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Impact of physio-chemical spinning conditions on

the mechanical properties of biomimetic spider
silk fibers

Benjamin Schmuck 125 Gabriele Greco® 23, Fredrik G. Bicklund', Nicola M. Pugno 34 Jan Johansson' &

Anna Rising® 12

Artificial spider silk has emerged as a biobased fiber that could replace some petroleum-
based materials that are on the market today. Recent progress made it possible to produce
the recombinant spider silk protein NT2RepCT at levels that would make the commerciali-
zation of fibers spun from this protein economically feasible. However, for most applications,
the mechanical properties of the artificial silk fibers need to be improved. This could
potentially be achieved by redesigning the spidroin, and/or by changing spinning conditions.
Here, we show that several spinning parameters have a significant impact on the fibers’
mechanical properties by tensile testing more than 1000 fibers produced under 92 different
conditions. The most important factors that contribute to increasing the tensile strength are
fast reeling speeds and/or employing post-spin stretching. Stretching in combination with
optimized spinning conditions results in fibers with a strength of >250 MPa, which is the
highest reported value for fibers spun using natively folded recombinant spidroins
that polymerize in response to shear forces and lowered pH.
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scientific challenge for more than 90 years!2. This long-

term ambition to replicate one of nature’s toughest
materials® indicates the difficulties associated with this task®. The
main obstacles have been low yields from microorganism
expression systems, difficulties to maintain the spidroins in a
soluble state at high concentrations before spinning, and the
inability to replicate the molecular processes that dictate spidroin
assembly into a fiber2>-11. Still, the prospect of applying this
lightweight but tough material in high-end products nurtures the
persistent interest in spider silk. Suggested applications include
different kinds of wearables!2 such as space suits!3, as durable
components in robotics!4, other high-end textiles!>1%, and as
biomaterials for medical devices!’-21. This wide range of appli-
cations is attributed to the distinctive property portfolio of spider
silk, which combines strength and extensibility, with bio-
compatibility and biodegradability?2-24,

An artificial spider silk fiber intended for commercial appli-
cations must display reproducible mechanical properties. The key
to gaining control of the fiber’s mechanical properties may lie in
the understanding of how these are influenced by different
spinning conditions. Previous studies have revealed that
laboratory-drawn natural spider silk reeled at high speeds dis-
plays a high initial Young’s modulus and toughness modulus but
fractures at low strain®>2%. The influence of the spinning condi-
tions on the mechanical properties has also been investigated for
fibers obtained from wet-spun recombinant spidroins produced
under denaturing conditions. In this process, lyophilized spi-
droins are first solubilized with hexafluoroisopropanol (HFIP) or
trifluoroacetic acid (TFA), followed by extrusion of the con-
centrated spidroin solution (dope) into a coagulation bath con-
sisting of methanol, isopropanol, or ethanol>1%-27:28, Conditions
found to influence the properties of these wet-spun fibers were
the chemical composition of the coagulation bath and post-spin
stretching?82°. However, since different academic groups most
often use custom-made spinning devices and unique spidroin
construct(s), and since only a few fibers and conditions are tested
in each study, it is difficult to draw general conclusions from the
literature on how different spinning conditions impact the
mechanical properties of the fibers. The mini-spidroin
NT2RepCT with a molecular weight of 33 kDa consists of an
N-terminal (NT)3° and C-terminal (CT)3! domain, flanking a
MaSp1 repetitive region from Euprosthenops australis that fea-
tures two poly alanine blocks®?. NT2RepCT is expressed and
purified as a water-soluble protein in which the terminal domains
are natively folded and functional. In addition, the protein is
soluble up to a concentration of 500 mg/mL under conditions
that reflect those in the gland lumen (ambient temperatures and

