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Mesoscale structure development reveals when a
silkworm silk is spun

Quan Wan'!, Mei Yang', Jiagi Hu', Fang Lei!, Yajun Shuai®, Jie Wang', Chris Holland@® 2%,
15

Cornelia Rodenburg® 2™ & Mingying Yang

Silk fibre mechanical properties are attributed to the development of a multi-scale hier-
archical structure during spinning. By careful ex vivo processing of a B. mori silkworm silk
solution we arrest the spinning process, freezing-in mesoscale structures corresponding to
three distinctive structure development stages; gelation, fibrilization and the consolidation
phase identified in this work, a process highlighted by the emergence and extinction of ‘water
pockets'. These transient water pockets are a manifestation of the interplay between protein
dehydration, phase separation and nanofibril assembly, with their removal due to nanofibril
coalescence during consolidation. We modeled and validated how post-draw improves
mechanical properties and refines a silk’s hierarchical structure as a result of consolidation.
These insights enable a better understanding of the sequence of events that occur during
spinning, ultimately leading us to propose a robust definition of when a silkworm silk is
actually ‘spun’.

TCollege of Animal Science, Zhejiang University, Hangzhou, China. 2 Department of Material Science and Engineering, University of Sheffield, Sheffield, UK.
®email: christopher.holland@sheffield.ac.uk; c.rodenburg@sheffield.ac.uk; yangm@zju.edu.cn

NATURE COMMUNICATIONS | (2021)12:3711| https://doi.org/10.1038/s41467-021-23960-w | www.nature.com/naturecommunications 1


http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-021-23960-w&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-021-23960-w&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-021-23960-w&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-021-23960-w&domain=pdf
http://orcid.org/0000-0003-3313-1800
http://orcid.org/0000-0003-3313-1800
http://orcid.org/0000-0003-3313-1800
http://orcid.org/0000-0003-3313-1800
http://orcid.org/0000-0003-3313-1800
http://orcid.org/0000-0003-0913-2221
http://orcid.org/0000-0003-0913-2221
http://orcid.org/0000-0003-0913-2221
http://orcid.org/0000-0003-0913-2221
http://orcid.org/0000-0003-0913-2221
http://orcid.org/0000-0002-9590-375X
http://orcid.org/0000-0002-9590-375X
http://orcid.org/0000-0002-9590-375X
http://orcid.org/0000-0002-9590-375X
http://orcid.org/0000-0002-9590-375X
http://orcid.org/0000-0003-1256-6514
http://orcid.org/0000-0003-1256-6514
http://orcid.org/0000-0003-1256-6514
http://orcid.org/0000-0003-1256-6514
http://orcid.org/0000-0003-1256-6514
mailto:christopher.holland@sheffield.ac.uk
mailto:c.rodenburg@sheffield.ac.uk
mailto:yangm@zju.edu.cn
www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

ilks are a group of proteins that are spun into fibres for use

outside of the body. The process of spinning, i.e. the insti-

gation and control of protein self-assembly from an aqu-
eous feedstock into a solid fibre, has been of significant scientific
and technological interest for over a century!=3. After consider-
able global effort, it is now possible to approach the remarkable
properties of the natural fibres through a range of artificial means,
although moving beyond a technological perspective on silk, there
are still fundamental gaps in our knowledge surrounding struc-
ture development in the natural system.

In order to address these gaps, we previously proposed a
comparative framework for silk fibre production®. This dis-
cussed that while there is good experimental and modelling evi-
dence for events that relate to protein interactions at the
nanoscale®=8, such as those probing the facilitative roles of the N
and C termini®~12, at the mesoscale, structures generated by inter-
protein interactions are surprisingly challenging to characterise
and subsequently model with high resolution!3-15. These struc-
tures range from micelles or granules!®17, optical textures!$19,
nanofibrils202! and the peculiar presence of voids or
canaliculi?>?3. Hence, while recent progress has been made in
recombinant spider silk systems® with an increasing body of
evidence, it is clear that there exists a disconnect between the
diversity of mesoscale features present in silks produced from a
variety of animals. This demands more systematic attention and
explanation, in order for the field to reach a consensus sur-
rounding a general picture of silk fibre development at this
length scale.

