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A perspective on the evolution of artificial

silk fibre research
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Martin Zaki®"
Benjamin J. Allardyce’

, Gabriele Greco?®, Rafael O. Moreno-Tortolero*®, Chris Holland ®° &

For over a century, artificial silk spinning has pursued the exceptional mechanical performance of
natural fibres, largely through a molecular-centric strategy. Limitations in artificial systems have been
attributed to insufficient molecular weight, incomplete sequence architecture, or loss of native terminal
domains, factors also thought to disrupt liquid-liquid phase separation (LLPS) and hierarchical
assembly. LLPS is proposed to concentrate and pre-organise silk proteins, facilitating alignment
during spinning and formation of hierarchical structures that underpin mechanical performance. Here,
we reevaluate this paradigm through comparisons of regenerated silk fibroin (RSF), recombinant silk
proteins, and regenerated undegummed silk (RUS). Advances across these systems have
substantially narrowed the molecular gap with native silk, and under optimised conditions, all can
produce fibres with comparable mechanical properties. While LLPS and hierarchical organisation can
be induced in RSF and recombinant systems, these features do not consistently improve mechanics,
suggesting native-like assembly alone is insufficient. RUS, which retains multicomponent
interactions, most closely reflects the native system, yet still exhibits distinct rheology. Collectively,
this indicates that artificial dopes lack compositional complexity and ability to respond to dynamic
physiochemical gradients of the silk gland. Future progress in artificial spinning will require
reconstructing the multicomponent, non-equilibrium environment governing silk assembly in nature.

Natural silk fibres represent one of the most sophisticated materials pro-
duced in nature, combining high strength and extensibility to generate what
is arguably one of the toughest fibres known'. Unlike synthetic high-
performance fibres, whose processing requires harsh solvents, high tem-
peratures, or extreme pressures, silk is spun under precisely controlled
aqueous, ambient conditions’. Its exceptional properties arise not merely
from composition or molecular weight (MW), but from a tightly regulated
spinning process where proteins are stored at very high concentrations as
metastable aqueous solutions and undergo rapid, controlled denaturation
and solidification in response to external biochemical and mechanical
stresses™.

Silk spinning, being a stress-induced phase separation, is an intrinsi-
cally non-equilibrium process, involving the precise application of
mechanical work over defined timescales to reorganise protein hydrogen
bonding and initiate hierarchical self-assembly spanning nanometre to
micrometre length scales. Along the silk gland and spinning duct, gradients

in ions and pH™ ", progressive dehydration'", confinement within nar-
rowing channels", and evolving shear and extensional flow act synergisti-
cally with protein sequence to direct hierarchical assembly'*", from
molecular conformations and nanofibrillar precursors to macroscopic
fibres”. This multiscale organisation, underpinned by high fibroin MW, is
likely to reinforce silk’s mechanical performance'*™"’”. Moreover, water and
ions act not as passive solvents but as active regulators of protein interac-
tions, phase behaviour and structural transitions, working in concert with
applied flow deformation stress fields™*'**.

Beyond these gradients, growing evidence indicates that silk proteins at
certain times and sections of the gland are organised via liquid-liquid phase
separation (LLPS), enabling storage at high concentrations whilst sup-
pressing aggregation™”'. This phase behaviour is thought to develop along
the gland length in response to changes in pH, ions, hydration and flow,
progressively biasing proteins toward adopting aligned, (-sheet-rich
assemblies™. Importantly, these condensates are dynamic, varying across
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BOX 1 | definitions and terminology used for silk materials and assembly

Native silk—in solution, silk directly obtained from a silk gland, typically
by dissection of the posterior section of the middle gland prior to spin-
ning. In fibre form, silk is spun naturally by an organism.

RSF (regenerated silk fibroin) —silk solution produced by degumming
native silk fibres to remove sericin and associated proteins, followed by
dissolution of the purified fibroin. The resulting dope can be further pro-
cessed into a range of material formats, including artificial spinning to
produce fibres.

Recombinant silk—artificial silk proteins produced through hetero-
logous expression of engineered silk gene constructs in host organisms
(e.g. bacteria, yeast, plants or animals). The resulting dope can be further
processed into a range of material formats, including artificial spinning to
produce fibres.

development and cocoon construction stage, realising a structural 'antici-
pation' above that of an individual molecule™. While these insights are
important for contextualising fibre formation in this review, they are not
intended as a comprehensive evaluation of silk self-assembly, but rather to
highlight key physicochemical features that influence spinning outcomes.

Since the earliest attempts to produce artificial silk, researchers have
sought to decode and replicate this process ex vivo. While the importance of
spinning conditions, such as pH***, ions’~’, dehydration’, and flow has long
been recognised'*”, early artificial systems were fundamentally limited by
compromised molecular integrity”. As a result, environmental variables
could rarely be isolated or manipulated independently, and MW became the
dominant, and often unavoidable, limiting factor’”**. Within this context,
two strategies dominate: (i) dissolution of native silk followed by regen-
eration, and (ii) recombinant production of silk proteins in heterologous
hosts (Box 1)*. While artificial fibre spinning inevitably departs from the
biological system™ ™, this discussion focusses analysis on aqueous wet-
spinning in an effort to preserve the biomimetic relevance to the natural
spinning. Processing routes involving non-aqueous solvents, such as hex-
afluoroisopropanol (HFIP) or formic acid, are mostly excluded, as they
depart fundamentally from the aquamelt nature of native silk dopes’.