T o master the art of spinning artificial spider silk has been a

in aqueous buffers at pH 8), which allows NT2RepCT to be spun
into fibers using aqueous buffers and a lowered pH combined
with shear forces. The production and spinning process herein
referred to as a biomimetic spinning process, is substantially
different from how artificial spider silk is usually made in that it
requires no use of denaturants or organic solvents for solubili-
zation of expressed proteins or fiber spinning?. A recent study
shows that NT2RepCT can be produced at yields that are com-
patible with those required for developing a commercial fiber33.
However, NT2RepCT fibers studied in the literature have variable
mechanical properties, probably depending on the precise con-
ditions used for spinning (Supplementary Table 1)32-36. In most
of these studies, spinning was performed by extruding a highly
concentrated (300 mg/mL) NT2RepCT solution (dope) through a
tapered glass capillary (tip diameter ~30 um) into a buffer con-
taining 750 mM acetate (sodium acetate and acetic acid), pH 5,
and 200 mM NaCl. In other studies, NT2RepCT fibers were spun
using a coaxial needle (straining-flow spinning)** instead of a
glass capillary or were subjected to post-spin incubation in the
spinning buffer for several hours before collection3>. Another
important factor that could influence the mechanical properties
of the NT2RepCT fibers is the reeling speed applied during fiber
collection, which has not been reported or controlled, except in
Schmuck et al.33.

Hence, a thorough and systematic investigation and optimi-
zation of the spinning parameters that influence the properties of
the fibers are essential for the continued development of biomi-
metic artificial spider silk fibers4. In this study we investigate the
influence of dope concentration, dope flow rate, the diameter of
the capillary opening, humidity, presence of NaCl, reeling speed,
buffer composition/temperature, and post-spin stretching to
pinpoint the parameters that influence the fibers’ mechanical
properties (Fig. 1).

Results and discussion

Impact of capillary tip diameter, ionic strength of spinning
buffer, dope concentration, flow rate, and relative humidity.
The recently developed production protocol for obtaining
NT2RepCT?3 results in unprecedented yields, which made it
possible for us to perform a detailed investigation of how a large
panel of different spinning parameters affects the mechanical
properties of artificial spider silk fibers spun from this protein
(Fig. 1). First, we examined the influence of the capillary size on
the mechanical properties of biomimetically spun NT2RepCT
fibers (Fig. 2. See also Supplementary Table 2 for a summary of all
the spinning parameters used in this study). NT2RepCT con-
centrated to 300 mg/ml was extruded through glass capillaries

Spinning Bath

Spinning Buffer

b) Post-spin
stretch

Reeling Speed

Fig. 1 A custom-made spinning setup for manufacturing biomimetic artificial spider silk with the parameters investigated herein highlighted. a A
highly concentrated aqueous solution (dope) of the minispidroin NT2RepCT is pumped from a syringe through polyethylene tubing and a glass capillary
with a tapered tip into the spinning bath containing an aqueous buffer. At the end of the spinning bath, the fibers are collected on a rotating wheel.
Parameters investigated are: 1. Dope concentration (150-450 mg/mL); 2. Flow rate (10-35 uL/min); 3. Capillary size (opening diameter 28-99 um); 4.
Relative humidity (30-85%); 5. The reeling speed (9-69 cm/s); 6. Buffer strength, type, and pH (250-1000 mM acetate/succinate/citrate/citrate-
phosphate buffer, pH 4-5). b The effect of post-spin stretching was investigated by stretching fibers to defined lengths using a tensile tester.
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Fig. 2 Impact of capillary tip diameter on the mechanical properties of artificial NT2RepCT silk fibers. Capillaries with six different tip diameters were
tested with and without NaCl in the spinning buffer, respectively. The black line connects the data points obtained when a 750 mM acetate (Na)spinning
buffer containing 200 mM NaCl was used. The green line represents data points that were obtained with a 750 mM acetate (Na) spinning buffer without
NaCl. Each data point represents the average of n > 10 measurements, with error bars showing + one standard deviation. The corresponding stress-strain
curves are shown in Supplementary Fig. 1. The dashed lines in Fig. 2 show the average of all data points for the spinning buffer with NaCl (black) or without
NaCl (green). Stars indicate a significant difference (p < 0.01). Detailed spinning parameters for this experiment are found in Supplementary Table 2.