The focus of this study is to ascertain the mechanistic origin of
these features and to attempt to place them within a continuum
of structure development as silk undergoes a flow-induced phase
transition during spinning. Ideally, this would be probed in vivo,
and while this is becoming a reality for nanoscale structures via
spectroscopy®?4, at the mesoscale there are currently significant
practical and technological challenges that make this an impos-
sibility. Hence previously this has been approached bottom-up,
by looking at the structures formed by an aqueous silk feedstock
as it subjected to a range of thermal, chemical and mechanical
stress fields which serve to initiate protein self-assembly and
denaturation2>26, An alternative approach is top-down, reverse
engineering features present in the spun fibre, usually as a result
of different spinning conditions?’. Taken together, important
insights have been gained via individual techniques but issues
surrounding inter and intra-sample variability mean that, while
some features have been observed and studied in great detail, a
cohesive story has remained elusive until now.

In this work, we propose that combining a top-down and
bottom-up approach may demonstrate the diversity of features
required to fill in the gaps in our knowledge. As a model system,
we have opted to investigate silk from the mulberry silkworm
Bombyx mori, due to its prevalence and accessibility, with the aim
that such an approach could be applied to the more specialised
spider, insect and arthropod silks in general in the future.

Result and discussion

In order to investigate structure transition in silk spinning, we
replicate the natural process by subjecting a regenerated B. mori
silk feedstock to an extensional flow field in order to partially
draw fibres!428-30 and then viewing the structures formed as the
silk proteins self-assemble using low-voltage SEM (SE and BSE
modes) on cryo-sectioned uncoated samples (Fig. 1).

Figure 1, illustrates the rich diversity of structures present
through this arrested development approach. This cross-section
of a partially spun regenerated silk fibre (Fig. 1a) clearly contains
features that have been seen in natural silkworm silk fibres that

are an order of magnitude smaller in diameter (Fig. 1b-e), such as
fibrillar structures on the surface!? and the presence of nanoscale
voids which we propose are more appropriately referred to as
‘pockets™l. Notably to our knowledge these pockets are not
readily observed in B. mori silks, but are in wild silkworm silks,
suggesting that they may be under different selective pressures
(artificial vs. natural). The natural variability (in terms of shape
and scale) of pockets observed in naturally spun silk in Fig. 1
suggests that their formation, transitory nature and persistence in
the fibre is likely to be a manifestation of both the composition of
the fibre and the spinning process’>33. However, while this
sample is substantially larger than the natural fibre (and possesses
a breaking stress of only 200 MPa (see supplementary informa-
tion table 1)), the raised centre and large porous regions are
suggestive of a non-Newtonian flow profile and the stress-
induced phase separation proposed by Knight** and seen in
rheological studies since the work of lizuka in the 1960s%°. In
particular, we consider these features as indicative of the progress
of fibre formation and subsequently sectioned a sample as it was
drawn from gel to fibre under controlled conditions (2 mm/min)
(Fig. 2).

At the microscopic scale, it is clear from the composite bire-
fringence image of a dried sample in Fig. 2a that orientation
develops as the sample is drawn from the gel (0.002) to the fibre,
eventually reaching similar values seen in natural silks (~0.02)3¢
suggesting similar extensional flow processing mechanisms37-38,
Sectioning and SEM imaging at points along with this sample
links changes in birefringence to mesoscale structure develop-
ment (Fig. 2b-f). Sectioning in the gel-like portion reveals a
fracture surface that is largely amorphous, with deformation
occurring in multiple randomly distributed locations, suggesting a
plastic mode of failure rather than a fibrillar mode (Fig. 2b)3%40.