Likewise, individual studies vary widely in the production and storage
of silk protein dopes, spinning parameters, including coagulant chemistry
and pH, protein concentration, draw ratios and post-processing; therefore,
it is difficult to compare outcomes directly across the literature”. Inter-
pretation is further complicated by the lack of standardised mechanical
testing protocols; variations in gauge length, strain rate, environmental
conditions (temperature and humidity), how diameter is determined, and
data analysis methods (engineering vs true stress—strain) can significantly
influence reported fibre properties’””. Together, this methodological het-
erogeneity obscures structure-property relationships and hampers rigorous
cross-study comparison. To enable meaningful comparison, this perspec-
tive focuses primarily on MW and intact protein sequence as a unifying
variable, unless otherwise specified. This constraint allows a simpler direct
comparison between artificial systems and the native spinning process,
helping to distinguish limitations that arise from molecular integrity from
those imposed by the processing environment. Finally, we acknowledge that
silk-producing organisms differ in gland anatomy, physiology and silk
protein composition and fibroin amino acid sequence architecture (Box 1).
However, the limited availability of systematic, within-species datasets
spanning regenerated silk fibroin (RSF), recombinant and regenerated
undegummed silk (RUS) processing necessitates cross-species comparisons
where appropriate.

Early artificial systems failed to reproduce native spinning behaviour or
fibre performance™, with recent studies associating this primarily to
molecular degradation, reduced MW, and loss of intact terminal

RUS (regenerated undegummed silk—silk solution obtained by dis-
solving native silk fibres without prior degumming, thereby retaining
fibroin, sericin and other native protein components. The resulting dope
can be further processed into a range of material formats, including
artificial spinning to produce fibres.

Native-like—a descriptor indicating partial resemblance to native silk
in a specific attribute (e.g. molecular weight, terminal domain preserva-
tion, phase behaviour or mechanical performance), without implying full
replication of the molecular architecture, compositional complexity or
physicochemical environment of the native silk gland.

Hierarchical organisation —the presence of structural ordering across
multiple length scales, spanning molecular conformations, secondary
structure motifs and their assembly into nanofibrils, which further orga-
nise into micro- and macroscopic architectures.

domains™?. In native silks, the termini act as pH and ion-responsive oli-
gomerisation modules that mediate protein-protein association, which is
thought to enable stability during storage and reduce the energetic threshold
for fibre formation during spinning***~*’. Consequently, and taken from
lessons in polymer processing, restoring large, intact silk proteins above the
threshold to ensure entanglement became an early priority’””. Recent
advances now meet these prerequisites: systems that preserve native-like
MW?>?**% and native molecular architecture, including intact termini
under aqueous conditions, recover key features of natural silk formation
ex vivo, exhibiting native-like solution behaviour and nanofibrillar organi-
sation, together with high toughness previously considered unattainable
outside the organism*"**. These findings suggest that the long-standing MW
and hierarchical assembly barriers have been substantially cleared™. Yet full
convergence remains elusive, e.g. artificial fibres might exhibit lower
molecular alignment than native cocoon silk"’, which in part is attributable
to processing (Box 2)*.

RSF: the molecular weight shortfall

RSF provided the first practical route to processing silk outside the organism
and remains widely studied’**. By dissolving native Bombyx mori (B. mori)
silk fibres and reforming them into films®, fibres”, sponges™, or gels”’, RSF
enabled systematic investigation of silk’s properties using polymer-
processing frameworks.

RSF systems are fundamentally constrained by upstream processing
steps designed for textiles rather than molecular preservation. The domes-
tication of B. mori prioritised ease of reeling and reduced sericin content,
rather than optimisation of mechanical performance'®”. Chief among these
is degumming, which removes sericin using chemical, thermal, or enzy-
matic treatments . While effective for textiles, degumming usually
induces extensive fibroin hydrolysis***, often cleaving both the repetitive
core and terminal domains (Figs. 1, S1 and S2)***. Consequently, RSF exists
as a spectrum of molecular integrity, with emerging methods approaching
native-like states, though not yet fully equivalent. When RSFis in a degraded
molecular state, characterised by significantly reduced and broadened
molecular weight distributions relative to native silk, the damage is already
embedded in the feedstock prior to regeneration, thereby limiting the
attainable solution and fibre properties.

Within this paradigm, the inferior properties of wet-spun RSF fibres
were therefore rationally attributed to insufficient molecular weight, con-
sistent with polymer solution theory where chain length governs entan-
glement density and load transfer***". Reduced chain length diminishes
entanglement density, suppresses viscosity”’, and limits the ability of flow to
induce alignment and crystallisation™. Consequently, much of the literature
focused on developing gentler degumming protocols™****”, and alternative
solvent systems aimed at preserving or enriching higher MW fibroin
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BOX 2 | what does it mean to have a 'good' fibre?

Before discussing the various technologies, it is worth discussing what is
a 'good' fibre. From a mechanical perspective, this cannot be reduced to
a single parameter. Fibre performance is inherently multidimensional,
encompassing strength, Young’s modulus, extensibility and toughness
modulus. Among these, toughness modulus is often emphasised
because it integrates both strength and extensibility as the total area
under the stress—strain curve.

