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Silk fibres are assembled via flow. While changes in the physiological environment of the gland as well as
the shear rheology of silk are largely understood, the effect of extensional flow fields on native silk proteins is
almost completely unknown. Here we demonstrate that filament stretching on a conventional tensile tester is
a suitable technique to assess silk's extensional flow properties and its ability to form fibres under extensional
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Accepted 10th October 2018 extensional flow fields when compared to synthetic linear polymers, as evidenced by a higher Trouton ratio
which we attribute to silk’s increased interchain interactions. Finally, we show that native silk proteins can only

be spun into stable fibres at low extension rates as a result of dehydration, suggesting that extensional fields
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Introduction

Natural silk spinning is a highly energy efficient process,
creating protein fibres with an impressive combination of
stiffness, strength and elasticity comparable to, and often
exceeding, that of synthetic polymers.' These properties are
attributed to the self-assembly of hierarchical structures present in
silk fibres®” which are not only the result of protein sequence but
also the way the feedstock is processed,* i.e. spun.’
Understanding and successfully replicating natural silk
spinning can hopefully pave the way for a new generation of
high performance low embodied energy materials."* A recent
systematic review of artificial silk fibre spinning by our group
quantitatively assessed 49 studies over the past 70 years,"
revealing that current artificial spinning approaches are yet
to match as-spun natural fibres and in order to do so require
non-natural spinning conditions (i.e. harsh solvents) or signifi-
cant post processing (i.e. post spin draw).”>'® We concluded
that to produce a truly biomimetic silk requires the field to both
develop improved (ie. higher molecular weight)"” artificial feed-
stocks and in tandem, spinning systems that replicate the flow
conditions and chemistry present in the natural spinning duct.
Natural silk spinning begins with an aqueous native
protein feedstock secreted at high concentration (~400 kDa at
~250 mg ml~* or 25% dry weight) into specialised glands.'*®
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alone are unable to induce natural fibre formation.

As the feedstock is pulled through the gland,® the silk proteins in
both spiders and silkworms experience changes in pH,**>* metal
ion content,***?* and become aligned due to flow stress**”” before
finally forming a solid fibre as they undergo extensional flow."**"
While the physiological changes during natural spinning are well
understood, little is known about how silk proteins respond to a
purely extensional flow field.

This is an important gap in our knowledge as control of
extensional flow fields has been shown to be crucial in success-
fully designing fibre spinning devices in both polymer and
biopolymer-based systems.'®*** This was first seen by Chappel
and co-workers® in 1964 when they were trying to spin Nylon 6.6
and today with a range of groups across the world who are
looking at how extensional flow imparts orientation and struc-
ture development during melt processing and especially in
fibre spinning.**~°

For silk, extensional flow has been hypothesised to provide
uniaxial stretching of a liquid silk feedstock, resulting in a
stress-induced alignment, denaturation, crystallisation, aggre-
gation and fibrillation to form a solid fibre.>®*° However, in
practice this has been difficult to explore due to historic
difficulties in creating a purely uniaxial flow field, let alone
applying it to milligram sized samples.*®

The challenges associated in creating instruments to measure
extensional flow properties became evident in the M1 study in
1990 where various methods for measuring the extensional proper-
ties of a standardised test fluid were compared (including a
spinline rheometer,"" opposing jets**** and a converging flow
rheometer!).”® The different setups revealed huge differences in
measuring extensional properties of the M1 fluid as they suffered
from drawbacks such as unknown pre-shear history, inability
to measure steady state conditions and non-ideal extensional

This journal is © The Royal Society of Chemistry 2018
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flow fields.*>*® With testing native silk in mind, it was found
the most promising method for small sample amounts was
developed by Matta and Tytus who used a falling cylinder
device which achieved the best approximation to ideal exten-
sional deformation.”>*” This setup was later developed into
the widely used filament stretching device by Sridhar and
Tirtaatmadja which allows a nearly ideal uniaxial extension.***°

Another widely used method akin to this is the capillary
break-up extensional rheometer (CaBER) which is based on
works by Entov and co-workers.>*>!

