Open Access Article. Published on 19 September 2024. Downloaded on 08.01.2026 12:33:58.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

[{ec

MSDE

REVIEW

i '.) Check for updates ‘

Cite this: Mol. Syst. Des. Eng., 2024,
9, 1187

Received 19th July 2024,
Accepted 9th September 2024

DOI: 10.1039/d4me00122b

rsc.li/molecular-engineering

Design, System, Application

7 ROYAL SOCIETY
PN OF CHEMISTRY

View Article Online
View Journal | View Issue

Molecular design of protein-based materials -
state of the art, opportunities and challenges at
the interface between materials engineering and
synthetic biology

Ebony Shire, ®2° André A. B. Coimbra, @€ Carlos Barba Ostria, 9
Leonardo Rios-Solis @ *° and Diego Lopez Barreiro @ *a°

Structural proteins like silk, squid ring teeth, elastin, collagen, or resilin, among others, are inspiring the
development of new sustainable biopolymeric materials for applications including healthcare, food, soft
robotics, or textiles. Furthermore, advances in the fields of soft materials and synthetic biology have a joint great
potential to guide the design of novel structural proteins, despite both fields progressing mostly in a separate
fashion so far. Using recombinant DNA technologies and microbial fermentations, we can design new
structural proteins with monomer-level sequence control and a dispersity of ca. 1.0, based on permutations of
tandem repeats derived from natural structural proteins. However, the molecular design of recombinant and
repetitive structural proteins is a nontrivial task that is generally approached using low-throughput trial-and-
error experimentation. Here, we review recent progress in this area, in terms of structure-function relationships
and DNA synthesis technologies. We also discuss experimental and computational advances towards the
establishment of rapid prototyping pipelines for this family of biopolymers. Finally, we highlight future
challenges to make protein-based materials a commercially viable alternative to current fossil-based polymers.

Structural proteins like elastin, resilin, collagen, or silk self-assemble into materials with a wide range of mechanical, structural, and dynamic properties.
Inspired by this, scientists are increasingly researching structural proteins as sustainable biopolymers to manufacture materials with applications in
healthcare, textiles or adhesives, to name a few. Thanks to recombinant DNA technology and synthetic biology developments, we can now generate with

monomer-level precision new recombinant structural proteins that are inspired by nature, but that do not exist in nature. This allows us to create new
multifunctional biopolymers that bring together dissimilar properties from natural proteins (e.g:, the strength of silk, the stimuli-responsiveness of elastin,
the stiffness of collagen) into a single new protein biopolymer. For these new recombinant proteins, it is hard to predict how the number and location of

ordered/disordered, hydrophobic/hydrophilic, charged/uncharged, or structural/functional building blocks along their sequence affect the properties of the
materials derived from them. Luckily, computational tools, such as molecular dynamics (MD) can help in unveiling sequence-property relationships, and
thus accelerate the development of new recombinant proteins.

1. Introduction

Many of our everyday materials are made of polymers
derived from petroleum, using toxic solvents and/or harsh
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processing conditions via energy-intensive processes. Over
390 million metric tons of polymers are produced every
year," accounting for 4-6% of the annual fossil oil use.*”?
Fossil-based polymers also generate a vast amount of
waste that is at the core of an environmental plastic
pollution disaster, affecting virtually all terrestrial and
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aquatic ecosystems.” Additionally, the growing market for
polymers (with a sales turnover of over £25 billion in the
UK alone in 2022 (ref. 5)) challenges our ability to meet
the demands for polymeric materials while minimising
waste production. This is due to the persistence of plastic
pollution in nature, with degradation times exceeding
centuries for some materials. Therefore, there is an urgent
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unmet need for new sustainable polymers that fulfil the
current role of plastics while enabling a bio-based and
circular economy.

To that end, nature is a great source of inspiration. Many
natural proteins have a structural role that provides
scaffolding or protection for the cells or organisms that
produce those proteins. Structural proteins such as elastin,
resilin, collagen, or silk can self-assemble into materials such
as silkworm cocoons, the extracellular matrix, nails, squid
ring teeth, or the adhesive threads of mussels.®”” These
materials span a wide range of mechanical and structural
properties (e.g., from soft to stiff, from porous to densely
packed, from dynamic to static) while being based on amide
bonds, much like fossil-derived polymers such as
polyurethanes or nylon."® Inspired by this, scientists are
increasingly researching structural proteins as sustainable
biopolymers to manufacture materials with applications in
food,"" medicine,"”> adhesives,'> energy,"* textiles'> or
separation processes,'® to name a few. Additional benefits of
structural proteins include sustainability, lightweight, ease of
processability, degradability, stimuli responsiveness and
tuneable structural/mechanical properties.’” These features
are determined by nano- and mesoscale motifs (e.g., B-sheets,
helices, nanofibrils)'® that are encoded as short building
blocks, also known as tandem repeats, in the amino acid
sequence of those proteins.

Structural proteins are normally harvested from animal
sources (e.g., silkworm cocoons, animal tissue), but these
suffer from low yields, batch-to-batch variability, presence of
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contaminants, and cultural or religious concerns that limit
their commercial use.'® Fortunately, advances in synthetic
biology and bioprocess engineering allow us to overcome
these issues and biofabricate new non-animal-derived
structural proteins.’® Developments such as new DNA
assembly techniques, new production hosts, or data-driven
bioprocess optimisation are increasingly facilitating the
biofabrication of new, high MW recombinant structural
proteins with monomer-level sequence control and a
dispersity of ca. 1.0."® As a consequence, the yields of
recombinant structural proteins (typically a few mg L)
have attained productivities above 10 g L,*° bringing
industrial production of recombinant structural proteins
closer to economic feasibility. Furthermore, recombinant
DNA technology allows us to explore new structural proteins
beyond those selected for by evolution - it is now possible
to design entirely new structural proteins with properties
inspired by natural ones (e.g., the strength of silk, the
stimuli-responsiveness of elastin, the stiffness of collagen),
but that do not exist in Nature (Fig. 1). Nonetheless, this
makes the molecular design space so vast as to become
almost intractable via experimentation alone. Additionally,
engineering proteins so that they self-assemble into
materials with target mechanical (e.g., Young's modulus,
toughness) or structural (e.g., mesh size, fibrillar networks)
properties is a nontrivial task that is generally approached

using low-throughput trial-and-error  experimentation.
Therefore, the design and engineering of protein-based
materials would benefit from incorporating new
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Fig. 1 Nature provides a great source of inspiration for the design of protein-based materials. Recombinant polypeptides with permutations of
natural structural and functional blocks can be biofabricated to obtain new protein-based biopolymers for the manufacture of materials in multiple

application areas.
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computational to accelerate the
development.

In this review, we aim to bring together two fields,
synthetic biology and soft materials, that have mostly evolved
independently. We first review the molecular design stage -
the various protein building blocks available, their
molecular-scale features, and how computational models aid
in predicting in silico their behaviour. We then discuss
synthetic biology aspects including DNA assembly methods,
microbial hosts available, and the emerging field of
engineered living materials (ELMs), in which the boundaries
between materials and cells become blurred. Lastly, we
provide an overview of the commercialisation landscape for
recombinant  protein  biopolymers  with  materials
applications. At the interface between biotechnology,
bioprocess engineering, materials science, and computational
modelling, this review aims to provide a comprehensive
overview of the most recent developments in the field of
microbially-produced protein-based materials.

techniques pace of

2. Materials manufacturing from
recombinant proteins

Many of the grand challenges that our society is facing,
including healthcare, food and clean water supply, overuse of
fossil fuels, or climate change, are intimately related to the
materials that we chose to address those challenges.
Fortunately, advances in engineering biology are increasingly
enabling the design and engineering of new biopolymeric
materials produced by microorganisms, using renewable
feedstocks and sustainable biomanufacturing approaches.
Recombinant synthesis of proteins is a good example of that.
The genetic basis of sequence and length control in proteins,
together with the manufacturing conditions applied (e.g:,
temperature, shear, solvent), allow us to control the self-
assembly of structural protein biopolymers into macroscopic
materials with long-range order and bespoke mechanical,
structural, or biological properties that are hard to replicate
in fossil-derived materials. In the following subsections, we
will review common building blocks inspired by natural
structural proteins, how they influence the properties of de
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2.1. Nature-inspired motifs

The sequence of many natural structural proteins contains
building blocks in the form of repetitive short peptides called
minimal consensus repeats or tandem repeats. These repeats
are usually represented by their constituent amino acids,
which in this review will be noted using the single-letter
code. In this section, we will review the main building blocks
found in natural structural proteins, and how they determine
the ability of proteins to adopt 3D conformations (ie.,
helices, B-sheets, B-turns, coiled-coils, or disordered regions)
(Table 1) or to display a dynamic behaviour, such as stimuli
responsiveness. Beyond structural roles, many proteins
display other functionalities, including electrical conductivity
in the pili of some bacteria or the biomineralized skeletons
of diatoms,>"** that have promising applications in several
engineering areas. Thus, by merging structural and
functional properties of natural proteins into de novo
recombinant proteins, we can engineer new protein-based
materials with properties guided from the molecular scale
up. However, we are still far from fully understanding how
the macroscale properties of protein-based materials are
linked to design features at the molecular scale (e.g., content
in ordered/disordered, hydrophobic/hydrophilic, charged/
uncharged, or structural/functional building blocks in the
protein sequence) or the manufacturing routes used (ie.,
solvent-based approaches, 3D printing, thermal moulding) -
the so-called sequence-processing-property relationships.
This explains why, to date, new structural recombinant
proteins are mainly designed through low-throughput
experimental trial-and-error permutations of a few building
blocks.