with an opening in the range from 26 to 99 pum, into a 0.75M
acetate buffer (Na) at pH 5, containing 200 mM NaCl (Fig. 2,
black line). These conditions were chosen as a reference since
they are comparable to the conditions used for spinning
NT2RepCT in earlier work (Supplementary Table 1). The reeling
speed was kept constant by collecting the fibers on a rotating
wheel at the end of the 80 cm long spinning bath at 29 cm/s.
Capillary openings smaller than 50 um produced fibers with a
strain at break of ~70% and strength between 44-59 MPa. Larger
capillary openings (267 pum) produced fibers with a strain at
break up to 127% and a strength reaching 45-71 MPa. Despite the
large size difference in capillary orifice diameters, the fibers
produced were rather consistent with respect to strength and the
strain at break.

To assess how the ionic strength of the buffer influences the
mechanical properties of the mature fibers, the spinning dope was
extruded into a spinning buffer without NaCl (0.75 M acetate (Na)
at pH 5), using capillaries between 38 and 91 um. A comparison of
the mechanical properties of the fibers spun with and without NaCl
in the spinning buffer indeed shows that there is a significant
difference (Fig. 2). A toughness modulus of 75 MJ/m3 to 110 MJ/
m? was achieved with a spinning buffer without NaCl, while when
NaCl was included, the toughness values for fibers spun with all
capillary tip sizes were lower than 41 MJ/m?>. The higher toughness
of fibers spun without NaCl in the spinning buffer results from an
increase in both strength and strain at break.

Results from both spinning buffer compositions showed a
trend of increased fiber diameter (Supplementary Fig. 2) and
decreased strength (Fig. 2, green line) with increased capillary
orifice size. The best fibers (referring to the toughness modulus)
were obtained with a capillary opening of 56 um which reached a
toughness modulus of 110 MJ/m3 (Fig. 2). Thus, subsequent
experiments were conducted with capillaries that had an opening
size at the tip of 60 + 15 pm, unless otherwise stated. Moreover,
based on these results, subsequent spins were performed
without NaCL

Next, we examined if the protein concentration of the dope
influences the mechanical properties. Again, a reeling speed of
29 cm/s was used to collect the fibers after the spinning dope
with a protein concentration of 100 to 300 mg/ml was extruded
through a glass capillary with a tip diameter between 50 to
70 um, but up to 100 um for more concentrated samples. Larger
capillary openings were unavoidable as the increased viscosity
of highly concentrated samples made it difficult to extrude the
spinning dope. An optimum with respect to both strength and
strain at break was found for dope concentrations between 250
and 350 mg/mL, while concentrations <250 mg/mL or >350 mg/
mL gave fibers with a decreased strength and strain (Fig. 3, left
column). When a spinning dope with a concentration of
100 mg/mL was used, fiber collection was not possible, and at
450 mg/mL, the fibers were extremely brittle. Even though fibers
spun from 350 mg/mL exhibited the highest toughness so far
(115 M]J/m3), the standard deviation of +44% is particularly
large, and therefore we continued to spin using a dope
concentration of 300 mg/mL.