Silk, in particular, is frequently celebrated as one of the toughest
natural fibres'>%""*"" " and this reputation and unique selling point has
strongly shaped research priorities. As a result, many artificial silk studies
focus primarily on maximising toughness as the benchmark of
success*!°861%94122 However, identical toughness values can arise from
fundamentally different mechanical profiles (Box Fig. 1). A fibre may
achieve high toughness modulus through high strength and low exten-
sibility, resisting large loads before fracture. Alternatively, comparable
toughness can result from lower strength but very high extensibility.

Although the numerical toughness may be the same, the functional
behaviour under load differs substantially.

Importantly, native silks are not mechanically uniform materials. Their
properties adapt to biological function: dragline silk prioritises strength,
while other silks favour extensibility, or adhesion'®®. Furthermore, an
individual silk’s mechanical performance is tuned through the spinning
behaviour itself. Thus, natural silk distinguishes itself not merely by high
toughness modulus, but by achieving the appropriate balance of strength
and extensibility for its intended role within the structure being spun.

Evaluating whether an artificial fibre is 'good' therefore requires
consideration of the full stress—strain response and the intended appli-
cation, rather than reliance on toughness alone. While this perspective
may compare individual metrics at specific points for clarity, readers are
encouraged to interpret these values within their broader mechanical and
functional context.

Stress

High strength
Low extensibility

-—

/

Moderate strength
Moderate extensibility

Same
Toughness

Low strength
High extensibility

Strain

Box Fig 1. Different mechanical pathways to fibre toughness. Stress-strain curves illustrate that fibres can exhibit comparable toughness while
differing substantially in tensile strength and extensibility. One profile achieves high toughness through high strength and moderate strain, whereas the
another achieves similar energy absorption through lower strength but greater extensibility.

fractions™"'. Although direct systematic evaluation of MW on wet-spun
RSEF fibre mechanical properties has yet to be done, work on RSF films and
sponges have shown that a decrease in MW reduces the toughness modulus
and strength of the material (Fig. 2A and Box 3)'**"*. These efforts yielded
incremental improvements in spinnability and mechanical performance™*,
reinforcing the view that MW was a dominant bottleneck limiting artificial
silk performance. However, high MW alone does not guarantee high
mechanical performance. Even sufficiently long chains cannot realise their
intrinsic mechanical properties without adequate molecular alignment and
packing during spinning™, highlighting a second main bottleneck.

Across studies that wet-spin aqueous RSF dopes into salt or alcohol-
water coagulants, fibre performance consistently increases with MW and
the extent of post-spin drawing (Fig. 2A, B). Early aqueous RSF fibres
typically exhibit toughness modulus values below 40 MJ m™**, corre-
sponding to less than ~50% of the toughness modulus of native B. mori
cocoon brins (90 MJ m*)***'. Improvements in regeneration protocols that
retain higher MW fractions (>240 kDa) lead to substantial gains, and when
combined with aggressive post-spin drawing, aqueous wet-spun RSF fibres
(100-299 MJ m ) can even exceed the toughness modulus of some native
silkworm (B. mori, 90 MJ m ™) and certain spider silks (e.g. Trichonephila
pilipes, 149 MJ m ™) silks™?*>351-%3,

Post-drawing is central to these improvements (Fig. 2B)”. Tensile
drawing aligns chains along the fibre axis, promotes [-sheet formation,
reduces defects, enhances load transfer, and decreases fibre diameter,
thereby increasing the apparent mechanical propertes® . In practice,

mechanical alignment often exerts a stronger influence on strength and
toughness than coagulation chemistry alone®, indicating that externally
imposed deformation can partially compensate for the absence of native
spinning gradients. However, this compensation remains limited, as
drawing in artificial spinning is fundamentally distinct from spinning in
vivo'*”’. Native silk formation proceeds through a highly evolved pathway,
in which the duct, press-like structures, and spinneret impose a specialised
and tightly regulated stress environment that cannot be replicated in arti-
ficial systems, regardless of whether drawing is applied during spinning or as
a post-drawing step. For example, silkworms generate coupled shear and
elongational flows within a confined duct, alongside pH gradients and ion
exchange, before subsequent restriction via the silk press and spinneret,
which generates a complex and continuous stress and solidity gradient
during fibre formation®”. This is fundamentally different from wet-
spinning in a liquid coagulation bath, where solidification and deformation
are decoupled. Although more biomimetic approaches, such as microfluidic
spinning’"”*, have been developed, they remain far removed from the
complexity of the natural apparatus; consequently, through a combination
of our collective knowledge of the 'blueprints' and technical manufacturing
capability, no true analogue of the native spinning pathway exists.