2.1.1. Helical and coiled coil proteins. Helices are
ubiquitous structures in Nature in which a single polypeptide
chain twists around itself to form a cylindrical shape. Helices
have noteworthy mechanical properties, as they combine
elasticity in the axial direction and bending stiffness in the
radial direction.”*** Furthermore, under excessive load, they
can undergo a helix-to-B-sheet transition that leads to a
strain-stiffening behaviour*>*° (Fig. 2a). Tandem repeats with
a propensity towards forming helical 3D structures have been
incorporated in recombinant structural proteins with the aim

novo  recombinant  structural proteins, and how  of enhancing the self-assembly and mechanical stability of
computational tools can accelerate the prototyping of new  various material formats,?””*® such as fibres,”**° nanotubes*®
materials. or cages.*"*?
Table 1 Summary of protein types and their corresponding amino acid sequences
Protein type Structural block Tandem repeat
Helical coiled coils Collagen-like GXY
Intrinsically disordered proteins Elastin-like VPGXG

Resilin-like GGRPSDSYGAPGGGN or GGRPSSSYGAPGQGN
B-Sheet-rich proteins Curli S(X)sQXGXGNXA(X);Q

Silk-like (silkworm) GAGAGS

Silk-like (spider) GAGAAAAAGGAGTS

polyA

Squid-ring-teeth-like

This journal is © The Royal Society of Chemistry and IChemE 2024

PAAASVSTVHHP (hydrophobic)
YGYGGLYGGLYGGLGY (hydrophilic)
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Fig. 2 (a) Helical-to-B-sheet transition in a coiled-coil protein (reproduced and adapted with permission from ref. 26. Copyright 2012, American
Chemical Society); (b) hydrogel produced from recombinant collagen-like polypeptides (reproduced and adapted with permission from ref. 28.
Copyright 2021, American Chemical Society); (c) thermoreponsiveness of recombinant polypeptides with LCST behaviour (e.g., ELPs) and UCST
behaviour (e.g., RLPs) (reproduced and adapted with permission from ref. 33. Copyright 2023, American Chemical Society); (d) fibres produced via
electrospinning of aqueous solutions of SELPs (reproduced and adapted with permission from ref. 34. Copyright 2010, American Chemical
Society); (e) porous films from BAB copolymeric ELPs after hydration in PBS (reproduced and adapted with permission from ref. 35. Copyright
2005, American Chemical Society); (f) photograph and temperature-dependent rheology (w = 100 rad s, y, = 1%) of 20% (w/w) solutions ELPs
containing plastic blocks (reproduced and adapted with permission from ref. 36. Copyright 2015, American Chemical Society); (g) rheological
characterisation (storage modulus G’ and loss modulus G”) as a function of triblock or alternate arrangements for neutral and positively charged
ELP solutions in Milli-Q water (15 wt%) during a temperature sweep between 4 and 37 °C (reproduced and adapted with permission from ref. 37.
Copyright 2022, American Chemical Society); (h) supramolecular assembly of ionic ELPs above T, as a function of concentration (reproduced and
adapted with permission from ref. 38. Copyright 2020, American Chemical Society); (i) UV-vis turbidity measurements of RLPs with different
solvents and amino acid substitutions (reproduced and adapted with permission from ref. 39. Copyright 2021, American Chemical Society).
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One notable helical structure in Nature is collagen, the
most abundant protein in the human body.** Collagen self-
assembles into a right-handed triple helix, and its tandem
repeat is GXY. In mammalian collagen, proline (P) and
4-hydroxyproline (O) are the most common amino acids in
the X and Y positions,*" respectively. 4-Hydroxyproline is a
post-translational modification (PTM) of proline, thus
requiring the additional co-expression of prolyl hydroxylases
that are absent in bacterial cells.*> Thus, many researchers
have focused on a simpler variant of collagen, namely
unhydroxylated bacterial collagen-like polypeptides (CLPs)
consisting of GPX tandem repeats*® (Fig. 2b). The
extracellular secretion of CLPs has been demonstrated, which
could lead to simple and more cost-effective purification and
scale-up.”® The lack of O residues in bacterial CLPs does not
impeded their self-assembly into triple helices,** but comes
at the expense of a reduced mechanical stability compared to
hydroxylated collagen due to the formation of fewer hydrogen
bonds between their constituent strands.*> Much like human
collagen in bones, bacterial CLPs also showed the ability to
biomineralise inorganic materials such as hydroxyapatite
crystals, silver nanoparticles, and silica nanoparticles.*®

Another common type of helix in Nature are o-helices in
keratin.*” The helical structure of keratin is held together by
hydrogen bonds between N-H groups and C=O groups,
while intermolecular disulfide bonds render it insoluble.*®
The sequence of keratin contains polar and nonpolar
residues in a heptad pattern denoted as abcdefg, where a and
d are always nonpolar.”® Additionally, keratin is often
encountered as a higher-order quaternary structure called a
coiled-coil, in which o-helices bundle together to create a
stable superhelix’® that is the main structural component of
hair, nails, skin and wool.”" The successful expression of
recombinant keratin-like proteins has been reported, and
their self-assembly into fibrils was confirmed.”> When
compared against coatings produced from keratin extracted
from human hair, recombinant keratin-like proteins led to
more uniform coatings, which displayed increased biological
activity. This was attributed to the increased homogeneity
and the lack of contaminants in recombinant keratins.
Moreover, the self-assembly of coiled-coil fibrils into higher
order structures, such as hydrogels, can be modulated by pH,
ionic strength, temperature, or sequence composition.>® As
an example, Dooling and Tirrell®* synthesised seven different
recombinant proteins with coiled-coil domains that differed
by a single amino acid mutation. This allowed them to self-
assemble hydrogels with a range of relaxation behaviours,
spanning 5 orders of magnitude (from 0.22 + 0.13 to 1608 +
135 s).

2.1.2. Intrinsically disordered proteins. Many structural
proteins in Nature display a high content of disordered
regions that typically arise from a high abundance of either
charged and polar residues or secondary structure disrupters
such as proline and glycine in their sequence.”>”® Although
it is generally believed that the 3D conformation of a protein
is necessary for its functional role, intrinsically disordered

This journal is © The Royal Society of Chemistry and IChemE 2024
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proteins (IDPs) challenge this by displaying biological activity
despite lacking a defined 3D structure under physiological
conditions.”” Of particular interest within the field of
biomaterials are elastomeric proteins, such as elastin and
resilin. Elastin is a key protein present in extracellular matrix
(ECM),*® whereas resilin is found in the cuticle and wings of
most insects.”® These IDPs have inspired the design of
elastin-like polypeptides (ELPs) and resilin-like polypeptides
(RLPs). Both ELPs and RLPs display reversible deformation
and high resilience, due to their conformationally free
chains.®® This feature has been leveraged to develop ELP- or
RLP-based elastomeric biomaterials in the form of
hydrogels,®" films*>**%* or fibrous meshes.*® Another key
feature of ELPs and RLPs is their thermoresponsiveness and
the presence of a transition temperature (7). Specifically,
ELPs have a lower critical solution temperature (LCST),
whereas RLPs display an upper critical solution temperature
(UCST)** (Fig. 2c). This makes ELPs and RLPs promising
biopolymers for applications as injectable biomaterials for
healthcare applications, such as wound healing,** tissue
engineering,® drug delivery,®® 3D printing bioinks®” or
adhesives,** to name a few (Fig. 2d and e). Furthermore, this
thermoresponsiveness simplifies the purification of ELPs and
RLPs via temperature cycling,®® avoiding the need for more
complex and expensive techniques such as affinity
chromatography.