Both filament stretching and CaBER methods are now well
established and have been applied primarily to characterise
dilute and semi-dilute polymer solutions,>*®" worm-like
micelle solutions®*®*7° and other biopolymers such as cellulose
which are relevant for fibre spinning.”* "

However, whilst the CaBER setup lends itself very well to
more dilute polymer solutions and Newtonian fluids,”"”* filament
stretching offers the potential to obtain extensional properties of
higher viscosity fluids such as polymer melts,”> making it more
suitable for testing native silks.

Over a decade of shear rheology has shown native silk
extracted directly from the animal’s silk gland behaves like a
concentrated and entangled protein solution (now referred to
as an aquamelt)."”*®" However, whilst the shear flow beha-
viour of silk is largely understood, its extensional flow is not,
having only begun to be addressed in a single study by Kojic
and co-workers over a decade ago.®> In that study they reported
extensional properties by stretching a native spider silk protein
sample extracted from the major ampullate gland in a custo-
mised microscale capillary break-up extensional rheometer.
However, due to limited sample availability and an estimation
of surface tension, the resulting extensional properties may not
be entirely representative of the natural system.

Therefore, our study seeks to extend this knowledge by
investigating fibre formation of native silk proteins extracted
from the silkworm Bombyx mori under extensional flow fields.

To achieve this we have developed, as suggested by Kojic
et al,’” a filament stretching rheometer*® as a means to
investigate the extensional properties of small sample sizes
with high viscosity’® and determined the surface tension of
native silk (which is also important for other silk-water
interactions®® such as electrospinning®® and printing®®).

Experimental methods
Native silk preparation

Native silk proteins were obtained from the silk gland of fifth instar
Bombyx mori silkworms and prepared as previously described.”” In
brief, silkworms were dissected and their glands carefully removed
and transferred into a Petri dish containing distilled water. The
epithelium was peeled off with fine tweezers under a dissection
microscope (SZ40, Olympus, Japan) and the gland contents were
subsequently washed again in distilled water.

All experiments were conducted using native silk proteins
extracted from the posterior part of the middle section of the
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silk gland which have a concentration of 24.0 + 2.5 wt%.”’
This part of the gland is predominantly free of sericin, ensuring
that silk fibroin is the main component tested.®*%”

Surface tension of native silk fibroin

The surface tension of native silk fibroin was measured accord-
ing to the sessile bubble method previously reported by
Andrade and Nakamura.?®®° In brief, native silk proteins were
very gently spread on the flat surface of an aluminium stub with
the help of a glass slide. Special care was taken to apply as little
shearing as possible to the silk proteins and to obtain a level
surface. The aluminium stub was then submerged in water and
an air bubble was placed on the silk surface with the help of a
micro glass capillary (Fig. 1).

Assuming all three phases (silk, water and air) are in
equilibrium the Young’s equation for the surface tension of
silk can be calculated as:

7sa = Ysw T Ywa c0S(0,) €

where 0, is the contact angle (Fig. 1). The subscripts S, A and W
refer to the phases silk, air and water (and later O refers to oil).
The combination of two subscripts, for example SW, refers to
the interfacial tension, in this case silk and water. When air is
the second phase (i.e. SA, WA, OA), the subscript refers to the
surface tension of the first phase. Accordingly, the interfacial
tension between silk and water can be calculated from their
polar and dispersive surface tension components by applying
the harmonic mean approximation:

VgA“/%\IA 75a7WA
Ysw = Vsa +7wa — 4 *4( > 2)
78a A 78 VWA

By replacing the air bubble with an oil droplet which is not
soluble in water and silk, two further equations characterising
the silk-oil interfacial properties can be deduced:

Al stub

native silk fibroin

air bubble

Ywa
Ysa = Ysw T Vwa €08(6,)

Fig. 1 Air bubble placed on a native silk fibroin surface which was care-
fully spread on an aluminium stub and submerged in water. The equili-
brium state between the surface tension of water (ywa), silk (ysa) and their
interfacial tension (ysw) allows the formulation of the Young's equation.

Soft Matter, 2018, 14, 8838-8845 | 8839
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Iso = Ysw + Ywo c08(0o) (3)

V(siAVdOA VgAVgA
Vso = Vsa T Yoa — 4 —4< ) (4)
78a T 70A 75a + 70A

The superscripts d and p describe the dispersive and polar
surface tension components.