The point at which the birefringence starts to increase sig-
nificantly, SEM reveals a fibril-like pattern on the outer edge of
the fibre (Fig. 2c and for more detail see Supplementary Infor-
mation Fig. 2). Towards the centre of the fibre, the fracture
surface becomes smoother and raised, which suggests a cross-
sectional gradient in the mechanical properties, caused by the
internal  structure deforming in line with pultrusion
orientation3%4l. Upon magnification, this raised section also
reveals the presence of pockets, which are more concentrated at
the centre of the fibre (Fig. 2d), akin to the distribution seen in
Fig. la. We attribute the non-Newtonian properties of the silk
solution and the extensional flow generated by drawing to be
responsible for the fact that pockets appear to form at the centre
of the fibre, as this section encounters the highest degree of
deformation during spinning®2.

As the birefringence increases and the fibre appears more solid,
we observe the pockets starting to radiate and spread out across
the entire surface of the fibre, with each pocket surrounded by
needle-like 50-70 nm diameter nanostructures (Fig. 2e). How-
ever, of key importance is that where the sample birefringence
reaches its maximum, these pocket and needle-like nanos-
tructures are no longer observed and the fibre surface becomes
smoother and less feature-rich (Fig. 2f).

The appearance and subsequent disappearance of these pockets
provide a remarkable insight into silks’ solidification and may be
considered a hallmark of the drawing process, as they do not exist
in the gel and seldom in the fibre. Given that there is a significant
change in silk hydration during both natural spinning®’ and in
our system (from ~72% to ~7% of total weight) we assume that
these pockets contain water released from the silk proteins as they
denature (i.e. dehydrate and change conformation)** and aggre-
gate into nanofibrils in response to the applied extensional stress
field®. As this drawing continues, we propose the nanofibrils of
silk consolidate into mesoscale bundles and the water is expelled
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Fig. 1 A variety of porous region related mesoscale structures are observed in natural and artifical silk fibres. Formation of mesoscale structures in a
partially spun regenerated silk fibre, featuring a porous region in a raised central area and sub-micrometre scale voids (a). Void structures are identified by
orange arrows. As an example of the generality of our observations, a magnified area of this sample (b) is compared with similar porous regions and
nanofibrillar structures present in cryo-cross sections of native Antheraea mylitta (¢) and the outer edge (d) and central region (e) of Antheraea pernyi silk.
While indicative, it is worth noting the diversity, scale and distribution of these mesoscale structures are likely to be specific to each species and spinning
conditions, much like fibre mechanical property variation on an intra and interspecific level.
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Fig. 2 The structural development in the formation of a silk fibre is demonstrated in this figure. A drawn silk feedstock and subsequent imaging of the
last few millimetres under cross-polars (a), note the gradual increase in birefringence as structure develops. Inset: the water droplets expelled to the fibre
surface as it solidifies. SEM images of fractured cross-sections of each segment b-f of the drawn fibre are shown in the image (b-f), ¢ the inset region
indicated by the white box is magnified and contrast-enhanced to show the development of water pockets (yellow arrows), which become more common
as nanofibrils are assembled (e), eventually leaving only the ~30 nm diameter ‘needle-like’ structures are left solid besides water pockets, f these pockets
subsequently disappear and needle-like structures fuse into a dense fibre. Dehydration-related structural changes are presented in g where the grey region
represents the volume fraction occupied by the water pockets, the red region represents residual water within protein domains (calculated by initial
solution water fraction minus phase-separated and expelled water) and the blue region represents water expelled to the sample surface (measured by
careful mass comparison before and after removal of surface water droplets). The corresponding increase of non-dissolvable protein is shown in h, where
the yellow region represents the beta-sheet crystal fraction, the green region represents the non-dissolvable protein fraction and the blue region represents
the dissolvable protein fraction. In g and h data points marked by hollow circles were derived from SEM images, data points shown as solid circles were
obtained by Raman spectroscopy, and data shown as solid squares were calculated from measured mass differences. A schematic of the complete process
is shown in i where blue chains represent amorphous fibroin and red blocks represent beta-sheet crystals.
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Fig. 3 A fibrillization stage sample as shown in Fig. 2 was further processed to consolidate in this figure. This sample was further drawdown under wet
conditions until it entered the consolidation stage (a). The stress applied in this drawdown process at a constant draw speed of 5 mm/min is shown in plot
(b). The longitudinal section (¢, d) and cross-section (e-g) of fibres subjected to differing levels of draw are compared by SEM imaging to show structure
development, the fibre longitudinal axis is marked by a white arrow in ¢, d. SEM images are taken in backscattered mode, with contrast corresponding to
local density®4. Red in the colour coded images represent areas of higher density and blue represent areas of lower density alongside pockets.