ELP tandem repeats are formed by the pentapeptide
VPGXG, where X can be any amino acid excluding proline.®”
The X amino acid directly impacts the 7, of ELPs, which
arises from hydrophobic interactions between ELP chains.
Below T, ELPs adopt random coil conformations due to the
formation of an ordered hydrophobic hydration shell around
the hydrophobic residues. Above T;, the water molecules lose
their ordered structure and ELP chains can self-assemble via
intermolecular hydrophobic interactions.”’ The value of T
depends on the hydrophobicity of the amino acid residue in
the X position:”* hydrophilic residues (e.g., glutamic or
aspartic acid) increase T, whereas hydrophobic residues (e.g.,
as alanine, tryptophan, or isoleucine) reduce it.”' For
instance, ELPs with a 46% ionic weight fraction displayed a
T, of 32 °C, while ELPs with a 45% non-ionic weight fraction
had a T of 26 °C.*®* The X amino acid also impacts the
viscoelasticity of ELP hydrogels: ELP containing VPGIG
(hydrophobic) blocks had a storage modulus (G’) 4.6x larger,
and loss modulus (G”) 29.5x larger than when the block was
VPGEG (hydrophilic).*” Another common elastin-inspired
building block widely used contains an alanine in the third
position, and different variations of this tandem repeat have
been proposed, such as VPAVG or IPAVG. Incorporating these
blocks into the sequence of ELPs led to the formation of
stiffer hydrogels with hysteresis between solvation and
desolvation.?” To that end, Glassman et al.>® showed that 20
wt% solutions of (XPGVG)s, (where X was either 20% valine,
80% isoleucine, or 60% valine, 40% isoleucine) formed a
turbid liquid at 37 °C. On the contrary, (XPAVG)s, formed a
stiff hydrogel under the same conditions (Fig. 2f).
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Additional methods to modulate the mechanical
properties of ELP materials have been identified, mainly in
studies related to the synthesis of hydrogels. The
arrangement of blocks is one example. Hydrophilic-
hydrophobic AB diblock ELPs formed micelles,”> whereas
BAB triblock arrangements formed a hydrogel network.”?
Triblock hydrophobic arrangements with IPAVG blocks and
isoleucine as guest amino acid formed hydrogel networks
with a storage modulus (G’ = 20000 + 1100 Pa) one order of
magnitude larger than alternate arrangements with the same
amino acid content and molecular weight (MW) (G’ = 1300 +
400 Pa)’” (Fig. 2g). Higher protein molar concentration also
promoted the formation of stiffer hydrogels for ELPs
(Fig. 2h). As an example, the storage modulus of ELP
hydrogels was found to increase from 2.9 kPa for a
concentration of 2.5 mM, up to 5.8 kPa for a concentration of
2.8 mM.*® Similarly, higher MW also led to stiffer networks:
hydrogels prepared from ELPs with 120 tandem repeats had
a 5-fold increase in modulus (above 0.5 MPa) compared to
sequences with only 70 repeats. The same study also
underscored the effect of processing conditions (e.g., the
ionic strength of the solvent) on the mechanical properties of
ELP materials: hydrogels prepared in sodium phosphate
buffer (pH 7.6) had 2- to 7-fold increases in high frequency
moduli than those prepared in water.*® Mixing different types
of ELPs is another strategy to control the properties of the
resulting materials. Ternary mixtures of ELPs formed
coacervates with different degrees of miscibility - from
homogeneous mixtures to core-shell structures - depending
on the guest amino acid (V, 4, Vsoo/As0%, O Vgoos/Azou), the
number of tandem repeats (from 40 to 160), or the
concentration (volume fraction @ from 0.001 to 0.1).”* The
assembly of coacervates from ELP mixtures exhibited also a
pathway-dependent assembly, enabling the synthesis of
multiple assemblies from the same starting compounds and
providing an additional handle to control the properties of
ELP-based materials.”

The other aforementioned thermoresponsive protein,
resilin, is one of the most resilient materials known,”® and
has thus inspired the development of RLPs for the
manufacture of materials with low stiffness, high extensibility
and outstanding resilience and fatigue life. RLPs are typically
derived from variations of the tandem repeat
GGRPSDSYGAPGGGN,’” typically by substituting the central
tyrosine by amino acids such as phenylalanine, methionine,
tryptophane or leucine. Similarly to ELPs, RLPs have also a
high content of glycine and proline that promotes disorder
and resilience. But conversely to ELPs, RLP's tandem repeat
contains more hydrophilic amino acids, which enables a
broader diversity of interchain interaction modes than in
ELPs, such as electrostatic, hydrophobic, n-n stacking and
hydrogen bonding interactions. The 7, and the material
properties for RLP materials can be adjusted by tuning the
MW, concentration, ionic strength, or amino acid
substitutions.”*®° Amino acid mutations in RLP blocks
affected the gelation propensity of RLP solutions, with
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aromatic residues (tryptophan, tyrosine, phenylalanine)
promoting m-m or cation-n interactions that facilitated
gelation, something that did not happen when aliphatic
(leucine, valine, alanine) residues were used**®" (Fig. 2i). To
that end, Dzuricky et al.®® demonstrated that the interaction
between cationic arginines and aromatic amino acids were
the main drivers of RLP coacervation. Additionally, the T, of
RLPs was observed to increase with increasing MW. RLPs
with a MW of 9.5 kDa phase separated at ca. 28 °C, whereas
RLPs with a MW of 15.8 kDa phase separated at ca. 60 °C.5
The same study also showed that the T, was lower for dilute
RLP solutions.

2.1.3. B-Sheet-rich proteins. B-Sheets are another common
3D conformation found in natural structural proteins. They
were first identified in fibroin, a major constituent in
silkworm silk,®* and have since been detected in other
natural materials, such as squid ring teeth (SRT) proteins®
or curli proteins in bacterial biofilms.** These proteins
usually self-assemble into [-sheet-rich crystalline regions
embedded in a disordered matrix (Fig. 3a). The crystalline
regions (with Young's moduli up 40 GPa (ref. 85)) rely on
densely-packed hydrogen bonding between aligned strands,
and act as strong inter- and intrachain physical crosslinks
that mechanically reinforce the material.***”

The archetypical tandem repeats used to promote the
formation of B-sheets are the hexapeptide GAGAGS derived
from the silkworm Bombyx mori,”> or polyalanine-rich
polypeptides derived from the major ampullate spidroin of
spider silk (such as GAGAAAAAGGAGTS).”>°* The degree of
crystallinity (and hence, the strength) of silk-based materials
directly correlates with the content in GAGAGS or polyalanine
regions and with the manufacturing route used (e.g, casting,
spinning). Furthermore, the balance between B-sheet-forming
blocks and disordered blocks controls the microstructure of
these materials: increasing the content of polyalanine blocks
in silk-like polypeptides (SLPs) caused a segregation of
hydrophobic blocks that changed the morphology of the self-
assembled structures formed, from rod-like structures to
micelles.”” The MW also influenced the self-assembly
propensity, with higher MWs leading to the formation of
larger aggregates and promoting the transition from
disordered to lamellar structures®® (Fig. 3b).

