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Abstract
Synthetic biology has a huge potential to produce the next generation of advanced materials by accessing previously unreachable (bio)chem-
ical space. In this prospective review, we take a snapshot of current activity in this rapidly developing area, focusing on prominent examples for
high-performance applications such as those required for protective materials and the aerospace sector. The continued growth of this emerg-
ing field will be facilitated by the convergence of expertise from a range of diverse disciplines, including molecular biology, polymer chemistry,
materials science, and process engineering. This review highlights the most significant recent advances and addresses the cross-disciplinary
challenges currently being faced.

Introduction
The synthetic biology revolution
Synthetic biology is the application of engineering principles to
design and construct new biologic entities.[1] Drawing from
disciplines including molecular and systems biology, synthetic
biology is set to revolutionize how we utilize biology, just as
chemical synthesis transformed chemistry, and the integrated
circuit transformed computing. Specifically, synthetic biology
allows biologic systems to be engineered for manufacturing
chemicals, foods, or fabricating materials, producing healthcare
products, processing information, and producing energy.[2–6]

One of the most prominent examples of synthetic biology is
the production of the anti-malaria drug artemisinin through an
engineered yeast host.[7] Other healthcare examples include the
accelerated production of vaccines,[8] or mining biosynthetic
gene clusters for novel antibiotic production.[5] Synthetic biol-
ogy has also catalyzed exciting developments for the produc-
tion of sustainable food alternatives, including the production
of grapefruit flavoring nootkatone,[9] yeast-produced milk or
egg substitutes, and laboratory-grown meat.[10,11] The produc-
tion of many commodity chemicals has also been demon-
strated,[3,12] some of which are entering commercial scale
production, moving us away from reliance on petrochemical

sources.[13,14] Recently, significant funding has also been raised
by a number of synthetic biology companies seeking to produce
novel materials at commercial scale.[15,16]

The rapidly falling costs for both DNA sequencing and DNA
synthesis, a trend often referred to as the Carlson curve,[17] have
stimulated progress in synthetic biology.[4] This has led to phe-
nomenal growth in available DNA sequence data,[18] providing
inspiration for “biobricks”which can be cheaply synthesized for
recombinant expression. Furthermore, developments in DNA
assembly techniques, the characterization and standardization
of DNA parts, and the implementation of engineering design–
build–test cycles into automated work flows is revolutionizing
our ability to engineer biology for our own ends.[2–6]

Synthetic biology for the fabrication of novel
materials
In essence, nature is a molecular assembler. It is a nanotechnol-
ogy which we are able to control through synthetic biology
techniques, allowing us to access nature’s hard-won advanced
materials, and to even engineer them toward our own needs and
applications.

In the context of material fabrication, it is helpful to catego-
rize materials derived through synthetic biology into two clas-
ses: direct and indirect materials. Direct synthetic biologic
materials include structural proteins and carbohydrates, such* Equal author contribution
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as spider silk, cellulose, and collagen. These are structural
materials produced by cells. Indirect synthetic biologic materi-
als, on the other hand, include the production of material pre-
cursors (such as monomeric small molecules for polymer or
adhesive production) through engineered enzymes. Prominent
examples of each are presented in this review.

Biologic systems achieve impressive feats of materials engi-
neering through near-flawless control over the synthesis and
assembly of the constituent parts, primarily proteins. From a
materials science perspective, proteins can be considered
highly multifunctional polyamide hetero-polymers with unpar-
alleled complexity compared with synthetic analogs. Moreover,
proteins can offer perfect mono-dispersity and can self-
assemble through protein folding to attain complete control
over microstructure, which in turn governs macroscopic
mechanical properties. Custom-designed, recombinant proteins
can now be produced relatively easily in biological host organ-
isms (as well as cell-free systems) through the tools of synthetic
biology.

The direct biomanufacturing of monomers and other com-
pounds from engineered organisms is another way in which
synthetic biology could contribute to the next generation of
materials. Within cells, cascades of enzyme-catalyzed chemical
reactions occur to produce all manner of biologically derived
molecules.[5] By engineering cells to express a multitude of
bespoke enzymes, tailored molecules––including the mono-
mers to advanced polymeric materials––can be produced.
Furthermore, synthetic biology offers us the potential to reach
a novel chemical space, inaccessible through traditional
methods.[5,19,20]

Finally, whilst the synthetic chemist is highly dependent on
petroleum-derived feedstocks, solvents, and relatively harsh,
energy-intensive processing conditions, the synthetic biologist
by definition employs benign conditions (conditions that are
compatible with life) and renewable, naturally-occurring feed-
stocks and nutrients as precursors. The natural world has pro-
duced an array of materials with outstanding strength,
toughness, resilience, and optical properties, despite being
hugely constrained by processing conditions (ambient temper-
ature and pressure, and minimal pH swings), limited access to
raw materials and comparatively few building blocks (20 amino
acids and 32 glycans, compared to the vast number of possible
building blocks of synthetic chemistry).[21,22]

The synthetic biology toolkit
Synthetic biologists have a growing repertoire of tools and
methods at their disposal for the direct and indirect production
of synthetic biological materials.[2–5] The decrease in DNA
sequencing costs provides biologists with a rapidly expanding
set of natural templates for the production of a diverse range
of biomaterials. For example, reading the genome of a spider
allows the genes which code for spider silk proteins to be iden-
tified, copied, and engineered to be expressed in organisms that
are much easier to propagate, such as bacteria, as shown in
Fig. 1(a).

However, and very importantly, the decreasing cost and
enhanced power of DNA synthesis, editing and assembly meth-
ods, mean that synthetic biologists are not limited to molecular
building blocks that are found in nature. They can synthesize
new DNA sequences, allowing them to design novel proteins,
specified precisely down to the amino acid level.[23] A key
advantage of this bioengineering approach is the fact that
rapid optimization of functional proteins and biopolymers can
be achieved through several rounds of random DNA mutagen-
esis, informed by sequence–activity relationships, followed by
rapid screening and selection of desirable properties.[6]

Furthermore, protein domains, or enzymes in metabolic path-
ways, can be assembled in innovative combinations, for the
production of protein chimeras or unique pathways toward
desired metabolic products, as shown in Fig. 1(b).
Increasingly predictive computational tools ensure that the ini-
tial designs are reliably translated into engineered organisms.[1]

The scale and ambition of these biologic engineering projects
have increased by several orders of magnitude in the last
years, with the refactoring and de novo synthesis of entire
microbial genomes now realistically within reach.[24] A number
of reviews offer a more detailed overview of synthetic biology
techniques and recent developments.[2–6]

Challenges for applying synthetic biology in
the production of materials
Synthetic biology seeks to apply the engineering design–build–
test cycle to biology, testing many samples in parallel and iter-
ating over a number of cycles to find an optimum solution
(Fig. 2). Automation, liquid handling robots, and high-
throughput screening are currently being employed in estab-
lished synthetic biology areas, to allow large numbers of
designs to be built and tested quickly and efficiently.[6]

Crucially, this approach requires the “test” to be executed on
a small scale, for example, in a 96- or 384-well plate format,
somewhat at odds with traditional material testing
approaches.[25] The large data-sets this approach provides can
be used to feed machine learning algorithms or empirical mod-
els, which can in turn be used to inform the next round of
designs. One route toward applying this methodology may be
the use of “surrogate” factors, which correlate with a desired
property but are more easily measured in a high-throughput
setting.[26] A small number of promising leads might then be
selected from a pool of hundreds of thousands, for more
traditional, larger-scale material tests.