to the surface, which supports previous evidence of nanoscale
dendritic ‘riverbed’ patterns#’ in sectioned spun B. mori silk fibres
where pockets are not seen. Hence the structure development
seen in Fig. 2, occurs alongside a major dehydration process, as
depicted in the schematic in (Fig. 2i) which we define as three
stages (1) gelation, (2) fibrilization and (3) consolidation.

From our description above it follows that the pocket volume
(as determined from SEM images) corresponds to phase-
separated water. This is supported by evidence that upon exit-
ing the spinneret natural silk fibres retain a considerable amount
of water (~70%) which is mostly lost while it is drawn through
the air*34547. Hence we can plot the dehydration process versus
structure development as shown in Fig. 2g. This allows us to
define water as being either trapped in the protein phase, phase-
separated into water pockets or expelled to the fibre surface. To
account for this we suggest there exists an equilibrium between
water in the protein phase, the pockets, and water being lost to
the surface via diffusion which is driven towards further dehy-
dration through the extension of the fibre (which has previously
shown to occur in an amorphous silk protein phase?2). This
balance would also be influenced through the environmental
humidity, as this has been shown to impact final fibre properties
and more recently fibre formation through extension30:48:49,

Our data indicate that as the fibre is formed, nanofibril con-
solidation as a result of accumulated extensional flow (physical
stretching) combined with volume constancy of the solid portion
of the fibre, forces water to be ‘squeezed out’ of the pockets and
left to diffuse towards the surface through a combination of
capillarity, osmotic pressure and matrix interaction as the silk
proteins become denatured and relatively more hydrophobic.
However, the time and length scales involved in this process are
crucial from a mass transfer perspective, as fibre dehydration
cannot be completed if the resulting diffusion path is too long
during the time of fibre formation (i.e. the fibre is too thick or
spun too fast). Figure 1 shows such a situation.

As a means to confirm that the loss of water is associated
directly with silk protein dehydration and solidification akin to
natural spinning, we determined the p-sheet secondary structure
fraction of each segment (from backscattered SEM images and
Raman spectroscopy, see methods) and the propensity of fibres

experiencing the same processing conditions to dissolve in water
(Fig. 2h). The results indicate that as drawing increases, so does
the non-dissolvable fibre and B-sheet fraction. However, the non-
dissolvable fraction continues to increase after the point at which
the P-sheet fraction plateaus. This implies that even after the
structural conversion of the silk proteins is complete, the fibre is
not fully solidified, as some of it can still dissolve (presumably the
non-consolidated amorphous regions). In addition, the Raman
signal (as shown in supplementary information) corresponds to
such dehydration is reported to be essential for the stability and
folding behaviour of the amorphous fibroin chain. The report
demonstrated interplay of N- and C-terminus in fibroin H-chain
caused a series of behaviour in fibroin transformation®0. The
spacial factor of peculiar peptide versus chain terminus is pro-
posed taking part in molecular-level mechanism®!>2, this theory
suggests the possibility of fibroin chain interacting with neigh-
bour nano-structure in dehydration.

The identification of three distinct stages of mesoscale structure
development in silk surrounding gelation, the creation of nanofibrils
and their subsequent consolidation, provides us with a platform to
probe how processing relates to structure development and
mechanical performance of the fibre. The fact that fibre mechanical
properties can be controlled through spinning rate and post draw is
well-established3, and is often related to the increase in crystallinity
or orientation of the fibre2”. However, questions remain around
whether the hierarchical structures seen in fibres developed during
spinning can be replicated simply by post drawing fibres alone.