Beyond simple chain entanglement, native silk is believed to achieve its
impressive mechanical properties because of its complex nanostructural
hierarchy””. However, only with the addition of additives, such as ions
(phosphate) or molecular crowders (dextran/PEO), can degraded aqueous
RSF fibres reproduce the hierarchical organisation similar to native silk
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Fig. 1 | The effect of degumming on silk molecular A
structure. A Schematic illustration of the primary
structure of the fibroin heavy chain in native silk and
RSF, based on proteomic analysis of the dialysis
supernatant, highlighting the loss of the N-terminal
with degumming”. B Sodium dodecyl sulphate-
polyacrylamide gel electrophoresis (SDS-PAGE)
illustrating the reduction in MW of silk after
degumming (see Fig. S1 for unedited PAGE)".
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Fig. 2 | Key characteristics of RSF fibres. Owing to the limited availability of data
directly correlating MW with fibre mechanical properties, A mechanical properties
of RSF sponges produced using different degumming times are compared . B Effect
of post-drawing on the mechanical performance of RSF fibres”. C SEM images
comparing exfoliated native silk cocoon fibres and RSF fibres, highlighting the

- Yao et al. 2021- No Hierarchy

20 40 60 80 100
Strain (%)

120

presence or absence of nanofibrillar hierarchy’****', and D their corresponding

representative mechanical properties™"””. Yao et al.” was tested at 0.02 mm/s, Yao
etal.” at 0.2 mm/s, and the strain rate was not reported for Lin et al.”". Adapted with
permission”******'. Copyright © American Chemical Society, Elsevier Ltd., Sage
Publications.

(Fig. 2C)°"”. However, RSFs that better preserve molecular integrity have
been reported to generate a nanofibrillar hierarchy without such additives™.
This indicates that retention of intact terminal domains plays a critical role
in enabling biomimetic assembly, allowing hierarchical organisation to

emerge intrinsically when key molecular features are preserved. At the same
time, the ability of salts or molecular crowders to induce similar structures in
more degraded systems indicates that environmental triggers can, at least
partially, compensate for lost molecular functionality. As hierarchical
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BOX 3 | measuring molecular weight in a multicomponent system

A practical limitation encountered throughout this perspective has been
the difficulty of directly comparing MW-property relationships across
RSF fibre studies. Many reports do not report MW analysis after
degumming or dissolution, or instead rely on qualitative descriptors such
as 'native-like or biomimetic' without providing validation, such as a SDS-
PAGE or size exclusion chromatography (SEC)®"'?*'2-'% despite the
well-established sensitivity of RSF properties to degradation during
degumming®®°°*°. As a result, correlations between MW and RSF fibre
mechanical properties are frequently inferred rather than directly estab-
lished, and the only direct comparison could be identified for films or
sponges‘moﬁs.

More fundamentally, defining '"MW" in silk is non-trivial. RSF often
represents a heterogeneous, partially degraded, multi-protein system
rather than a single monodisperse polymer. Although SEC and SDS-
PAGE are powerful tools for resolving single polymers, species of similar
MW often overlap in elution or migration, making it difficult to distinguish

structuring is hypothesised to enhance toughness", one would assume that
the tough RSF fibres lacking nanofibrillar hierarchy, such as those spun by
Yao et al.”>**** likely fall short of their full mechanical potential. However,
across the literature, the toughest RSF fibres reported to exhibit nanofibrillar
hierarchy do not outperform the toughest modulus without such features
(299 vs. ~173 MJ m ) (Fig. 2D)****,

It is important to note that these comparisons are drawn across
independent studies employing different spinning conditions, protein
concentrations and testing protocols, and a systematic, side-by-side study
isolating hierarchy as a single variable remains absent from the field.
Nonetheless, the observation of improved mechanical properties in the
absence of well-defined nanofibrillar features demonstrates that hierarchical
organisation is not an automatic consequence of mechanical optimisation,
and, conversely, that hierarchy is not a strict prerequisite for achieving better
mechanical properties. Instead, both hierarchy and mechanical perfor-
mance are strongly influenced by environmental factors during spinning.
Crucially, because many RSF systems do not fully preserve native protein
structure, it is challenging to decouple molecular integrity from processing
effects. As a result, the influence of spinning environment (ions, hydration,
flow and confinement) is often masked by degradation-induced limitations,
preventing clear attribution of cause and effect’’. More importantly, RSF
cannot resolve a central question: is hierarchical organisation encoded
intrinsically within the native silk protein architecture, does it require
external environmental programming to be expressed, or their combina-
tion, and if so, to what proportion?

It is worth noting that the ultimate objective of artificial silk spinning
research is not simply to respin silk. There is little practical advantage in
dissolving an already exceptional natural fibre only to regenerate one that
might have similar mechanical properties. The persistence of regeneration
approaches therefore suggests a deeper motivation: not merely to reproduce
silk, but to understand how silk is made, to identify the physical and che-
mical principles governing its storage, assembly and solidification, and to
translate that understanding into bio-inspired spinning strategies.

Viewed in this light, RSF represents a critical yet fundamentally
incomplete step in artificial silk development. It established MW as a pre-
requisite for spinnability and mechanical performance. However, even as
regeneration protocols improved, RSF solutions rarely approached the
extreme concentrations™”, stability’’ or responsiveness of native silk
dopes™>”. The persistent inability to decouple solubility, stability and
alignment foreshadowed a deeper constraint: once molecular integrity is
compromised, no amount of downstream processing can fully recover the
non-equilibrium assembly pathways used in nature. This realisation set the
stage for a second major strategy in artificial silk research, rebuilding the silk
molecule from the bottom up.

intact fibroin chains from partially degraded fragments or associated
assembilies. Likewise, dynamic light scattering can provide hydro-
dynamic size information but assumes spherical particles and does not
resolve copolymer interactions or compositional complexity. In practice,
SDS-PAGE remains one of the most accessible and robust methods for
assessing silk degradation state, particularly when complemented by
staining'"'?¢, or downstream LC-MS or SEC analysis of excised
bands'**"®". While imperfect, these approaches provide a pragmatic
means of tracking molecular integrity within an inherently compositionally
complex system, such as silk.

