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Protein-based fibers combine unique mechanical properties with biocompatibility and
biodegradability, and often outperform polymer-based fibers. Furthermore, a growing need for
sustainable materials has triggered a revival in the study of protein fibers, including keratin, collagen,
elastin, and silk, which do not require environmentally damaging petrochemicals for their synthesis.
Nowadays, bioinspired research intends to mimic the underlying proteins as well as their natural
assembly or spinning processes, to achieve fibers with properties equivalent to those of their natural
counterparts. Protein-based fibers can also be used to mimic functions in nature, which can otherwise
not be achieved with synthetic polymer-based fibers. Here, we review promising protein fibers, their
synthesis, and applications, such as air and water filtration, energy conversion, smart textiles, and in

biosensoring and biomedical fields.

Finding green, sustainable and environmentally friendly materials with
excellent performance is one big challenge in the present days'. Since several
decades, polymers reflected the holy grail for several applications, but since
the early 2000s, issues concerning the fragmentation of plastic waste into
microplastics and its omni-presence in the environment are constantly
rising’. In an increasing number of applications, protein-based fibers could
be considered as replacements for polymer-based fibers, especially when
taking the natural functions of protein fibers into account. For instance, one
wide-spread use of silk fibers in nature is the protection of animals des-
cendants or to form a cocoon for the pupa to develop from the larval to the
adult stage’. If smart scaffolds, tough webs or protective covers are intended
to be used for human applications, it is of utmost importance to understand
the natural function, but also the hierarchical structure of protein-fibers as
well as their natural assembly processes. With this knowledge it will be
possible to produce man-made protein fibers with similar properties like the
natural ones”. Such protein fibers can then be tested as replacement mate-
rials for polymer fibers in existing, but also in new, so far unreachable
applications. In the biomedical field, natural protein-based fibers are
abundant in the extracellular matrix (ECM) of vertebrate tissues providing
mechanically robust and often “smart” scaffolds for cells. The under-
standing of the natural systems allows here to transfer the properties of
several fibrous proteins to artificial scaffolds resulting in systems for bio-
medical applications with similar properties as the natural ones’. This review
aims to provide an overview over some well-established protein-based

fibrous systems, their assembly behavior as well as the transfer of this
knowledge to enable explicit applications.

Natural protein-based fibers

Natural protein-based fibers show properties useful for a myriad of appli-
cations. Most protein-based fibers are soft, show high moisture absorbance
and outstanding mechanical properties*. The investigation of natural fiber
assembly/spinning processes is necessary to develop technical processes
(which can be scaled-up) for producing protein-based fibers for any
application. Here, we will focus on four well examined fibrous protein
families namely silk (spider silk and Bombyx mori silk), collagen, keratin,
and elastin.

Silk

Silk is a natural protein fiber produced by many arthropods. The best-
characterized silk is produced by the silkworm Bombyx mori (B. mori). This
silk is used by mankind for more than 5000 years in textile applications due
to its properties and availability’, since it can easily be harvested from a
silkworm’s cocoon. Single B. mori silk fibers can reach lengths within 700 to
1500 m, regarding the mechanical properties, the strength of silkworm silk
ranges from 300 to 700 MPa’. Silkworm silk is spun into a cocoon to protect
thelarva during their transformation into the adult moth. The silk threads of
the cocoon consist of a fiber core and a protein skin, made of sericin,
covering two fibroin filaments (Fig. 1a)®. In order to obtain the core fibers
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Fig. 1 | Hierarchical structure of different natural a) B. mori fiber
protein-based fibers. a B. mori fibers contain a core
of nanofibrils with p-sheet structure forming crys-
tallites responsible for the mechanical strength of the
fiber. In between are amorphous parts responsible
for fiber elasticity. The nanofibrils are covered by
layers consisting of silk fibroins, and sericin. b On
the macroscopic level, spider silk fibers also possess a o
skin-core structure, with a core formed by nanofi- sericins

brils. The fibrils contain often -sheet crystals
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assembly fibrils are achieved, which assemble into
the final collagen fiber. e Elastin fibers are part of the
extracellular matrix (ECM) and responsible for the
elasticity of tissues. Elastin fibers are composed of
microfibrils consisting of tropoelastin. The fibers are
formed by enzymatically driven cross-linking of the
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made of silk fibroin, sericin has to be removed by a degumming process’.
The fibers show a substructure with oriented p-sheet-rich nanofibrils with
mean diameters of 90 to 170 nm and consist of a heavy chain fibroin
(~390 kDa) and a light chain fibroin (~26 kDa) cross-linked by a disulfide
bond". Silk fibroins can exist in two conformational states: Silk I and Silk IL.
Silk II represents the solid form found in the spun silk, while Silk I is the
dissolved, metastable structure stored in the silk gland®.

Spider silk, as another silk protein fiber, is recently gaining more and
more interest due to its extraordinary mechanical properties. Orb weaving
spiders produce up to seven different types of silk, which differ in their
composition and in their mechanical properties. The most investigated
spider silk type is the major ampullate silk (MA silk) forming the radii and
the frame of the web as well as the lifeline to escape from predators'’. The
maximum strength of MA-silk fibers is up to 1.7 GPa, which is in the range
of synthetic high-tech materials. However, such spider silk fibers have much
higher toughness and extensibility than e.g., Kevlar and carbon fibers".
Spider silk fibers also possess a hierarchical structure consisting of a skin
(consisting of silk, glycoproteins and lipids)"’ and a core which comprises
B-sheet-rich nanofibrils (Fig. 1b). Spider silk fibers are composed of one or
more proteins, called spidroins. All spidroins comprise a large central

domain of repeated sequence motifs flanked by non-repetitive (NR)
domains, consisting of 100 to 140 amino acids, which are highly conserved
between different spider species and silk types. Within the amino acid
sequence, GPGXX and GGX motifs are responsible for the elasticity of the
fiber. The terminal domains of MaSps are essential during storage and for
the fiber formation process, acting as control units of self-assembly upon
external triggers like pH, ion exchange and shear force'’. The motifs of the
central domain consist of 40 to 200 amino acids, which are often repeated up
to 100 times". MA-silk fibers mainly consist of two protein classes named
MaSp (Major ampullate Spidroin) 1 and 2 differing in proline content
(MaSp1 low, MaSp2 high). In some spider species, additional MaSps are
found, such as MaSp3, which lacks poly-alanine motifs, typical for MaSp1
and MaSp2. Further, MaSp3 also contains more polar amino acids than the
other MaSps. MaSp4, for instance, contains an abundant amount of proline
residues (even more than MaSp2)'’.

Keratin

Keratins are structural proteins in epithelial cells forming a cytoplasmic
network of intermediate filaments of 10-12 nm in diameter'’. Besides, the
term keratin also includes intermediate filament-associated proteins.
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Keratins are used extracellularly by vertebrates in nails, hair, feathers, horns,
hooves and claws'®. The wide occurrence of keratin is resulting in various
characteristics and functions. Keratin fibers show a hierarchical structure
consisting of a cortex and a cuticle. The structure of keratins can be divided
into alpha-keratins, where the polypeptide chains are arranged in alpha-
helices, and into beta-keratins forming beta-sheets (Fig. 1c)". Two twisted
polypeptide chains in alpha-keratin form coiled-coil structures. Alpha-
keratin filaments have a diameter of 7-10 nm, while beta-keratin ones are 3
to 4 nm in diameter.