Synthetic biology for advanced materials in
protection and aerospace
Whilst the focus of research into synthetic biological materials
has primarily been on biomedical materials (materials designed
to interact with biologic tissue) for applications such as regen-
erative medicine, the delivery of therapeutic agents, and other
“soft” material applications,[21,27–29] there exists great potential
for synthetic biology to deliver the next generation of advanced
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materials for everyday use, such as (bio)polymers, fibers, opti-
cal materials, and adhesives.[26]

Although the long-term target for many novel technologies
is the mass market, high initial costs often limit the first wave of
novel materials to premium products and sectors with large
spending budgets. For this reason, the scope of this review
focuses on applications within the protection and aerospace
sectors, as these sectors are more likely to take up novel tech-
nologies for advanced applications before economies of scale
reduce costs and open up other markets.

In this review, an overview of the application of synthetic
biology in some key areas applicable to protective materials
and aerospace is given, discussing fibers, adhesives, and active
camouflage materials. The most prominent examples of each
are highlighted, along with their underlying bio-physical/bio-
chemical mechanisms, followed by a discussion of recent stud-
ies on the application of synthetic biology to reproduce such
materials.

Finally, the challenges and opportunities for the application
of synthetic biology for the next generation of advanced mate-
rials are highlighted, as well as a prospective outlook for the
future direction of research in this emerging and dynamic
landscape.

Synthetic biology for fibers, adhesives,
and active camouflage materials
Advanced materials such as high-performance fibers, adhe-
sives, and dynamic camouflage coatings are actively being pur-
sued for application in next-generation hardware in the
protection and aerospace sectors. Materials produced through
synthetic biology have great promise in this regard, as well as
offering a route to sustainable and distributed production.
Although there are numerous examples of such materials that
are actively being researched, such as high-toughness and self-
healing squid ring teeth proteins,[30] and highly resilient insect
resilin,[31] here we focus only on selected illustrative examples,
which have been studied most extensively.

Synthetic spider silk for protective clothing
and apparel
Silk is most commonly associated with textiles produced from
fibers unraveled from cocoons spun by the silkworm Bombyx
mori.[32,33] This luxury fabric has been used by humans for
thousands of years due to its attractive properties including
soft touch, appearance, and durability.[34] Silks have also
been used in armors throughout history. For example, the
Mongolian heavy cavalry would wear silk shirts under their
armor to act as a cushion for arrows that punctured the skin.
The silk shirt would not be punctured, but instead the silk fibers
get twisted around the arrowhead as it entered the skin, allow-
ing it to be removed more safely.[35] Silk was also used to make
bullet proof vests around the beginning of the 20th century,
with one gifted to the Archduke Ferdinand.[36] Finally, silk
was recently identified as a useful material for fragment protec-
tion via heavy-silk underwear by the US and UK military.[37]

Figure 1. (a) A schematic representation detailing the steps in taking a material in nature, such as spider silk, and producing it in a heterologous host.
Sequences coding for genes of interest (e.g., a spider silk protein), can be sequenced (DNA reading) and chemically synthesized (DNA writing). The synthesized
DNA (red) is then typically incorporated into an expression vector (depicted by the circles) which is transformed into a host organism (e.g., Escherichia coli), for
protein expression. In the example shown, spider silk proteins are then spun into fibers, and collected on a roller (material fabrication). (b) Assembly of DNA
parts (A to E) allows the construction of protein chimeras, or the construction of metabolic pathways combining enzymes from multiple sources for monomer
production.

Figure 2. The design–build–test–learn cycle for engineering biology.
Iterating around the design–build–test cycle, testing large numbers of
samples parallel, allows the synthetic biologist to efficiently find an optimum
solution to their biology engineering problem.
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Silkworms are not the only organisms to produce silks; they
are also produced by thousands of arthropod species, with
every silk evolved for a specific task.[32,33] Orb web weaving
spiders for instance can produce up to seven different types
of silks, each with a specialized function and some with attrac-
tive mechanical properties.[38,39] These silks are defined by the
gland in which they are produced: major ampullate, minor
ampullate, tubiliform, flagelliform, aggregate, pyriform, and
aciniform.[40] Major ampullate (dragline) silk has evolved to
act as a safety line for spiders, requiring it to be both strong
(tensile strength of 1150 MPa) and tough (214.5 MJ/m3),[41]

outperforming many industrial fibers.[42,43] For this reason, spi-
der dragline silk has received much attention as a potential
material for apparel and armor applications.[15] In comparison,
silkworm silk possesses a strength of only ∼360 MPa and a
toughness of ∼50.5 MJ/m3.[44] Given the use of silkworm
silk in modern infantry armor already,[37] the use of stronger
and tougher spider silk could allow a reduction in weight and
more comprehensive use.

Spider silk proteins
Natural dragline spider silk proteins (spidroins) are typically
200–350 kDa in size, and consist of three distinct regions, as
depicted in Fig. 3.[40,45] The bulk of the spidroins are highly
repetitive, with a block copolymer-like arrangement of polyala-
nine regions and glycerine-rich regions.[46] The strength of spi-
der silk is thought to be the product of these polyalanine
regions, which stack into β-sheet nanocrystals in the silk
fiber.[47] These nanocrystals are embedded in an amorphous
matrix made up of the glycine-rich regions, which grants spider
silk its elasticity and flexibility.[47] The N and C terminals of the
spidroins are highly conserved, non-repetitive globular
domains which each form five-helix bundles.[48] The terminal
domains have been shown to play a crucial role in allowing spi-
droins to be stored at high concentrations (30–50% w/v) in the
ampulla, and in initiating fiber assembly.[49]

Spiders employ a number of assembly triggers for
spinning
Upon spinning, spidroins proceed through a long and narrow-
ing S-shaped spinning duct. This duct is hypothesized to act
like a hollow fiber dialysis membrane for the dehydration of
the spinning dope, with the narrowing generating shear
stress.[40] This is simultaneously accompanied by the replace-
ment of chaotropic sodium and chloride ions with potassium
and kosmotropic phosphate ions, inducing salting out of the
spidroins.[50,51] The pH in the ampullate gland drops from
7.6 in the tail, to at least 5.7 by halfway through the spinning
duct, as a result of the action of carbonic anhydrase.[48] This
drop in pH has two important effects on the N and C terminal
domains which act as regulatory elements that control spidroin
solubility and assembly,[40] referred to as the lock and the
trigger and depicted in Fig. 3(b).[52] The N-terminal domain
(the lock), dimerizes as pH decreases.[45,53] Because the
C-terminal domain forms a constitutive disulphide-linked

homodimer,[54] this dimerization by the N-terminal domain
locks the spidroins into an infinite network. In contrast, the
C-terminal domain (the trigger) partially unfolds in response
to decreasing pH, becoming less stable.[55] The C-terminal
domain contains a sequence prone to hydrophobic
β-aggregation, and the unfolding mediated by decreasing pH
in combination with changes in salts and sheer stress causes
the C-terminal domain to form β-sheet amyloid-like fibrils.
This structural conversion is thought to act as a seed for the
transition of the repetitive region into a β-sheet conformation,
analogous to the nucleation phenomenon seen in amyloid fibril
formation.[54]

In the ampulla, the highly concentrated spinning dope has
been suggested to have lyotropic crystal behavior.[56] The coor-
dinated action of acidification, ion exchange, dehydration, and
shear stress generated by a narrowing of the duct is proposed to
cause assembly into a nematic phase, allowing the correct
alignment of β-sheet nanocrystals as the fibers are formed.[49,57]

In the production of some man-made fibers such as Kevlar®,
alignment of crystalline regions is also important in achieving
high-strength fibers.[58]

Industrial spider silk production through synthetic
biology
While spider silks have attractive mechanical properties, spi-
ders cannot be efficiently farmed for their silks.[34] Unlike silk-
worms, which produce all of their silk during one moment in
life (pupation), spiders produce lower quantities of silk
throughout their entire lives. Furthermore, spiders are usually
aggressive and cannibalistic, making the gathering of many spi-
ders in a single location challenging.[59] Despite these difficul-
ties, limited attempts have been made to produce spider silk
textiles from spiders.[60] Recently a full-sized spider silk textile
was produced as an artistic endeavor, at a cost of one million
reeled spiders and approximately 280 person years of work,
as recently reviewed.[34] Clearly, in order to harness this mate-
rial, an alternative, more efficient production method is
necessary.