Best practice: future studies would benefit from routine reporting of
MW distributions with at least SEC or SDS-PAGE, ideally as smear ranges
alongside averages, together with complementary analytical methods,
enabling more rigorous and reproducible structure-property compar-
isons across regenerated silk systems.

Recombinant silk proteins: rebuilding the molecule
Recombinant silk proteins emerged as a direct response from the inability to
study or use spider silk proteins due to the limitations in farming them, such
as their cannibalistic nature’””*. However, they can address the molecular
limitations of RSF, reframing artificial silk as a problem of molecular design
rather than molecular preservation. Instead of attempting to process the
inherently difficult-to-solubilise native proteins with harsh chemistries,
recombinant approaches sought to reconstruct silk from the bottom up,
using genetic engineering to precisely define sequence motifs, terminal
domains and repeat architecture”’. In doing so, recombinant systems can
eliminate ambiguity arising from degradation and re-establish MW as a
controllable design variable under aqueous processing conditions. At the
same time, recombinant systems span a broad design space, with variations
that strongly influence assembly pathways, molecular alignment, crystal-
linity and the resulting performance. Even though a more explicit stratifi-
cation by construct type would help disentangle limitations arising from
molecular design from those imposed by processing conditions, as discussed
in detail elsewhere”™®!, this discussion treats recombinant silks in a collective
sense, to enable meaningful comparison.

In principle, recombinant systems offer unparalleled molecular pre-
cision. Protein sequence, block architecture and terminal domains can be
systematically designed, and post-translational modifications can be par-
tially controlled depending on the expression host or co-expressing mod-
ifying enzymes, such as kinases***. This flexibility enables access to silk
proteins from species, such as spiders or bagworms® ", which are difficult to
obtain naturally and, in some cases, exhibit greater toughness modulus than
domesticated B. mori silk’>. However, these advantages are counterbalanced
by fundamental biological and physiochemical constraints. Expression
yields decrease sharply with increasing protein length, as large, repetitive
silk-like sequences impose substantial metabolic and proteostasis burdens
on host organisms™*. Efforts to increase MW frequently result in intra-
cellular aggregation in the host organism, inclusion body formation, or
precipitation during aqueous solution processing and purification™ ™.
Consequently, most recombinant proteins remain significantly shorter than
native spider or silkworm silks®.

As with RSF, inferior recombinant fibre properties were therefore
rationally attributed to insufficient MW and chain length'””*”>. Conse-
quently, much of the recombinant silk literature focused on engineering
longer constructs, through multimerization strategies or blending
approaches to increase effective MW and improve spinnability
(Fig. 3A-D). These approaches led to clear improvements in fibre for-
mation and mechanical performance, reinforcing the view that mole-
cular reconstruction was the primary bottleneck in recombinant silk
systems.
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Influence of MW on recombinant silk fibre performance showing A SDS-PAGE
analysis demonstrating increase in MW with multimerization, and B representative
stress—strain curves of the 6-mer (blue), 32-mer (red), 64-mer (green) and 96-mer
(purple) fibres, alongside their corresponding C extensibility-at-break and

D strength, where 1 = 10, error bars = SD". E Representative stress—strain curves of

the toughest reported recombinant silks”***. Heidebrecht et al. reported in true
stress/true strain, which overestimates material strength’*”’. SEM images of
recombinant silks F lacking and G exhibiting nanofibrillar hierarchy’'*. SEM
images should be taken with caution (see Box 4). Adapted with permission'”">**!"2,
Copyright © National Academy of Sciences, American Chemical Society and Wiley.

However, these advances were not without trade-offs. Alongside the
biological burdens mentioned above, they often require complex purifica-
tion requirements in an effort to maximise yield”. As a result, past pro-
cessing routes relied on concentrated salts, denaturants, or non-trivial
downstream purification steps that complicate scalability and diminish the
environmental advantages often associated with silk'’. Thus, while recom-
binant strategies restore molecular control, they do so at the expense of
practicality and scalability, introducing significant technical and sustain-
ability constraints.

Under favourable conditions, recombinant silk fibres can achieve high
extensibility and toughness, particularly when aggressive post-spin drawing
is applied, with reported toughness modulus (114-189 MJ m™), exceeding
some types of native spider silks (Trichonephila Clavipes, 111 MJ m ™)
(Fig. 3E)""”. This demonstrates that recombinant systems are capable of
matching the mechanical performance of natural silk, just like RSF. While
RSE fibres typically achieve high toughness modulus through a balance of
moderate strength and moderate extensibility, the range of recombinant silk
proteins allows for a range of high fibre toughness by shifting the balance
between these parameters, increasing strength at the expense of extensibility
or vice versa.

Despite these mechanical successes, the interpretation of hierarchical
organisation in recombinant silk fibres remains ambiguous (Fig. 3F, G and
Box 4). Although nanofibrillar hierarchy is frequently reported, many
recombinant spinning protocols employ metal salt buffers such as
phosphate”*****”’, conditions known to strongly influence silk protein
interactions and self-assembly'**. The frequent use of buffers complicates
the interpretation of hierarchical features, as it remains unclear whether the
observed ordering arises from intrinsic properties of the recombinant
protein architecture or from environmentally driven effects introduced
during processing. As in RSF systems, this coupling of molecular design and
environmental modulation makes it difficult to disentangle whether hier-
archy is encoded within the protein sequence itself or emerges in response to

specific ionic conditions. A systematic evaluation that independently con-
trols molecular architecture and environmental variables is therefore
required to resolve their relative contributions.