Both classes can also be subdivided in hard and soft keratins, resulting
in acidic-hard, basic-hard, acidic-soft and basic-soft keratins*’. The amino
acid composition is influencing the mechanical properties of the keratin.
The occurrence of cysteine and disulfide bridges is influencing the hardness
of keratins. A high amount of cysteine is resulting in certain properties like
higher stability once assembled and lower solubility, like in wool keratin®.
A high amount of sulthydryl groups (5% or more) leads to hard keratins,
whereas alow amount (less than 1% cysteines) is resulting in soft ones. Type
I keratins, exemplified by K31-K40, are acidic, while type II keratins,
including K1-K8, are basic or neutral®”. The influence of Keratin I's
acidity, with an isoelectric point below 5, extends to fiber mechanics,
involving charge repulsion, structural modifications, and heightened thiol
reactivity. In contrast, Keratin II’s alkalinity, marked by an isoelectric point
above 7, contributes to fiber cohesion, stability, and potential swelling or
shrinking responses. This intricate interplay between keratin types and their
acid-base characteristics underscores the diverse mechanical properties and
applications of keratinaceous materials'*". In addition to keratin I and II,
less prominent type III keratins occur specifically in cells of mesenchymal
origin (e.g., smooth cardiac and skeletal myogenic cells), while type IV and
type V chains are found in neuronal cells and in the nuclear envelope of
mammalian cells, respectively"”.

Collagen

Collagens represent a family of ECM-proteins containing at least one triple
helical domain”. More than 50 different types of collagen have been
described so far, being either globular or fibrillar**. Most collagens form
supramolecular assemblies, and can be divided into fibril-forming, base-
ment membrane-forming, microfibrillar, anchoring fibril, hexagonal net-
work forming, fibril-associated transmembrane and multiplexins ones.
Collagens are found in tendons, ligaments, skin, organs, and bones. Besides
being a building block for most organs and tissue, collagens also play an
important role in the process of cell growth and differentiation. Collagens
are considered as viscoelastic materials with high tensile strength and low
extensibility. In nature, collagen can be obtained from animals as well as
plants and bacteria. Most common sources are bovine, porcine, human
collagens and fish skin™. Fibrillar collagens co-assemble into banded fibrils
and fibers in tissues. They are arranged in longitudinally staggered arrays of
molecules of a length that is a non-integer multiple of the stagger between
next neighbors (Fig. 1d)™.

Elastin

Elastin is a fibrous protein of the extracellular matrix of vertebrates and
responsible for the elasticity and resilience of tissues”. It can be found in
different organs like the lung as well as skin and tendons™. Further, it is
highly abundant in ligaments and the walls of arteries, mostly in tissues
which require rapid extension and complete recovery. In comparison to
collagens, it is 1000 times more elastic”’. Elastin forms an insoluble protein-
network based on its soluble precursor tropoelastin produced by fibroblasts,
smooth muscle cells and endothelial cells. Tropoelastin contains alternating
hydrophobic domains interrupted by hydrophilic parts*. The hydrophobic
domains are responsible for elasticity and are involved in cell interactions. In
contrast, the hydrophilic domains are involved in amine-dependent cross-
linking. Cleavage of signal peptides is finally resulting in insoluble elastin™.
In its mature form, elastin is hydrophobic and completely water insoluble.
Due to the large number of cross-links, elastin is highly resistant to pro-
teolysis and provides a stable and persistent structure (Fig. 1e)™.

Natural fiber assembly and fiber spinning
Collagens, elastins and keratins are responsible for functions like supporting
the mechanics of bones, cartilage, hair and muscles. Their fibrous networks
are formed by controllable self-assembly, being highly influenced by protein
sequence as well as concentration, temperature and ions present in the
surrounding solution™.

It is important to mention that only a few organisms are able to actively
spin protein-based fibers. Spinning involves storage of fibrous proteins in a
soluble form until the initiation of assembly during the spinning process,
leading to the final water-insoluble fiber. Prominent examples for fiber
spinning organisms are the silkworm B. mori as well as spiders™. The key
elements of self-assembly of collagens, elastins and keratins and the fiber
spinning of silk fibers are highlighted in Fig. 2.

Assembly of keratin

Assembly of keratin intermediate filaments is a dynamic process, char-
acterized by the continuous incorporation of keratin subunits into existing
filament networks®. a- and B-keratins form a central rod consisting of four
helical bundles. The amino acid sequences are arranged as heptad repeats™.
The domain forming the central rod is flanked by N- and C-terminal
domains, which are divided into subdomains. While the rod domain is
important for the interaction during the intermediate filament formation,
the terminal domains stabilize the assembled filament and are responsible
for the functional characteristics of the filament, like elasticity and
flexibility™. The first step of assembly is the parallel association of type I and
type II keratin proteins, resulting in a “coiled-coil” heterodimer. Hydro-
phobic residues are stabilizing the interaction. Afterwards, the association of
up to four heterodimers takes place. The final keratin filaments contain
~20,000 to 30,000 keratin molecules™ .

Extracellular keratin of hairs or nails represent hard keratin. These
keratins contain more cysteine residues in comparison to other keratins®.
The stiffness derives from cornification. Cornification is the combination of
intermediate filaments of keratin, keratin-associated proteins (KAPs), and
corneous proteins (CPs) forming a corneous material. KAPs and CPs form
chemical bonds with the meshwork of IF-keratins determining the bundling
and cross-linking, resulting in softer corneous layers in the epidermis and
hard corneous layers in the skin appendages®. The most characterized
cross-links within keratin fibers are based on covalent disulfide bonds".
Nevertheless, like in all proteins, there are also some noncovalent bonds®.

Assembly of collagen and elastin

Fibrillar collagens are made as procollagens, containing an uninterrupted
triple helix with globular domains at each end*. In collagen triple helices,
two identical chains (al) are associated with a third chain (a2). Staggering
the molecules with a periodicity of 67 nm lead to assembled fibrils showing
diameters of few hundred nanometers". The globular domains comprising
the N- and the C-propeptides limit self-assembly of collagens. C-terminal
domains are important for the initiation of lateral collagen assembly, while
the N-terminal domains are important for fibrillogenesis”. Enzymatic
degradation of the terminal extensions by proteinases is the first step within
fibril assembly, cleaving the terminal propeptides yields tropocollagen.
Tropocollagen contains short helical structures at the ends of the triple helix
based on telopeptides, which are necessary for collagen cross-linking
mediated by lysyloxidase. Tropocollagens are covalently crosslinked in a
staggered manner resulting in collagen fibrils, which are ten to hundreds of
nanometers in diameter and microns in length. In tissues, collagens co-
assemble into fibers™.

Like collagen, elastin is synthesized as a tropoelastin monomer™.
However, tropoelastin does not contain any N- or C-terminal propeptides,
being responsible for the alignment of the monomers. Tropoelastin is
produced by different cells like fibroblasts, smooth muscle cells or endo-
thelial cells. Self-assembly of tropoelastin yields spherules within the
extracellular space. Lysyloxidase deaminates specific lysine residues forming
allysines condensing with other allysines or lysine residues forming intra-
and intermolecular crosslinks. These cross-links are responsible for
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Fig. 2 | Natural fiber assembly processes of selected
protein families. a Images of natural silk spinning
glands. Upper panel: left: Spinning gland of B. mori
divided into anterior (ASG), middle (MSG) and
posterior (PSG) silk gland. Right: Spinning gland of
spiders, divided into duct, sac and tail. Adapted and
modified with permission from ref. 47, licensed
under CC BY 4.0. Lower panel: In spiders, the silk
proteins are secreted in the tail and undergo a liquid-
liquid phase separation yielding micelle-like dro-
plets within the ampulla. In the duct, chaotropic salts
(NaCl) are exchanged by kosmotropic ones
(K,POs3), and a pH shift occurs (indicated in blue

and orange). Upon elongational flow, the fiber is silk proteins

% secretion
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insolubility, mechanical stability as well as for the protease resistance and
allow the growth of a elastin fiber network within the ECM".

