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ABSTRACT: More than 400 million years of natural selection
acting throughout the arthropoda has resulted in highly
specialized and energetically efficient processes to produce
protein-based fibers with properties that are a source of
inspiration for all. As a result, for over 80 years researchers
have been inspired by natural silk production in their attempts
to spin artificial silks. While significant progress has been made,
with fibers now regularly outperforming silkworm silks,
surpassing the properties of superior silks, such as spider
dragline, is still an area of considerable effort. This review
provides an overview of the different approaches for artificial
silk fiber spinning and compares all published fiber properties
to date which has identified future trends and challenges on the
road towards replicating high performance silks.
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1. INTRODUCTION

Silks are structural proteins that are spun, on demand, into
fibers for use outside the body by thousands of arthropod
species.”” However, the term “silk” is most commonly
associated with textiles, specifically the fibers unravelled from
cocoons spun by the silkworm Bombyx mori.* This “queen of
textiles” has been used by humans for thousands of years in the
production of luxury apparel due to its appearance, soft touch,
and durability,4 and is produced on a commercial scale in
quantities of hundreds of thousands of tonnes per annum.” Yet,
while plentiful in supply, commercial silkworm silks possess a
relatively low strength (360 MPa)® and toughness
(50.5 MJ/m®),° especially when compared to spider silks, i.e.,
dragline (1150 MPa, 214.5 MJ/m®),” which can even
outperform most industrial fibers.*~"’

Unlike silkworm silks, the first human uses of spider silk were
in nonwoven formats; the ancient Greeks used bundled spider
silk to heal bleeding wounds, Australian aborigines developed
silk fishing lines, and New Guinea natives used spider silk to
construct fishing nets and bags.'" It was not until the beginning
of the 18th century, René-Antoine Ferchault de Réaumur, a
French naturalist, attempted to develop spider silk textiles to
make stockings and gloves.11 Unfortunately, he failed, due to
the sheer number of spiders required to produce sufficient silk
to weave into a textile, and herein lies the problem with spider
silk applications. In fact, only very recently have full scale spider
silk textiles been produced as an artistic endeavor, albeit at a
cost of 1 million reeled spiders and ~280 person years of work
per garment.lz’13

Therefore, for many years industry has been faced with the
dilemma that silkworm silks are available in high quantity but
lower quality, whereas spider silks yield low quantity yet very
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high quality. Solutions to this problem may be found both
through the development of new technologies improving the
output and quality of recombinant and regenerated silk
proteins, and the design of artificial silk spinning processes
which aim to produce high performance silk-based materials in
a controlled and consistent manner. Such bespoke fibers can
then be used for a range of new applications ranging from
sutures, wound dressings, and scaffolds for tissue engineer-
ingm’ll‘_16 to reinforcing polymer composites.17 However,
while the field of artificial silk spinning focuses mainly on the
use of regenerated and recombinant proteins from spiders and
B. mori, canonical silks and nonmulberry silk varieties still
remain an interesting area to be exploited in the future."*'"”

Our systematic review presents the various approaches for
artificial silk fiber spinning, discusses trends in fiber properties
over time, and gives possible explanations as to why a truly
biomimetic spider dragline silk has not been consistently
reproduced to date.

2. THE NATURAL SILK SPINNING PROCESS

Before discussing artificial silk fiber production, it is important
to appreciate how silk is naturally spun by spiders and
silkworms. However, in order to maintain focus, should the
reader wish to explore this area in more detail, the following
papers and reviews are an excellent start: refs 20—23.

In general, silks are spun by a process of controlled protein
denaturation as a result of shear. This is akin to polymeric flow-
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Figure 1. Scheme showing the different approaches for artificial silk fiber production. The different colors represent RSF wet spun fibers (blue), RSF
dry spun fibers (green), and recombinant wet spun fibers (red). For consistency, this coloring is maintained throughout the whole review.
Abbreviations: hexafluoroacetone hydrate, HFA; hexafluoroisopropanol, HFIP; formic acid, FA; n-methylmorpholine-n-oxide, NMMO; methanol,

MeOH; isopropanol, IPA.

induced crystallization but uses a currently unknown
mechanism that has been shown to be 1000 times more
efficient.”* Specifically, prior to spinning, silk proteins are
synthesized and stored in specialized silk glands as a
concentrated aqueous solution (spinning dope). Upon
spinning, this protein solution flows down a specially shaped
spinning duct and is subjected to shear and elongational flow
fields alongside a pH and metal ion gradient.”> Once
sufficiently deformed, the silk proteins undergo a stress induced
phase transition, spontaneously dehydrating, refolding, phase
separating, and ultimately aggregating to form a solid, insoluble

fiber.
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3. ARTIFICIAL SILK FIBER PRODUCTION