SRT proteins (Fig. 3c) also contain a repetitive and
alternating crystalline/disordered structure that can form
antiparallel B-sheets with turns.’® The tandem repeats for
SRT are typically formed by PAAASVSTVHHP (the PB-sheet-
forming block) and YGYGGLYGGLYGGLGY (the disordered
block).’® The sequence within the B-sheet-forming domain
alternates the position of H and A residues in neighbouring
chains, leading to a compact structure, whereas the
amorphous blocks show sequence repetition that may
contribute to increased mechanical flexibility.”” SRTs have
been proposed as a promising biopolymer for underwater
adhesive applications, due to their high tensile (ca. 1.5 MPa)
and shear strength (ca. 2.5 MPa) in wet conditions.*® The
adhesive properties of SRTs were linked to their high content

This journal is © The Royal Society of Chemistry and IChemE 2024
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in B-sheets.”® Additionally, the stability of SRTs networks in
wet environments was attributed to the high histidine
content in their B-sheet-forming blocks,** because of the
versatility of the imidazole side chain in histidines to
stabilise protein networks (e.g., via hydrogen bonding, metal
coordination, or covalent crosslinking).

a)
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With respect to SRTs, Vural et al.”® demonstrated that the
energy efficiency of SRT-based actuators with graphene oxide
scaled inversely with the number of SRT tandem repeats.
This was due to the ability of lower MWs to achieve higher
curvatures, whereas SRTs with higher MWs were more
restricted in their ability to bend due to the increased
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(a) Schematic representation of the alignment of B-sheet crystals in natural silk fibres (reproduced with permission from ref. 87. Copyright

2017, Nature Portfolio); (b) effect of MW on the self-assembly of silk-like polypeptides, with insets showing the spacing between self-assembled
morphologies (reproduced and adapted with permission from ref. 88. Copyright 2014, Elsevier); (c) schematic representation of the isotropic
distribution of B-sheet crystals in SRTs (reproduced with permission from ref. 89. Copyright 2017, Nature Portfolio); (d) self-healing properties of
RLP-based materials (reproduced with permission from ref. 90. Copyright 2015, Nature Portfolio); (e) schematic representation of the secretion
and self-assembly of recombinant curli fibrils that subsequently template the formation of gold nanoparticles (reproduced and adapted with
permission from ref. 91. Copyright 2016, American Chemical Society).
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physical crosslinks and entanglements. SRTs were also used
to develop films with tuneable thermal transport. Below
<35% relative humidity, the thermal conductivity of SRT
films was independent of the MW. In contrast, when the SRT
films were hydrated, the thermal conductivity exhibited an
almost linear dependency with the inverse of the number of
tandem repeats in the SRT sequence. When analysing the
mechanical properties of films, it was reported that an
increasing MW did not alter the shear modulus of dry films.
In turn, under hydrated conditions, SRTs with higher MW
led to films with an increased shear modulus."®® SRTs have
also been used to develop self-propelled microrobots,”® which
could have applications in minimally invasive medical
operations, removal of water contaminants, or targeted cargo
delivery.

Curli proteins are another example of structural proteins
rich in B-sheets. This protein class is extracellularly secreted
and is the main component of bacterial biofilms from E. coli.
Curli proteins self-assemble into very robust amyloid
nanofibres with CsgA as the dominant protein and with a
strength comparable to steel.'” The tandem repeat of curli
proteins is S(X);QXGXGNXA(X);Q, and this is repeated five
times to make up the amyloid core. S, Q and N residues align
in stacks and hydrogen bonds stabilise the structure, which
are reinforced by steric zipper interactions between side
chain residues of neighbouring chains.'®*°*'% The tendency
of curli proteins to form amyloid fibres enabled the
development of the biofilm-integrated nanofiber display
(BIND) strategy. This strategy fused CsgA to other functional
peptides (e.g., hydroxyapatite binding, gold binding) and
used the secretory machinery of E. coli to secrete these fusion
proteins and produce fibrillar meshes with the ability to i.e.,
template nanoparticle assembly, provide substrate adhesion,
conduct electricity, or covalently immobilise enzymes.’*'!

Recombinant proteins inspired by silk, SRT, or curli have
been investigated for numerous applications, including tissue
regeneration,’® engineering fibres,'®* molecular motors®® or
actuators.’® The non-covalent of p-sheet-rich
networks allows them to exhibit fast self-healing kinetics
after structural damage'®®™”” (Fig. 3d). It was also shown
that this behaviour could be enhanced by applying localised
heating to the damage site, due to the thermal mobility of
proteins. For instance, damaged SRT-based pneumatic
actuators exhibited 2-23 MPa strength after 1 s of healing
under heat.'” In terms of microstructure, SRT-based
materials exhibit an anisotropic packing of B-sheet crystals
with a well-defined nanoscale size.®® In contrast, silk- and
curli-like polypeptides tend to self-assemble into fibrillar
structures. Additionally, it has been recently demonstrated
that SLPs and SRT-based proteins can be thermally moulded
from a melt into a solid.*”'°® This technique is widely used
for fossil-based polymers, and thus could facilitate the
adoption of recombinant proteins for the manufacture of
sustainable and high-performance bioplastics.

2.1.4. Fusion proteins. Fusion proteins combine two or
more types of tandem repeats into a single polypeptide chain,

nature
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normally with the aim of combining dissimilar mechanical/
structural properties into a single biopolymer chain, or to
improve specific properties (e.g., strength, toughness). The
most widely studied fusion proteins are silk-elastin-like
polypeptides (SELPs), in which ordered silk-like (-sheet-
forming blocks (GAGAGS) are combined with disordered
stimuli-responsive elastin-like blocks (VPGXG) (Fig. 4a). Thus,
SELPs bring together the strength and tuneable stiffness of
silk and the elasticity and stimuli responsiveness of
elastin.’®>'*° These proteins have been used to form
hydrogels, films, nanoparticles and fibres with potential
applications in fields like drug delivery, injectable hydrogels
for tissue engineering, or actuators."***'* SELPs undergo two
gelation processes.®®'™* First, a fast gelation process takes
place once T; is surpassed, due to the fast coacervation of
elastin-like blocks. This brings silk-blocks in close proximity,
triggering a second, slower gelation process due to the
formation of intra-chain B-sheets.'*® These B-sheets act as
physical crosslinks, increasing in content over time and
inducing fibrillar ordering in the materials.'*

The properties of SELPs (and other fusion proteins) can be
modulated using a variety of strategies. The viscoelastic
properties are concentration dependent, with G’ and G"
values of SELP increasing in a nonlinear fashion with the
wt%.''* The ratio between blocks is another important
parameter influencing gelation, with higher silk-to-elastin
ratios increasing Ti."'>"'® However, recent studies hint at the
existence of a critical silk-to-elastin ratio above which the
silk-like blocks begin to dominate the properties of the
material, and the thermoresponsiveness of elastin blocks
vanishes, making the gelation quasi-irreversible'™® (Fig. 4b).
Another relevant parameter for the self-assembly of SELPs is
charge of the X amino acid in elastin-like blocks. Like in
ELPs, SELPs with uncharged amino acids (e.g., phenylalanine
or tyrosine) display a lower T; than those with charged amino
acids (e.g., glutamic acid or lysine).""® Charge also modulates
the microstructure of SELP coacervates, promoting
microphase separation.”*® SRT, another P-sheet-forming
polypeptide, was also fused to ELPs, thus forming SRT-ELP
fusions in which SRT blocks enhance the mechanical
properties of the resulting materials in a similar way to silk-
like blocks in SELPs.'?! To that end, 12mer, 24mer and
36mer SRT-ELP fusions were reported, ranging from 49.8 to
145.5 kDa. These fusion proteins were used to produce fibres,
and the results indicated an enhancement of mechanical
properties at higher MWs, with breaking strengths increasing
from 303 + 14 MPa (12mer) to 550 + 20 MPa (36mer).

SLPs have also been fused to other natural structural
proteins, such as mussel foot protein 5 (Mfp5), an IDP used
for surface adhesion underwater. When Mfp5 was fused to
the end termini of silk blocks, it increased the fibre tensile
strength by up to 345% and toughness by up to 1970%.'**
Golinska et al.'® fused SLPs with CLPs with the aim of
merging two orthogonal self-assembly mechanisms: the
fibrillation ability of SLPs and the tendency to form triple
helices of CLPs. They showed that SLP-CLP fusions could

This journal is © The Royal Society of Chemistry and IChemE 2024
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(a) Adding silk-like blocks to ELPs enhances the robustness and durability of hydrogels produced from those polypeptides (reproduced and

adapted with permission from ref. 114. Copyright 2014, American Chemical Society); (b) representation of the elastin-like blocks (red regions) bring
silk-like blocks in close proximity (grey regions) facilitating B-sheet formation (reproduced and adapted with permission from ref. 115. Copyright
2022, Elsevier); (c) schematic representation of the sequence and architecture for ELPs and ELP-POP fusions, and the different network
architectures that they can form imaged using confocal microscopy (i-iv) (reproduced and adapted with permission from ref. 117. Copyright 2020,
Nature Portfolio); (d) ELP-RLP fusions and their dual thermoresponsiveness (reproduced and adapted with permission from ref. 118. Copyright

2021, American Chemical Society).

be applied to synthesise self-healing and pH-responsiveness
hydrogels with up to G’ = 1700 Pa (protein concentration of
2 wt%). In a subsequent study, Rombouts et al>’
demonstrated that the self-assembly of CLP trimers was
thermoreversible, enabling the synthesis of hydrogels with
switchable stiffness controlled by temperature (ca. 3 kPa at
40 °C and ca. 6 kPa at 20 °C).