Silk fiber spinning

B. mori silk fibers. The silk glands of B. mori originate from salivary
glands and are divided into three parts: the posterior silk gland (PSG), the
middle silk gland (MSG) and the anterior silk gland (ASG). Within the
PSG, fibroins are produced and stored at high concentrations in the
MSG”. In the MSG of B. mori sericin is produced, surrounding the
fibroin. Upon transport through the ASG, the proteins change their
conformation influenced by several factors, such as pH gradients, ion
composition as well as shear forces. The pH in the glands of B. mori is
proposed to decrease from 6.9 in the PSG, to around 5 in the MSG and
down to 4.8 in the ASG. Like the pH, also the influence of ions is highly
important. In B. mori, the copper ion concentration differs in the dif-
ferent parts of the gland, and the concentrations of potassium, magne-
sium and zinc increase from the PSG to the ASG". Within the ASG, the
diameter of the lumen decreases resulting in shear forces necessary for
fiber assembly. Lastly, within the ASG water is removed from the dope
contributing to the fiber formation.

Spider silk fibers. In contrast to B. mori, spiders can produce several
different silk types. Therefore, they have different gland types”. The focus

of research is set on the MA silk gland, producing MA silk. MA glands of
spiders are divided into tail, sac and duct. Within the sac and the duct
carbonic anhydrase is produced, being responsible for a pH gradient. In
contrast to B. mori, the pH in the ampullate silk gland of spiders drops
from 7.2 to 5.7, Upon acidification, the N-terminal domain of dimeric
spidroins (parallel dimers induced by the C-terminal domain) is forming
dimers of dimers in an anti-parallel manner due to the protonation of
glutamic acid residues. The C-terminal dimerization domain is destabi-
lized by the pH shift, and hydrophobic parts of the sequence are exposed
leading to parallel alignments of the core domains. The anti-parallel
(N-terminal) and parallel (C-terminal) alignments result in a spidroin
network. In the spinning duct of spiders also an exchange of chaotropic
salts like sodium and chloride to kosmotropic salts, like potassium,
occurs. Finally, shear forces are necessary for fiber formation caused by
drawing the fibers out of the spinning duct”.

Man-made protein fibers

Although protein-based fibers (such as silk or wool) are applied by mankind
since millennia, man-made protein fibers were introduced only about 70
years ago, but at that time did not find entrance in industrial applications®.
Due to nowadays emerging issues with polymer fibers, based, e.g., on
microplastic pollutions, the production of man-made protein fibers as well
as the development of strategies to recombinantly produce fibrous proteins
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Table 1 | Different fibrous proteins, their spinning conditions and several spinning techniques

Protein Origin Spinning Solvent Fiber size Mechanical properties Application
technique
Spider silk
Spider silk Recombinant Electrospinning  HFIP 100 nm-500nm 8.6 MPa Air Filter'%>%
(A. diadematus)®®9%1°719 FA Wound dressing'®®,
natural Aqueous buffer Drug delivery®,
(T. clavata)'®® HFIP Textiles'?”
Recombinant Wet-spinning Aqueous buffer 15 um—-40 ym 10 MPa-834 MPa n.a.
(A. diadematus)'®*
Recombinant
(E. australis)®
Recombinant Microfluidics Aqueous buffer 10 um-20 ym 62.3 MPa n.a.
(T. clavipes)'"®
Silkworm silk
Silkworm silk Regenerated fibroins (from Electrospinning  HFIP 0.5um-2.9um  0.331 MPa-0.409 MPa  Cell culture, Tissue
cocoons) Water engineering'®’,
Photocatalysis®”
Microfluidics Aqueous buffer 5 um—45 ym 590 MPa Cargo carriage®’
Water Nn.q,80202
Dry-spinning FA 10 pm-17 pm 20 MPa-359 MPa High performance
Aqueous buffer fiber'®,
n.a_95,96,127,203
Silk (silkk yarn of 14 No information Wet-spinning FA 10pm-100pym  59.4 MPa-126.0 MPa Water management,
natural silk Textiles®™
filaments)
Keratin
Keratin Extracted Electrospinning  HFIP 200 nm-800nm 24.7 MPa-70.1 MPa Binding of metal ions®®,
(pig nails) Chloroform-DMF Bone tissue
engineering'”’
Wool4'% Wet-spinning lonic liquid 80 um-200pm 1.1 MPa-142.4 MPa n.a.
Feathers®® Water
LiBr
Collagen
Collagen Regenerated Electrospinning 75 vol % Ethanoland 100 nm-200 nm 6.72 MPa Cell culture®”,
(fish scale) 30 mM HCI Wound healing, Cell
HFIP culture®*®”
Regenerated Wet-spinning 0.25wt% AcOH, 55 pm-97 pm 2.07 MPa-161 MPa Tissue engineering®',
(calf skin, fish skin) 95.75 wt% water Wound dressing®'’,
DMSO or TFA Dental tissue repair®®
Regenerated Microfluidics Aqueous buffer 3 um-200 pm 6.1 MPa-701 MPa Tendon repair®’,
(rat tail, calf skin) Acetic acid Suture'”®,
Cell culture®?
recombinant (tobacco plant)  Wet-spinning 10% Polyethylene 10 pm-35pm 150 MPa Cell culture®™
glycol in 10 mM HCI
Elastin
Elastin Recombinant (human) Electrospinning  HFIP 600 nm-2 um 146 kPa-116 kPa Dermal replacement®'?,
Muscle regeneration®,
Tissue engineering®
No information Microfluidics Aqueous buffer 5 um-6 pm No information 3D Cell culture®™
Silk-Elastin-like Recombinant Wet-spinning FA 20 pm=-50 pm 20 MPa-80 MPa Tissue engineering®™
proteins

In addition, the applications of the fibers as well as their mechanical properties are shown (FA formic acid, HFIP hexafluoroisopropanol, DMF dimethylformamide, DMSO dimethyl sulfoxide, TFA

trifluoroacetic acid, AcOH acetic acid).

has nowadays led to a renaissance in considering protein-based fibers for
various applications (Table 1).

Protein sources: natural vs. recombinant

Proteins used for man-made fiber spinning originate in many instances
from natural sources (Fig. 3). In terms of spider silk, the silk proteins could
be obtained by collecting natural occurring webs or “forced silking” of the
spider followed by denaturation of the fibers, or extracting soluble proteins
from the silk glands™. Other proteins are extracted from animal-based

51,52

sources, for instance skin and other tissues for collagen and elastin®™,

or regenerated from wool, feathers and hair in case of keratin® and cocoons
to gain B. mori silk™”". The extraction usually includes cutting and washing
the raw material. Depending on the protein, heating and washing steps as
well as enzymatic and chemical (acidic or basic) treatments are used to
remove animal by-products*>***. Recently, ionic liquids have been used to
increase the purification yields of hard-to-achieve proteins such as cysteine-
rich keratins™.