Next, the effect on the mechanical properties of the rate of
dope extrusion into the spinning buffer was investigated (Fig. 3,
middle column). Slower flow rates (10 & 17 pL/min) resulted in
fibers with a strength of 80-100 MPa, whereas fast flow rates
(35 pL/min) gave fibers with a lower strength (65-70 MPa) and
strain at break. Also, fibers spun using higher flow rates (25 and
35 puL/min), resulted in thicker fibers (Supplementary Fig. 3).
Thus, thick fibers were apparently associated with reduced
mechanical properties, which is a phenomenon we have
observed before and could be caused by a less aligned internal
molecular structure3” or by an increased risk of having defects3S.
It should also be noted that the shear stress in the capillary is
not solely correlated to the extrusion rate of the dope, but also
to the type of the fluid. Newtonian fluids (whose viscosity does
not depend on the shear rate) experience higher shear stresses
the higher the shear rates are, inducing more orientation in the
protein chains. This is not valid for non-Newtonian fluids, such
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Fig. 3 Influence of the protein concentration, the flow rate, and the relative humidity during the spinning process on the mechanical properties of
NT2RepCT fibers. The fibers were obtained by extrusion of a concentrated NT2RepCT solution into 0.75 M acetate pH (5) buffer, using a reeling
speed of 29 cm/s for fiber collection. Each point represents one measurement, whiskers indicate the minimal and the maximal value, the boxes show
*one standard deviation and the horizontal line in the middle of the boxes represents the mean value. The corresponding stress-strain curves are
shown in Supplementary Figs. 4 and 5. Left column: Impact of the protein concentration in the spinning dope on the mechanical properties of
NT2RepCT fibers. Middle column: Impact of the flow rate of the spinning dope extruded into the spinning buffer on the mechanical properties of
NT2RepCT fibers. Right column: Impact of the humidity during spinning on the mechanical properties of NT2RepCT fibers. Detailed spinning
parameters for this experiment are found in Supplementary Table 2. Representative SEM images of fibers spun with different dope concentrations are

shown in Supplementary Fig. 17.

as the NT2RepCT spinning dope, for which the viscosity is
decreased at high shear rates3?, which complicates the relation-
ship between flow rate and shear stress. Therefore, increasing
the dope flow rate may not have a significant effect on the
shear stress and the molecular alignment, which could be
why an increase of the flow rate from the previous standard
of 17 uL/min did not improve the strength and strain. Thus
17 uL/min was used as the flow rate of choice throughout the
remaining work.

Another important parameter that needs to be addressed is
the effect of the relative humidity on the mechanical properties

of artificial silk fibers. In a previous study by our group, we
found that the strength is decreased and the strain is increased
if the NT2RepCT fiber is exposed to a relative humidity larger
than 50-55% during tensile testing3°. Considering this, it is also
possible that the fibers are influenced by differences in relative
humidity during the spinning process and therefore we
evaluated the impact of spinning at a relative humidity between
30% to 85% (Fig. 3, left column). From the data obtained, no
major changes in the mechanical properties of the fibers could
be observed, which is in line with what has been observed for
native spider silk40.
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< mM pH5.0 pH4.8 pH45 pH4.0 pH5 pH50 pH4.8 pH5.0 pH5.0 pH4.38 min
g < 250 95 91 79 ND 86 60 83 99 95
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= 750 | 58 79 74 ND 95 89 75 89 97 102
] 1000 | 59 80 77 50 76 76 ND 77 90 85
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%< 500 | 94 54 32 ND 21 12 5 56 6
£ 750 57 ND 108 12 5 4 5 40
& 1000 105 3 61 4 ND 4 22 4
% mM pH5.0 pH4.8 pH4.5 pH4.0 pH 5 pH5.0 pH4.8 pH50 pH5.0 pH4.38
T _ 250 | 26 26 1.9 ND 23 1.7 27
EL 500 | 29 181 28 ND 27 2.3
22 750 | 24 2.4 2.9 ND 2.8
5 1000 | 21 22 27 25 22 ND 3.0
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é mM  pH50 pH4.8 pH4.5 pH4.0 pH 5 pH5.0 pH4.8 pH 5.0 pH5.0 pH4.8
T _ 250 ND 48 51 52 3 7 4
EL 500 ND - e 7 4 47 5
83 750 ND 7 3 2 3 34
% = 1000 1 39 2 ND 2 15 2
2

Fig. 4 Mechanical properties of NT2RepCT fibers spun with a variety of buffers. For better orientation, the values were colored according to a gradient
from white (low) to (high (dark green)). ND (not defined) designates buffers that could not produce enough fibers for tensile testing. The values shown
here represent the average of n > 10 measurement. The same table but with tone standard deviation is shown in Supplementary Fig. 7. The corresponding
stress-strain curves are shown in Supplementary Figs. 8-12. Details regarding other spinning parameters of this experiment are found in Supplementary

Table 2.