Beyond MW, recombinant systems necessarily simplify the native
silk molecular ensemble. Natural silk is a heterogeneous assembly of
many proteins that act cooperatively during storage and spinning;
however, reconstructing this full compositional complexity via recom-
binant processing is currently impractical. For example, B. mori silk
contains over 1000 distinct proteins, although most are present at
abundances below 1%”'"", and major ampullate spider silks contain
more than 2000 proteins, 18 of which in quantities above the 1%'".
Additionally, these proteins are not homogeneously distributed: for
example, many of the B. mori minor components are localised within the
sericin layers rather than the fibroin core'”"'”, and the fibroin-sericin
ratio correlates with extensional behaviour of the silk dope'”. Compo-
sition, therefore, matters not only in identity but in localisation. The
omission of these minor components raises the possibility that recom-
binant fibres do not fully capture the cooperative molecular interactions
that contribute to native assembly, hierarchy or function.

Taken together, recombinant silks represent a second critical but
incomplete step in artificial silk development. They demonstrate that
improved mechanical properties can be achieved without native molecules,
but, like RSF, also show that mechanical properties alone are not diagnostic
of native-like assembly. By exposing both the biological limits of producing
very large silk proteins and the sensitivity of hierarchical assembly to
environmental conditions, recombinant systems demonstrate that mole-
cular design alone is insufficient to reproduce the native spinning pathway.
Importantly, most recombinant constructs do not replicate the full archi-
tectural complexity of native silks. These insights redirect the field toward a
third paradigm: preserving native molecular integrity while systematically
reconstructing the physiochemical environment that governs silk assembly
in vivo.
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BOX 4 | methodological fragility of identifying nanofibrillar hierarchy

Interpretation of wet-spun fibre morphology is further complicated by
experimental limitations. Artificially spun fibres may possess 'skins'
arising from coagulation speed, which can have very different morphol-
ogy from the underlying structures'. Therefore, surface features
resembling nanofibrils can be observed, but this does not necessarily
demonstrate that such structures are present throughout the fibre core.
Imaging fibre cross-sections can, in principle, address this limitation;
however, fracture-based sample preparation introduces additional
uncertainty. The manner in which fibres are fractured can generate fibril-
like features that reflect crack propagation pathways rather than intrinsic
nanofibrillar organisation. Apparent hierarchy may therefore arise from
mechanical failure modes rather than native structural architecture. Even
within nominally identical fibre batches, nanofibrillar features can vary
locally, underscoring the influence of processing history, fracture method
and sampling location.

Characterization methods also play a role. SEM, commonly used to
visualise nanofibrillar morphology, is highly sensitive to sample pre-
paration. Dehydration, conductive coating and vacuum exposure can
introduce morphological artefacts'®. Atomic force microscopy (AFM)
provides a complementary approach, enabling surface topography to be
probed under less invasive conditions. However, AFM is also subject to
limitations: tip convolution effects can overestimate fibril width and
underestimate height'*'**, and the technique is inherently low-through-
put, limiting the number of specimens and areas that can be sampled.
Consequently, the absence or presence of nanofibrillar features in tra-
ditional SEM or AFM images alone cannot be taken as definitive evidence
of hierarchical organisation.

While advanced techniques such as focussed ion beam scanning
electron microscopy (FIB-SEM) can provide precise imaging of internal

Preserving molecular weight and composition
Numerous studies have reported methods that minimise fibroin degrada-
tion during degumming, including enzymatic degumming, microwave-
assisted extraction, or the production of silk cocoons with reduced B-sheets
that can be degummed under gentler conditions™’"'**. However, while
maintaining fibroin’s molecular weight, these approaches still differ fun-
damentally from the native silk gland because they do not retain sericin or
the other trace proteins found in spun cocoons. To address this, recent work
has focussed on developing methods to regenerate silk solution that avoid
degumming altogether to produce a 'RUS' that preserves the native multi-
component molecular architecture prior to processing (Fig. 4)"*****'**. RUS
eliminates the need for degumming by solubilising the entire silk material.
As a result, it produces distinct, well-defined bands on SDS-PAGE, in
contrast to the smeared profiles typically seen with conventional alkaline
degummed RSF. Beyond the improved molecular weight preservation
achieved with gentler degumming methods, RUS yields solutions contain-
ing intact, multicomponent protein assemblies, enabling direct investigation
ofless degraded silk dopes that more closely resemble the complex in nature.
Nevertheless, it remains possible that some degree of degradation is present.
Notably, dissolution of undegummed silk, most commonly using lithium
bromide, has long been employed to extract and characterise silk proteins
for proteomic analysis'**'”". In this context, several silk-producing species
have been dissolved without prior degumming, including silverfish, pantry
moth and cricket silks (Figs. 4A-D and $3-S6)'”"'"”. Despite this precedent,
relatively few studies have explored functional applications, and to date, only
one report has spun fibres using RUS solutions*"'*>'"”.