The production of recombinant spidroins using synthetic
biology offers a route to spider silk without spiders.
Furthermore, synthetic biology allows amino acid control
over the spidroins that are produced, with the potential to
tune the primary sequence of the spidroin toward desirable
mechanical properties. A range of production methods has
been investigated,[61] including from the milk of transgenic
goats or mice,[62,63] production in bacteria or yeast,[64,65]

plants,[66,67] and transgenic silk worms.[68–70]

Recombinant spidroin production is only the first step,
however. Spidroins must be purified, processed to a suitable
concentration, and spun into fibers using one of many possible
spinning techniques. Various spinning methodologies have
been investigated including wet spinning, dry spinning, electro-
spinning, straining flow spinning, and the use of microfluidics,
as detailed in a recent, comprehensive review.[34] Both the spi-
droin that is produced and the method employed to spin it
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influence the mechanical properties of the resulting fiber.
Furthermore, many fibers see large improvements in mechani-
cal properties through the use of post-spin drawing, resulting in
thinner fibers with a more aligned microstructure.[34] For these
reasons, synthetic spider silk production is both a synthetic
biology and materials science challenge, requiring input from
both disciplines.

In addition to numerous academic efforts to produce syn-
thetic spider silk, in recent years, a number of commercial enti-
ties have received large amounts of funding with the aim of
producing synthetic spider silk for a variety of applications.
These include Bolt Threads, Spiber Inc, Spiber Technologies
AB, AMSilk and Kraig Biolabs.[15]

Typically, the recombinant spidroins produced have been
smaller “mini-spidroins”, with a repetitive region smaller than
that is found in native spidroins. As the size of the repetitive
region expressed increases, spidroin yields have been shown
to decrease,[71] making larger recombinant spidroins difficult
to work with. The repetitive region consists predominantly of
alanine and glycine residues, the codons for which are GGX
and GCX, respectively.[61] This results in DNA sequences
which have a high GC content. In addition to this, the repetitive
nature of these sequences risks the formation of translation
inhibiting secondary structures in the mRNA.[71] Finally,
given the extensive use of alanine and glycine in spidroins, it
is possible that the availability of these amino acids is limiting
in spidroin expression. Indeed the epithelial cells of the
spidroin-producing glands have been shown to possess large

alanyl- and -glycyl-tRNA pools.[72] Efforts to elevate the
Escherichia coli glycyl-tRNA pool to improve the expression
of larger mini-spidroins granted some success, although with
yields still lower than the smaller counterparts.[71]

Matching the mechanical properties of natural
spider silk
Unfortunately, many of the efforts to produce synthetic spider
silk have resulted in fibers which do not match the mechanical
properties of natural spider silk. A number of arguments have
been put forward as to why this may be.

Firstly, “mini-spidroins” that are considerably smaller
than the native spidroins have usually been produced.
Additionally, the terminal domains are often omitted, argued
to result in spinning dopes unlike those found in spiders.[40,52]

Increasing the size of mini-spidroins featuring only the repeti-
tive region has been shown to result in stronger and tougher
fibers, although this increase is not linear.[40,71] The toughness
of structurally-similar squid ring teeth proteins has also been
shown to increase with a greater number of tandem repeats in
the repetitive region, being attributed to network tie-chain den-
sity.[73,74] However, a study employing a spider silk protein
with terminal domains showed no increase in strength or tough-
ness when the repetitive region was doubled in size from 48 to
95 kDa, confusing this issue.[49]

Secondly, that the spinning techniques employed are not
truly biomimetic, so do not assemble spidroins in the same
way that spiders do, resulting in inferior fibers.[40] Recent

Figure 3. (a) The domain structure of spider silk proteins, consisting of non-repetitive N- and C-terminal domains, flanking a much larger repetitive section
which alternates between glycine-rich regions and polyalanines. (b) A model for the conversion of soluble spidroins, stored as protein micelles, into insoluble
silk fibers through the assembly triggers of sheer stress, changing pH, dehydration, and changing salts in the silk gland of a spider. Adapted from Ref. [45].
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work showed biomimetic spinning of a small mini-spidroin fea-
turing both terminal domains using a coagulation bath at pH
5.0, triggering conformational changes in the terminal domains
and fiber formation. The fibers produced showed to date the
best as-spun mechanical properties of any synthetic spider
silk, although still inferior to natural spider silk.[52] However,
post-stretching did not appear to improve the fibers to the extent
seen in other cases.[49,75] Importantly, the small size of the
mini-spidroins used in this work allowed its concentration
using centrifugal concentrators rather than through the use of
denaturing conditions, allowing the terminal domains to remain
correctly folded and functional throughout the purification pro-
cess.[52] Recent advances in biomimetic spinning methods may
lead to further improvements in biosynthetic silk properties.[76]

A third important observation is that a small fiber diameter is
important for the production of strong fibers, with strength cor-
relating strongly with √(modulus/diameter).[77] The majority
of synthetic spider silk fibers have much larger diameters
than natural spider silk, likely contributing to their poorer
mechanical properties.[34] However, synthetic silk fibers follow
a lower-sloped trend line for generic energy release compared
with natural fibers, indicating the presence of more disordered
regions.[34] This further emphasizes a need for improved spin-
ning techniques and/or recombinant spidroins which more
closely resemble native spidroins.

Recently, a large spidroin featuring only a repetitive region
of 557 kDa was produced as a recombinant protein in
E. coli.[78] The initial production of two smaller spidroins,
subsequently joined together through the use of inteins, was
necessary to produce this exceptionally large spidroin. The
resulting fiber matched the mechanical properties of natural
spider dragline silk for the first time. Crucially, post-spin
drawing by 600% of the original fiber length was necessary,
resulting in thin (5.7–6.3 μm), highly aligned fibers similar to
native spider silk fibers.[78]

Matching the mechanical properties of natural spider silk is
an important first step; however, this must be followed by
improvements in yield for the industrial production of fibers
matching natural spider silk to become a reality.[78] Spiders uti-
lize spidroin terminal domains to effectively polymerize their
spidroins upon spinning.[52] Possibly medium-sized
mini-spidroins incorporating correctly folded terminal domains
which are spun via biomimetic spinning may offer a middle
ground between the very large, low-yield spidroins and smaller,
higher production-yield, yet mechanically poorer spidroins.

The production of synthetic spider silk is a popular example
of the potential for using synthetic biology for the production of
new materials. However, synthetic biology must be combined
with expertise in mechanical and polymer sciences in order
to achieve the goal of sustainable, low-cost production of spider
silk with desired mechanical properties. Finally, synthetic biol-
ogy also offers us the power to produce spidroins not seen in
nature, optimized, or evolved toward our needs and applica-
tions, rather than to those of spiders.

Synthetic biologic adhesives
Naturally occurring biological materials such as collagen, albu-
min, and starch were commonly used as glues prior to the
development of synthetic adhesives.[79] These glues, which
were extracted from various animal and plant products, were
used due to their wide availability, facile processability, and
versatility.