ELPs have been fused to other types of blocks too. In a
study by Roberts et al., ELP tandem repeats were fused with
helical partially ordered polypeptides (POPs), forming porous
viscoelastic networks (Fig. 4c). The T, and microstructure of
these networks were controlled by the ratio between ELP and
POP regions. Increasing the percentage of POPs from 0-50%
(whilst keeping the same ELP block sequence and MW)
resulted in a 10 °C difference between solvation and
desolvation."® CLP is another helix-forming block that has
been fused to ELPs. The tendency of CLP blocks to self-
assemble into triple helices caused an increase of the

This journal is © The Royal Society of Chemistry and IChemE 2024

concentration of ELPs at the edge of the helices formed that
CLPs, which lowered their T.'*® However, when the
temperature increased beyond the melting temperature of
CLPs, the crowding effect disappeared due to the disassembly
of the CLP triple helix, leading to a re-dissolution of the
fusion proteins.

Materials with dual thermoresponsiveness have also been
developed by engineering RLP-ELP fusions. The resulting
materials were fully miscible in water below LCST or above
UCST but were immiscible between LCST and UCST''®
(Fig. 4d). Different nanostructures (namely, disordered,
cylindrical, and lamellar) were obtained, with their specific
shape determined by temperature, RLP block length or
protein concentration. The size of the nanostructures
(lamellae, hexagonally packed cylinders, and disordered
structures) increased as the RLP fraction increased, or as the
concentration of the polymer decreased.'*® Fusions of three
different types of tandem repeats have also been reported.
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One example are RLP-ELP-CLP fusions, in which RLP and
ELP blocks were used as elastomeric hydrophilic and
hydrophobic blocks, respectively. The higher polarity of RLPs
aided in the dissolution of RLP-ELP-CLP fusions, whereas
the CLP region provided the material with the propensity
towards self-assembling into fibrillar structures after
incubation in water (0.5 mg mL™) at 50 °C."*’

2.2. Computer-aided protein design

The 3D conformation of recombinant structural proteins is
tightly linked to the mechanical properties of the materials
produced from them, but it is difficult to predict that
conformation for de novo recombinant proteins.
Computational modelling can aid in exploring in silico the
vast design and conformational space for new recombinant
protein sequences,"*® which would reduce the number and
cost of time-consuming design-build-test-learn cycles that
are used to develop protein-based materials.'>*'%°
Furthermore, the effect of manufacturing techniques (e.g.,
shear, temperature, ionic strength, solvent) can also be
incorporated into simulations."*® There are
computational tools available to that end, depending on the
desired level of resolution. At the most fundamental level are
quantum mechanical methods, using e.g., density functional
theory (DFT)."*> DFT can aid in assessing molecular
geometries, chemical bonding, bandgaps, or cohesive
energies, but they are computationally expensive because
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they take into account the effects of electrons. Thus, they can
only be used to investigate systems below ca. 5000 atoms for
timescales in the ps range.*> Moving up in length- and
timescales, the Rosetta macromolecular modelling tools™**
enable the prediction of atomistic structures for protein
sequences and have been applied to design nanoscale protein
blocks with specific 2D or 3D assemblies."*”

The presence of highly mobile and disordered regions in
many natural and recombinant structural proteins makes it
also important to assess their dynamic behaviour. To that
end, molecular dynamics (MD) simulations are a powerful
methodology that can deliver structural, kinetic, and
thermodynamic information for recombinant structural
proteins. Fully atomistic MD simulations coalesce the
influence of electrons with their nuclei and apply the
Newtonian equations of motion to study the dynamics of
systems of up to millions of atoms and for timescales in the
microseconds range. Fully atomistic MD simulations have
been successfully applied to many recombinant and natural
structural  proteins  (Fig. 5a), including silk,***"%”
elastin,*®'%? collagen,*® resilin,"*" and fusions thereo
These simulations use force fields that accurately calculate
the forces and energies for these systems. Some examples of
extensively validated force fields for biomolecular simulations
include CHARMM,'*? AMBER'*®* or OPLS."** However,
predicting the secondary structure for de novo recombinant
proteins via fully atomistic MD simulations can be
computationally costly, especially if solvent molecules are
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(a) Screenshots of the folding process (in implicit solvent) and dynamic run (in explicit solvent) of MD simulations for an ELP (reproduced

and adapted with permission from ref. 37. Copyright 2022, American Chemical Society); (b) coarse grain model for ELP-CLP conjugates (ELPs in
shown red) (reproduced and adapted with permission from ref. 152. Copyright 2019, American Chemical Society); (c) implementation of a
workflow for the Al-assisted design de novo proteins with target mechanical properties using attention-based diffusion models (reproduced and

adapted with permission from ref. 128. Copyright 2023, Springer).
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explicitly represented in the simulation. To overcome this
issue, several advanced sampling techniques exist, among
which replica exchange MD (REMD) simulations are a very
common one'*’ that has been successfully applied study
silk,'¢7'*8 elastin,"*® collagen'®® or silk-elastin'**** protein-
based materials. REMD can accelerate the prediction of the
protein secondary structure by focusing on conformational
sampling, but at the expense of losing dynamical
information. At larger scales, coarse grained (CG) MD
simulations can be applied'** (Fig. 5b). CG MD sacrifices
atomistic resolution by lumping several atoms into one single
bead, enabling the exploration of 10-100x larger length- and
timescales than MD simulations.®*** 7153

Finally, ML is emerging as a promising tool for high-
throughput discovery of new protein-based materials
(Fig. 5c¢). ML methods can be classified into supervised
learning, unsupervised learning, reinforcement learning and
semi-supervised learning.'”® These methods have shown
promising results in connecting protein sequences with their
secondary structure (forward design), or in predicting amino
acid sequences based on secondary structure design
objectives (inverse design).'*®'** ML methodologies are
heavily dependent on the availability of reliable and
annotated data, for which the establishment of
comprehensive and accessible databases for protein-based
materials is key.'>®

3. Synthetic biology for materials
design and fabrication

3.1. DNA assembly methods for genes encoding protein
biopolymers

Essential to the biomanufacture of recombinant structural
proteins is the strategic design of the DNA encoding for those
proteins. The repetitive nature of many structural protein-
based materials in nature presents certain challenges for
their synthesis using microbial cells, including genetic
instability due to increased recombination events (often with
a high GC content);"*® difficulties in proper protein
expression and folding leading to misfolded proteins and the
formation of inclusion bodies; and a significant metabolic
burden on the host cells that can hinder cell growth and
productivity. These features present significant challenges in
assembling short DNA fragments into genes that faithfully
encode the desired full-length protein biopolymers.

To express structural proteins in microbial platforms,
cloning is typically the first step, but genes encoding for
repetitive proteins are unavoidably repetitive. This can make
conventional PCR-based cloning methods fail, because non-
specific binding can occur during primer annealing in
repeated sequences. Other cloning strategies such as
restriction-enzyme-based strategies can also be challenging,
due to the presence of restriction sites in many repetitive
sequences. Nonetheless, the rapid progression in synthetic
biology's gene assembly methodologies has paved the way for
the fabrication of multifunctional protein-based block
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copolymers.”®” The concept of gene assembly allows for the
consolidation of various functionalities into a singular
protein entity, thereby enabling the stepwise creation of
intricate protein substances which can be customised in their
composition, quantity, and sequential structure of amino
acid blocks. To that end, this section reviews the guiding
principles behind several novel DNA assembly methods that
have been reported to facilitate the construction of repetitive
gene sequences. It also describes the diverse synthetic
biology tools available for such gene construction,
emphasising their advantages and disadvantages.

3.1.1. Combinatorial codon scrambling. Combinatorial
codon scrambling is a method designed to facilitate PCR-
based gene synthesis of repetitive proteins by optimising
gene sequences to be less repetitive. This approach takes
advantage of the redundancy of amino acids' codon
representation to find sequences that minimise repetition,
thus avoiding the issues that PCR faces with repetitive
sequences. Tang and Chilkoti developed a codon-scrambling
algorithm that searches for different combinations of
synonymous codons for a given repetitive protein fragment
and identifies the least repetitive coding sequence.'*® Using
this method, they generated a wide range of repeated protein
biopolymers, including elastin-like polypeptides, resilin-like
polypeptides, and collagen-like polypeptides.

