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RESEARCH ARTICLE

Spinning Beta Silks Requires Both pH Activation and 
Extensional Stress

Andreas Koeppel, Nicola Stehling, Cornelia Rodenburg, and Chris Holland*

Synthetic silk production has undergone significant technological and 

commercial advances over the past 5 years, with fibers from most labs and 

companies now regularly matching the properties of natural silk by one 

metric or another. Yet the fundamental links between silk protein pro-

cessing and performance remain largely unresolved and fiber optimization 

is commonly achieved through non-natural methods. In an effort to address 

this challenge, data that closes this loop of processing and performance is 

presented by spinning a native silk feedstock ex vivo into a near-native fiber 

using just two naturally occurring parameters; pH activation and exten-

sional flow (i.e., spinning rate). This allows us to link previous experimental 

and modelling hypothesis surrounding silk’s pH responsiveness directly 

to multiscale hierarchical structure development during spinning. Finally, 

fibers that match, and then exceed, natural silk’s mechanical properties 

are spun and understood by rate of work input. This approach not only 

provides energetic insights into natural silk spinning and controlled protein 

denaturation, but is believed will help interpret and improve synthetic silk 

processing. Ultimately, it is hoped that these results will contribute towards 

novel bioinspired energy-efficient processing strategies that are driven by 

work input optimization and where excellent mechanical properties are 

self-emergent.
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result of a multi-scale hierarchical structure 
carefully developed during spinning.[2,3] 
However, efforts to replicate this process 
have historically fallen short due to a reli-
ance on unnatural feedstocks, processing 
methods, and the wide range of process 
variables encountered. In addition, such 
efforts are yet to include a quantitative dis-
cussion of process energy efficiency, a topic 
becoming increasingly important from both 
an industrial and consumer perspective.[4,5]

When using the natural system as a 
biological blueprint, it is both necessary 
and important to look at the process vari-
ables involved in natural fiber formation. 
It is well established that during natural 
spinning, aqueous silk proteins experi-
ence chemical changes (ions,[6–9] pH[10,11]) 
and mechanical stress (shear, exten-
sional[12]). However, the specific contribu-
tions of each variable towards natural fiber 
formation are only just beginning to be 
determined as previously they have been 
investigated in isolation or their in vivo 
importance is assumed through the per-
spective of artificial spinning systems.[13–17] 
We believe this disconnect requires more 

attention as, without this understanding, one cannot claim that 
any artificial spinning process is truly biomimetic.

For natural spinning the current consensus is that shifts in 
the chemical environment in the silk gland serve to control silk 
protein hydration and interaction, making them more or less sus-
ceptible to denature and aggregate as a result of an applied flow 
field.[3,4,18–20] For example, it has been shown by our group that the 
monovalent/divalent metal ion ratio is correlated with viscosity in 
the silk gland and influences protein alignment and aggregation 
under flow;[21,22] potentially providing optimized storage condi-
tions[8] and mediating interactions between charged side groups 
during spinning.[7,23] This hypothesis has been recently validated 
through the direct introduction of metal ions into native silk feed-
stocks and a rheological model based on sticky reptation.[24]

However, a far greater body of evidence surrounds the influ-
ence of pH during spinning. Numerous studies have observed 
a consistent drop in pH along the gland and duct.[3,19] This, 
combined with reports of pH inducing changes in silk pro-
tein conformation[6,16,17,20,23,25,26] and rheological properties[27] 
strongly suggest that pH is also used to control silk protein 
stability and interactions. Specifically, small changes in pH 
have been shown experimentally to cause native silk proteins 
to refold[23] and through simulation and recombinant systems 
this phenomenon has been attributed to the N- and C-termini 

1. Introduction

Natural silk-spinning combines benign processing with out-
standing mechanical performance, offering a means to create 
synthetic (bio)polymer materials with minimal energy input.[1] 
Serving as inspiration, silk’s desirable properties are a direct 
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interacting and interlocking.[17,26,28] Additionally, a more signif-
icant shift in pH induces an increase in β-sheet content and 
subsequent protein denaturation.[6,11,23,27,29]

Whilst pH appears to alter silk protein structure, the primary 
energetic input for silk fiber formation is flow.[30] Although 
silk’s response to shear has been intensively studied for over 
15  years,[13,27,31–33] only recently have we been able to test how 
silk proteins behave under extensional flow.[15] Such new 
insights are important, as extensional flow is by far the domi-
nant flow field in fiber spinning and is much more efficient at 
aligning molecules,[34] which may facilitate hierarchical struc-
ture development.[35] However, to directly counter this hypoth-
esis, we have recently reported that under extensional flow, 
native silk proteins could only form fibers at low extension 
rates due to dehydration, not the structural conversion typically 
observed during natural silk spinning.[15,36]