Many organisms produce their own specialized adhesives
for a variety of purposes, such as surface colonization; egg, lar-
val, or pupal attachment; prey capture; locomotion; and defense
against predation.[80] Many of these specialized biological
adhesives have remarkable properties that are difficult to repli-
cate through synthetic chemical means, such as strong under-
water adhesion, exceptional resilience, biocompatibility,
adhesion to both polar and non-polar surfaces, as well as intrin-
sic surface-cleaning mechanisms.[80] Extraction and utilization
of such biological adhesives from their natural source are not
considered viable however, due to the relatively small quanti-
ties produced by individual organisms, as well and difficulties
in extraction and purification of the complex, often irreversibly
crosslinked, adhesive mixtures.[81]

These issues can now be overcome, however, using the tool-
kit of the synthetic biologist. As was discussed in section ‘The
synthetic biology toolkit’ and depicted in Fig. 1(a), relatively
simple (and low cost) tools can be used to directly extract
mRNA from organisms corresponding to the adhesive protein
(s) of interest, reverse-translate it, and insert the resulting
cDNA into a viable plasmid and host organism for recombinant
production. This process means that even minute quantities of
the rarest adhesive protein can be produced and investigated on
gram scales at the laboratory level, as well as countless variants
thereafter modified through gene editing for instance.

To date, the primary focus of recombinantly produced bio-
logic adhesives has been for biomedical applications, where
biocompatible and water-tolerant adhesives could revolutionize
wound treatment, tissue regeneration, and therapeutic com-
pound delivery.[82,83] Many other uses outside of biomedical
science can also be envisioned; however, the ability of many
biological adhesives to strongly adhere to both non-polar
organic and polar inorganic surfaces, even in the presence of
water, solvated ions, oils, and biofilms, could make them
ideal for “dirty” environments such as battlefields, disaster
zones, or at sea. Durable adhesives with exceptional strength
and toughness are also being sought in the aerospace and
defense sectors, to join diverse and dissimilar materials such
as metals, polymer composites, glasses, and ceramics.[84]

Ballistic glass, for instance, is a lamellar glass–polymer–
ceramic composite which would benefit from stronger, tougher
transparent interlayer adhesives to prevent delamination and
distribute force upon ballistic impact.[85]

Although the physical, chemical, and biological mecha-
nisms of adhesion of a variety of organisms have been investi-
gated, the most well-characterized mechanism to date is that of
mussel adhesive proteins (MAPs).[80] Since the utilization of
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synthetic biology to produce biological adhesives depends on a
detailed understanding of the underlying mechanisms involved,
MAPs currently provide the best guidance for the synthetic
biologists and materials scientists.[80,83,86,87]

Interfacial adhesion mechanisms of MAPs
The common marine mussel Mytilus edulis forms strong adhe-
sive bonds to a diverse range of surfaces, allowing colonization
of rough, wave-swept intertidal zones. This attachment is
achieved through a proteinaceous byssus—a series of threads
extending from the foot which terminate in outstretched pla-
ques which form the adhesive interface with the substrata, as
shown in Figs. 4(a) and 4(b).[86,88] These plaques are enriched
with a variety of MAPs which have been further subdivided
into proteins termed Mytilus foot proteins (Mfps), of which
there are up to over ten different kinds, five of which are unique
to the plaque (Mfps 2–6).[86]

A common feature of plaque Mfps is a high concentration
of the post-translationally modified tyrosine residue
3,4-dihydroxyphenylalanine (DOPA), as well as a high propor-
tion of basic amino acids such as lysine. Mfp-3 and Mfp-5 are
especially rich in DOPA (20–30 mol%) and are predominantly
accumulated at the plaque–substrate interface—indicating the
significance of DOPA-rich proteins in the surface bonding
mechanism.[89]

Indeed, various investigations have shown that these
DOPA-rich Mfps will not only form extensive hydrogen
bonds with polar surfaces, but interactions such as π–π, π–cat-
ion, and hydrophobic interactions also allow strong adhesion to
non-polar surfaces such as polystyrene and even Teflon®.[89]

At mildly basic pH values, DOPA undergoes a spontaneous
redox reaction to form the reactive species dopaquinone,
which forms strong complexes with metal ions (e.g., Fe3+,
Ca2+, Cu2+, Ti3+, Ti4+, Mn2+, Mn3+, Zn2+) and metal oxide sur-
faces (e.g., Al2O3, Fe3O4, SiO2, TiO2, and ZnO), respectively,
hardening the adhesive and forming strong, yet reversible,
bonds to inorganic substrates.[88] These metal ion–DOPA che-
lation complexes have remarkably strong bonds, at approxi-
mately 40% the strength of a covalent bond (0.8 versus 2
nN), yet their reversible nature allows for the accommodation
of stresses giving exceptional toughness and resilience.[90]

Removal of metal ions from Mfp-1 resulted in a 50% reduction
in hardness, highlighting the importance of metal complexation
to the cohesive strength.[91] Dopaquinone also reacts with var-
ious nucleophilic functional groups such as−NH2 and−SH, as
well as with other DOPA moieties, to form covalently cross-
linked networks, further contributing to the hardening of the
adhesive and enhancing cohesion.[92]

The oxidation of DOPA to dopaquinone is evidently an
important step in the formation and hardening of a strong adhe-
sive bond.[88] Since the pH of seawater is slightly basic at 8.2,
this oxidation—if not controlled—would occur spontaneously
causing the adhesive to cure and harden prematurely. The mus-
sel therefore deposits the MAPs at a significantly lower pH than
seawater (<pH 4.7), to prevent premature oxidation of DOPA

and allow it and positively charged lysine residues to interact
with surface species through H-bonding and electrostatic inter-
actions, as shown in Fig. 4(c).[88] Gradual equilibration of the
pH with that of seawater then allows spontaneous redox reac-
tions between DOPA and metal oxide surfaces, forming the
strong complexation bonds described above and depicted in
Fig. 4(d).[88] Mfp-6 is understood to facilitate this controlled
oxidation; being rich in cystine residues (∼11%) in their
reduced form, Mfp-6 has been shown to act as an anti-oxidant,
recycling dopaquinone back to DOPA to facilitate greater sur-
face complexation.[87,93] The cystine residues in Mfp-6 also
crosslink directly with dopaquinone, forming covalent bonds
within the adhesive and enhancing cohesion.[94]

Other interactions, such as the shielding of DOPA with
hydrophobic residues, phosphorene binding to calcareous min-
erals, displacement of surface-bound water, hydrated ions and
oils from substrate surfaces, and other subtle mechanisms
such as protein folding dynamics are also understood to play
a role in surface adhesion mechanism, but are not as clearly
understood as the mechanisms directly involving
DOPA.[86,87,89,95] Further elucidation of the complex interac-
tions occurring at the MAP–substrate interface, as well as elu-
cidating other bioadhesive mechanisms, will facilitate the
development of both bioinspired and synthetic biologic adhe-
sives for a variety of uses,[96] including aerospace and defense.
The self-assembled, hierarchically porous microstructure of the
plaque likely also plays a critical role in adhesion.[86]

MAP adhesives through synthetic biology
MAP-inspired synthetic polymers with DOPA or DOPA-like
moieties have been produced by chemists and have replicated
many properties of biologic adhesives.[87,97,98] Naturally occur-
ring MAPs however, having precise control over the local pri-
mary peptide sequence surrounding DOPA residues, are still
superior adhesives and the synthetic chemist may struggle to
attain a similar level of monomer-by-monomer control.
Similarly, overcoming the strong dielectric and solvation prop-
erties of water at polar interfaces—which frustrates adhesion in
wet or high-humidity environments—is a challenging problem
for synthetic adhesives, yet biologic systems such as MAPs
achieve this with ease. The ability of biological systems to reg-
ulate and direct the activity of DOPA, through hydrophobic res-
idue shielding and redox regeneration with protein Mfp-6,[87] is
another area where recombinantly produced MAPs could have
an advantage over synthetic, biomimetic polymer adhesives.