3.1.2. Iterative engineering via recursive directional
ligation. Recursive directional ligation (RDL) is a widely used
technique for constructing multimeric genes from
monomeric DNA, aiming for specific sizes through an orderly
process.'”® This method involves iteratively adding oligomers
to a linearised vector with a compatible sticky end DNA
sequence, through sequential digestion and ligation
procedures (Fig. 6a). The use of type IIS restriction enzymes
is recommended for the digestion steps to avoid the
introduction of unwanted amino acid sequences into the
final protein biopolymer structure.'®® This method was
successfully implemented to construct a synthetic gene
encoding for an ELP containing 108 pentapeptide repeats
VPGXG (X = valine, glycine, or alanine).’®" In another study,
four rounds of RDL were employed to assemble a library of
expression plasmids with 16 monomers of the core sequence
of dragline silk protein from the species Araneus ventricosus,
producing proteins with MWs up to 52.6 kDa."®®> Nonetheless,
while RDL is a highly precise technique, this precision comes
at the cost of labour-intensive cloning cycles required to
achieve the target gene dimensions."”® Moreover, the
monomer gene can become circularised, thus preventing its
insertion into the vector.

3.1.3. Concatemerisation: engineering multimeric genes
through DNA self-ligation. Concatemerisation involves fusing
selected monomeric DNA segments that have compatible
overhanging sequences, where type IIS restriction sites are
the recommended choice.’®® This process starts with the
synthesis of double-stranded DNA monomers, which can be
obtained through different methods, such as enzymatic
cleavage of plasmid DNA (Fig. 6b). Subsequently, DNA
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monomers are linked together to form oligomers of variable
lengths using a T4 DNA ligase or by applying thermal cycling
methods. Concatemerisation stands out for its simplicity and
speed, offering the potential to generate a collection of
multimeric genes in a single reaction. Using this
methodology, diverse libraries have been developed for the
efficient high-throughput production and examination of
silk-elastin-like protein biopolymers with a variety of
mechanical characteristics and responses to environmental
stimuli.'*® However, this method presents substantial
challenges in precisely engineering the final chain length
and sequence composition of multimeric genes, especially
when multiple distinct monomers are joined."®*

3.1.4. Precision assembly using the Golden Gate method.
The Golden Gate method is one of the most widely used
methods for gene and pathways assembly in synthetic
biology. This technique, which allows for the elimination of
the enzyme's recognition sites post-digestion by employing
type IIS restriction enzymes, facilitates the assembly of
multiple DNA fragments with custom overhangs in a single,
seamless reaction (Fig. 6c).'®® By designing synthetic DNA
segments, or synthons, flanked with Golden Gate-compatible
overhangs, it is relatively simple to efficiently construct
complex gene circuits'®*'®” and genes with repetitive DNA
sequences where precision and fidelity are crucial."®®*®® It
has been effectively applied to assemble genes encoding for
structures such as dragline-silk-mimicking proteins,
amyloid-spider silk, elastin-like polypeptides, and proteins
found in squid ring teeth,”””'’°"7* with lengths varying
between 4 and 16 repeat units.

This method typically allows for reliable ligation of up to
ten fragments simultaneously; beyond this number, the
likelihood of successful assembly tends to decrease. For
larger constructs, sequential rounds of the Golden Gate
process may be employed, although this approach depends
on the availability of distinct overhang sequences for each
fragment.'”> Alternatively, larger constructs can be generated
by combining Golden Gate with other assembly methods/
strategies. For instance, Tang and Chilkoti produced ELPs
with 150 repeat units by using Golden Gate to join 30 repeat
monomers generated by combinatorial codon
scrambling."*® Additionally, due to its combinatorial and
modular nature, Golden Gate assembly can also facilitate the
production of fusion proteins.'”*'”*

3.1.5. Overlap extension rolling circle amplification.
Overlap extension rolling circle amplification (OERCA) is a
unique restriction-free process that amplifies circular DNA
molecules to produce long, single-stranded DNA (ssDNA)
with repetitive sequences.'®**”>*’® In brief, a circular DNA
template is first designed to contain the repetitive sequences
that encode the desired protein (Fig. 6d). Upon initiation, the
DNA polymerase enzyme starts at a primer and continuously
replicates around the circular template multiple times
without stopping, generating a long ssDNA with tandem
repeats of the encoded protein sequence.’”® This ssDNA can
then be transcribed into mRNA, which in turn is translated

unit

This journal is © The Royal Society of Chemistry and IChemE 2024

View Article Online

Review

into a repetitive protein or polypeptide chain. The repetitive
nature of the products allows for the high-yield synthesis of
proteins with repeating amino acid sequences. Amiram et al.
used this technique to generate 2500 bp ELPs from a 90 bp
monomer gene encoding 5 repeats of the hexapeptide AVPG
VG."”” This approach was also applied for the construction of
genes encoding for squid ring teeth (SRT) proteins,
generating a mixture of DNA fragments with 4 to 11 repeats
depending on the size of the DNA monomer.’”

3.1.6. The circular mRNA method. Circular mRNA
strategies (Fig. 6e) were developed to counter some of the
issues associated with traditional DNA cassette assembly
techniques for repetitive structural proteins - such as DNA
recombination, gene fragment loss, and halted protein
translation, among others. The circular mRNA method uses a
circular mRNA encoding a single peptide unit as a limitless
template for protein synthesis."”” Such circular mRNAs are
created by bridging the 5’ splice site of an exon to the 3’ site
of the same or subsequent exon, forging a covalent loop."”®
The circular nature of mRNAs allows for an increased
stability compared to linear mRNAs due to the absence of
exposed 5’ and 3’ ends, which are typical targets for
ribonuclease enzymes.'”® This structural resilience against
RNase degradation leads to a prolonged lifespan for circular
mRNAs within the cell, enhancing their protein production
efficiency. This looped configuration provides ribosomes with
a continuous template, enabling the synthesis of protein
biopolymers with repeated sequences until the ribosomes
detach.”®® Using this method, Liu et al produced the
polymers of spider silk protein MaSp1 and flagelliform silk-
like protein with MW over 110 and 88 kDa, respectively.'®!
However, much like concatemerisation, this method does
inherently produce a wide range of protein biopolymers with
variable monomer counts. Consequently, achieving a protein
biopolymer with a precise MW can be challenging, compared
to protein formation from linear mRNA templates.'®*

3.1.7. Synthesis through ligation of LMW protein
monomers. Another useful approach to manufacture high
MW (HMW), highly repetitive proteins is their synthesis via
the ligation/polymerisation of low MW, non-repetitive protein
units, herein referred to as protein monomers, through the
formation of new peptide bonds between monomers. The
ligation of protein monomers can be achieved by different
enzymatic and chemical methods. In this section we will
focus on intein-mediated ligation for the construction of
HMW proteins with material properties.

Inteins are protein segments that can excise themselves
from a precursor protein and simultaneously ligate the
remaining (extein) sequences with a peptide bond, without
the need for external enzymes or energy sources.'®* In this
process known as protein splicing, the intein entity is
absent from the ultimate protein sequence, thereby enabling
a seamless peptide ligation."®® Split inteins (SIs),
representing a variant where the intein is divided into two
segments, have demonstrated significant utility in the
assembly of very HMW proteins (Fig. 6f). This is exemplified

Mol. Syst. Des. Eng., 2024, 9, 187-1209 | 1199


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4me00122b

Open Access Article. Published on 19 September 2024. Downloaded on 08.01.2026 12:33:58.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

in the construction of dragline spider silk proteins, such as
major ampullate spidroin 1 (MaSp1). Through the
application of SI ligation, two individually expressed
segments comprising 96 repeats were successfully ligated,
yielding a silk protein fusing 192 repeats with a resultant
MW of 556 kDa.'® Beyond the synthesis of repetitive silk
proteins, SI-mediated ligation has been employed in the
biosynthesis of high-MW mussel foot proteins (Mfps) from
Mytilus galloprovincialis."® Additionally, further expanding
the applications of SIs for protein-based materials, this
approach was used to perform multiple consecutive ligation
steps within microbial cells, achieving the production of
protein biopolymers inspired by titin (a protein conferring
muscle tissues with passive strength, damping capacity, and
rapid mechanical recovery) with exceptionally high MWs of
>5 MDa.'®

