
tainable circular economy, with enormous potential economic and environmental
benefit at scale.
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