The use of recombinantly produced MAPs as adhesives was
pioneered by Genex Corporation in the late 1980s, who pre-
pared cDNA libraries from M. edulis mRNA and produced
MAPs through a yeast expression host.[99,100] Since then,
advancements in the techniques and tools of synthetic biology
mean MAPs and other biologic adhesives (including mutant
variants and chimera proteins) can be produced economically
at a large scale and arguably compete with synthetic chemical
adhesives in some instances.[81,101–104]
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In 2004, Cha and co-workers isolated the cDNA corre-
sponding to Mytilus galloprovincialis foot protein type 5
(Mgfp-5) and produced significant quantities (40 mg/L of cul-
ture) of the recombinant protein in an E. coil host.[81] After
tyrosinase treatment to convert tyrosine residues to DOPA,
the adhesive properties of the proteins were evaluated on a vari-
ety of surfaces, including glass, polystyrene, aluminum, and a
commercial silicone-based anti-fouling material. The adhesion,
measured through a modified atomic force microscopy (AFM)
cantilever-based technique, found a correlation between DOPA
content and adhesive performance, but reliable quantification
of adhesive strength could not be obtained due to limitations
of the measurement technique (probing area could not be accu-
rately determined). Macroscale adhesion tests, which would
have allowed direct comparison with commercial adhesives,

were not performed, likely due to insufficient quantities of
material for such tests. The same group later produced a recom-
binant type 3 equivalent (Mgfp-3), noting superior production
yield and aqueous solubility in comparison to Mgfp-5, however
adhesive performance (using the same AFM-based technique)
was poorer.[101]

Another interesting study, using both natural and recombi-
nant Mfp-1, was conducted by Zeng et al. who noted the impor-
tance of DOPA–Fe3+ bridging complexes in the formation of
reversible intramolecular crosslinks.[105] Triggered adhesive
curing through the addition of multivalent cations, which can
be reversed through the addition of the cation-chelating com-
pounds such as EDTA, could pave the way for recombinant
biologic “smart” adhesives which could be hardened or soft-
ened on requirement.

Figure 4. Mechanism through which mussels adhere to surfaces in seawater. (a) Camera image showing mussel shell, foot, and byssus. (b) Macroscopic
changes occurring during adhesive plaque deposition, (c) chemical changes that occur during plaque deposition before, and (d) after equilibration of pH with
that of seawater. Reproduced with permission from Rodriguez et al..[88]
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Recently, a recombinantly produced hybrid protein based on
Mfp-3 and Mfp-5 with the E. coli amyloid curli protein CsgA
was produced by Lu and co-workers and is shown in Fig. 5.[104]

This chimera displayed strong underwater adhesion at 20.9 mJ/
m2

—which is 1.5 times greater than similar bio-derived
protein-based adhesives reported to date, outperforming Mfps
and CsgA fibers individually and displaying high tolerance to
auto-oxidation under neutral and mildly basic conditions. The
authors attributed this performance to the CsgA fibers provid-
ing a large surface area for interaction with Mfp domains, in
addition to a combination of ionic, cation–π and hydrophobic
π–π interactions, depending on the nature of the substrate.
Similar chimera proteins assembled could introduce other func-
tionalities, such as RGB sequences to promote cell adhe-
sion,[106] or combining with other mechanically advanced
proteins such as spider silk or insect resilin.

Although adhesives produced through the recombinant syn-
thesis of MAPs, MAP mutants, or MAP chimeras have signifi-
cant potential for producing a new generation of adhesives with
properties unobtainable through synthetic chemical means,
there are several challenges and obstacles that still need to be
overcome. Current recombinant protein production techniques
struggle to produce full-length sequences due to the high Mw

and repetitive nature of MAP sequences, a problem also seen
in the production of recombinant spider silk.[40] The high
level of post-translational modification of MAP proteins, par-
ticularly the conversion of tyrosine to DOPA cannot be
achieved in many common hosts such as E. coli, unless a tyro-
sine oxidizing enzyme such as tyrosinase is produced concur-
rently, which has yet to be realized.[100]

Although significant research and development is still
needed, biologic adhesives have the potential to displace syn-
thetic chemical alternatives as the world gravitates to the post-
petroleum era. As technologies such as automation, robotics,
high-throughput screening, and machine learning continue to

accelerate advances in synthetic biology, similar advances in
the characterization and performance evaluation of adhesives
will be required for the rapid discovery and optimization of syn-
thetic biologic adhesives with advanced, bespoke properties.

Coatings for signature reduction and active
camouflage
Effective concealment from threats is of paramount importance
in the defense and aerospace sectors. The recently deployed
F-35 joint-strike fighter reportedly cost over US$40 billion to
develop, a large proportion of which went into maintaining a
low electromagnetic (EM) signature through carefully angled
surfaces and radar-absorbent materials. The next generation
of EM signature reduction and management may include active
camouflage (which changes and adapts on requirement), a tech-
nique already mastered by certain cephalopod species as shown
in Fig. 6. This section reviews the mechanisms behind cepha-
lopod dynamic camouflage and reviews recent efforts to repli-
cate these phenomena through synthetic biology.

Cephalopod coloration
Cephalopods have long been renowned for their ability to rap-
idly modulate their body coloration to closely resemble their
environment, also known as adaptive camouflage and shown
in Fig. 6.[107–112] These remarkably advanced camouflage traits
in species such as the common squid, Lolliguncula brevis, and
common cuttlefish, Sepia officinalis, emerge through a combi-
nation of layered dermal cells which control the transmission
(chromatophores) and reflectance (iridocytes and leucophores)
of incident light.[109,113] Chromatophores, generally found at
the outermost layer, are nanostructured pigment-filled cells
which act as spectral filters—absorbing, reflecting, and trans-
mitting incident light. Attached to radial muscle fibers which
modulate the shape of the cell, cephalopods control the optical
properties of chromatophores by contracting/relaxing these

Figure 5. (a) Hybrid Mfp-CsgA chimera proteins produced by Yu and co-workers and (b) their self-assembly into adhesive nanofibers. Reprinted with
permission from Zhong et al..[104]
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fibers, increasing pigment surface area and therefore interaction
with light.[110,114,115] Leucophores, at the bottom of the layer,
are highly reflective broadband light scatterers. Composed of
non-absorbing, non-periodic, polydisperse intracellular
microparticles, leucophores scatter incident light in all direc-
tions (Mei scattering), giving them a diffuse white color and
therefore bestowing a convenient white base for overlaying pat-
terns.[107,116] Iridophores, often found in between chromato-
phores and leucophores, are multilayer Bragg reflectors
which produce spectral iridescence following their interaction
with incident light. Alternating lamellae of high refractive

index protein (reflectins) and low refractive index extracellular
space are spatially separated by the bilayer membrane, with
iridescence defined by coherent Bragg reflection from succes-
sive layers and the color defined by the layer thickness and
angle of incidence.[117] This mechanism is modulated by an
Acetylcholine (ACh) signal transduction cascade and is
depicted schematically in Fig. 7.