Regenerated proteins pose several challenges, such as the need to dis-
rupt naturally occurring protein structures, potential contamination with
inflammatory impurities, uncertain quality, low yields, and frequently
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Fig. 3 | Sources of fibrous proteins. a Proteins can a) Protein extraction from natural sources b) Recombinant protein expression
be collected (e.g., cocoons, hair, wool, spider silk) or . .
. . source dissolving 2

extracted from natural sources, like vertebrate tis- agent 2 ij
sues (rat-tail, fish skin). To dissolve the assembled \‘ = eI
fibers, several organic agents can be used. Dissolved TN
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b Fibrous proteins can be recombinantly produced )
using different expression systems, e.g., yeast (Pichia Ll i
pastoris) or bacteria (Escherichia coli). Recombinant
production needs the knowledge of the DNA . .
sequence encoding the fibrous protein. The plasmid dialysis ) plfaisgfser:g?:il:g
with the respective (often engineered) DNA is W GAnSCN in water pl
transformed into the expression host, followed by i
induction of recombinant protein production. Fer-
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to processing. acidic _ '..‘ ~aP expression host

@ hydrolysis i ‘ i
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acetic protein
%ﬁ acid i
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limited scalability in the regeneration process’”*. Consequently, advanced
biotechnological procedures have been devised to enable the efficient pro-
duction of recombinant fibrous proteins in substantial quantities with
consistent quality (Fig. 3).

In this context, recombinant variants of silk, keratin, collagen, and
elastin have been developed. Spider silk proteins and collagen variants have
been produced using various hosts, including bacteria, yeasts, plants,
mammalian and insect cells, as well as transgenic animals to find the best
host for yielding significant amounts of the aimed proteins®*'. In contrast,
elastin®® production in bacterial systems worked well, however, some
groups employ tobacco plants as an expression host due to unlimited
scalability and reduced costs*®. Keratins are also mostly produced in
bacterial systems”. Generally, the bacterial expression system offers
advantages such as well-established genetic tools, cost-effectiveness, and
promising high yields with fast growth, making it time-efficient”.

These processes afford the opportunity for genetic-level modifications
of the protein, presenting a distinct advantage over proteins from natural
sources”. Notably, recombinant elastin proteins incorporating additional
lysine residues, produced using Escherichia coli (E. coli), have been indust-
rially produced and then spun into robust and resilient fibers’®. These lysine-
rich recombinant proteins have been combined with nanocellulose,
resulting in a composite fiber with enhanced mechanical properties”.
Additionally, wet-spun fibers, obtained from recombinant proteins com-
bining squid ring teeth protein with an elastin-like polypeptide, have been
successfully engineered to produce micron-sized fibers. The mechanical
performance was significantly enhanced with the increase of molecular
weight from a 12mer to a 36mer. The breaking strength of the 36mer fibers
were 550 MPa, in comparison, the 12mer fibers showed a breaking strength
of 208 MPa’”.

Useful methods for protein fiber spinning

Natural protein-based fibers are used for heat insulation (keratin fibers)’', as
protection from the environment (cocoons)® or for capturing prey (spider
web)’, and, therefore, they show often interesting features, which can not be
found in synthetic polymer fibers. In order to mimic the properties of such
protein fibers for technical approaches, several spinning techniques for

protein spinning have been employed such as electro-spinning, wet-spin-
ning, dry-spinning and microfluidic spinning (Fig. 4).

Wet-spinning. Wet-spinning is a well-known technique developed in the
1930s* and mostly used in the textile industry for producing synthetic fibers
like nylon, but can also be employed for proteins®'. The process is based on the
extrusion of a protein solution (ranging from 1% to 30% (w/V)) into a
coagulation bath. Within the wet-spinning process, the fiber is forming due to
aloss of solvent, which is caused by the exchange of the solvent with the liquid
of the coagulation bath, yielding a coagulated filament. The filament solidifies
as a fiber with diameters of tens to hundreds of micrometers. Post-processing
steps, like stretching, washing and drying are necessary to obtain fibers with
the aspired features™. Usually, organic solvents are used, for instance formic
acid (FA) or dimethyl sulfoxide (DMSO)**”, due to their ability to solve and
denature proteins as well as to induce secondary structure formation®. It is
also possible to use aqueous buffers with the advantage of being less toxic and
environmentally friendly, further they can maintain the biological activity of
the protein®*. Different liquids are used for the coagulation bath, usually
alcohols like ethanol or methanol but also ammonium sulfate solutions'*.
The wet-spinning process offers the advantage of producing a variety of fiber
cross-sectional shapes and sizes™.

Microfluidic spinning. Microfluidic spinning (aka microfluidics), in
general, allows the processing of small amounts of fluids using channels
with diameters of tens to hundreds of micrometer”. Microfluidics have a
great potential for producing fibers in the micro- and nanoscale. Usually,
microfluidic devices use laminar flow conditions, allowing to control fiber
formation akin to processes as found e.g., in silk fiber spinning arthropods.
The typical set-up of microfluidics for fiber production includes several
channels for the fiber-forming protein and a sheath solution. Both solu-
tions have their own input ports, generating a core-sheath flow*. In
microfluidic spinning the protein solution can also be extruded into a
coagulation bath like in wet-spinning. Size and shape of the fibers can be
modulated by the flow rates as well as by the arrangement and the
dimensions of the channels”. The dope concentrations necessary for
microfluidics vary from 1% (w/V) to almost 50% (w/V), which make
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Fig. 4 | Overview of spinning techniques to pro-
duce protein fibers. a For wet-spinning a protein
solution (dark blue) is extruded into a coagulation
bath (light blue) leading to the solidification of the
fiber. Afterwards, the fibers are collected using a
winder. b In microfluidic spinning an additional
chip with defined channels is used in order to pre-
assemble and align the fibers in a controlled manner
prior to coagulation. ¢ Within dry-spinning, a pro-
tein solution (dark blue) is extruded directly into air
and is collected by a winder. d During electro-
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microfluidics useable for a broad range of proteins™. Further, microfluidics
provide advantages, such as the control of the fiber diameter allowing to
produce nanofibers. The usage of a chip with different channels also allows
the mimicry of natural assembly and spinning processes, like changes in
the pH or ion concentrations by changing the buffer system. Further, the
chip can mimic the shape of the natural silk glands, e.g., that of spiders or B.
mori. Like for wet spinning, post-processing leads to mechanical properties
similar to that of natural fibers*’".

Dry-spinning. For dry-spinning, proteins have to be dissolved in a
volatile solvent. The protein solution is pumped through the spinneret
directly into the air. The solvent usually has a low boiling point, low latent
heat and appropriate volatility””. The solidification of the fiber occurs
during the evaporation of the solvent, which is achieved upon contact
with, e.g., hot gas during spinning. The drying starts on the surface of the
fiber, resulting in the formation of a skin, and upon further evaporation,
the fiber solidifies resulting in a dumbbell shape. The dumbbell shape of
the fibers is due to solvent diffusion and evaporation. The inhomoge-
neous evaporation from the outside to the inside of the fiber is resulting in
the collapse of the outer part™. Post-stretching allows further alignment
of the fibers. There are several parameters controlling fiber morphology
and quality, including concentration of the dope ranging from 15% to
40% (w/V), swelling behavior in the solvent, skin friction, as well as the
temperature of the gas flow ranging from 100 to 250 °C”". The molecular
weight of the protein is highly influencing the viscosity of the spinning
dope and the solidification of the material”". Post-processing of dry-
spun fibers, e.g., stretching, can yield mechanical properties like found in

natural fibers”®.