3.1. Spinning Dope. The different approaches for spinning
artificial silk fibers are illustrated in Figure 1. As in nature,
artificial fiber spinning begins with the creation of a spinning
dope, which we separate into native, recombination, and
regeneration groups. Native dope is obtained by dissecting
silkworms or spiders and extracting silk proteins directly from
the silk gland.”*~** While this feedstock is considered the gold
standard, its preparation is both time-consuming and expensive
and thus not feasible for large-scale production. The second
approach is the recombinant synthesis of silk-inspired proteins.
Various silk protein motifs have been expressed by genetically
modified organisms such as bacteria,”’ yeasts,” and insect
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Table 1. Overview of the Best Fiber Properties and the Respective Processing Parameters of All References Used in Our
Analysis

Processing parameters Fibre properties
My [ Protein conc. | Solvent [ Coagulant [Draw ratio|  Strength | ibility| S Toughness | Diameter
Reference KDa__|with or (wiv)%| g | - f MPa | % | GPa | Mum | ym
Yazawa et al. 1960 - ns.’ concentrated magnesium nitrate saturated ammonium solution | n.s. 2.5 glden 2025 ns. ns. ns.
% phosphoric aci %
Ishizaka er al. 1989 - 12 85 % phosphoric acid + 5.7 wi% 25% aqueous sodium sulfate 93 2.1 g/den 10.1 ns. ns. ns.
dimethylformamide
40 Wi% LiBr-H,0 in ethanol: methanol, ethanol, . . y
Matsumoto et al. 1996 - 0 ethanol with different water contents | isopropanol with 10% aq. LiBr | > 130 1 67 129 1185
Yao er al. 2002 - 10 hexafluoroacetone hydrate (HFA) methanol 3 212 16.1° 53 376 40-50°
Zhao et al. 2003 - 10 hexafluoro-iso-propanol (HFIP) ‘methanol 3 193" 19" 52" 282" 4050
- 156 989% formic acid methanol 2 1038 40" 41 38 189"
Um et al. 2004
- 156 98% formic acid methanol 5 2575 164 55 306" 119”
Marsano ef al. 2005 E 13 aqueous NMMO monohydrate + ethanol 27 120 35 72 389" 18508
0.7% n-propy! gallate
- 13 formic acid methanol 3107731737 293119 “399£6.1°  257.8" 35°
Ha et al. 2005
- 13 trifluoroacetic acid (TFA) methanol 3 9500£149.1° 18.1£68° 432° 156.7" 21°
Lee et al. 2007 - 156 98% formic acid methanol 4.5 269.4 195 49 387" 220-270
&p | Corsinieral. 2007 . 17 aqueous NMMO monohydrate + ethanol 2 127+8 127£19 | 5302 203" 738
£ 0.7% n-propyl gallate
E Zuo et al. 2007 - 10 hexafluoro-iso-propanol (HFIP) ethanol / methanol ns. 109.7¢ 25 ns. ns. 68"
E' Ki et al. 2007 - 123 98% formic acid methanol 5 2851107 14017 & 72" 304" 100"
£
: Zhu et al. 2008 - 12 (wiv) hexafluoro-iso-propanol (HFIP) methanol 3 4005" 207" 43" 513" 40"
&’ Sohn ef al. 2009 - 29 PEG / LiBr methanol/water 11 1288 76° 6" 68 20-50
- 17 “q“e"l;’;;'MMo "‘I’"“I}:y‘“““ * methanol ns. 3136 8.5¢ 134°¢ 205° 41
Plaza et al. 2009 o NV
- 17 fdueous mononydrate + methanol 72 1724° 484° 50°¢ 555° 47
0.7% n-propyl gallate
Zhou et al. 2009 - 15 water aqueous ammonium sulfate 6 450£20 | 277%42 | 125" 1006+63°  108+24
Zhu et al. 2010 - 15 hexafluoro-iso-propanol (HFIP) methanol 3 408 £ 80 20%3 | 73£02 515" ns.
Yan et al. 2010 - 16 water aqueous ammonium sulfate 6 390£50 320158 15233 109.1+188°  ns.
- 17 “‘*“e"l;‘;;'MMO '“;’“"I}:y“'"“& * methanol ns. 3364 738 185°¢ 203° ns.
Plaza et al. 2012 Vv
E 17 fqueous mononyarate + methanol 53 257.6° 353°¢ 74¢ 519¢ 184
0.7% n-propyl gallate
Ling et al. 2012 - 20 water aqueous ammonium sulfate 4 221+64 304 1mnat 464" 100"
Zhou et al. 2014 - 15 water aqueous ammonium sulfate 9 31419 37+4 104" | 1053£10° ns.
Zhang et al. 2015 - 12 CaCl,FA water 4 4704£535  386+63 6921 1053+155° 128+46
Fang et al. 2016 - 15 water aqueous ammonium sulfate 9 450£30 | 273%46  189x11  910%74  15£47°
Chen er al. 2016 - 13 water aqueous ammonium sulfate 4 98" 589" 378" 535" ~25