Combining eqn (1)-(4) yields two eqn (5) and (6) that allow the
calculation of the surface tension components of silk (ySA and y8,)
and hence the total surface tension of silk (ysa = P+ 78a)-

Equation 5 and 6 have been simplified as the polar compo-
nent of oil is negligible so that y§, = 0:

»d d P
78A ] 'WAd 4 VOAd +V§A( p VWAp )
7Sa T7¥Wwa  ¥Sa T70a Vsa T 7wa 5)
_ 7owc0s(0o0) + ywa — Yoa
4
'}vd ydWA P ’y\pVA _ ’VWA[I + COS(GA)] (6)
SA / -
¥Sa + Yia SAVEA + 7wa 4

The contact angles of the oil droplet 6, and air bubble 6, to the
silk surface were determined with an Image]J plugin by analysing
their shape.”® The surface tension of water (ywa = 72.8 mN m ™)
and its polar and dispersive components (V\C}VA =21.8 mN m
784 = 51 mN m ') were taken from literature.”’ The surface
tension of oil as well as the interfacial tension of the water-oil

system were determined via the pendant drop method (see ESIT).

Filament stretching

A conventional Zwick Z0.5 testing machine (Zwick GmbH & Co.
KG, Germany) equipped with a 5 N load cell was modified into a
filament stretching device and used to determine the exten-
sional properties of native silk fibroin (Fig. 2a).>****° Around
5 mg (~6 pl) of native protein was sandwiched between two
parallel plates which were then separated exponentially from
their initial gap L, (Fig. 2b) to a maximum length of 20 mm
according to the following equation:

L(t) = Lye™ (7)

where ¢, is the constant strain rate for ideal extension. During
stretching, the force was recorded by the load cell of the Zwick
and the evolution of the mid-diameter of the filament was
recorded by a 1.45MP QICAM 12-bit Mono camera (QImaging,
Canada) at a rate of 10 frames per second (see Fig. 2¢). The mid-
diameter is used to determine the effective extension rate éqg:

—2 dDn (1)
Dmﬁ() dr (8)

beff =

which is a function of time and compensates for the non-ideal
extensional flow field caused by the no-slip boundary at the
endplates.?***> The Hencky strain ¢ can then be calculated by:

B)

Dm,O (9)

Eoff = -2 11’1(

with the help of a force balance derived by Szabo, the tensile
stress difference of the silk filament can be determined.’?
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Fig. 2 Setup and evaluation of the filament stretching experiment. (a) A
conventional Zwick Z0.5 testing machine was modified for filament
stretching. (b) Initial plate separation prior to starting the test. The plates
were then separated according to an exponential profile. (c) The force and
filament mid-diameter were recorded for each experiment which permits
the calculation of the transient extensional viscosity with an effective
extension rate.

Due to the high viscosity of the silk feedstock, the low amount
of sample used and the short stretching length at low extension
rates, gravitational and inertial effects can be negated in our
case.” The tensile stress difference in the filament can there-
fore be calculated by:

(T — 1) = F(1) B 9
T (rDk?(1)/4)  (Dm(1)/2)

(10)

where F(t) is the force recorded with the load cell of the tensile
tester and D(t) is the mid-diameter of the filament. The
surface tension, g, was determined by the method described
above. Dividing the tensile stress difference by the effective
extension rate yields the transient extensional viscosity ng:

+ _ <Tzz - Trr>
E— " .
Seff

n (11)
The silk proteins were uniaxially stretched under standard lab
conditions (23 £ 1 °C, 50 & 5% RH) at rates varying from 0.05 to
0.5 s~ . Of particular note is that the exponential profiles of the
highest rates (0.3 and 0.5 s~ ') are equivalent to spinning speeds
between 5-10 mm s~ ', replicating those used by the silkworm
in nature.”*%

For extensional tests in a high humidity atmosphere, an
environmental chamber was built around the sample in situ
which was then filled with saturated water vapour created by a
humidifier. The humidity inside the chamber was measured
with a TRH 22 hygrometer (Meterman, UK).