Influence of the spinning buffer. The lock and trigger hypothesis
for native spider silk formation states that the decreased pH
observed along the silk gland leads to NT dimerization (locking
the spidroins together) and CT unfolding?, which in turn triggers
the formation of B-sheet polymers of the repetitive region. Since
the CT remains folded in NT2RepCT fibers spun using acetate
buffer at pH 5%, in an attempt to make the fibers stronger, we
speculated that decreasing the pH in the spinning buffer (below
5) could facilitate unfolding of CT. Spinning of NT2RepCT at
different pH values was tested by Andersson et al.32, where a
spinnability between pH 5.5 and 3 is reported. However, the
mechanical properties of the fibers spun at other pH values than 5
were not determined. Here, we evaluate the mechanical properties
of fibers spun at different pH values, also using different buffer
strengths (between 250 to 1000 mM) and different buffer types
(acetate, succinate, citrate, and citrate phosphate, see Fig. 4). In
total, we attempted to produce fibers from NT2RepCT dopes
using 40 different spinning bath buffers. To help us get an
overview and decide which conditions were favorable, we initially
categorized the spinning process as being continuous (fiber col-
lection without interruption), discontinuous (frequent interrup-
tion as the fiber would break during collection after less than 10,
making it necessary to guide the fiber once more from the
capillary through the spinning bath to the collection wheel), or
not possible to collect a fiber (the fiber was too fragile and would
either disintegrate or break during translocation through the
spinning bath). Using the acetate (Na) buffer, but decreasing the
pH made it more and more difficult to attain a continuous
spinning process (Supplementary Fig. 6). At pH 4, the wet fiber
was extremely fragile, which made it impossible to collect enough
fiber for tensile testing, except at an acetate concentration of
1000 mM when fiber collection was discontinuous but could be
maintained for a few seconds. Discontinuous spinning was also
observed for pH 4.5 using low acetate concentrations of 250 and
500 mM. Tensile testing of fibers produced using the entire
acetate (Na) matrix (250-1000 mM and pH 4-5) showed that the
fiber strength was rather consistent (58-95 MPa) except for fibers

obtained at pH 4 which had both strain at break and strength
values that were inferior to all the other fibers (Figs. 4 and Sup-
plementary Fig. S7). On the other hand, the strain at break of the
fibers spun using the different acetate (Na) buffers varied sub-
stantially. Higher extensibility was obtained for fibers spun using
high acetate (Na) concentrations (2750 mM) if the pH was 24.5
(Fig. 4). One exception was fibers spun using 250 mM acetate
(Na) at pH 4.5 which showed high extensibility but also very large
variability (Supplementary Fig. 7). Taken together, our results
indicate that the optimal pH value of the spinning buffer is 5, but
that the acetate concentration does not have a substantial effect
on the mechanical properties of the fibers. Lowering the pH in the
spinning buffer to <5 does not result in stronger fibers, in contrast
to what could be speculated based on the functions of the CT.