A distinguishing feature of B. mori RUS is that it inherently undergoes
LLPS under aqueous conditions as a function of concentration (Fig. 4E)"".
This behaviour likely arises from the retention of sericin and other native silk
proteins, including P25 and lower-abundance components, and their

structures'®'*, their interpretation still requires caution. For instance,
FIB-SEM can introduce artefacts, including curtaining, stripes or streaks
arising from variations in milling rates as the ion beam interacts with
surface topography, material inhomogeneities or defects'’. These fea-
tures may be mistakenly interpreted as nanofibrillar structures'°.
Although such artefacts can be mitigated, for example by milling at an
angle, they cannot be entirely excluded'®.

Alternatively, X-ray ptychotomography offers high-resolution imaging
without the need for sample preparation that may introduce
artefacts'*'*°. However, as a relatively recent and facility-limited tech-
nique, its application to native silk remains sparse. Consequently, direct
comparison with native silk fibres remains essential for reliable structural
interpretation.

Best practice: definitive assessment of hierarchy requires substantial
exposure of the fibre interior rather than reliance on surface or partially
fractured cross-sections. Ideally, SEM and AFM should be employed in
combination to provide complementary structural information across
length scales. More rigorous approaches may also include FIB-SEM,
X-ray ptychotomography and controlled mechanical or ultrasonic dis-
persion of fibres, performed alongside microscopy'*’, to determine
whether discrete nanofibrillar substructures can be reproducibly isolated
and quantitatively assessed. Additionally, images acquired at multiple
length scales and from multiple locations should be reported to
demonstrate that the observed morphology is representative. Until such
multimodal validation becomes routine, caution is warranted when cor-
relating SEM- or AFM-derived morphology as definitive evidence of
molecular hierarchy.

interactions with the fibroin complex. Together, these proteins form mul-
ticomponent assemblies that more closely resemble the native silk molecular
ensemble, rather than simplified single protein solutions™'"’. In addition to
promoting LLPS, retained sericin likely contributes to the enhanced solution
stability of RUS dopes by modulating hydration, screening intermolecular
attractions and reducing the propensity for premature aggregation'"'"". The
emergence of LLPS and improved metastability without external additives
mirrors behaviour increasingly recognised in native silk dopes and high-
lights the importance of multicomponent protein systems for achieving
biomimetic solution states™*'""’.

Within this framework, RUS addresses the MW and structural integ-
rity constraints that defined both RSF and recombinant silk systems. Fibres
spun from aqueous RUS dopes exhibit hierarchical features that approach
those of native cocoon silk, including nanofibrillar organisation and multi-
scale ordering (Fig. 4F)*. Importantly, this recovery of hierarchy occurs
without genetic reconstruction, extensive molecular engineering, or the
addition of metal ions, suggesting that preservation of native molecular
architecture and compositional complexity is sufficient to unlock biologi-
cally relevant assembly pathways under aqueous processing conditions.

Earlier attempts to induce hierarchical organisation in RSF or
Recombinant systems have demonstrated that environmental modulation
alone may promote aspects of nanofibrillar assembly. In particular, the
addition of salts or molecular crowders to RSF or Recombinant dopes has
been reported to trigger LLPS formation and concurrently nanofibrillar
structures under aqueous conditions"***""'*'*, However, although indivi-
dual variables can be systematically screened in isolation, these strategies
inherently modify solution composition, intermolecular interactions and
processing conditions simultaneously. As a result, once the full system is
reconstituted, it becomes difficult to disentangle the respective contributions
of MW, compositional complexity and environmental cues to the
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Fig. 4 | Preservation of molecular integrity and hierarchical features in RUS.
Representative SDS-PAGE profiles of RUS obtained from a range of ii silk-
producing organisms and iii their silk structures, including A silverfish (Lepisma
saccharina)'”, B pantry moth (Plodia interpunctella)'”'"* and C raspy cricket
(Gryllacrididae, photo credit: Peter T. Ruhr), (see Figs. S3-S5 for unedited
PAGEs)". E Comparative SDS-PAGE of RSF and RUS dopes, highlighting
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differences in molecular weight distribution and preservation of intact protein
structure in RUS (see Fig. S6 for unedited PAGE)"". F Microscopy images demon-
strating intrinsic LLPS in RUS, absent in RSF*'. D Sonicated wet-spun fibres
revealing nanofibrillar organisation in RUS that is not observed in RSF*'. Adapted
with permission*"'**'*'®*'"8, Copyright © Elsevier Ltd., American Chemical Society,
Wiley and PLOS.

emergence of hierarchical organisation. In this context, RUS provides a
complementary platform in which intact molecular architecture and mul-
ticomponent composition are preserved, allowing environmental factors to
be examined without the confounding effects of molecular degradation.
Despite these advances, RUS is not equivalent to native silk (Fig. 5).
Although it preserves molecular weight and multicomponent protein
composition, its rheological behaviour differs markedly from that of native
silk gland dopes (Fig. 5A, B)*"'"*'"". At comparable protein concentrations,
native silk is several orders of magnitude stiffer and more viscous, exhibiting
highly tuned viscoelastic and shear-responsive behaviour. Given that RUS
retains high molecular fidelity, this rheological disparity cannot be attrib-
uted solely to differences in primary structure or MW. Notably, RUS also
contains sericin, whereas the posterior section of the middle gland, typically
analysed, does not. Native sericin obtained from mutagenic silkworms
without fibroin was found to have a lower viscosity than those with
fibroin''. Therefore, sericin might partially account for some of the
observed differences. However, the influence of sericin on the rheology of
multicomponent silk solutions in vitro remains unclear, largely due to the
lack of methods for extracting undegraded sericin. Until such approaches
are developed, the independent rheological contributions of intact sericin
and fibroin cannot be reliably assessed. Moreover, the physiochemical
environment of regenerated systems differs from that of native silk. For
instance, altering the pH of RSF led to significant differences in their fre-
quency sweep profiles”, with moduli more similar to native silk, indicating

the importance of pH in mimicking the rheology. Collectively, these
observations point to the critical role of the native gland environment.