Shear rheology experiments

Shear rheology experiments were performed on a Bohlin
Gemini rheometer (Malvern Instruments, UK) with a CP1/10
cone and plate geometry (10 mm diameter, 1° opening angle
and 30 pum truncation) at 25 °C. Details of sample loading and
handling are reported in detail elsewhere.””””°

Experiments were performed in three stages. At first, a
conditioning step was applied at a shear rate of 1 s~ for

This journal is © The Royal Society of Chemistry 2018
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100 s to equally distribute the sample in the geometry and
eliminate any residual stresses from loading. Second, oscilla-
tory measurements were performed from 25 to 0.1 Hz at an
applied strain of 0.02. Lastly, the shear viscosity was deter-
mined by applying a shear rate ramp from 0.1 s~ to 100 s~ .
The value for the zero-shear viscosity #, was determined by

extrapolation of the viscosity curve to 0 s~ .

Results and discussion
Surface tension of native silk

As stated previously and evidenced by eqn (10), extensional
force is clearly influenced by surface tension and therefore
should be determined experimentally prior to conducting fila-
ment stretching. To achieve this, results for the contact angle
measurements of an air bubble and oil droplet on a silk surface
and the resulting surface tension of silk and its polar and
dispersive components are shown in (Fig. 3a—c).

From these tests the surface tension of native silk was found
to range between 43.3 and 69.1 mN m™ ', with an average of
54.2 mN m™ . Any inter-sample variability (see Table S2, ESIT) was
attributed to minor differences in concentration, surface rough-
ness and timing. However despite this variation, our results are in
agreement with the range from 30 to 60 mN m ' that was
estimated by Kojic and co-workers®> and those measured pre-
viously for a reconstituted silk®® (a process by which spun silk
fibres are rehydrated using chaotropic agents).*’

Extensional flow behaviour and spinnability of native silk

Native silk proteins were stretched at different rates to evaluate
their extensional flow behaviour and subsequent spinnability
(ability to form fibres, see video 1). From initial observations
during stretching, silk proteins were observed to be prone to
necking in the middle of the fluid column. This process is
initiated by shear forces acting on the fluid at small strains as a
result of the material adhering to the endplates.*®>* Despite
this necking, samples showed good spinnability at the lowest
rates (0.05 s~ ' and 0.1 s~ ") as they could always be stretched out
into fibres up to a plate separation of 20 mm.

b 6,=35.3£6.4°

native silk

™\

a 0,=51.4%7.8°

native silk

ﬂ o
oil droplet
c Y;A /mNm* | y? /mNm*| y /mNm’
n=10| 27.8+6.1 26.4+1.8 54.2+7.8

Fig. 3 Results for the surface tension of silk. (a) Contact angle of air bubbles
to the silk surface. (b) Contact angle of oil droplets to the silk surface. (c) Polar
and dispersive components and total surface tension of native silk. The results
for all 10 measurements are shown in Table S2 (ESI¥).

This journal is © The Royal Society of Chemistry 2018
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Upon increasing the extension rate, filament formation
became less likely at 0.2 s™* and impossible > 0.3 s™* (video 1,
ESIt and Fig. 4a). From video 1 (ESI}) it is clear that these
filaments did not fail due to continuous necking but snapped
instantly due to elastic fracture. We interpret this as when sub-
jected to higher extension rates the silk proteins cannot either
relax/rearrange in time to the deformation field or lack sufficient
stiffness (gel strength) and therefore the fluid column ruptures
due to the build-up of elastic stresses. This is surprising as these
higher extension rates coincide with natural spinning speeds (see
ESIt). Therefore, there may be factors other than extensional flow
contributing to natural fibre formation at higher rates that are not
accounted for here and will be the subject of future work.