Some cephalopods, such as squid in the Loligidae family,
can tightly control the wavelength of light reflected across the
entire visible spectrum by rapidly controlling the dimensions
of these iridophore Bragg reflectors. Using the neurotransmitter

Figure 6. Adaptive camouflage of the octopus vulgaris: switching from camouflaged to conspicuous in 2 s. Reprinted with permission from Hanlon.[112]

Figure 7. Schematic illustration of the proposed bio-mechanical mechanism of iridophore iridescence activation in cephalopods. Acetylcholine (ACh) triggers a
signal cascade which leads to the release of protein kinases (tyrosine kinase). The site-specific phosphorylation of tyrosine residues on reflectins triggers
reversible hierarchical assembly into a condensed aggregate, accompanied by the efflux of water. This reduces the inter-lamellae thickness of the multilayer
Bragg reflectors, changing the wavelengths of light subject to constructive/destructive interference and hence the observed color.
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ACh, the reversible site-specific phosphorylation of reflectin
tyrosine residues triggers its hierarchical assembly, reducing
the occupied volume and hence lamellae thickness.
Hierarchical assembly of reflectin results in reduced ion expo-
sure, and is therefore accompanied by platelet dehydration
(maintaining electro-osmotic equilibrium and Gibbs–Donnan
equilibrium).[118–121] Working in concert, these three mecha-
nisms give cephalopods an extraordinary level of control over
their body coloration and patterning, which are believed to be
used for both camouflage and communication.[110,122] Due to
these unique characteristics, cephalopods have become a source
of inspiration for the development of novel, dynamic, and opti-
cally active biomimetic camouflage, with iridophores in partic-
ular, and their primary constituent reflectins, garnering
considerable interest in this regard.

Reflectin structure and function
Reflectins possess a block co-polymeric structure consisting of
highly conserved methionine-rich repeating motifs, separated
by positively charged polyelectrolyte linker regions, giving
reflectins a net positive charge. These repeat motifs, defined
as (M/FD(X)5)(MD(X)5)n(MD(X)3/4) and depicted in
Fig. 8, exist in two forms—one occurring near the N terminus
(the N-terminal motif, RMn) which is highly conserved and
found in most reflectin proteins, and another which is distribu-
ted throughout the rest of the protein depending on the type of
reflectin (the reflectin motif, or RM). Reflectin protein’s
skewed amino acid sequences underpin their unique assembly
properties.[119] Upon charge neutralization (in vivo phosphory-
lation/in vitro pH) the repulsive electrostatic interactions
(mainly within linker regions) are overcome by the attractive
π–π, sulfur–π, and cation–π interactions, driving hierarchical
assembly into condensed secondary structures. Computational
structural analysis has revealed differences in the entropic
drive to form secondary structures between linkers and motifs.
By comparing hydrophobic moment plots, it was found that,
when isolated, motifs possessed a high entropic drive to form
α-helix and β-sheet secondary structures, with linkers possess-
ing none.[119] Introducing linker regions to motifs then
decreased the entropic drive for secondary structure formation,
suggesting an inhibitory/regulatory role.[119] Moreover, the
aggregation properties, particularly the homogeneity of particle
size upon charge-neutralization driven condensation and

hierarchical assembly appear to differ between reflectin iso-
forms, with those containing fewer reflectin motifs appearing
to be less tightly regulated.

Understanding the precise roles of reflectin components is
crucial to fully explore the limits of reflectin-based camouflage
systems. Facilitated by advancements in high-throughput tech-
niques, synthetic biology allows us to dissect the roles of pro-
tein constituents down to single amino acids. To investigate the
role of the frequency of repeat motifs/linkers, one could envi-
sion cloning reflectin isoforms which contain progressively
fewer of these regions and comparing, amongst other proper-
ties, secondary structure formation, refractive index, and solu-
bility, etc. A similar investigatory method could also be used
to examine the role of the size/distribution of motifs and link-
ers, by cloning isoforms with the desired sequence and compar-
ing their properties. A more thorough appreciation of the role
that these regions have on the intrinsic properties of both reflec-
tin proteins and reflectin-based materials could lead to a model
with predictive power. This would allow the properties of
reflectins, and therefore reflectin-based materials, to be pre-
dicted based on the primary sequence, facilitating the design
of novel sequences with enhanced properties.

Dynamic and optically active reflectin-based
materials inspired by cephalopod iridophores
Since their isolation in 2004,[123] on the basis that the exoge-
nous application of ACh and calcium ionophores shift the
reflectance of mantle iridophores of L. brevis from long wave
(red) to short wave (blue),[109,124] the material science commu-
nity began to view reflectins as a structurally adaptive biopoly-
mer that could be exploited. Since then, processing reflectins
into optically active materials has been achieved through a vari-
ety of techniques and are summarized in Table I. In a seminal
paper published in 2007, Naik and co-workers employed a
flow-coating technique to deposit a thin layer of recombinant
reflectin 1a (Euprymna scolopes) onto highly-reflective silicon
substrates, demonstrating, for the first time, the capacity to pro-
cess these proteins into optically active thin films.[125] After
creating gradient films by adjusting the blade tilt (in flow-
coating), they noted that the film thickness correlated positively
with the wavelength of light reflected, which is expected for
structural coloration produced via thin-film interference. They
also showed that vapor-induced swelling using water,

Figure 8. Schematic illustration of the general structure of reflectin proteins. Blue region = N-terminal reflectin motif (RMn), green regions = reflectin motif
(RM). Flanking linker regions, N and C terminus, colored blue and red, respectively. Conserved region: (M/FD(X)5)(MD(X)5)n(MD(X)3/4).
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methanol, or ethanol reversibly shifted reflectance across the
visible spectrum (from 400 to 800 nm), causing a red-shift
when applied and shifting back when the stimulus was
removed. This work ignited interest in reflectin-based dynamic
optical materials, and in 2013, Gorodetsky and co-workers
expanded on this by exposing reflectin A1 [Loligo
(Doryteuthis) pealeii] thin films on graphene-oxide-coated sub-
strates to acetic acid vapors, triggering an increase in thickness
due to a combination of vapor-induced swelling and increased
interprotein electrostatic repulsion.[126] Here, the change in
thickness (and hence, wavelength shift) was more pronounced
than observed with vapor-induced swelling alone, spanning the
entire visible spectrum and into the near-infrared (IR); shifting
from 600 to 1200 nm. The greater accessible wavelength range,
between 400 and 1200 nm (by varying concentration), and an
ability to tune reflectivity in situ from the visible to the
near-IR region (by 600 nm), coupled with the inexpensive
and robust fabrication strategy, made this a decisive step toward
reconfigurable biomimetic camouflage technologies for stealth
applications. In 2015, the same group demonstrated another
method of modulating the thickness (and therefore optical
reflectivity) of reflectin thin films on graphene-oxide-coated
tape.[127] Using mechanical stretching, the application of uniax-
ial strain reduced the film thickness by ∼25% via the Poisson
effect, causing a blue-shift from 980 to 705 nm. The films
were then “healed” by annealing with a heat gun, returning to
their original proportions and wavelength. The soft, conform-
able adhesive substrate could be applied to surfaces or objects
with a variety of shapes and sizes, meaning it can be suitably
applied to an assorted array of defense hardware. One issue
with structural coloration as a basis for camouflage technolo-
gies is angle-dependent color. In a military setting, there is little
benefit to being invisible to your enemy at a precise angle while
being visible at most others. The researchers in this case claim
to have overcome this concern by producing a material with a
broad reflectance peak, seemingly reducing the dependence of
viewing angle on color, and therefore on visualization in the IR
region.[127]

Due to their unusual, skewed amino acid sequence, the
recombinant production and purification of reflectins are some-
what complicated by their sequestration in inclusion bodies,
requiring lengthy preparations to isolate prior to purification.
To facilitate ease of production, in 2012, Kaplan and
co-workers cloned a small portion of reflectin 1a (E. scolopes)
containing one reflectin motif and part of a linker region,
termed refCBA.[128] Notably, they found that not only was
this small portion of the sequence expressed as a water-soluble
protein, thereby streamlining the purification process, it was
also found to be sufficient enough to confer full-length reflectin
properties such as high-refractive index, unique self-assembly,
and thickness-dependent optical properties.[128] Similarly, in
2017, Crookes-Goodson and co-workers discovered that reflec-
tin thin films could be induced to scatter light following multi-
ple, brief pulses of water vapor.[129] Then, by creating truncated
versions containing staggered dimers of the repeating reflectinTa
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motifs (1–2, 2–3, 3–4, and 4–5), thereby dissecting the roles of
various regions of the protein, they were able to identify a small
23-amino acid region which retained the vapor-induced light-
scattering properties of the full-length version.