This per se is not necessarily a contradiction, as mentioned 
above prior to extensional flow silkworms and spiders con-
dition the silk proteins by changing the pH along the gland. 
Therefore, we propose to further understand structure forma-
tion in naturally spun silk, it is necessary to study the interplay 
of pH change and extensional flow as controlled energy inputs 
during fiber processing.

2. Results and Discussion

Upon exposing silk proteins (obtained from fifth instar Bombyx 
mori silkworms) to acidic vapor during extensional flow, the 
feedstock viscosity (here indicated by the extensional stress) 
increases (Figure 1a), supporting previous observations in shear 
experiments.[27] This increase in viscosity is dependent on the 
concentration of the acid and was not observed in the absence 
of acidic vapor, under basic vapor exposure, or if the sample 
was exposed to the acidic vapor for too long (>15 s, Figure  1a 
and inset Figure S1, Supporting Information), as this resulted 
in complete gelation of the proteins.

The resulting fibers spun in vapor from a 17.5 m acetic acid 
solution reveal a significantly improved strength and elasticity 
(Figure  1b and Table S1, Supporting Information), along-
side a concurrent development of structural features. Using 
polarized light microscopy (Figure  1c) and Fourier trans-
form infrared (FTIR) spectroscopy, an increase in molecular 
alignment and a reduction in the amount of disorder in the  
pH-activated feedstock fibers was observed, matching that of 
a naturally spun silk (Figure  1d,e and Figure S2, Supporting 
Information).

Whilst pH activation appears necessary, to test sufficiency, 
that is, that structural features in silk can be formed solely 
by lowering the pH, we exposed a thin hand-drawn protein 
filament laid upon an FTIR-attenuated total reflection (ATR) 
crystal to acidic vapor without stretching (Figure  1f, inset 
image). Even after 60 s of vapor exposure, the FTIR spectra 
do not indicate any structural changes (Figure  1f ). In a 
second experiment, a protein filament was exposed to acidic 
vapor for 10 s and then stretched with tweezers and placed 
onto the ATR crystal. This pH-activated, extended, sample 
displayed an amide I peak shift from 1641 to 1625 cm−1, 
confirming that only through the combination of protein  

acidification followed by an extensional flow can structure 
formation occur.

By means of an explanation, it has been shown before that 
a drop in pH initiates two pathways that prepare B. mori silk 
proteins for flow-induced fiber formation. In contrast to spider 
silk where the pH response involves conserved acidic residues, 
there are 19 acidic residues in fibroin that contribute toward 
the pH-regulated assembly. First, at a pH around 6, the fibroin 
N-terminal domains undergo dimerization,[26] increasing the 
effective molecular weight which manifests as an increase in 
feedstock stiffness (modulus and relaxation time), and permits 
a more efficient uptake of a subsequently applied mechanical 
stress.[26,27]

Second, a further drop in pH close to the silk protein 
fibroins’ isoelectric point of 4.2, reduces the negative repulsive 
forces of neighboring chains by protonation of charged amino 
acid groups.[37] This allows chains to come closer together 
during flow, increasing alignment and subsequent hydrophobic 
interactions and reducing the stability of the protein, making it 
more susceptible to denature. Once entangled and destabilized, 
a subsequent extensional flow field, in excess of that which can 
be dissipated through relaxation of the now-gelled protein net-
work, provides the mechanical stress input necessary to drive 
protein denaturation, ultimately leading to the formation of 
intra- and intermolecular β-sheets and a molecularly oriented, 
solid fiber.[26,27]