Electrospinning. Electrospinning enables processing of continuous
protein fibers with diameters in the submicron to nanometer range with a
large surface-to-volume ratio””. The basic principle of this technique is
the uniaxial stretching of a viscoelastic solution within an electric field.
The electric field increases the repulsive force of the solution resulting in a
jet. There are several parameters influencing the morphology of the
produced fiber, e.g., viscosity of the spin dope (ranging from 1% to 20%
(w/V)), conductivity of the solvent, applied voltage, distance between tip
and collector and humidity™. Further, fiber assembly can be controlled by
choosing different collecting devices. Usually, a static collection plate is
used resulting in non-woven fiber meshes, whereas dynamic collection
devices, for instance a rotating drum, allow the collection of aligned
fibers. Besides organic solvents like 1,1,1,3,3,3-hexafluoroisopripanol

(HFIP), also aqueous solutions can be used for electrospinning of
proteins”. The chosen solvent will have a high impact on the achieved
protein structure within the fiber. For instance, fluorinated alcohols are
known to weaken hydrophobic interactions while strengthening elec-
trostatic interactions of the protein due to the low polarity, thus stabi-
lizing secondary structures, particularly a-helices®. Other organic
solvents, like FA, are known to dissolve proteins and are inducing f-
sheets in the spun fibers due to the dehydration of the proteins'®”. The
benefits of electrospinning are its simplicity as well as its versatility'®".
Electro-spun structures can closely mimic the hierarchical architecture
and fibrous features of extracellular matrices (ECM)'"

Post-processing of man-made protein fibers. Post-processing of
man-made protein fibers is often necessary to result in mechanical
properties similar to that of the natural ones'”. In terms of collagen, the
post processing includes for example cross-linking using UV-light
(254 nm) as well as thermal treatment. Both increase the strength as well
as strain at failure of the collagen fibers. The tensile strength in case of
collagen increased up to ~50 MPa in comparison to untreated fibers™.

For B. mori silk fibers, the effect of pre-extension on the mechanical
properties was tested, using a short-term stress-relaxation process. Pre-
liminary extension of >3% shifted the yield point from ~5% to 6-8%, while
the stress at rupture also increased to around 10-20% after preliminary
extension of >10%'".

In case of spider silk there are several publications dealing with the
effect of post-spin stretching on the produced protein fibers'™'”'". A
variety of post-spin treatments have been tested. The as-spun fibers were
placed in various solutions (H,O, isopropanol, ethanol, methanol and
ammonium sulfate) and stretched from both ends using tweezers,
improving the mechanical properties of the artificial spider silk fibers. As-
spun fibers showed a stress of 10.4 MPa and a strain of 1.5%, whereas the
post-stretched fibers showed an increased stress of 29 MPa and strain of
27.3%'®. The discovery aligns with native silk spinning, where the fiber is
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not extruded, but pulled out ™.

Bioinspired protein fiber production

Silk, collagen and keratin fiber mimicry

In order to mimic the natural silk spinning process as well as artificial
collagen spinning™"*""” microfluidic-spinning and dry-spinning are
appropriate techniques. In case of mimicking spider silk fibers, both the
underlying proteins as well as the spinning process are in the focus of

research! 4885118123
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Fig. 5 | Mechanical properties of selected biomimetic protein fibers. Mimicking
natural protein fiber production can imply either the used protein, the establishment
of a spinning solution, or the spinning process, or any combination thereof.

a Regenerated B. mori fibroin biomimetically spun using dry-spinning, resulted in
pm-sized fibers with a tensile stress of ~250 MPa. Adapted and modified with per-
mission from ref. 133, copyright American Chemical Society, 2016. b In terms of
spider silk, recombinant proteins mimicking the natural ones have been processed
into a biomimetic spinning dope (BSD) based on native-like liquid-liquid phase
separation. In addition, classical spinning dopes (CSD) were prepared by dehy-
dration using polyethylene glycol (PEG). The dopes were then spun using a
microfluidic set-up inspired by the natural spinning process (including pH shift,
elongational flow and ion exchange), resulting in um-sized fibers with a maximum

stress of ~420 MPa. Adapted and modified with permission from ref. 136, copyright
American Chemical Society, 2023. ¢ Spinning solutions of keratin were formed by
coacervation, and the wet-spinning process involves ion exchange and a pH drop.
The mimicry of the different natural factors like the spinning solution as well as the
spinning conditions are resulting in micrometer scale fibers with excellent
mechanical properties. Adapted and modified with permission from ref. 137,
licensed under CCBY 4.0. d Collagen was extracted from natural sources like rat-tail,
solved under acidic conditions, and spun using a microfluidic-spinning process,
resulting in fibers with a diameter of 3.6 um and a tensile strength of 284 MPa.
Adapted and modified with permission from ref. 91, copyright American Chemical
Society, 2016.

B. mori fibroin has been spun into fibers showing almost the same
properties as natural ones by either using dry-spinning, wet-spinning or
microfluidics™**"*". In these approaches factors like solvent and pH were
used to influence the performance of the fiber. Further, it is essential to
induce the formation of B-sheets within the fiber based on the protein
sequence”"””. Man-made fibers were produced by degumming and solving
B. mori cocoons followed by dry-spinning. Afterwards, the fibers were post-
processed by immersing in 80% ethanol and post-drawing, resulting in
fibers with a strength of 252 MPa (Fig. 5a). Degummed silk fibers, in
comparison, showed a tensile strength about 354 MPa'”. In another
example, dry-spun fibers demonstrated a strength within the range of
295MPa to 614 MPa and a toughness of 55MJm > to 155 MJm > "*.
Moreover, B. mori silk fibers wet-spun from an all-aqueous solution into a
coagulation bath containing an aqueous buffer exhibited a strength ranging
from 162 MPa to 370 MPa and a toughness of 45 MJm ™ to 189 MJm™. In
contrast, wet-spun fibers using organic solvents displayed strength values
ranging from 38 MPa to 508 MPa and toughness values from 2.5 MJm to
102 MJm™>. Once again, the utilization of aqueous-based dopes resulted in
improved mechanical properties'”’.