3.1.8. Direct synthesis of DNA. The synthetic biology field
is undergoing rapid transformation due to the reduction in
costs for synthetic DNA synthesis, a change that is
streamlining the production of protein biopolymers for
various applications, and materials are no exception to that.
This is owed to advances in DNA synthesis technology,
including enzymatic methods that offer higher purity and
longer lengths. As a result, researchers now can directly order
the complex custom design genes encoding these polymers,
instead of relying on the intricate and sometimes
cumbersome process of gene assembly previously described.
This streamlined approach saves significant time and
resources, bypassing the need for labour-intensive assembly
and cloning steps. In addition to this, it allows researchers to
make complex custom designs that would be more difficult
to achieve otherwise. Therefore, the direct procurement of
synthetic genes is rapidly becoming a cost-effective and
preferred method for acquiring precise genetic material
necessary to produce protein biopolymers, facilitating easier
and faster research in this area.'®’

3.2. Microbial host systems for protein biopolymer
expression

Leveraging living organisms for material manufacturing takes
advantage of their innate, evolved cellular mechanisms. The
capability for organism engineering is tied to the knowledge
of its metabolism and genome, with computational tools
predicting genetic elements from genomic data. Optimal
engineering frameworks require well-characterised genetic
components and  established genetic modification
techniques. Consequently, foundational synthetic biology for
materials has centred on well-understood unicellular
organisms such as bacterial hosts Escherichia coli or Bacillus
subtilis, yeast such as Saccharomyces cerevisiae, Komagataella
phaffii, and recently also industrially relevant mammalian cell
systems. Such organisms facilitate the swift development of
genetic circuits, which must be carefully tailored to the host
to prevent interference with cellular functions. Beyond
unicellular hosts, there have also been advances in using
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complex organisms such as genetically modified plants,
insects, and animals for synthesising protein biopolymers,"®*
though this is out of scope for this review. The following
section primarily explores unicellular hosts used for protein
synthesis with materials applications. Their advantages and
disadvantages are summarised in Table 2.

3.2.1. Bacterial systems: Escherichia coli and Bacillus
subtilis. E. coli has been generally favoured for producing
recombinant structural proteins due to their genetic
malleability, cost-effectiveness, rapid  growth, and
scalability.'®®'® 1t has also served as a chassis to produce
other protein biopolymers, including SLPs, ELPs, RLPs, or
CLPs. For instance, researchers explored the expression of
bacterial CLPs (without prolyl hydroxylation), such as Scl2
from Streptococcus pyogenes.'® These proteins, compatible
with the bacterial translation machinery, were successfully
expressed in E. coli with yields of 19 g L™ in a high cell
density fed-batch process. Later, Merrett et al. developed an
alternative CLP-based biomaterial platform from a modified
subdomain of ScI2 capable of forming stable, homogeneous
hydrogels.”® Bioprocessing efforts have also focused on
fusion proteins such as SELPs.'”' Using a toxin-antitoxin
system, Barroca et al.>® were able to achieve yields of 12.8 g "
in an antibiotic-free media.

After synthesising protein biopolymers, their distribution
within the host organism requires additional considerations.
These newly formed biopolymers may be found in different
cellular locations such as the cytosol, on the cell surface, or
within the extracellular space. Recent observations suggest
certain proteins, including SLPs or RLPs can undergo phase
separation, leading to the formation of condensates
specifically at the bacterial cell poles.'”® Furthermore, it is
possible to leverage the ability of E. coli to secrete curli
proteins, thereby transforming the bacteria into continuous
“living” factories.'**%

Meanwhile, the Gram-positive bacterium B. subtilis has
also been widely used in industrial protein production, given
its well characterised genetic background, its amenability to
high-density fermentation, and the existence of reliable
genetic manipulation technologies.'” B. subtilis is
particularly relevant as a chassis due to its high protein-
secreting ability."®® Indeed, Xie et al. have engineered B.
subtilis capable of secreting silk proteins TasA, which
spontaneously assemble into fibres on the cell surface.'®” In
a different study, TasA fibres were functionalized with a
mussel foot protein and an engineered hydrophobin-like
protein, thus creating a material with underwater adhesion
properties.'®®

As previously mentioned, the expression of repetitive and
HMW recombinant structural proteins in microbial hosts can
bring along some issues. Specifically, aminoacyl-tRNA
shortages, for example, glycyl-tRNA during the production of
glycine-rich proteins (such as collagen, elastin, silk), can lead
to premature stop codons and truncated proteins.'®’
Boosting the levels of these tRNAs in host cells can therefore
significantly improve protein biopolymer production. As an
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Table 2 Comparison of the advantages and disadvantages for different host systems used in the production of protein biopolymers

Host Advantages Disadvantages
E. coli ¢ Genetic malleability e Limited secretion ability
¢ Cost-effectiveness e Limited PTMs for recombinant eukaryotic
protein production
o Rapid growth e Premature stop codons and truncated proteins
o Scalability due to aminoacyl-tRNA shortages
B. subtilis o Well-characterised genetic background e Limited PTMs for recombinant eukaryotic
protein production
¢ Reliable genetic manipulation technologies e Premature stop codons and truncated proteins
e Superior secreting ability compared to E. coli due to aminoacyl-tRNA shortages
e Amenability to high-density fermentation
S. cerevisiae ¢ Very extensive and standardised synthetic biology e PTMs with high immunogenicity
tools; established genome engineering tools
e Can perform some eukaryotic PTMs e Cannot perform very complex mammalian PTMs
¢ Robustness under fermentation conditions
K. phaffii ¢ Standardised synthetic biology tools ¢ Requires methanol induction

e Superior secretion ability relative to S. cerevisiae
¢ Glycosylation patterns similar to mammalian cells

e High protein titers

e Some PTMs differ from higher eukaryotes
(e.g. N-glycosylations)

e Robustness under fermentation conditions

Mammalian cells e Superior secretion ability

e Can perform complex and humanised PTMs

example, enhancing the internal pool of tRNAGly through the
overexpression of glyVXY genes led to a 10- to 35-fold rise in
yield for the silk proteins.?’° Similarly, increasing both the
tRNAAla and tRNAGly pools and supplementing with alanine
and glycine elevated the production of MaSp2 proteins,
although an excess of these amino acids impeded cell growth
and protein synthesis.>*">°>

The production of recombinant eukaryotic proteins in
microbial hosts present the additional challenge of
replicating PTMs in microbial hosts. Nevertheless,
researchers have been able to engineer an E. coli strain
capable of producing a silica-mineralising silaffin R5 peptide,
native to diatoms, complete with its necessary PTMs.”® Their
method involved evaluating various PTM enzymes from
diverse species to determine their effectiveness on the R5
peptide. At the same time, it should be noted that other
researchers have been able to leverage the R5 peptide for
silica biomineralisation without the need of PTMs, which
poses the question of whether those are needed for the R5
function.”*2%*

3.2.2. Yeast systems: Saccharomyces cerevisiae and
Komagataella phaffii. Advancements in yeast synthetic biology,
including the creation of DNA regulatory elements,
standardisation, refined methods for constructing and
integrating expression constructs into the genome, and the
evolution of gene knockout and knockdown technologies,>*> 2%
have contributed to a surge in yeast strains that serve as viable
platforms for the industrial-scale production of recombinant
protein biopolymers. The most common example is the
budding yeast, S. cerevisiae, which has been demonstrated to

This journal is © The Royal Society of Chemistry and IChemE 2024

e Lower production levels
¢ High-cost fermentation

manufacture recombinant protein biopolymers such as a 94
kDa SLPs with yields up to 450 mg L™.>%

One interesting aspect of yeasts as expression hosts is
their secretion capacity to the culture medium. To that end,
the methylotrophic yeast K. phaffii (Pichia pastoris) has
emerged as an effective platform, due to its proficient
secretion system>'® that can drastically reduce the number of
purification steps needed to isolate the target proteins. K.
phaffii is also favoured for its ability to grow to high cell
densities in cost-effective media. Consequently, K. phaffii has
been effectively used to biosynthesise and secrete various
protein biopolymers, such as spider silk proteins. To that
end, Jansson et al.*'' reported a comparable total yield of
SLPs in K. phaffii (extracellular and intracellular) similar to
that of E. coli. However, amount of secreted protein was
about one third of the total protein. K. phaffii was also used
to produce recombinant human collagen, reaching 2.33 g L™
in a 5 L bioreactor.”"?