E 20 water + (MES) (Tris) bufer (pH - 3 3015£706 358219 62+17 1048+378° 57
adjustment) + CaCl, (Ca® adjustment)
» water + (MES)-(Tris) buffer (pH
E - n
adjustment) + CaCl, (Ca* adjustment)
ter + (MES)-(Tris) buffer (pH
Sun et al. 2012 E 50 water + (MES)(Tri) bufer (p - 4 377° 246" i’ 558" 10"
adjustment) + CaCl, (Ca™" adjustment)

Wei et al. 2011
2952+922 748%474 58x4 1559+945° 64x15

Jinetal. 2013 - 40-60 water + CaCl, (Ca™ adjustment) - 4 3573843 341811 88" 86.5" 6323
Luo et al. 2014 - 50 water - 2 614 27 19 136.4° 2
Yue et al. 2014 - 20and25 | formic acid + CaCl, (Ca™* adjustment) - 2 333" 351" 88" 909" 20-30
Peng et al. 2015 - 44 water + CaCl, (Ca™ adjustment) - 4 5413£26.1  193+48 9412 764+228° 9013
Lazaris ef al. 2002 60 >23% methanol and water 5 269.6° 434° 132° 101.4° 20°
Teulé et al. 2007 62 2530 (wiv) hexafluoro-iso-propanol (HFIP) 90% isopropanol ns. | 496194 | 158%6.1 L1£10 106x102 158%6.
Brooks et al. 2008 7 10 to 12% hexafluoro-iso-propanol (HFIP) isopropanol 0 495+78 | 36%26  04:03 47" 741£339)
Xia et al. 2010 284.9 20 (wiv) hexafluoro-iso-propanol (HFIP) 90 vol% methanol in water 5 508 + 108 15+5 204 815" ns.
Ellices eral. 2011 | appr. 50 ns. hexafluoro-iso-propanol (HFIP) isopropanol 5 246.7° 506° 45°¢ 91.7° 46+2
An etal. 2011 70 30 (wiv) hexafluoro-iso-propanol (HFIP) isopropanol ns. | 13254492  228%19.1 5724 237x185 | 174%5
58 26-27 (WiV) hexafluoro-iso-propanol (HFIP) | 90 % isopropanol / 10 % water | 2-2.5  1275+230 523+236 4410 546+236 28346
Teulé et al. 2012
62 2627 (wiv) hexafluoro-iso-propanol (HFIP) | 90 % isopropanol / 10 % water | 2-25 | 962288 296205 38+2.1 226157 14087
66/48 30 (wiv) hexafluoro-iso-propanol (HFIP) isopropanol 3 376£204 | 539:680 341l 174x20.0 29154
Aneral. 2012
66/48 30 (wiv) hexafluoro-iso-propanol (HFIP) isopropanol 3 596192 4886 43:09 2554  29.0x54
45 20 (wiv) hexafluoro-iso-propanol (HFIP) 95 % isopropanol 6 12195 181 39" 17412 | 245:03
Gnesaef al. 2012
45 20 (wiv) hexafluoro-iso-propanol (HFIP) 95 % isopropanol 35 95.1£33 25+4 26" 207+38 | 305:05
Adrianos ef al. 2013 66 15 (wiv) hexafluoro-iso-propanol (HFIP) isopropanol 3 1506+313 | 845+378  4° 89.14239 15113
Lineral. 2013 378dimer 81010 % hexafluoro-iso-propanol (HFIP) ZnCl and FeCl; in water 5 30857 96+3 | 93x3 244" 10
865 45-60 (wiv) hexafluoro-iso-propanol (HFIP) isopropanol 4 535+180 180216 29011 93x109 315:45
Albertson er al. 2014
8.6 45-60 (w/v) hexafluoro-iso-propanol (HFIP) isopropanol 4 39074 1813£1035 1.6£04 593x372  360+59
Copeland et al. 2015 65 25 (wiv) hexafluoro-iso-propanol (HFIP) + isopropanol 152 | 2217%11  56%66 ns. 1025136 290+ 1.1
>88% formic acid in 4:1 ratio
Jones ef al. 2015 50-75 12 (wiv) water isopropanol 225 | 1922+515  28.01%26 83" | 338336 ns.