Our group works with recombinant spider silk proteins, based on two
different MaSp2 proteins of Araneus diadematus. Like in nature, both
MaSp2-derived engineered proteins, namely eADF3((AQ)12)NR3 and
eADF4(C16)NR4, were recombinantly produced via co-expression in E. coli
yielding a mixture of homo- and heterodimers®. Interestingly, both
sequences can also be hybridized yielding a two-in-one spidroin'*.The
preparation of a biomimetic spider silk fibers starts with the preparation of a
biomimetic spinning dope. Potassium phosphate was used to induce liquid-
liquid phase separation, like in the spinning duct'**. A microfluidic chip
with three channels enabled to mimic the naturally occurring pH drop
necessary for proper fiber assembly. The resulting fibers showed a strength
of 834 MPa and a toughness of 143 MJm* (Fig. 5b). These properties were
achieved by utilizing a mixture of MaSps. In contrast, fibers made of just a
single MaSp exhibited lower strength (329 MPa and 602 MPa) and tough-
ness (137 MJm ™ and 32 MJm )",

Regenerated keratin derived from wool or feathers can be used for
man-made fiber spinning”™'”, but the disadvantage is the complex
extraction process complicated by highly cross-linked cysteine residues
resulting in strong intra- and intermolecular interactions®. Coacervation in
combination with wet-spinning was used to produce keratin fibers with
improved mechanical properties after post-stretching (Fig. 5¢)'”’. The dis-
solved keratin was acidified to a pH between 1.0 and 1.7 resulting in phase
separation and wet-spun into a coagulation bath containing 1% of H,O,.
The final fibers showed an increased toughness of 50 MJm™. This
improvement of the mechanical properties of the fibers is speculated to be
attributed to changes in the conformation of the proteins. A significant
aspect of recombinant keratins is their tunability in mechanical properties
through modifications of the amino acid sequence. This unique feature
allows for precise control over the mechanical characteristics of the fibers.
Similar to the other proteins mentioned, the mechanical properties of ker-
atin fibers are influenced by factors such as the amino acid sequence,
composition, and nanostructure”'*’. In terms of man-made keratin fibers,
there is the chemical cross-linking, using cross-linking agents like a mixture
containing polyol and citric acid"!, mercuric acid'”, dithiols'* or
glutaraldehyde'* can be used to fine-tune mechanical properties.

Collagens can be spun using microfluidics” and wet-spinning' to
mimic some of the natural properties of collagen fibers, however, with the
benefit of producing endless fibers, which are not existent in nature. The
staggering of 67 nm of the triple helices is important for the mechanical
properties of collagen fibers'"’. Factors like a pH shift from 3 to 9 occurring
in the natural fiber assembly process of collagen are mimicked in artificial
fiber spinning of collagen. A microfluidics chip was used to simplify the
exchange of buffers and to induce a pH change to more basic conditions
resulting in the formation of microfibrils. The chosen process allowed the
production of homogenous fibers with diameters between 3 pm to 16 um
depending on the collection rate’. Further, the mechanical properties
showed a tensile strength of 383 MPa being superior to that of tendons.
Classically wet-spun collagen fibers, in contrast, showed a tensile strength of
241 MPa (Fig. 5d)°".
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Fig. 6 | Man-made protein-based fibers used to mimic the extracellular matrix
(ECM) for tissue engineering applications. The ECM has several properties
important for the attachment and proliferation of cells, like fiber diameter, pore size,
topography, as well as stiffness. The SEM image in the top lane is representative for the
ECM, in this case showing the myocardium of a rat heart. Adapted with permission from
ref. 216, licensed under CC BY 4.0. Electrospun fibrous proteins are able to mimic the
properties of the natural ECM. Exemplarily, electrospun non-woven meshes derived
from (a) recombinant spider silk (seeded with mouse fibroblasts) is used as scaffold for
different cell types. Adapted and modified with permission from ref. 146, copyright John
Wiley and Sons, 2011. b Cell adhesion was evaluated after 4 h on electrospun meshes
made of recombinant spider silk proteins with different fiber diameters (150, 250, 480
and 680 nm). As control, a treated cell culture plate was used. The adhesion test showed
that meshes with a larger fiber diameter are better suited for fibroblast adhesion than
smaller fiber diameters. Adapted and modified with permission from ref. 146, copyright
John Wiley and Sons, 2011. ¢ Regenerated B. mori fibers are used as scaffold for human
oral keratinocytes (NHOK). Adapted and modified with permission from ref. 217,
copyright Elsevier, 2004. d The spreading behavior of the set-up of (c) was investigated.

Polystyrene (used as control) as well as the pure B. mori silk fibers showed less cell
spreading, whereas collagen I coated silk fibroin fibers were showing a good cell
spreading behavior. Adapted and modified with permission from ref. 217, copyright
Elsevier, 2011. e Electrospun collagen fibers were seeded with human osteoblasts.
Adapted with permission from ref. 218, copyright John Wiley and Sons, 2009. f In the
set-up of (e) F-actin was stained in red using phalloidin, and the nuclei were stained in
blue by using DAPL The collagen fibers enhanced cell growth regardless of the fiber
diameter. Adapted with permission from ref. 218, copyright John Wiley and Sons, 2009.
g Human mesenchymal stem cells were seeded on extracted keratin fibers. Adapted and
modified with permission from ref. 160, copyright Elsevier, 2015. h Cell viability of
human mesenchymal stem cells on different keratin scaffolds of the set-up in (g), as well
as different calcium phosphate (CaP) coated fibers was determined by using a PicoGreen
assay, measuring the amount of double-stranded DNA after 4 days of culturing. Keratin
containing scaffolds (cKeratin-PCL (crosslinked Keratin-PCL; poly-e-caprolactone)
and sCaP-cKeratin-PCL (CaP surface coated PCL-cKeratin scaffold) showed increased
cell proliferation in comparison to the controls (PCL and CaP surface coated PCL
scaffolds). Adapted and modified with permission from ref. 160 copyright Elsevier, 2015.

Communications Materials | (2024)5:56



https://doi.org/10.1038/s43246-024-00488-2

Review article

Fig. 7 | Applications of protein fibers and meshes
in textiles and biomedical applications.

a Commercially available wrist band for watches
made from wet-spun recombinant spider silk fibers.
b Regenerated collagen type I fibers have been used
as suture materials for medical device manufactur-
ing. (i) SEM image of an extruded single fiber. (ii)
The photograph depicts 56 collagen fiber strands
braided and knotted together forming a fiber bundle.
(iii) Stress-strain curve of a fiber bundle. (iv) Con-
focal images show human tenocytes attached to the
microfibers. Living cells were stained with CMFDA
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(5-chloromethylfluorescein diacetate, green), the
nuclei were stained with DAPI (blue). Adapted and i)
modified with permission from ref. 179, copyright
Elsevier, 2021. ¢ Wet-spun collagen fibers used for
muscle tissue engineering. (i) Fibers showed the
typical collagen band pattern with a periodicity of
67 nm. (ii) The fibers showed a maximum stress of
~241 MPa and a strain of ~17%. (iii) The wet-spun
fibers were highly processable, like in flat woven
structures. (iv) The wet-spun collagen fibers were
used for cultivating myoblasts (muscle cells, green) i)
and fibroblasts (endothelial cells, red) in co-culture, \
showing collagen fibers to be a versatile scaffold for
the tendon-muscle interface. Adapted and modified
with permission from ref. 110, copyright John Wiley
and Sons, 2021. d Electrospun recombinant elastin
yarns, manually woven to a frame with pore sizes of
1 mm’ were used for the cultivation of dermal
fibroblasts. (i) Scheme of the production of elastin
yarns and the final woven topography. (ii) SEM

c) Collagen for muscle tissue engineering

-

250

N - N
o o O
o o o

stress (MPa)

o«
o

o

20
B strain (%)
iv)

image of an elastin-yarn. (iii) Stress-strain curve of
dry and hydrated tropoelastin-silk yarns at a strain i)
rate of 100 mm/min. (iv) Merged images of F-actin
staining (yellow), nuclei (blue) and the yarn (green).
(v) Representative hematoxylin and eosin staining
of tropoelastin-silk meshes after 8 weeks of
implantation in mice. Adapted and modified with
permission of ref. 63, copyright Elsevier, 2019.

rotating funnel

~
-

-
o

(]

stress (MPa)

o

d) Elastin-silk in biomedical approaches

Ve

\Tropoelastin-

Tropoelastin-

silk-solution d
m A
Tropoelastin- T I I I I {
silk-yarn — I 111 l
L]

Tropoelastin-
silk-woven material

silk-solution

_Dry
—Hydrated

0 30

60 90 120 150 18
strain (%)

B 100 um

Mimicry of natural functions using man-made protein fibers
Mimicking natural functions of fibers is most often of interest in the field of
biomedical research. In this context, electro-spun nanofibers can mimic
several features of the extracellular matrix. For mimicking the function of
the ECM, fiber diameter, stiffness, pore size of fiber meshes and cell
attachment play an important role. Electro-spun non-woven meshes pro-
vide nanoscale scaffolds with interconnecting pores, resembling some fea-
tures found in the natural ECM in tissues (Fig. 6)'*.