3.2.3. Mammalian cells. Mammalian cell lines can also
serve as another option for unicellular heterologous
production of recombinant protein biopolymers. They exhibit
a significant advantage in expressing HMW protein
biopolymers and in their secretion capabilities, which can
potentially lead to higher yields and more streamlined
purification procedures. Indeed, a series of spider dragline
silk genes, including ADF-3, MaSp1, and MaSp2, have been
expressed in bovine mammary epithelial alveolar cells (MAC-
T) and baby hamster kidney cells (BHK), yielding proteins
with MWs ranging from 60 to 140 kDa.*'* Moreover,
mammalian cells can perform PTMs not possible in bacterial
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hosts, exemplified by the production of human-like collagens
or spider silk with hydroxylation of prolyl residues in cell
lines like HEK293 and HT1080.>'* These PTMs can be
essential for some mechanical properties, such as the
aforementioned bending stiffness of triple-helical collagen
fibres. Despite these advantages, the production levels from
these cell lines remain low, likely due to plasmid copy
number limitations and translational challenges posed by
repetitive amino acid sequences.”’® Furthermore, the high
cost of mammalian cell fermentation may constrain their use
for large-scale industrial production.

3.3. Engineered living materials

The desirable properties observed in many natural materials
(e.g., self-assembled and hierarchically organised structures,
dynamic responsiveness, autonomous patterning, or self-
repair) are usually achieved thanks to the synergistic action
of biopolymeric scaffolds and living cells embedded within
them.>'® Inspired by this, the emergent field of engineered
living materials (ELMs) aims at hybridising genetically
engineered cells and polymeric scaffolds to manufacture
synthetic materials that replicate the sophistication of natural
materials.””” ELMs blur the boundaries between cells and
materials, and have been mostly researched for healthcare
applications.*'® Nonetheless, they are expected to impact
other fields as well, such as biosensing,**® photosynthetic
devices,*® agriculture,”® or patterned materials.>**> Several
technological hurdles need to be overcome before ELMs can
become a commercially viable option. These hurdles include
improving the lifespan and mechanical properties of ELMs,
which are currently relatively weak compared to synthetic
engineering materials,****** or accurately understanding the
growth and spatial distribution of cellular populations within
ELM scaffolds.**

Current ELMs are generally made by combining fossil-

based polymers (polycaprolactone, polyethylene oxide,
polyvinyl alcohol, Pluronic F127, polydimethyl siloxane) or
natural biopolymers (e.g., agarose, bacterial cellulose,

alginate, gelatin, hyaluronic acid) with genetically engineered
cells.*'®??® Several microbial hosts have also been used®*’
including E. coli due to its aforementioned desirable
characteristics; B. subtilis due to its protein secretion
possibilities; K. rhaeticus because of its ability to secrete
bacterial cellulose; the yeast S. cerevisiae; microalgae (e.g.,
Chlorella  reinhardtii, Platymonas sp.); or the fungi
mycelium,**® due to its ability to form bulk composite
materials. Furthermore, mixed populations (e.g., K. rhaeticus
and S. cerevisiae) have also been used to assemble ELMs.>**
However, the ultimate goal of the ELMs field is to “grow”
materials from simple growth media and an inoculum of
engineered cells."” To that end, recombinant structural
proteins are promising scaffolding materials for that
purpose: they offer a biocompatible environment for cells,
and cells can be engineered to secrete those proteins as they
grow. Some proof-of-principle studies have already been
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reported, using fusion recombinant proteins inspired in curli
proteins, **??%?3° elastin,®”**" or mussel foot proteins®*” that
were able to self-assemble into soft materials. Additionally,
the fusion of recombinant structural proteins with functional
blocks has shown to confer scaffolds with properties beyond
their structural role, such as the ability to bind to other
biopolymers or to biomineralise.””>*** Here too, predictive
computational tools for sequence-processing—properties in
new recombinant structural proteins, as well as scaffold-cell
interactions®** are expected to significantly contribute to the
development of the ELMs field.

4. Scale-up and commercialisation

While the production of enzymes and biopharmaceuticals at
industrial scale has been demonstrated already for decades,
the use of microbial cell factories to produce materials is still
lagging. Nonetheless, engineering biology to biofabricate
materials has been recognised as a key player in
sustainability and circular economy ambitions - some
estimates indicate that 60% of the physical inputs to the
global economy could be derived from biological systems.>*?
This has led to the creation of multiple companies active in
the field of biopolymeric materials. The main efforts towards
commercialisation have focused on B-sheet-rich polypeptides,
including silk-like polypeptides (e.g;, AMSilk,>*® Bolt
Threads,””  Spiber**®) or squid-ring proteins SRT
polypeptides (Tandem Repeat*®®). The company Modern
Meadow has also reported the production of recombinant
collagen using K. phaffii.**° This was facilitated by techniques
such as codon optimisation to improve gene expression and
the integration of these optimised genes into the yeast
genome. Furthermore, the concurrent expression of specific
hydroxylase enzymes supported necessary PTMs, increasing
the production scale of recombinant collagen.

These companies have demonstrated pilot-scale
fermentation and purification, using mostly bacterial (mainly
E. coli) and yeast (K. phaffii) hosts.>**°~**' The main areas of
activity of these companies are the biomedical (tissue
engineering, drug deliver) or personal care (e.g., cosmetics)
sectors, but there are application examples also for leather
alternatives for products like furniture, bags, and shoes. The
main barrier to commercialisation for these materials
remains cost.” To that end, several strategies could facilitate
the downstream purification processes and hence reduce
costs. These include extracellular secretion of the target
proteins,™ or incorporating thermoresponsive ELP or RLP
blocks that allow for purification via thermal cycling."®’

5. Outlook

Nature utilises structural proteins to manufacture complex
materials with properties that we cannot currently recreate in
synthetic materials, such as a self-assembled and
hierarchically organised structure, dynamic responsiveness,
autonomous patterning, and self-healing. Such materials
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span a wide range of mechanical and structural properties -
from soft to stiff, from porous to densely packed, from
dynamic to static. Inspired by this, scientists are increasingly
using structural proteins to manufacture materials with
applications including food, healthcare, adhesives, energy, or
textiles. Furthermore, developments in gene synthesis have
enabled us to explore beyond the protein sequences that
evolution has selected for and create materials from entirely
new protein sequences. However, despite the ample
opportunity for protein-based materials, there are several
challenges that must be addressed to harness their full
potential.

On the materials side, the design freedom for
recombinant protein sequences makes it impossible to
explore their design space via experimentation alone.
Furthermore, we are still far from understanding how protein
sequences and manufacturing conditions regulate the self-
assembly of structural proteins into macroscopic materials,
as well as the mechanical and structural properties of those
materials. To that end, progress in computational simulation
techniques and increased computational power (see section
2.2), as well as novel high-throughput characterisation
techniques,****** will accelerate the exploration of the design
space and contribute to uncover sequence-manufacturing-
property relationships. High-throughput techniques will also
enable the application of machine learning in the field of
protein-based materials.*** However, a significant challenge
will be the regulatory approval for these materials, especially
for biomedical applications or materials containing living
(genetically modified) cells, such as ELMs.

On the bioprocessing side, large scale fermentation has
been successfully demonstrated for a few protein
biopolymers (section 4), but there is still uncertainty about
the economic feasibility of these biopolymers, especially for
non-biomedical applications. One of the primary hurdles is
the high cost of gene synthesis, particularly for large,
repetitive protein sequences that are common in materials
applications. Advances in synthetic biology and automation
will be essential to making these materials economically
competitive.”*®> Another challenge is the optimisation of
microbial strains, which often struggle to efficiently produce
HMW and complex proteins due to the metabolic burden
they impose. Strain engineering efforts are needed to
improve the expression and folding of these proteins while
ensuring the host organism's viability and productivity.>*® In
addition, bioreactor design must be optimised to support
stable and scalable fermentation processes that maintain
product quality, consistency, and yield. Furthermore,
downstream processing remains labour-intensive and
expensive. This is another bottleneck that must be addressed
through the development of more efficient purification
methods, such as thermoresponsive blocks or simplified
secretion strategies.>*”

Overall, protein-based materials is an exciting field of
research at the intersection between materials engineering
and synthetic biology. The on-going scale-up and
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commercialisation  efforts taking place for several
applications, be it biomedicine, textiles, or cosmetics,
underscore the promise of these materials to address the
urgent unmet need for new sustainable polymers.
Nonetheless, the multifaceted challenges describe above
demand continuing research efforts and multidisciplinary
teams to tackle them and make protein-based materials an
economically viable alternative to the well-established and
cheaper manufacturing processes for fossil-derived polymers.
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