To address this, we compared samples that initially exhibited
intermediate birefringence (~0.0067, which is comparable to
segment Fig. 2d), by subjecting one of them to further extension
at 5mm/s until a ~2:1 draw ratio was reached (Fig. 3a, b) Post
drawing saw a marked change in the mesoscale structures present
in the fibres, akin to those seen in Fig. 2. Prior to the drawing,
SEM revealed the presence of a distributed network of water
pockets in the fibre (Fig. 3c, e). After post drawing, these water
pockets disappeared and fibrillar structures were visible
(Fig. 3d)!13. Moreover, in cross-section, a more clearly defined
phase transition was observed with 40 nm crystalline ordered
structures being surrounded by disordered regions (Fig. 3f, g)
Note that beyond a ~2 draw ratio the fibre began to strain harden,
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Fig. 4 The development of silk strucutre and property is correlated with extensional strain accumulation. The flow field calculated (a) for the sample
before drawdown in Fig. 2 is shown along with the accumulation of extensional strain (¢) versus the distance of sample extensional flow. The same
calculation of an extruded sample is shown in b and d. The colour gradient from blue to red represents a low to high flowing rate. Note the simulation is
built using an axial symmetry approximation and is not the accurate value due to limitations of the calculation. The samples showing slippery fibril bundle
(SFB) structure and non-slippery fibril bundle (NFB) are marked in plots ¢ and d. The development of a nanofibrillar structure with respect to the strain
accumulation is shown in longitudinal SEM images (e-h) with the extensional flow direction marked by white arrows. The average sample mechanical
strength of each stage is shown in plot (i). A representative stress-strain curve of each stage sample is shown in plot (§j). The error bar represents the
standard deviation for the tensile strength of each stage, which is £21.3, £44 and +74.7 MPa, respectively, n=>5 for the gelation stage and n= 6 for the

other two stages.

implying complete solidification and hence we assume no more
mesoscale structure development takes place.

This implies that post draw can be applied to progress, not just
nanoscale, but also mesoscale structure development in partially
spun fibres. Furthermore, we find that if processed carefully and
drawn to the point at which mesoscale structure development is
complete but not beyond, these fibres exhibit comparable
mechanical strength to natural fibres (as shown in Supplementary
Information). This indicates artificial silk systems may be able to
achieve natural silk structures and properties with carefully and
appropriately applied strain, even when they are not spun in a
biomimetic manner. However, this relies on the fact that the
feedstock proteins are not degraded to an extent that precludes
their ability to undergo natural self-assembly pathways4>>
(discussed further in Supplementary Information).

As these results suggest structure development through extension
can occur during, or even after spinning, we addressed whether the
process by which extension is applied has an impact on silk gela-
tion, fibrilization and consolidation. This was achieved by

comparing droplet spinning and draw (pultrusion) to extrusion via
the amount of accumulated extensional strain achievable?2%0,
Through a combination of our modelling predictions and experi-
mental preparation, it was possible to create pultruded samples with
a calculated accumulated extensional strain of up to 1.1 and
extruded samples to between 1.2 and 5.6. (Fig. 4a-d).

Exposing samples with varying accumulated extensional strains
to water and imaging the portions that do not dissolve (Fig. 4e-h),
we see a similar three-stage structure development to fibres that had
undergone post draw (Fig. 2). At low levels of accumulated strain
(<0.5), samples remained gel-like and displayed little-to-no struc-
ture development. As the level of accumulated strain increased,
nanofibrils begin to assemble in the flow direction into structures
akin to slippery fibril bundles®”. As strain increases, the nanofibrils
become more aligned and consolidated while remaining partially
dissolvable (Fig. 4g) up to an extensional strain value of 1.7 (Fig. 4f).
Beyond an accumulated extensional strain of ~2.2, the system is no
longer dissolvable and presents a consolidated non-slippery fibril
bundle (Fig. 4h). This gradual change in mesoscale properties is also
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matched by a concurrent change in mechanical properties, with a
consolidated fibre exhibiting a breaking strength similar to that of a
native silkworm silk (Fig. 4i, j).