Heidebrecht eral. 2015 286 10-17 (wiv) water + Tris/HCl or water + isopropanol 6 370£59 | 110%25 | 4=l 18933 | 27210
Na-phosphate buffer
47 12 (wiv) NaCl/water ethanol ns. 623+172 35+12 4+28 1.6+09 34
Peng et al. 2016
47 10-17 (w/v) NaCl/water ethanol ns. 28621377 183+128 84+43 37.7+£288 14"

aqueous solution (sodium

0 16248 37+5 | 6£08 | 45%7 12:2
acetate. pH 2.5 - 7.5) * * * * *

Andersson er al. 2017 33 50 (wiv) aqueous buffer at pH 8

“Units converted. The density of silk was assumed to be 1.35 g/ cm?. A circular cross-section was assumed for the conversion of fineness values into
diameter. “Values extracted from graphs/images. “Values converted from true stress/strain into engineering stress/strain. 9h.s.: not specified.
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Figure 2. Fiber properties and processing parameters of the different artificial silk spinning approaches over time. Our analysis is based on the papers

listed in Table 1. Further information on how the data was obtained can be found in the Supporting Information. The fiber properties of Ha et a
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are shown as black squares to demonstrate overall trends in fiber development as these findings have not yet been repeated. Fiber properties and
processing parameters of B. mori and N. edulis are shown as references where strength and diameter values are extracted from Vollrath et al.” and
Mortimer et al.;® the natural draw ratio was calculated by Zhou et al.*’, and the natural protein concentrations are given between 23 and 30 wt %.
The error bars represent the standard deviation from the average values for each year. No standard deviation is shown for years with only one

publication.

cells,’" along with both mammalian®* and plant cells.”> While
industrially scalable, it is currently limited by the fact that it is
not possible to replicate the full length and sequence of a
natural silk protein (i.e, 100s of kDa), and thus the resulting
dopes contain silk-inspired proteins of a reduced molecular
weight.* ™7

Finally, it is possible to resolubilize previously spun silk fibers
via a process called regeneration (aka reconstitution ).
Spider silk regeneration is challenged by the fact that these
animals regularly produce small amounts of silk throughout
their lives; thus, acquiring sufficient raw material takes multiple

spiders and several days of reeling. However, a few studies have

229

achieved this technical feat and spun fibers from the resulting
solution.”**

This is in stark contrast to silkworms, which produce a large
quantity of silk once in their life cycle for cocoon
construction.* These cocoons are in plentiful supply and can
readily be regenerated into large quantities of feedstock using
well established techniques.”” In general, B. mori silk
regeneration is a three-step process: First is the removal of a
glue-like coating of the fibers, sericin, by a process known as
degumming.*’ In most cases, this is done by boiling the
cocoons in water with either sodium carbonate,* marseilles

soap,4> or mixtures of both.*® Second, fibers are dissolved in
strong chaotropic agents (LiBr, CaCl,, and Ca(NO;),) which
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disrupt their hydrogen bonded crystalline structure and enable
rehydration of the proteins.””*® Finally, these chaotropic agents
are dialyzed away, leaving a silk feedstock solution ready to use.

While regeneration is undoubtedly the most popular
approach for silk feedstock preparation, over the past decade
it has emerged that the silk proteins undergo partial
degradation during this process.”” ™" This is likely due to the
degumming step, and such degradation in turn affects the
regenerated silks processing potential and ultimate mechanical
properties.”**>>® As a result, there are currently concerted
efforts to improve this process and enable higher quality
regenerated silks with more native-like properties to be
exploited.*>>*3

In summary, it is thus clear that there appear to be trade-offs
for each approach in the production of an artificial silk dope
with respect to achieving quality (native) or quantity
(recombinant or regeneration).

3.2. Fiber Spinning. Due to their relative availability,
regenerated and recombinant silk proteins have been used
extensively by researchers to spin artificial fibers via both
dry®™%* and wet®??>39 737740657107 oyirysion based spin-
ning, as well as electrospinning®®”'%*~""* processes and
occasionally hand-drawn droplet spinning. As this review
focuses on published individual fiber properties from controlled
spinning apparatus, as opposed to nonwoven mats, we will limit
our discussion to dry and wet spun fibers (Figure 1) and direct
readers to other studies that cover the electrospinning of
il 116-119

Dry spinning is the process by which solidification of the
fiber occurs due to evaporation of a volatile solvent."*’ For wet
spinning, the protein/solvent solution is extruded through a
spinneret directly into a nonsolvent coagulation bath which
initiates solidification into a fiber via precipitation."”® A
variation which bridges both wet and dry spinning processes
also exists which involves a small air gap prior to the
coagulation bath and is known as dry-jet wet spinning.'*