RUS solutions are generated under homogeneous bulk dissolution
conditions and therefore lack this non-equilibrium physiological regulation.
Although post-spin drawing and ethanol annealing serve as critical sec-
ondary processing steps that can promote P-sheet formation, enhance
crystallinity and improve molecular alignment beyond that achieved during
primary fibre formation alone, aqueous wet-spun RUS fibres, despite
exhibiting toughness modulus and extensibility that can exceed native
values, do not yet reproduce the degree of molecular alignment observed in
native cocoon silk (Fig. 5C-G)*'. These remaining discrepancies are infor-
mative: it indicates that although intact molecular structure and multi-
component solution behaviour is sufficient to recover hierarchical assembly
and high mechanical performance, it is not sufficient to recreate native
rheology or alignment. Molecular fidelity enables the possibility of biomi-
metic assembly; it does not guarantee its execution.

Viewed in this context, RUS helps to clarify some of the molecular
challenges inherent to artificial silk research. By preserving the molecular
weight distribution and associated components, it enables a clearer
separation between molecular fidelity and downstream processing (spin-
ning) effects than is typically possible in conventional regenerated systems.
While this still represents only an approximation of the native gland con-
tents, it allows certain molecular uncertainties to be reduced and provides a
useful point of comparison across artificial silk platforms. Rather than
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n =5, error bars = SD. However, alignment measured with F wide-angle X-ray
scattering (WAXS) and G polarised Raman demonstrates that RUS fibres possess a
lower degree of molecular alignment compared to native B. mori silk, where n =3,
error bars = SD. Adapted with permission’"""". Copyright © Wiley, American
Chemical Society and MDPL.

resolving the system, RUS helps frame the remaining challenges, which
increasingly appear to lie not only in molecular composition but also in the
physicochemical conditions of the silk gland, including controlled ionic
gradients, dehydration dynamics and elongational flow that couple mole-
cular interactions to fibre scale alignment.

In this sense, RUS provides a useful diagnostic platform for exploring
the constraints governing biomimetic silk assembly. It shifts the focus of
artificial silk research from solely molecular optimisation toward a broader

consideration of the environmental conditions that regulate silk formation.
By demonstrating that multicomponent silk proteins can undergo LLPS and
hierarchical assembly under aqueous conditions when molecular integrity is
reasonably preserved, RUS offers a framework for systematically exploring
how environmental cues regulate alignment and final fibre performance.
Together, these observations reinforce the view that effective biomimicry
likely requires not only molecular fidelity, but also appropriate composi-
tional and environmental context.
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Outlook

For much of its history, artificial silk research has framed performance gaps
as molecular deficiencies. RSF revealed the consequences of degradation,
and recombinant systems sought to rebuild sequence and architecture with
precision. More recent systems, including RUS, indicate that when mole-
cular integrity is better preserved, several previously assumed 'molecular
limits' become less restrictive. Notably, fibres produced from all three
platforms can, under certain conditions, achieve mechanical properties that
equal or even surpass those of native silk. Together, these observations
suggest that the principal bottleneck may no longer reside solely in MW or
sequence design.

Importantly, hierarchical organisation and LLPS are not unique to one
system. In both RSF and recombinant systems, the addition of salts or
molecular crowders can induce LLPS and promote nanofibrillar assembly
under aqueous conditions. These observations demonstrate that environ-
mental modulation alone can drive aspects of hierarchy, even when mole-
cular integrity is imperfect. However, because such additives simultaneously
alter ionic strength, hydration and intermolecular interactions, it can be
difficult to disentangle intrinsic molecular effects from externally imposed
environmental stress.

In contrast, RUS exhibits LLPS intrinsically as a function of con-
centration, without requiring salts or exogenous molecular crowders. This
behaviour suggests that retained, less abundant cocoon proteins may con-
tribute to multicomponent interactions as molecular crowders that promote
phase separation and nanofibrillar formation. Rather than introducing
hierarchy through external additives, RUS appears to enable it through
preserved compositional complexity. Even so, its rheology remains sub-
stantially different from native gland silk**"'”, and molecular alignment in
spun fibres does not yet fully match that achieved in vivo*.

Taken together, these comparisons reinforce a broader conclusion:
mechanical properties, hierarchy and LLPS can be achieved through mul-
tiple routes, but reproducing the tightly regulated, non-equilibrium phy-
siochemical and rheological environment of the silk gland remains
unresolved. The next phase of artificial silk research will likely focus less on
further molecular optimisation and more on reconstructing multi-
component systems within controlled ionic, hydration and flow landscapes
that couple phase behaviour to structure development.

Data availability
All data supporting the findings of this study are available within the paper
and its Supplementary Information.
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