Building upon these observations and theory, using just pH 
activation and extension, we were able to spin silk fibers ex 
vivo without a specialized spinning device, chemical fixation, 
or post draw.[4] To replicate the conditions within the silk gland 
ex vivo we adjusted the diameter of the silk filament to around 
50–100  µm prior to vapor exposure. Spinning using exten-
sion rates akin to natural spinning speeds (5 and 7.5 mm s−1), 
resulted in fibers that perform like natural silkworm silk. At 
higher speeds (20 and 40 mm s−1), fiber strength is significantly 
improved, supporting previous forced reeling observations 
(Figure  2a).[38] Of particular note is that in a departure from 
many other artificially spun silks, the shape of the stress-strain 
curves produced by this study also closely resemble that of the 
natural fiber, implying that the stress dissipation mechanisms 
(yield and work hardening) are similar which is most likely due 
to the development of comparable structural hierarchies during 
spinning.[4,39] Finally, the strongest ex vivo spun fiber had a 
breaking strength of 719.2  MPa, which is two times stronger 
than natural B. mori silk and the strongest as spun silk fiber 
reported to date.[4,40] We have repeated the same experiment 
with reconstituted and a range of recombinant silk proteins 
and found that these protein feedstocks cannot be spun into 
fibers via pH activation and subsequent extensional stretching 
(data not shown), an observation supported by recent studies[41] 
which highlight the need for additional post-processing of 
fibers. Possible reasons in our system could be the lower mole-
cular weight of recombinant/reconstituted proteins as well as 
their insensitivity towards a drop in pH (although some recom-
binant systems are now becoming more pH).[42]

Despite impressive individual fiber performance, collectively 
the mechanical properties of ex vivo spun fibers appear to dis-
play a significant degree of variation (Figure 2b and Figure S3, 
Supporting Information). Explanations for such variation seen 
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Figure 1. Mechanical and structural characterization of fibers created in air and acidic vapor at a constant strain rate of 0.1 s−1 a) Extensional stress 
of silk proteins after exposure to acidic/basic vapor. b) Mechanical properties of fibers stretched in air and vapor from different acetic acid solutions 
compared to native silkworm silk. c) Polarized optical microscopy images reveal orientation in silk fibers when stretched in an acidic environment. 
d) The analysis of the Amide I peak ratio (A⊥/A∥) provides a qualitative measure of the molecular alignment in the fibres confirming the results from 
polarized microscopy. e) The amount of disorder in the fibres can be analysed by the amide I peak location. A higher wavenumber indicates a lower 
hydrogen bonding density and therefore a higher amount of disorder. f) FTIR spectra of a thin filament of native silk proteins (see inset picture) before 
and after exposure to vapor from a 17.5 m acetic acid solution. Structural development in the fibers can only be observed after stretching.
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could be due to differences between the feedstocks extracted 
from individual worms, or an unstable fiber drawing pro-
cess.[21,32,43] However comparing our results to Figure  1, we 
propose that the primary cause for variability in the mechan-
ical properties is related to the different amounts of acid vapor 
absorbed by the feedstock. The pH-induced protein gelation 
prior to spinning increases viscosity and enables the feedstock 
to absorb and respond to a greater amount of mechanical 
stress input during spinning (as denoted by the steeper curves 
in Figure 2c). Linking this hypothesis to fiber properties, pre-
vious work has shown that silk feedstocks require a critical 
shear stress threshold to be surpassed[31] and more recently 
a certain degree of mechanical work[44] to solidify. Upon cal-
culating the work required for feedstock solidification, we 
found it centered around (7.48  ± 6.57 J g−1), which is similar 
to recent DSC (1.78 ± 0.25 J g−1)[45] and shear rheology (2.75 ± 
1.37 J g−1)[44] studies.[44,45]

Moving beyond an average and to verify pH as a source of 
fiber variation, we compared the work input to form a fiber, as 
defined by the integral of feedstock stretching stress (linked to 
acidification, Figure  1a), to its breaking stress (Figure  2d) and 
found a clear relationship between the two. The correlation 

between breaking stress against work input for each individual 
fiber indicates that the degree of gelation prior to processing 
affects fiber performance and by adjusting the feedstock pH 
as well as the spinning speed, fiber properties can be tuned to 
be very strong and stiff (high work input) or weaker but more 
extensible (low work input) (Figure 2d).

However, the use of a cumulative work input parameter has 
limitations; as it does not account for the time period in which 
the work was applied which speaks towards efficiency. Figure 3 
displays the influence of the rate of work input (work input 
divided by total extension time, Figure  3a) during processing 
and the resulting fiber’s structural and mechanical properties.