Mimicking the extracellular matrix was tested with all of the mentioned
fibrous proteins (spider silk"'”, B. mori silk"*", collagen'**",
keratin'®™'® and elastin®'**'*"'®"), For instance, e-spun spider silk fibers
were used as scaffold for different cell types, and the influence of different
fiber diameters regarding the spreading behavior was investigated
(Fig. 6a, b). Additionally, B. mori fibers were tested as scaffold for human
oral keratinocytes (NHOK) by analyzing the spreading behavior of the cells
(Fig. 6¢, d). In the same way also e-spun keratin and collagen fibers were

analyzed regarding their suitability as ECM-mimicking scaffold (Fig. 6e-h).
Interestingly, in some approaches even several proteins have been com-
bined, like silk proteins with elastin as well as silk proteins with collagen,
resulting in higher tensile strength as well as elasticity'”’.

Sarrami et al.”* produced electro-spun nanometer-sized keratin fibers
mixed with nanohydroxyapatite particles, creating a scaffold for bone tissue
engineering. Mimicking the properties of the ECM, like fiber diameter and
pore size, the keratin fibers enabled cell adhesion and viability. In another
example, Nivison-Smith et al.”* produced aligned electro-spun fibers having
a ribbon-like structure, used as scaffold for smooth muscle cells®.

Applications of bioinspired protein fibers

Protein based fibers in textiles

Wool (keratin) fibers are used for textile applications since 10,000 BC. In
ancient times, woollen fibers were short and, therefore, much rougher than
today. The scaly surface allowed textiles to be manufactured without

Communications Materials | (2024)5:56

10



https://doi.org/10.1038/s43246-024-00488-2

Review article

Fig. 8 | Applications of single fibers in water col-
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weaving. The first textiles based on woven wool fibers are dated back to
1800-1500 BC. The first usage of silk from silkworm cocoons as textiles
traces back to 5000-3000 BC and was found in China within the Yangshao
Culture. Silk was brought to Europe by the crusades, and different manu-
facturing techniques (e.g., spinning wheels) were developed during the
middle ages. The industrial revolution changed the silk industry, because
innovations made the spinning of cotton cheaper and more profitable'””.

Nowadays, wet-spun recombinant spider silk fibers could be used for
the production of a prototype of sneakers'””. Besides sneakers, a prototype
jacket was produced by emulated spider silk of golden orb spiders'’.
Furthermore, the silk of Argiope bruennichi was spun into a yarn used for the
production of a sustainable non-petroleum-based prototype tennis dress'””.
Commercially available products are a wrist for watches made from wet-
spun recombinant spider silk fibers (Fig. 7a)"”’, or a hoodie containing
around 12% of spider silk in combination with cotton'””.

In modern technically-oriented textile applications, B. mori silk fibers
have been combined with carbon nanotubes to yield a composite fiber. The
composite materials are twisted into a yarn morphology and woven to textile
mats, which were used for sneakers with water repellent properties due to
the hydrophobicity of the carbon nanotubes'”*.

Protein-based fibers in biomedicine

In the realm of biomedical applications, individual fibers or yarns have the
potential to be used as sutures. In these applications, polymer-based sutures
are often non-degradable and non-biocompatible, necessitating their
removal several days post-surgery. Protein-based sutures derived from silk,
collagens, elastin, and keratins circumvent these drawbacks. For instance,
wet-spun collagen microfibers, exemplifying their application as suture
material (Fig. 7bi, ii), were braided and knotable. The cytotoxicity of these
extruded fibers was assessed by seeding human tenocytes onto them,
revealing an elongated cellular morphology (Fig. 7biv). In a clinical viability
study, these collagen fibers were implanted in rats to assess stability.

Results demonstrated suture stability for up to 6 months in vitro and 4 weeks
in vivo, accompanied by a pro-regenerative response'”’.

Besides sutures, protein-based fibers are a promising material in liga-
ment replacement due to their light-weight, extensibility as well as high
tensile strength. Bombyx mori fibroin fibers find application in ligament
replacement, particularly for anterior cruciate ligaments, owing to their
mechanical properties™ . Silk fibers braided by Pagin et al."™ were
mechanically analyzed, exhibiting mechanical properties equivalent to the
natural human anterior cruciate ligament, thus presenting a promising
material for tendon replacement''.

In tissue engineering, protein-based woven meshes of silk, keratin,
elastin and collagen are in use due to their adaptable mechanical properties
as well as pore sizes. Exemplarily, endless-collagen fibers were knitted and
then tested in cell culture with muscle cells showing cell alignment, myotube
formation and myogenesis within the woven structures (Fig. 7c)"'’. The
collagen fibers were wet-spun and exhibited a characteristic D-pattern.
Fibers showed mechanical properties of 241 MPa, aligning with values
documented in the literature. In contrast to cross-linked fibers (383 MPa),
the tensile strength of the non-crosslinked fibers was comparatively lower™.
However, the lack of crosslinking showed other advantages, especially for
biomedical applications'"’. The mechanical robustness of the collagen fibers
further enabled their weaving (Fig. 7ciii), subsequently, employed for the
cultivation of myoblasts and fibroblasts. Following a 7-day cultivation
period, the myoblasts (depicted in green) and fibroblasts (depicted in red)
demonstrated complete coverage of the scaffold (Fig. 7civ), providing the
basis for engineering a muscle-tendon interface implant'"’.

Single fibers have also been innovatively employed as biosensors. Liu
et al."® developed a biosensing, antibacterial suture based on a wet-spun
silkworm fibroin fiber. This core fiber, coated with macrophage stimulating
factors to enhance cell growth and healing, also featured a coating of gra-
phene quantum dots to improve conductivity and antibacterial activity. In
cell and animal studies, the resulting core-shell fiber demonstrated a robust
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Fig. 9 | Non-woven fiber meshes and their appli-
cations in air filtration and as green and sustain-
able scaffolds in catalytic reactions. a Filtering

membranes made of recombinantly produced spi- -z = -
der silk proteins. (i) Scheme of the spider silk non- L L@
woven mesh used as filter membrane. (ii) SEM P P

image of an electrospun spider silk protein filter mat.
(iii) The e-spun meshes were tested in air filtering

applications, showing a higher filter efficiency than
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was scaled-up using centrifugal electrospinning (%)

together with a roll-to-roll process. Model showing

the spinning device: scaffold support bracket (1),
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drop (Pa)

(4). Adapted and modified with permission from ref.
193, licensed under CC BY 4.0. b E-spun silk fibroin
(B. mori) non-woven meshes spray-coated with
TiO,-nanoparticles for photocatalytic water treat-
ment. (i) Scheme of the production and application
of the composite meshes. (ii) SEM image of the
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antibacterial effect against E. coli. Moreover, in vivo assessments revealed
enhanced wound healing properties, and the fibers acted as a sensor for
wound stress'®.