Combined, the findings in Figs. 3 and 4 suggest our silk protein
system will progress into its final consolidation stage with ~2.2-2.4
accumulated extensional strain, regardless if it is via extrusion or
drawing. This is close to the calculated value (~2.6) of natural
silkworm silk spinning*? and has the mechanical properties to
match (Fig. 4i)!320. Such similarity between our regenerated silk
fibre and native silk fibres suggests that this consolidation stage
identified in this work represents the end of the silk-spinning
process, natural or artificial, with fibres that no longer show
structure development may be considered fully ‘spun’.

However, while we have gained important insights into silk self-
assembly, this work represents the simplest case scenario for natural
spinning. There is a huge degree of specialisation observed in silk
producers, from internal drawdown to co-pultrusion, to highly
complex post draw*1:>8-61, Hence our observations may be useful in
investigating the role these more technologically advanced spinning
processes may play in structure development; serving as a simple
standard for degree of completion in silk spinning which directly
relates to a common process variable, draw?. In the future we
believe that such insights will help make it possible to directly and
quantitatively link a top-down process variable such as draw (or
extension) to the molecular-level energetic input into a silk feed-
stock, allowing one to predict bottom-up hierarchical self-assembly
and macroscale mechanical properties®!°. This will not only be of
interest to the biological sciences, but also the biotechnologists and
engineers seeking to develop artificial fibre processing and uses of
silk and silk-like materials in biomaterial applications®Z.

In conclusion, we demonstrated mesoscale structure development
during silk protein spinning, a process fuelled through extensional
flow, protein denaturation, aggregation and water removal. By
defining three distinct phases of morphological and mechanical
property development, we have been able to integrate previously
disconnected pre and post spinning processing into a single con-
tinuous spectrum, which will not only help define when a silk is truly
spun, but also act as a benchmarking system for bioinspired fibre
production and future multi-modular modelling approaches3%:63,

Methods

Regenerated silk preparation. Bombyx mori silk cocoons were cut into ~1 cm x 1
cm sized pieces and mildly degummed in a faintly boiling 1.25% aqueous solution
of citric acid (Aladdin, 99.5%) (1:40 bath ratio) for 20 min, then rinsed thoroughly
in deionized water. This degumming process was repeated twice to extract the
majority of the sericin, and then the remainder was washed with hot deionized
water before air-dried at 50 °C. The degumming process was controlled to optimise
the solution viscosity of our regenerated silk protein for fibre drawing, more details
are shown in the Supplementary Information. Degummed silk was dissolved in 9.3
M LiBr (Macklin, 99.9%) aqueous solution at 60 °C until no foam or suspended
solids were present. The resulting solution was then dialysed against frequent
changes of deionized water for 24 h, until Br* jon cannot be detected by an AgNO;
(Aladdin, 99.8%) titrant in the dialysis water.

Depending on the degree of degumming, the viscosity of this solution varies
from a semi-solution-gel state to a viscous solution. However, the final
concentration of the solution is always ~4% wt. Stock solutions were then further
concentrated by air drying at room temperature to prepare different concentration
systems. Multiple sets of solution were prepared and applied in our sample
spinning. Each one is concentrated to ~27% wt concentration by air drying, the
concentrating process took 6-12 h at <15 °C to avoid gelation. This concentrated
solution is a slightly white, translucent solution gel.

The molecular mass of this protein solution is measured by the standard SDS-
PAGE method. The protein sample is transferred into a 1 ml centrifugal tube with
loading buffer and immersed into boiling water for 30 s, before injected onto 15%
acrylamide gel. The running voltage is 120 V at the start and 140 V at the end, the
current is 90 mA at the start and 30 mA at the end.

Fibre drawing, extrusion spinning and strain calculation. Concentrated silk
protein solution-gels were placed onto a compression pattern of an Autograph
universal tester (Shimadzu, Japan) equipped with a 5N load cell and subjected to
drawing at 2 mm/min until the drawing stress became unstable (more detail is
discussed in supplementary information). The sample was then left under tension
to dry in the air for 10 min after drawing ceased. Environmental humidity in our
experiment is below 37%. The solidified segment at the end of the drawing process
was collected for characterisation.