In general, fiber mechanical and structural properties 
improve with the rate of work input (Figure  3a,b) with our 
results suggesting that a rate of work input of 2 J/(g s)−1 is 
required to spin fibers with properties similar to native B. 
mori silk. By comparison, fibers spun with a low rate of work 
input (<0.3 J (g s)−1) tend to be more disordered and less 
aligned as determined by FTIR (Figure 3b) and polarized light 
measurements (figure  3c) but also possess a skin-core struc-
ture according to low-voltage scanning electron microscope 
(SEM) image of the fracture surface of an uncoated sample 

Figure 2. a) Stress/strain curves of ex vivo spun silk fibers with the best combination of strength and toughness compared to the natural fiber property 
region of B. mori silk. b) Breaking stress/strain points of all spun fibers at different extension speeds. The green area indicates a performance space of 
properties that can be achieved with ex vivo spun fibers depending on protein gelation and extension speed. The only variable that is actively controlled 
during this experiment is the spinning rate. However, the amount of acid absorbed by the proteins is different and can only be measured indirectly by 
analysing the stretching curve of each fiber. c) Stretching curves of three fibers that were spun at 20 mm s−1. After normalising each curve to the fiber 
diameter, the work input can be calculated by integration (area under the curve). The curve with the highest work input is from proteins that were gelled 
to a higher degree by absorbing more acidic vapor compared to the other two curves. d) Breaking stress plotted against work input required for fiber 
formation. The work input is a qualitative measure of the degree of protein gelation prior to spinning and shows that the mechanical properties of silk 
fiber are not only dependent on spinning speed but also protein gelation prior to spinning.
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(Figure 3d). The skin-core fracture pattern confirms our hypoth-
esis that fibers spun with a low rate of work input do so as they 
have taken up less acidic vapor and only the outer portion of 

the fiber has gelled, resulting in a more disordered fiber. The 
gelled regions on the outside of the fiber show a higher crystal-
linity that deflects the propagating crack and therefore lead to a 

Figure 3. a) Breaking stress plotted against the rate of work input which is separated into low (<0.3 J (g s)−1), medium (0.3 to 8 J (g s)−1), and high  
(>8 J (g s)−1). b) Mechanical and structural properties of fibers spun with low, medium, and high rates of work inputs. c) Polarized light micrographs 
of native silk as well as silk fibers spun with a low, medium, and high rate of work input. d) SEM micrographs of the fracture surface of native silk (one 
single brin is shown), as well as our silk fibers, spun with a low, medium, and high rate of work input. Note the skin-core appearance of the micrographs 
marked low indicating a non-uniform distribution of stress due to partial acid vapor ingress, the similarity of the features between native silk and fibers 
marked medium, and the sharp, clear, brittle fracture lines of high indicating more ordered structures present.

Adv. Funct. Mater. 2021, 2103295
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rougher surface. In contrast, the core of the fiber has a smooth 
breaking pattern which is characteristic of plastic deformation 
in amorphous regions. Together our structural measurements 
spanning the nano-to-micro scales could explain these fiber’s 
high extensibility and toughness but low strength, agreeing 
with recent tensegrity modeling of silk.[46]

Feedstocks subjected to a medium rate of work input (0.3 
to 8 J (g s)−1) exhibit features akin to a native B. mori silk, dis-
playing similar internal morphology and fracture surfaces 
under SEM (Figure  3d), degree of alignment under polarized 
light and FTIR (Figure 3c,b) and similar degrees of molecular 
disorder (Figure  3b). The fibers show a uniform fracture sur-
face with a crack deflection at crystalline regions combined with 
plastic deformation in the amorphous regions. Combined this 
indicates that the mechanical stress applied during processing 
may be sufficient to align the proteins parallel to the flow direc-
tion, but insufficient to generate complete protein denatura-
tion and ordered β-sheet conversion. In the last case, under a 
high rate of work input (>8 J (g s)−1), fiber strength increases 
whilst the breaking strain and toughness decrease. The fracture 
surface is much rougher indicating much more pronounced 
crack deflection at the crystalline regions. Plastic deformation 
is much less obvious due to a rather brittle fracture. This we 
explain by an increase in the amount of molecular order and 
multiscale alignment which increases strength, but at the cost 
of extensibility as the amount of amorphous disordered regions 
responsible are reduced (Figure 3).[47]

3. Conclusion

To conclude, this study draws clear links between processing 
and performance in native silk proteins through two key vari-
ables, pH activation followed by extensional flow, tying both 
together through the concept of rate of work input. From a sci-
entific perspective, the results presented have supported and 
validated previous observations and simulations surrounding 
hierarchical structure development in silk which in the future 
may facilitate new insights into silk evolution (i.e., the interac-
tion between animal behavior and physiology). From an engi-
neering perspective, we have successfully spun fibers without 
the need for complex spinning devices, chemical fixation, or 
post draw, with properties that meet and exceed natural B. 
mori silk, including ones that are the strongest and toughest 
reported to date. Our quantification of the energy efficiency 
of silk self-assembly provides not only important insights into 
how nature processes materials, but it also serves as a bench-
mark for future bioinspired efforts to spin artificial silks with 
an eye to not only recreating high-performance fibers, but to do 
so in an energy-conscious manner.