Regardless of filament formation, the extensional flow
behaviour of the silk proteins could still be evaluated by
determining the transient extensional viscosity (13). When
plotted against time, three distinct regions can be identified
in the viscosity curve for all extension rates (Fig. 4b): after an
initial transient response, the viscosity plateaus before it devi-
ates upwards. The viscosity increase after the plateau arises
from an effect called strain hardening, which is shifted to
shorter times for higher extension rates. For the animal this
appears fortuitous as strain hardening is an important property
in polymers that improves processability during fibre spinning
by stabilising the fluid column and reducing necking.””*®

Assuming the silk feedstock to be akin to an entangled
polymer solution,”® we attribute the observed strain hardening
and associated viscosity increase to be due to chain entangle-
ments hindering the rearrangement of the silk proteins during
ﬂow-55,75,99

The extent of strain hardening can be compared for the
different extension rates by eliminating the time factor and
plotting the transient extensional viscosity against the total
Hencky strain e.¢ (Fig. 4c). Starting from a Hencky strain of 1 all
curves show strain hardening with similar slopes up to a value
of 10° Pa s, suggesting that the viscosity increase is indepen-
dent of the tested strain rates. Our measurements of silkworm
silk fibroin shows less pronounced strain hardening when
compared to Kojic’s spider silk which reaches viscosity values
above 10° Pa s for a Hencky strain of 3.* Although spider and
silkworm silks differ markedly in molecular structure, this
order of magnitude difference may also due to the small sample
size and therefore the influence of dehydration in the previous
work.*

Therefore, to estimate the influence of dehydration during our
extensional experiments, we determined the processability para-
meter P, a dimensionless number that relates the stretching time
with the time scale of water diffusion (limits water evaporation)
through the native silk dope (P = tygeten/taisr):" " 00" Water
evaporation is negligible for P « 1 but becomes significant for
values approaching 1. At the start of our extensional experiments
where the diameter is around 1 mm, evaporation is negligible yet
might have an influence at smaller diameters towards the end of
the experiment. Consequently, we analysed the influence of water
evaporation starting from the point where the filament has
a diameter of 100 pm. The time scale for diffusion is given

Soft Matter, 2018, 14, 8838-8845 | 8841
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(a) Native silk proteins show a good spinnability at low extension rates while no stable fibre formation is possible at speeds which are

characteristic for natural silk spinning. (b) Transient extensional viscosity of silk fibroin for different extension rates plotted against time. (c) Transient
extensional viscosity plotted against the Hencky strain ¢e to eliminate the time factor and compare the strain hardening behaviour for the different
extension rates. It was found that 5 in the plateau region is subjected to a high variability between different worms. This variability was already found in
shear rheology experiments from our group.”” As proteins from different worms were used for each extension rate, we compared curves with similar

extensional viscosities in the plateau region (5000-7500 Pa s).

by taier = R/Dy, where R is the initial filament radius (100 pm
in our case) and D, the diffusivity for water in silk (D, =
2 % 10~° mm? 571)‘82,102

For 0.3 and 0.5 s * the stretching time Zg¢retch from a filament
diameter of 100 um to the end of the test (in this case filament
rupture) is around 1 s, which results in a processability para-
meter of P < 0.008. This suggests a negligible influence of
water evaporation during stretching at high extensional rates.
Towards lower extension rates, the stretching time increases
and the processability value P returns values of 0.12 for 0.1 s~ "
and 0.24 for 0.05 s '. These values indicate that at low
extension rates filament dehydration becomes a significant
influence.

These results were confirmed by stretching our native
protein samples in a water saturated atmosphere (98% RH) at
0.1 s~ (see video 2, ESI). Although the proteins exhibited the
same transient extensional viscosity increase under both con-
ditions, it was not possible to form a fibre in a high humidity
atmosphere as the fluid column continuously necked back-
wards (see video 2 and Fig. 5a).

8842 | Soft Matter, 2018, 14, 8838-8845

Consequently, we conclude that the strain hardening beha-
viour is evoked by the entangled structure of silk and is only
influenced by water evaporation starting from a Hencky strain
of around 4-5. This suggests that fibre formation at low extension
rates is only possible due to dehydration at the final stage of
stretching, when the diameter gets smaller than ~20 pum.

Another factor thought to have considerable influence on
fibre spinning is the shear viscosity of the dope.'® It is known
from previous publications that despite having a similar
concentration of fibroin in the posterior middle gland (24.0 +
2.5 wt%), the shear viscosity of Bombyx mori silk is highly
variable and thought to be controlled mainly by the ratio of
Ca®" to K" ions.””*** Therefore, to determine the relationship
between shear and extensional responses in silk, and to com-
pare to other polymers, we performed both experiments on
samples from the same silk gland and calculated the transient
Trouton ratio Tr* = ng/n,.