Natural silk-spinning involves a gradually decreasing pH but
also relies on changes in ion concentrations along the spinning
duct*>43. In particular, the concentrations of the chaotropic ions
Nat and Cl~ are lowered, while the concentrations of the
kosmotropic ions PO,>~ and SO,2~ are increased*’. Nat has
been suggested to weaken intra- and intermolecular interactions
of the repetitive domains and prevent their transition into {3-sheet
conformation, while kosmotropic ions would have the opposite
effect®4. In line with this, we replaced Na™ with KT in the
spinning buffer by preparing an acetate (K) buffer at pH 5. Using
buffer concentrations of 250, 500, 750, and 1000 mM, respec-
tively, we produced fibers with a strain at break of up to 121% and
tensile strength of 76-95MPa which is similar to the tensile
properties obtained using acetate (Na) (Figs. 2 and 3). This means
that in our spinning system, there is no advantage to using K+
over Na™ jons in the spinning buffer. The lack of detectable
effects of replacing K™ for Na™ in the spinning bath could be a
consequence of that we introduce an abrupt change in conditions
when the dope is extruded into the spinning buffer rather than
mimicking the gradual change in ion concentration in the
spider’s gland.

Finally, we also investigated if alterations in the buffering
system would modulate the mechanical properties. First, we
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tested divalent succinate buffers, which resulted in fibers with a
strength that was comparable to fibers spun in acetate buffers
(Fig. 4). At high succinate concentrations, there was a significant
decrease in strain. Lowering the pH of the succinate buffers to 4.8
impair the strain relative to pH 5 and made it impossible to spin
at 1000 mM. The use of citrate as a spinning buffer has previously
been shown to yield extensible fibers when spinning regenerated
silkworm fibroins, e.g. Chen et al. produced fibers with a strength
of 76-98 MPa and a strain at break of 40-104%*>, which is
comparable to NT2RepCT fibers (Fig. 2). In our hands, a citrate
buffer and a phosphate-citrate spinning buffer, respectively,
resulted in stronger fibers (strength up to 134 MPa) with a higher
Young’s modulus (up to 3.4 GPa) but with the trade-off of an
inferior strain at break (5-56%). Fibers spun with a citrate buffer
had a substantially lower toughness than acetate-spun fibers
(2-47 MJ/m~3). We also lowered the pH to 4.8 in the citrate
phosphate buffer, but it did not lead to an improvement of the
mechanical properties compared to the citrate phosphate buffer at
pH 5 (Fig. 4).

Overall, the choice of the buffering system has a large effect on
the mechanical properties of the fibers inasmuch as strength
values differ by a factor of 2, strain values differ by a factor of 50,
and the toughness modulus can vary up to 2 orders of magnitude
between fibers spun under the conditions investigated herein.
However, we could not identify any spinning bath buffer
composition that improved the mechanical properties of the
fibers compared to the the acetate buffer (Na), which continued
to be the standard for spinning NT2RepCT fibers.

Influence of the reeling speed. Next, we investigated the influ-
ence of the reeling speed on the mechanical properties using the
0.75M acetate buffer (Na), by varying this parameter between
17 cm s~ ! and 69 cm s~1, which was in the range that was feasible
for continuous spinning. From these experiments two major
conclusions became evident. First, higher reeling speeds corre-
lated with stronger fibers. At low reeling speeds (17 cm/s) the
strength of the NT2RepCT fibers is lower than 30 MPa, but if the
reeling speed is increased the average strength approaches
100 MPa and more (Fig. 5). The fiber with the highest strength
(114 MPa) was obtained at 58 cms~!. This demonstrates the
importance of always reporting the reeling speed when spinning
artificial silk fibers and could be an explanation for the large
deviations of the mechanical properties found in earlier studies
(Supplementary Table 1). Second, with increasing reeling speed
there is a trend toward lower strain at break (Fig. 5), a correlation
which was also reported in the literature for native silk*>4°, but
since there is an opposite trend for the tensile strength, the
toughness values are fairly constant for reeling speeds >29 cm/s
and <58 cm/s. Again, excluding NaCl from the spinning buffer in
this set-up results in fibers with better mechanical properties
(Supplementary Fig. 14).