These examples highlight one aspect of applying synthetic
biology techniques to biomaterials engineering; by identifying
small amino acid regions which maintain or enhance the desir-
able properties of their full-length counterparts, we can better
understand the role of different regions of the protein.
Understanding the structure–function properties of reflectins
is fundamental to engineering reflectin-based biomaterials
with desirable properties. With this knowledge, rational muta-
genesis in order to enhance the intrinsic properties becomes
the obvious next stage. For example, the introduction of a
greater number of positively charged amino acids may lead to
an increase in the attainable thickness of the fabricated films,
due to an increase in electrostatic repulsion.

Any exploitation of reflectins for active camouflage would
of course in all probability require an equally sophisticated bio-
mimetic implementation of the neuromuscular control machin-
ery that allows cephalopods to adapt their skin patterns to their
local environment.[130]

Indirect routes to synthetic biologic materials
As well as the direct production of proteinaceous materials
from engineered host organisms as described in the above sec-
tions, there are also indirect routes to the production of materi-
als using the tools of synthetic biology. This is typically
achieved by engineering cells to express a multitude of bespoke
enzymes—which, acting as catalysts, transform low-value
starting materials (or even cell metabolites) into high-value
products such as monomers for high-performance polymer
fibers or adhesives. Replacing multi-step chemical synthesis
steps with a single fermentation of engineered organisms
could be an efficient and low-cost route to manufacture feed-
stocks of advanced materials that are already in use today.
This approach of the “drop-in” replacement of existing mono-
mers with bio-manufactured alternatives has the advantage of
being low risk from a commercialization perspective—since
demand for such feedstocks already exists.[131] In future how-
ever, advances in synthetic biology and enzyme design could
allow far more complex monomers to be produced using
such a bio-manufacturing route—including large, chirally
pure terpenoid-based molecules, for which the groundwork is
already being laid.[19,20] This section provides an overview of
such methods and highlights the most significant examples
reported in the literature.

Bio-derived monomeric precursors
Starting from simple sugars or polyols, engineered microbes
can produce a diverse array of chemical building blocks,
many of which are useful in polymer synthesis. Glycerol, for
example, is easily derived from chemical or biologic trans-
esterification of plant triglycerides (as a by-product of bio-
diesel production), and has been used widely as a carbon source

for growth in engineered strains but also as a precursor to
propane-diol, glycerol carbonate, acrolein, and a host of other
useful compounds.[132–134] In just one example of a bio-
derivative of glycerol, an engineered strain of the bacterium
E. coli was developed to allow the production of propane-diol
at titers up to 130 g/L.[132,135]

Unlocking chemical building blocks from lignocellulosic
biomass has been the focus of intense research, giving rise to
hundreds of useful compounds as reviewed in detail else-
where.[133] Synthetic biology adds value to these bio-derived
building blocks by diversifying the structures using designed
pathways in engineered organisms. Furans are one class of
compounds that can be produced through microbial fermenta-
tion of C5 and C6 sugars (derived from lignocellulosic or
other renewable feedstocks). Furans are useful as monomers
in their own right or as substrates for further modification.
The production of p-xylene, for example, can be accomplished
via cycloaddition of bio-derived dimethylfuran and ethylene (or
from isobutanol or ethylene using other methods).[134] From
p-xylene, bacterial strains have recently been developed to
allow the efficient production of terephthalic acid,[136] and
hence opening up routes to bio-based polyethylene terephthal-
ate, polytrimethylene terephthalate, or polyaramid fibers such
as Kevlar®. Besides providing drop-in replacements for con-
ventional polymer precursors, synthetic biology routes can be
designed to produce novel monomers. Recently, a computa-
tional approach to retrosynthetic enzyme pathway design iden-
tified routes to over 570,000 enumerated isomers from a core
set of 17 monomers, illustrating the potential of synthetic biol-
ogy for biochemical diversification of building blocks.[137]

Bio-derived organic acids. Organic acids are among the
most common cellular metabolites that can be used in polymer
synthesis. Itaconic acid is naturally produced in several
organisms, notably the fungal species Aspergillus terreus,
which gives around 80 g/L during sugar fermentation.[138,139]

The carboxylate and carbon–carbon double bond moieties
of itaconic acid make it useful for modification or
co-polymerization with a range of different monomers.
3-hydroxypropionic acid (3-HPA) is another useful acid, also
possessing a β-hydroxy functionality.[139] 3-HPA is produced
from a number of different feedstocks, including CO2 by
certain photosynthetic organisms and in 96% yield (g/g) from
1,3-propanediol using an Acetobacter strain.[140] The
production of levulinic acid from lignocellulosic biomass is
well established at a commercial scale.[141] Synthetic biology
adds value through modification, such as the production of
hydroxyacids 3- and 4-hydroxyvalerate, useful for the
production of polyesters and (bio)degradable plastics, from
levulinic acid using a modified strain of Pseudomonas
putida.[142] Poly-L-lactic acid (PLLA) is perhaps the best
known degradable polymer, and L-lactic acid can be
produced at scale from renewable sources such as corn starch
or sugar cane.[143,144] L-lactic acid is naturally produced in
cells from pyruvate in the absence of oxygen and, under such
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conditions, the microorganism Corynebacterium glutamicum
produces high levels of organic acids including L-lactic
acid.[145] Furthermore, engineering of C. glutamicum offers a
route to D-lactic acid in titers up to 195 g/L[145] and having
both L- and D-lactic acid allows for the production of
stereocomplex polylactides with improved melting and glass
transition temperatures compared with traditional
PLLA.[144,146] Succinic acid and adipic acid are relevant to
the production of nylons, in combination with diamines (see
below). As a central metabolite, succinic acid can easily be
accessed from a number of organisms and is produced
commercially in E. coli by the company Bioamber.[147] A
large proportion (65%) of adipic acid derived from
petrochemicals currently goes into nylon production, and
hence an affordable bio-based replacement would be highly
desirable.[144,148] A number of engineered strains have been
used to make adipic acid, the best of which currently is
Thermobifida fusca B6, which naturally produces the
compound at titers up to 2.23 g/L.[144,149]

Bio-derived amines.Amines represent another major class
of monomers that can be accessed biologically and include
polyamines from diamines through to hexa-amines.[150]

Attention has centered on the polyamines putrescine and
cadaverine, which can be derived from biodegradation of
amino acids ornithine (or arginine) and lysine,
respectively.[131,150] Putrescine derived from castor oil finds
applications in polyamide production and is used to make the
DSM products Stanyl™ and EcoPaXX™.[131] Toward a
biological source of putrescine, E. coli has been engineered to
over-produce ornithine, with subsequent decarboxylation to
yield the final product with titers of up to 24.2 g/L.[131,151]