At the extremes of the natural zero shear viscosity range for
silk (~3500 Pa s), we found it was not possible to stretch
samples in a consistent manner due to inconsistent necking.

This journal is © The Royal Society of Chemistry 2018
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(a) The transient extensional viscosity of native silk proteins is compared at standard lab conditions (55% RH) and in a water saturated atmosphere

(98% RH). Three samples for both conditions were measured and the curves were averaged. The coloured area around the data points shows the
standard deviation. (b) Transient Trouton ratio over Hencky strain for native silk samples with various zero-shear viscosities. Although the tested protein
samples have slightly different concentrations (534 Pa s: 19.6 wt%, 776 Pa s: 20.2 wt% and 1161 Pa s: 22.1 wt%), the main cause for the variation in zero-
shear viscosity is the metal ion composition of the silk proteins.!®* Five samples were measured for each viscosity and the curves were averaged. The

coloured area around the data points shows the standard deviation.

At zero shear viscosities of 2500 Pa s and below, silk’s response
to stretching was markedly improved, becoming much more
uniform.

Fig. 5b depicts the transient Trouton ratios for native silk
protein samples with zero-shear viscosities within the natural
range’’ (<1500 Pa s, shear responses may be seen in Fig. S2, ESIT).

All curves show three characteristic regions (transient start-
up, plateau and strain hardening) as previously discussed. As
seen from Fig. 5b, the Trouton ratio in the plateau region
(Hencky strains smaller than 1) approaches values close to 3,
which is consistent with the ratio Trouton found in 1906 for
Newtonian fluids.'®® However, this finding also holds for
viscoelastic fluids, such as silk fibroin, for very low extension
rates.'® The transient Trouton ratio further increases and
reaches values of around 20 at a Hencky strain of 4, with all
samples showing the same strain hardening behaviour. When
these numbers are compared to other polymer systems, they are
much lower than dilute polymers where Trouton ratios can
reach several hundred or even exceed several thousand,’*°®®
but higher than entangled linear polymer melts such as
high density polyethylene (HDPE) or linear low density poly-
ethylene (LLDPE) which do not, or only marginally show,
strain hardening.®® Instead, the silk samples display Trouton
ratios comparable to branched molecules such as low density
polyethylene (LDPE).””

To explain this, we must consider the molecular structure
of silk. B. mori silk feedstock’s primarily protein component,
H-fibroin, is a linear polypeptide chain consisting of highly
repetitive GAGAGS domains and non-repetitive regions including
the N- and C-terminals that consist mainly of charged and polar
side groups."®” Hence together with hydrogen bonding between
repetitive domains and polar side groups, salt bridges between

This journal is © The Royal Society of Chemistry 2018

charged side groups could act as physical crosslinks that create an
additional hindrance in removing molecular entanglements dur-
ing extension, accounting for silk’s increased strain hardening
compared to other linear polymers.'®*

Conclusions

Our study investigates the extensional flow properties and
spinnability of native silk feedstock. By adapting a conventional
tensile tester into a filament stretching rheometer, we demon-
strate it is possible to test the spinnability of various high
viscosity fluids, in our case silk, in a reliable way. This techni-
que also provides us with new insight into the response of
native silk proteins to extensional flow conditions, which to
date has yet to be fully explored but is immensely important if
we are to fully understand natural fibre formation.

Our results show that the native silk feedstock exhibits a
surprisingly high degree of strain hardening for a linear protein
solution which is rather comparable to branched entangled
polymers. We suggest that silk’s unusual extensional behaviour
may be attributed to a high degree of interchain interactions
formed by salt bridges.

Yet despite strain hardening, which makes silk intrinsically
suited for spinning, fibre formation is only possible at low
extension rates due to dehydration. At higher spinning speeds
which are characteristic for the natural spinning process, the
fluid column ruptures and fibres cannot be formed. This
suggests that extensional flow alone is not sufficient to create
fibres at natural spinning speeds and physiological changes
such as pH and metal ion concentration are required in order
to improve the spinnability of silk.
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