3.3. Postprocessing. In general, as-spun silk fibers
produced by both wet and dry spinning techniques are often
brittle and have poor mechanical properties.””°">'% There-
fore, different postprocessing methods have been applied to
improve the mechanical performance via modulating protein
order™” and decreasing fiber diameter”” (Figure 1). For wet
spun fibers, the most common postprocessing methods are
immersion in the coagulant for extended periods, manually or
automatically applied postdrawing with different ratios, and in
some cases steam-annealing.***”** It appears that dry spun
fibers have to be further dehydrated and later immersed in
ethanol for continuing crystallization.’**”®" Additionally, wet
and dry spun fibers are postdrawn to increase both the order
and alignment of the molecules.””%>+%93103

75,115

4. PROGRESS IN ARTIFICIAL SILK FIBER SPINNING
OVER TIME

With so many variables in the process of artificial silk spinning,
direct comparison of mechanical properties is often difficult.
However, when analyzing the literature it is possible to observe
some interesting trends over time that shed light onto both
challenges that have been overcome and those still to be met (a
complete list may be found in Table 1, with data summarized in
Figure 2). For ease of discussion, we have split the field into
regenerated silk fibroin (RSF) wet spinning, RSF dry spinning,
and recombinant wet spinning.

230

4.1. Regenerated Silk Fibroin Wet Spinning. The first
mention of wet spinnin§ of silk fibers may be found in a patent
by Esselen in 1933."”" In the early days of silk fiber wet
spinning, it was difficult to find an appropriate solvent/
coagulant system, and therefore, Esselen began using those
developed for cellulose fiber spinning. He found that silk fibroin
is insoluble in typical cellulose solvents and therefore used a
solution of blue copper hydroxide, ammonia, and sodium
hydroxide to dissolve the silk fibroin before spinning it into
sodium bisulfate. Yet while fibers were clearly produced by this
process, to the best of our knowledge no mechanical property
data exist. The first published mechanical property data of an
artificially spun silk fiber came a quarter of a century later in the
year 1960.°° Yazawa, like Esselen, took inspiration from
cellulose spinning and dissolved natural silkworm fibers in
magnesium nitrate before extruding the dialyzed solution into
saturated ammonium sulfate. The fibers produced had a
tenacity of 2.5 g/den and an extensibility of 20—25%. From
then until the turn of the century, artificial silk fibers showed
little improvement,”°® which may be attributed to large fiber
diameters (>100 pm), around five times that of a natural B.
mori fiber (Figure 2a).'*>'*?

In 2002, Yao et al. reported promising results by spinning
fibers with a performance close to that of silkworm silk.* This
was achieved by using hexafluoroacetone hydrate (HFA) as a
solvent for the spin dope which has been shown to possess very
good solubility for silk proteins*’ and then spinning into a
methanol bath to increase the degree of molecular order via
further protein crystallization.'”* After drawing, their fibers
were then steam-annealed at 125 °C for 30 min, resulting in a
reduction of internal stresses and potentially a further increase
in order via annealing of the disordered regions.”'*>'*® The
resulting fibers exhibited a significantly reduced fiber diameter
of 46 yum and a strength of 321.2 MPa (Figure 2a).

In subsequent years, researchers continued to use methanol
as a coagulant and examined alternative solvents for
spinning.* 99=7% Until 2007, the properties reported by Yao
et al. were unsurpassed, most likely because the solvents used
either heavily degraded the silk proteins, had low silk
solubility,”*~""7®”” or the spinning technique employed
insufficient postprocessing’> (as evidenced by the improved
properties achieved by Lee et al.*® and Ki et al.”’ by using
higher draw ratios that year).

Post 2007, a clear upward trend in fiber strength can be
observed (Figure 2a). Zhu et al.*” was the first to report fiber
properties exceeding those of natural silkworm silk, and from
then onward, most studies reported fibers that were either
better or close to the natural B. mori fiber.*>*>%*%%%%3 From
our analysis, concurrent with this improvement was both a
decrease in fiber diameter (Figure 2b) and an increase in
postprocessing draw ratio (Figure 2c). However, despite the
artificial silk’s material properties bearing a closer resemblance
to the natural fiber, the concentration of the spinning dopes
were generally lower than the natural dope protein
concentration, (Figure 2d) ranging from 7.5 wt %°° to 29 wt
9%,%* with a mean of around 15 wt %.