The five-carbon diamine cadaverine is also useful for
polyamide production and in a novel approach cadaverine has
been produced up to 28.5 g/L by a co-culture of engineered
E. coli strains—one strain to produce L-lysine and the other
to decarboxylate it to the final product.[152]

Bio-derived terpenes. Terpenes are among the most
diverse molecules produced in the biological world, with
over 55,000 structures described,[153,154] and are a rich source
of potential monomers for polymer production. The
monoterpenes limonene and pinene have been functionalized
via thiol-ene additions, thus permitting polycondensation
reactions.[155] These terpenes and a diverse array of related
structures can be renewably derived from plant biomass or by
production in engineered microbial strains.[154,155] Further
biological modification of terpenes facilitates access to novel
polymers, as exemplified by the production of lactone
monomers from the ketone-containing terpenes menthone and
dihydrocarvone using Baeyer–Villiger monooxygenases.[156]

Inorganic composites and other bio-polymers
As well as engineering organisms to express proteins that are
inherently structural, or protein-based enzymes that catalyze

the production of material precursors (direct and indirect syn-
thetic biologic materials, respectively), there also exist a pleth-
ora of other biological materials which could potentially be
produced through the tools of synthetic biology. These include
non-proteinaceous bio-polymers and materials, which are typi-
cally saccharide-based, and inorganic composite materials such
a bone, horn, enamel, and nacre. A brief overview of such mate-
rials is given in this section, but such materials are generally
more challenging to produce through synthetic biology at pre-
sent and largely beyond the scope of this review.

Bio-polymers
Biological systems are adept at producing polymers, often as
structural materials that confer rigidity, and protection.
Polysaccharides are a good example of this and include cellu-
lose, alginate, chitin, chitosan, and hyaluronan, which are bio-
compatible, biodegradable materials that find uses in medicine,
foods, agriculture, and cosmetics.[157] Synthetic biology pro-
vides an alternative source for these materials that does not
rely on harvesting them from natural organisms. Chitin and chi-
tosan are typically derived from shellfish, but recombinant pro-
duction in microbes offers a more sustainable source, with
better control over the degree of polymerization and acetylation
for a well-defined end product.[157,158] This was demonstrated
in the gram-scale production of chitooligosaccharides in E.
coli using genes from chitin-producing fungi.[159]

Many microbial species accumulate polyhydroxyalkanoates
(PHAs) inside the cell, where they function as storage molecules
but are also useful as natural bioplastics. These (bio)degradable
polyesters are comprised of short- (C3–C5) or medium-chain
(C6–C14) monomers, with more than 150 different monomer
structures described, and can be blended with other natural poly-
mers such as polysaccharides to produce new materials.[160]

Synthetic biology is improving the production levels and costs
for PHAs in engineered strains, as recently demonstrated for
the non-conventional production host Halomonas species
TD01, which grows under high-salt conditions that prevent
the growth of contaminating organisms, thus obviating the
need for costly sterilization procedures and equipment.[161]

Bacterial cellulose is another structural biological material
that has attracted interest for a range of applications.[162]

Being produced from the bacterium Acetobacter xylinum
(among others) as an extracellular, structural matrix of hierar-
chical, semi-crystalline microfibrils, the potential exists for
gene editing to modify the properties of the material for useful
purposes. A recently published UK Department of Defence
project sought to employ the principles of synthetic biology
(modification of key genes and pathways) to increase the pro-
duction and purity of bacterial cellulose,[162] and similar tech-
niques could be employed to modify the mechanical
properties for stand-alone materials or composites.

Bio-composites
Some of the most mechanically impressive andwell-known exam-
ples of biological materials are hierarchical, inorganic-biopolymer
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composites—such as bone, enamel, and horn. Such materials
often have exceptionally high strength, toughness, and durabil-
ity considering their composition and the benign conditions
under which they were fabricated. Nacre, for instance, is a pro-
tein–ceramic composite being comprised of over 95% calcium
carbonate in the form of the mineral aragonite, yet its fracture
toughness is over 3000 times higher than the pure mineral
alone.[163–165] This enhancement is attributed to a hierarchical
“brick-and-mortar” type structure, where biomineralized arago-
nite platelet “bricks” are cemented together by a protein-based
“mortar”.[164] Using synthetic biology, it should be feasible for
similar performance improvements to be replicated for contem-
porary, high-performance ceramics (e.g., boron carbide)—if
the brick-and-mortar structure could be replicated using engi-
neered biomineralization and/or synthetic protein mortars.
Recent advances in the fabrication of protein composites with
2D nanomaterials (e.g., graphene oxide, molybdenum disul-
phide, and hexagonal boron nitride) were recently reviewed
by Demirel et al.,[166] who highlighted the potential for syn-
thetic biology to tailor desired interactions and hierarchical
assembly of the composites. Early examples include the use
of a synthetic “diblock” protein for the creation of a graphene,
cellulose composite,[167] or the use of squid ring teeth proteins
with graphene oxide or 2D titanium carbides for biomorph
actuators and stimuli-responsive electrodes, respec-
tively.[168,169] Research into bio-composites produced or
enhanced using the techniques of synthetic biology is still
nascent, but there is a significant potential for “laboratory-
grown” bio-composites to be an active area of research as the
field of synthetic biology for materials matures.

Conclusions and outlook
With the Intergovernmental Panel on Climate Change (IPCC)
setting a target of zero net global CO2 emissions by 2050,
the world needs to rapidly accelerate its transition to a post-
carbon economy. By harnessing the molecular assembly
power of biological organisms, synthetic biology offers a
green and sustainable route for the production of a vast range
of commodities including industrial chemicals, foodstuffs,
healthcare products, and materials.[2–5,19]

One of the main challenges faced on the way toward applied
synthetic biology is the integration of the diverse disciplines
involved—particularly molecular biology, synthetic chemistry,
computational modelling, and materials science. This can be
highlighted by the significant differences in research methodol-
ogy between molecular biologists and materials scientists:
whereas the molecular biologist often works with minute quan-
tities of dilute material, testing and systematically screening
vast assay libraries, materials scientists typically require bulk
quantities of pure (or highly concentrated) materials for any
kind of meaningful performance evaluation tests. Therefore,
to fully realize the potential of synthetic biology for novel mate-
rials, methods for producing and testing small quantities of
materials are necessary.

Other short- to medium-term goals would be improving the
productivity and yield from fermentation processes, and the
diversification of starting materials from food chain-derived
feedstocks such as grain-based sugars, to low-cost, food
chain-independent lignocellulosic or algae-derived biomass.
The former could be achieved by moving away from traditional
microbial hosts such as E. coli or yeast strains, to ones such as
Halomonas which will bypass the need for costly sterilization
steps.[161]

Advances in computing power and robotics technology are
also predicted to spur development in this area, with the
application of in silico mathematical models coupled with
high-throughput metabolic engineering facilities helping to
streamline design–build–test–learn development cycles.[26,27]

Such an approach could be further accelerated with the
adoption of deep-learning strategies to navigate and direct the
exploration of this vast area of new chemical and biological
space.[26] This would result in vast libraries of functional
genetic parts which could allow rapid assembly of new materi-
als with modular, functional components—providing a flexible
and adaptive manufacturing capacity.

Other emerging technologies, such as additive manufactur-
ing (3D-printing) and smart materials with integrated electron-
ics, could also be coupled with synthetic biology-derived
materials and approaches, helping usher in a new era of afford-
able, sustainable manufacturing of complex, multifunctional
materials. This has already been realized with the 3D-printing
of organs for tissue engineering,[170] but will likely be
expanded for many other applications in the future.
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