Weiss et al.”’ employed electrospinning techniques to fabricate yarns
from recombinantly produced tropoelastin, combined with regenerated
Bombyx mori fibroin. Manual weaving of the resulting yarns yielded meshes
with pore sizes of 1 mm® (Fig. 7di). Notably, the tropoelastin-silk yarns
exhibited significant disparities in mechanical properties between dry and
wet states. In the dry state, these yarns displayed a narrow elastic region,
culminating in failure at 9% strain. Conversely, in the hydrated state, the
yarns demonstrated increased elasticity. The Young’s modulus of the dry
fibers, initially measuring 354 MPa (Fig. 7diii), markedly decreased to
8.6 MPa in the wet state. The tropoelastin-silk scaffolds, characterized by
their distinctive mechanical behavior, were utilized for the cultivation of
fibroblasts, facilitating cell attachment, proliferation, and alignment along
the direction of the yarns (Fig. 7div). Notably, in vivo studies spanning
8 weeks underscored the scaffolds’ resilience and revealed significant cellular
infiltration into the structure (Fig. 7dv)®.

Protein-based fibers for water collection
Silk microfibers, characterized by wet-rebuilt periodic spindle-knots,
exemplify a design inspired by natural spider webs to capture water from

humid air, where the natural model efficiently collects water droplets from
drizzle, fog, or condensation. The hydrophobic nature of the man-made
fiber surface plays a pivotal role in enabling the collection of water droplets,
mirroring the water collection principle exhibited by natural spider silk
fibers, attributed to their distinctive spindle knot structure'®. For the crea-
tion of artificial fibers imitating this spindle knot structure, three primary
methodologies have been employed. Firstly, electrospinning was utilized to
generate beaded fibers, where the beading was intricately influenced by
factors such as dope viscosity, jet characteristics, and surface tension'®.
Secondly, dip-coating emerged as a prevalent technique for spindle-knot
fiber production. The process involves immersing a regular protein fiber in
another protein solution and subsequent horizontal drawing after a desig-
nated period. The breaking of the protein film enveloping the fibers resulted
in the attachment of tiny drops around the fiber, thus forming the spindle
knot structure. Thirdly, microfluidics offered an alternative approach for
achieving the spindle knot fiber morphology, involving the use of a PDMS
chip with multiple holes to allow two alternating flows, yielding fibers with
the desired structure'*'”". For instance, dip coating was used to generate
silkworm silk-based spindle-knot-fibers (Fig. 8a). Therefore, degummed
silkworm silk derived from cocoons was dip-coated with gelatin derived
from porcine skin. The gelatin-coated fiber showed enhanced mechanical
properties (Fig. 8aiii) and a high efficiency in water collection (Fig. 8aiv)"”’.
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In another example a B. mori fibroin fiber, extracted from cocoons, was dip-
coated with recombinant spider silk proteins. After drying of the silk
solution on the fiber surface, spindle-knot fibers were obtained. Regarding
water collection, the protein-based fiber showed much higher efficiency
than a nylon-based system (Fig. 8c)'*".

Protein-based fiber meshes for filtration applications

Keratin and silk non-woven meshes have also been used as filter membranes
due to their sustainability and biodegradability, referring to the possibility of
natural decomposition of the keratin- and silk-based fibers by enzymes. This
transformative process converts complex organic compounds into simpler,
environmentally benign substances, including water, carbon dioxide,
methane, biomass, and inorganic compounds'**"*’.

The big advantage of using fiber meshes in filtration is their big surface-
to-volume ratio and their permeability, especially for gas or liquid flow-
through applications. B. mori fibroin, extracted from cocoons, was prepared
as aqueous solution and electrospun into nanofiber meshes, using poly-
ethylene glycol (PEO) as additive. The obtained filter layers were compared
to commercially available systems regarding filtration efficiency and resis-
tance of air flow. Polluted air was flown through an acrylic pipe and purified
by the air filter. In general, the filter efficiency was superior in comparison to
that of artificial ones'”". Electrospun spider silk mats (Fig. 9aii) were also
used for air filtering membranes'”’. Applying centrifugal electrospinning
allowed high throughput filter membrane production within a roll-to-roll
process (Fig. 9aiv)'”. Due to their nanometer size, the filter efficiency of the
spider silk meshes was significantly higher than that of a commercial filter
system (Fig. 9aiii)'”. Electrospun keratin fibers extracted from wool were
used to produce electrospun meshes with fibers having diameters in the
nanometer range and a varying pore size due to the duration of the elec-
trospinning process. These meshes were used as air filters to remove solid

particles with micron size e.g., bacteria'”’.

Protein-based fiber meshes for catalytic applications

In order to use protein-based fiber meshes regarding water treatment, fibers
were modified using inorganic nanoparticles, either immobilized by che-
mical binding on the fiber surface or by a spray-coating process'”. Com-
bining electrospun fiber meshes consisting of B. mori silk fibroin with TiO,
and ZnO nanoparticles, a hybrid mesh was created used for the treatment of
pesticide polluted water. The particles had no considerable influence on the
mechanical properties of the fibers, but the hybrid materials showed a
significant degradation activity on pesticides upon irradiation with sun light
(Fig. 9b)'”. Additionally, keratin, extracted from wool, was blended with
polyethylene terephthalate (PET) and electrospun into nanofibers with
diameters ranging from 310 nm to 790 nm. The final composite material
was placed in an Cr(VI) solution, showing an increasing adsorption ability
with increasing keratin content, due to the disulfide bonds and the redox

reaction with the cystine oxide'”’.

Conclusion and outlook

In conclusion, protein-based fibers and fiber systems are promising
materials for a multitude of applications. The understanding of the natural
assembly and spinning processes is resulting in fibers with mechanical
properties sometimes as good as in nature sometimes even better. Due to
the properties of being biodegradable and biocompatible, protein-based
fibers are used to replace polymer-based ones in applications as filters as
well as scaffolds in catalytic reactions for water treatment. In the field of
biomedicine, protein-based fibers are used as sutures and scaffolds in
tissue engineering. However, there are some problems that must be
overcome in the future. First, the lack of mass production of fibrous
proteins is a major drawback at the moment. The extraction and the
collection of naturally derived proteins is yet not as (cost) efficient as the
production of synthetic polymers. Therefore, the focus of research is on
the scale-up and the price-reduction of the production of recombinant
proteins. Further, degradation and long-term stability are issues which
protein fibers face, which can be beneficial in terms of environmental

impact, but detrimental in the durability of a product. There is still the
necessity of posttreatment of the fibers with chemicals or the mixing with
other polymers to render the protein fibers stable against UV-light or even
water. But the versatility and multifunctionality as well as the easy mod-
ification of protein fibers makes them valuable and promising for a myriad
of applications. Due to further knowledge-gain regarding the natural
systems and the mimicking thereof in man-made fiber spinning set-ups,
we assume that protein-based fibers will play an increasingly important
role in the future. Especially, regarding the raising demand for green
materials as well as for alternative energy sources and the reduction of
microplastics, protein-based fibers have already shown their potential as
one material of choice.
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