To date, the most impressive properties have been reported
by Ha et al,”* with fibers possessing a strength, extensibility,
and toughness similar to that of a natural spider dragline silk
but with four times higher stiffness (Figure 2, black squares).
However, these fiber properties were based on a small number
of hand-drawn fibers and as such have been difficult to
replicate. Therefore, it was Zhang’s efforts in 2015,”® which has
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fibers during different time periods. The area of each pentagon represents a performance space and is defined by the collective (not individual) best
fiber properties that were achieved during each time period. In other words, all RSF wet spun fibers reported in the literature from 2011 to 2016 (see
Table 1) lie within the blue pentagon area in image c. The single data points of N. edulis” dragline silk and B. mori® cocoon fibers represented by the
dashed/dotted lines are included for reference. The fiber properties of Ha et al.”* are shown as black squares (for explanation, see the main text).
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to date reported the best fiber properties produced by wet
spinning a reconstituted fibroin dope (Figure 3).

4.2. Regenerated Silk Fibroin Dry Spinning. Dry
spinning of regenerated silk fibroin is a relatively recent
innovation, with the first reports appearing in 2011, some 50
years after silk wet spinning began.’®>”°° This area is
dominated by the Zhang group with 6 of the 7 publications,
and as they use the same degumming and dissolving conditions,
it is much easier to directly compare fiber properties (Figure 2).
From their first paper, fibers were produced that exhibited
similar strengths to those of silkworm silk but had twice the
toughness.””>’ Since then, reports continued to show an
improvement in fiber properties along with an increase in
feedstock concentration from 20 to more than 50%,°°~>° and a
decrease in diameter to ~2 pm which is close to that of Nephila
edulis dragline silk (Figure 2b), resulting in the best reported
mechanical properties to date (Figure 3).%'

Refinement of the process has been recently reported by Yue
et al.*” from another group. They reported similar properties to
those of Jin et al,”” although using a much lower protein
concentration for spinning. They spun fibers with a
concentration of 20—25 wt % silk proteins into a calcium
chloride/formic acid mixture. The natural silk proteins could be
dissolved directly in this solvent and immediately processed,
eliminating the dissolution and dialyzing steps which could
significantly reduce the processing time. This time-saving way
of using formic acid in silk regeneration seems to be a recent
trend and was also used by Zhang and co-workers.”*”*

4.3. Recombinant Silk Wet Spinning. In contrast to
regenerated silk fibers, recombinant wet spun fibers do not
show the same rate of improvement over time (Figure 2a).
Starting in 2002, the widely publicized work by Lazaris et al.””
reported fibers spun from spider silk-inspired proteins ex-
pressed from mammalian cell lines that had an elongation,
stiffness, and toughness akin to B. mori. However, despite
several attempts over the years,”*>”7'% a comparable
strength to the fibers reported by Lazaris et al.’> was not
achieved until 2010.”” Surprisingly, this improvement is not
correlated with a reduction in diameter (like regenerated silk
fibers), with fibers being generally larger than natural silks
(Figure 2b). Thus, we propose that the primary improvement
in properties from recombinant fibers is most likely due to an
increase in molecular weight. While Lazaris et al. spun fibers
from proteins of 60—140 kDa,** Xia and co-workers used
multimerization of their gene construct to increase the
molecular weight to 284.9 kDa”” and reported improved
properties. Furthermore, later reports from Lin et al.'** and
Heidebrecht et al.'” reported a further increase in molecular
weight to 286'%° and 378 kDa,"** respectively, by using SUMO
(small ubiquitin-like modifier) fusion technology and via
disulfide bonding.

5. UNDERSTANDING THE DEVELOPMENT OF FIBER
PROPERTIES

Above, we have seen single viewpoints on individual fibers, but
we have not been able to see the overall development, ie.,
“performance space” of the field. Here, we introduce a new
means for comparing the most common fiber properties to
enable us to understand the material property trade-offs in fiber
development and determine possible areas for further improve-
ment. As a result, a performance space is therefore derived from
the best achieved fiber properties across all studies within a
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time period and not necessarily from an individual fiber
(visualized as “web plots” in Figure 4).

Until 2008, the best properties from any wet spun fibers from
regenerated feedstocks show a performance close to that of the
natural B. mori fiber (Figure 4a). However, it is worth
mentioning that it was not possible to spin an individual fiber
that combines all of these properties. Of note is that the study
from Ha et al. which reports fiber properties outperforming the
performance of N. edulis dragline silk was set aside for
discussion as they still remain to be reproduced.”” During this
time period, only one publication rezported the spinning of
fibers from recombinant silk proteins.’” Those fibers possessed
a higher stiffness and toughness compared to those of fibers
from regenerated silk proteins, while the strength, diameter,
and extensibility were comparable.