The fibrilization stage segment for post drawing was made by cutting off a dried
drawn region exhibiting a birefringence below ~0.08 (1,-n, based on the
Michelson-Levy birefringence chart) using a CI-S POL optical microscope (Nikon,
Japan) a x10 objective and DS-Rs1 camera (Nikon, Japan). The thickness of the
sample is measured in the microscope image, the interference colour is located in
the first and second order. Segments were immersed in deionized water for 20's
before post drawing in the air using the same Autograph universal tester with a
constant drawing speed of ~5 mm/min until an increase of modulus was seen,
where at this point drawing is stopped and the current stress on sample maintained
for 5 min until the sample is dried.

Mechanical properties were determined based on 5 sample repeats per
progression stage using the same Autograph universal tester (Shimadzu, Japan)
equipped with a 5N load cell and a strain rate of 2 mm/min. The time between
each measured stress data point was set to 0.05s. Samples had an initial gauge
length of 4 mm and were gripped on an universal clamp using abrasive paper and
adhesive tape.

As the strain accumulation in a drawn sample happens in only a few
millimetres, samples with calculated different accumulated extensional strains in
Figs. 3 and 4 are not segments of a single drawn sample. They are prepared by
individual drawing process, respectively, and their strain and properties are
measured after drawing.

A Rosand RH10 (Malvern Panalytical, UK) capillary rheometer was applied in
the extrusion process. The barrel for the input solution is 15 mm in diameter and
the exit mold is 0.5 mm in diameter and 32 mm in length. The shear rate was
controlled to achieve different accumulated extensional strain and the pushing
speed of the piston in the barrel was 4 mm/min.

The flow field of both drawing and extrusion spinning is simulated using a
COMSOL software 5.4_with measured parameters input parameters. The transient
speed field of the aqueous protein system is converted into accumulated
extensional strain according to the calculations, assumptions and approximations
found in the Supplementary Information. For input into flow simulation, silk
solution rheological properties were measured with a MCR 302 (Anton Paar,
Austria) rotational rheometer with a Peltier controlled bottom plate at 25 °C with a
25 mm diameter 1-degree cone and plate at 0.09 mm truncation gap geometry gap.
All measurements were well within the torque limit for accurate measurement.

Sample characterisation, imaging and Raman spectroscopy measurements.
SEM images were taken using a Nova 450 microscope (FEI, ThermoFisher,
USA), the fibre/solid samples were imaged using 1 keV incident electron energy
without applying a conductive coating. BSE images were collected by a con-
centric backscattered detector to maximise the material contrast. All cryo-cross
sections were prepared by a direct fracture in liquid nitrogen, and longitudinal
section samples were prepared by fracturing the sample in liquid nitrogen at an
angle. In some situation, the top of the sample partially breaks off, revealing the
longitudinal section. The non-cryo samples are prepared by a simple stress
fracture.

Raman spectra of samples were measured using a DXRxi Raman spectrometer
(ThermoFisher, USA) using a 532 nm <5mW power laser, where the signal to
noise ratio in 600-2000 cm~! wavenumber region is above 8.0.

The beta-sheet fraction of the sample can be calculated by measuring the
crystalline phase occupation in BSE cross-sectional images or calculating the peak
ratio between the 1665 and 1400 cm~! bands in Raman spectra. The water-
dissolvable fraction of samples are measured as follows: Samples was stored in
water for one day at room temperature to remove the dissolvable content. The
remaining solid was dried and weighed, and is considered to be only non-
dissolvable protein. The pocket volume fraction is calculated through measuring
pocket occupation in BSE cross-sectional images using Image J 1.52a (NIH
Software, USA). Water expelled is calculated by measuring the weight loss after
carefully removing any water droplets that appeared on the sample surface.

Data availability

The authors declare that the main data supporting the findings of this study are available
within the article and its Supplementary Information files. Extra data are available from
the corresponding author upon request.
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