4. Experimental Section

Native Silk Preparation: Native silk proteins were obtained by 
dissecting fifth instar B. mori silkworms. The silk glands were extracted 
and transferred into distilled water where the epithelium was removed. 
For the experiments, only proteins from the posterior part of the middle 
section were used as they are predominantly free of sericin.[48]

Stretching Native Silk Proteins in Different Vapor Environments: Native 
silk proteins were stretched at an extension rate of 0.1 s−1 on the filament 
stretching setup used in the previous study.[15] Starting from a plate 
separation of 5  mm (filament diameter ≈ 100  µm), the proteins were 
exposed to acidic or basic vapor which was created by bringing a 2 cm x 
2 cm tissue paper soaked with 40 µL of either a 3 m, 17.5 m acetic acid, 
or a 14.8 m ammonium hydroxide solution close to the filament for 10 s. 
For the experiments at constant spinning speed, the upper plate of the 
tensile tester was manually lifted to reduce the filament diameter to 
around 50 to 100 µm after the silk proteins were loaded. This was done 
to recreate the conditions of the natural spinning process where the pH 
of the protein drops inside the spinning duct (diameter 50 to 100 µm) 
prior to spinning. The proteins were then exposed to vapor from a 
17.5  m acetic acid solution for 10 s before the stretching commenced. 
Fiber spinning was performed at 5, 7.5, 20, and 40 mm s−1.

Polarized Optical Microscopy: The molecular alignment of the fibers 
was analyzed by polarized light microscopy (Diaphot-TMD inverted 
microscope, Nikon Corp., Japan). The fibers were oriented in a 45° angle 
to the crossed polarizers and images were taken with a Moticam 2500 
microscope camera (Motic Electric Group Co., Ltd, China).

FTIR Measurements: FTIR measurements on single fibers were 
performed in ATR mode on a Nicolet 380 spectrometer (Thermo 
Scientific, USA). A polarizer with a ZnSe holographic wire grid 
(Thorlabs, USA) was used to polarize the electric field of the infrared 
beam perpendicular to the plane of incidence (s-polarized). Parallel and 
perpendicular spectra (A⊥and A∥) were collected for each fiber from  
800 to 4000 cm−1 at a resolution of 4 cm−1 by averaging over 128 scans. 
A baseline correction was applied by subtracting the offset value at  
1730 cm−1 and afterwards both spectra were normalized to the intensity 
at 1335 cm−1 which was shown to be independent of orientation.[49] Both 
spectra were then normalized again to the amide I peak of the spectra 
to account for the amount of sample measured and therefore allow a 
comparison between different fibers. The protein chain alignment was 
analyzed by the ratio of the amide I peak intensities (A⊥/A∥) and the 
amide I peak location in the A⊥ spectra revealed information about the 
amount of order within the fibers.

Tensile Testing: Mechanical testing was performed on a Zwick Z0.5 
testing machine (Zwick GmbH & Co. KG, Germany) with a 5  N load 
cell at standard lab conditions (23  ± 1 °C, 50  ± 5% RH). The gauge 
length was set to 5  mm and tests were performed at a strain rate of 
2  mm min−1. The fiber diameter was determined as the average of at 
least 15 different measurements along the fiber axis from micrographs 
taken with a Diaphot-TMD inverted microscope (Nikon Corp., Japan).

Scanning Electron Microscopy: The tensile fractured fibers were 
prepared for SEM imaging by applying the fibers to an SEM sample 
holder using copper adhesive tape. The sample stage was tilted to 
view the tensile fractured end of the fiber top-down. SEM imaging was 
performed on a Nova NanoSEM450 (Thermo Fisher Scientific). The 
fibers were imaged uncoated at a primary beam voltage of 1 kV, 16 pA 
beam current, and working distances of 3–5  mm, using the through-
lens secondary electron detector in immersion mode with a suction 
tube voltage of 250 V. Vacuum pressures were kept below 3 × 10−5 mbar.  
Image grey levels were digitally adjusted to enhance contrast.
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