From 2006 to 2010, all regenerated silk fibers saw
improvements (Figure 4b). For the first time, individual fibers
with properties exceeding those of natural B. mori silk could be
spun from regenerated feedstocks.””*" As discussed above, this
is attributed to improved processing parameters that also
account for the decrease in fiber diameter. This is in contrast to
recombinant fibers, which do not show an overall improvement
but rather a shift of properties: stiffness and strength were
improved, albeit at the expense of extensibility and toughness.

From 2011 to 2016, only the stiffness of regenerated silk
fibers increased, while other properties plateaued (Figure 4c).
Recombinant fibers, however, saw a significant improvement
with a toughness reported that was close to natural spider silk, a
product of increased extensibility but at the expense of fiber
strength and stiffness. This time period also saw the emergence
of dry spun fibers, with properties reported that outperform
regenerated wet spun silks and importantly show the highest
strength of all fibers (alongside a very small diameter for dry
spun fibers).

In summary, regenerated silk fibers have shown a gradual
improvement in all properties over time, but upon closer
inspection, it appears that the wet spinning approach has
reached a limit in strength and toughness, yet a very high
stiffness was recently reported by Chen and co-workers.”*
However, it has been the innovation in dry spinning that has
led to improved properties in the field. On the other hand, the
field of recombinant dope spinning appears to be currently
faced with a trade-off; it is possible to spin fibers with either a
high stiffness and strength®® or high toughness and extensi-
bility'®> but not both (Figure 4d). Very recently, however,
Andersson and co-workers'’” have reported impressive
mechanical properties of as-spun fibers from chimeric
recombinant spider silk proteins without any postspinning
modification.

6. CURRENT CHALLENGES

While the field has seen significant improvements in the
production of artificial silks, it is arguable that the most
significant challenges are still to come. In an effort to identify
the general challenges faced, it is important to highlight that a
fiber’s mechanical properties are a product of both the
feedstock and the means by which it is processed.

6.1. Feedstock. We propose one of the key problems
leading to difficulties in replicating the properties of the higher
performing silk fibers is the use of spinning dopes that may be
considered unnatural, i.e., their protein constituents differ in
both structure and function compared to those of the native
proteins. For example, reconstituted and recombinant silk

DOI: 10.1021/acsbiomaterials.6b00669
ACS Biomater. Sci. Eng. 2017, 3, 226—237


http://dx.doi.org/10.1021/acsbiomaterials.6b00669

ACS Biomaterials Science & Engineering

dopes have been shown to have completely different
mechanical/rheological properties, structure, and/or a lower
molecular weight compared to those of natural silk
proteins.28’32’38’5 —52,55,66,73,79,88,91,127 Furthermore, it is worth
noting that reconstituted silk proteins typically originate from
silkworms and hence are inherently different from spider silks
and thus may not be able to be processed into a spider silk at
3_11.128

6.2. Processing. As shown in this review, the current fiber
forming processes for artificial silk fiber spinning are very
different from the natural one. In nature, silk proteins are
transformed into solid, insoluble fibers via a stress induced
phase transition accompanied by an acidification and metal ion
gradient along the spinning duct.””**'*” However, during wet
spinning artificial fiber formation occurs via precipitation in a
coagulant and without the presence of anisotropic stress (ie.,
shear or post drawing under tension), which leads to a more
isotropic molecular arrangement of the proteins. Even dry spun
fibers formed by solvent evaporation require immersion and
drawing in ethanol to get an acceptable mechanical perform-
ance. Yet there are currently several efforts to spin silk fibers in
a more biomimetic fashion that move away from the more
traditional means of spinning,®"**'3971%*

6.3. Fiber Properties. From our analysis, the ability to
produce thinner fibers appears to be linked to increased fiber
strength for wet spun RSF fibers. This hypothesis is supported
by fracture mechanics calculations performed by Porter et al.,'*’
who proposed that natural silks are strong simply because they
are thin. However, after plotting the data presented here for
artificial silk fibers using the relationship for fracture strength
provided by Porter et al,'* it can be observed that despite
being thin, dry spun fibers and most wet spun fibers do not
follow the trendline for the generic energy release rate for
polymers (Figure S). The majority of the fibers follow a fit that
has a lower slope, meaning artificial silk fibers exhibit either a
lower strength, a higher stiffness, or a smaller diameter
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Figure S. Fracture-strength relationship for polymer fibers according
to Porter et al.'** Synthetic polymers, natural silkworm, and spider
dragline silk all follow the trendline for the generic energy release rate.
Most artificially spun silk fibers, however, tend to follow a different fit,
indicating more disordered regions compared to those of natural silks.
The black squares represent the values from Ha et al.”>
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compared to that of natural fibers. This suggests that apart
from the external fiber structure (i.e., diameter and fiber
surface), the internal structure (i.e., hierarchical structures,
skin/core, and micro/nanofibrils, alongside control of the
ordered and disordered regions) plays a vital part in defining
the mechanical performance of silk fibers and is an area for
future research.

If further developments are to be made, we now have to go
back to the beginning of our discussion and understand all
properties of the best performing individual fibers (Figure 3) by
looking at the complete regime of a stress—strain graph. When
comparing the best performing fibers for every spinning
approach to natural B. mori and N. edulis silk, some interesting
differences can be observed (Figure 3). For example, all
artificial fibers show very distinct yield points with clearly
different pre- and postyield moduli that appear to be absent in
natural silk fibers. Natural silks show a homogeneous, rubber
like deformation to rupture, whereas the stress—strain behavior
of the artificial silk fibers suggests that a previously less ordered
structure is converted into more ordered areas by cold-
drawing."** Studies that specifically probe this link and thus the
continuum between natural and artificial silk fibers provide
useful insight into this structure—function relationship. For
example, Mortimer et al. using dynamic mechanical thermal
analysis and thermal gravimetric analysis demonstrated that
native silk fibers have less disordered regions compared to
those of forced reeled and artificial silks.” Beyond the
nanoscale, another factor that negatively influences the
mechanical properties of artificially spun silks was previously
discussed by Peng and co-workers."”° They suggested that
impurities enclosed within the fiber inhibit fibril assembly and
lead to a porous structure affecting fiber performance. Such
impurities are proposed to be very short protein fragments
from highly degraded proteins,>® remaining chaotropic salts'*®
from insufficient dialysis, or entrapped air-bubbles during
processing.

As a conclusion, it appears that the key to producing fibers
with enhanced properties is to spin silk proteins as inherently
thin fibers without impurities and at the same time develop
molecular orientation during processing rather than by
postdrawing.

7. SUGGESTIONS FOR COMPARISON AND
CONSISTENCY

In this review, we conclude that in order to elucidate the
underlying mechanisms behind successful biomimetic fiber
production and present artificially spun fibers in a fair and
comparable light, the community would do well to adopt a few
consistent practices across studies. We suggest that in the future
it would benefit all for the following parameters for single fiber
tensile tests to be reported: manufacturer of the testing
apparatus, maximum capacity of the load cell used and
minimum resolution, test gauge length, strain rate, the number
of samples per treatment tested, the testing temperature and
humidity, and any fiber pretreatments (including storage
conditions). With respect to the presentation of such data,
tables with SI values and error alongside a comparison to other
studies, or an average value for a natural fiber (taken from
literature) would be beneficial.

One final topic not discussed so far but crucial to the
successful application and scale-up of these processes is
whether continuous spinning is possible. A process that can
produce very short fibers with impressive properties is not
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necessarily more attractive to industry when compared to one
that allows continuous spinning of fibers with good properties.
Therefore, to increase consistency and comparability in the
field of silk fiber spinning, we suggest reporting the length of
the longest continuously spun fiber in addition to the fibers’
tensile properties. To date, only two publications,””'"” to our
knowledge, have reported either continuous spinning times or
fiber lengths, and from other papers, it can only be inferred
from the gauge length of the tensile samples and the number of
repeats.

8. CONCLUSION

The successful production of artificial silk fibers has been a
scientific and technological milestone for nearly a century. This
review has made efforts to summarize the various artificial silk
fiber spinning approaches and discuss the development and
trajectory of each technology. In general, each approach has its
own challenges to overcome surrounding aspects of the
feedstock/dope, fiber spinning, and postprocessing: for the
well-established wet spinning, it appears that postprocessing
through the steady decrease in fiber diameter alongside an
increase in postdraw ratio has seen significant improvements in
mechanical properties. The more recent innovation of dry
spinning has seen improvements through the use of highly
concentrated dopes, microfluidics, and alternative protocols for
regeneration. Finally, recombinant spinning, which has the
added advantage yet complexity of truly bespoke protein
configurations, has seen the greatest improvements through an
increase in protein molecular weight.

From our review, it is clear that fibers outperforming natural
B. mori silk can be produced by all spinning methods.
Nevertheless, we are yet to reach the “gold standard” of an
artificial fiber that matches the properties of a spider dragline
silk. Extrapolation from our analysis (Figure 2) indicates that
achieving this through simple iterative development of existing
solutions will take a significant amount of time. Therefore, we
must look toward first understanding the fundamental
mechanisms behind natural silk production and performance
in order to innovate. When such challenges are matched and
systems developed, it will allow new exciting hypotheses to be
tested that reach beyond engineering and hark back to biology,
perhaps even helping unravel the fundamental evolutionary
constraints placed on silk spinning that define this remarkable
material.
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