The fibers with the highest toughness modulus in
this experimental series were produced at 29 cm/s, reaching
89 MJ/m? (Fig. 5), but they also displayed a large variability,
which is typical for silk materials#’. Because of this, we decided
to increase the sample sizes for fibers spun at 29 cms~! and
58cms~1 (highest toughness and highest strength, respec-
tively). 79 individual NT2RepCT fibers that were spun at
29cms™! on six different occasions and 89 fibers spun at
58cms~! on eight different occasions were tested. The
mechanical properties of all tested fibers produced under these
two conditions are found in Fig. 6. Fibers spun at 58 cms~!
exhibited a significantly higher strength (110 MPa compared to
75MPa at 29 cm s~ 1), but the strain at break was as expected
significantly reduced (113% compared to 151% at 29 cms™—!).

There was no statistically significant difference in fiber
toughness between the two groups (90 MJ/m3 and 80 MJ/m3,
respectively). The Young’s modulus for fibers produced at
29 cm s~! was 1.9 GPa while the fibers spun at 58 cm s~! were
stiffer with a Young’s modulus of 2.2 GPa. As expected, a higher
reeling speed led to smaller fiber diameters (10.5 um at 29 cm's
~1 compared to 8.8 um at 59 cm/s) (Fig. 6). A recent study
reported that an artificial spider silk fiber’s strength is positively
correlated to its birefringence under polarized light and both
parameters can be increased by increased reeling speeds’.
Using brightfield microscopy, we could not detect any
morphological difference as both fiber types (spun at 29 cms
~1and 58 cm s~ respectively) seemed rather uniform in shape
(Fig. 7). However, an investigation of the fibers using polarized
light microscopy, revealed that the birefringence of fibers reeled
at 59 cm/s is substantially higher compared to fibers reeled at
29 cm/s (Fig. 7). This suggests, that the internal molecular
structure is indeed affected by the reeling speed, which is in
agreement with what has been found for native silk4®.

Temperature of the spinning buffer. Another strategy to facil-
itate the unfolding of CT could be to increase the temperature, as
suggested in a previous report*2, To test this we spun fibers in a
spinning buffer that held a temperature of 22, 34, 42, and 46 °C,
respectively. Continuous spinning at a reeling speed of 59 cm/s
was possible up to ~42 °C. At 46 °C spinning was discontinuous.
Spinning at temperatures higher than 46 °C was impossible since
the spinning dope solidified*3 in the tip of the capillary as soon as
it was immersed into the buffer, thus blocking the outlet. With
respect to the mechanical properties of the fibers spun at higher
temperatures compared to the standard temperature (22 °C), the
strength was decreased, and the fiber-to-fiber variation increased
substantially which indicates suboptimal spinning conditions
(Fig. 8). Furthermore, accelerating the drying speed of the freshly
reeled fibers by placing an infrared light source in the vicinity of
the collection wheel has had no significant effect on the
mechanical properties (Supplementary Fig. 19).

Post spin stretching. Post-spin stretching is a commonly used
method that increases the strength of natural and synthetic
fibers*?, and is a fundamental element in the industrial produc-
tion of fibers®%-51, This is also true for artificial silk fibers>2 which,
after extrusion of the dope into a methanol or isopropanol coa-
gulation bath, often are manually stretched 4-6 times of their
original length before they are tensile tested>>1%->3. Detailed
quantification of the influence of post-spin stretching could
provide useful information to maximize the strength?®52, as has
been shown e.g. for a fiber made from regenerated silk fibroin that

ained an increased strength of up to 80% with a 2-fold drawing
ratio>°4%5, There are no reports of post-spin stretched
NT2RepCT fibers, as all the fibers described thus far refer to as-
spun fibers (Supplementary Table 2). In this study, we attempted
for the first time to quantify the effect of post-spin stretching
NT2RepCT fibers. For this purpose, fibers spun at 58 cm s~1 were
mounted in a tensile tester and stretched 20%, 40%, 60%, and
80% (Fig. 9). Then the fibers were recovered and allowed to relax
before they were finally tensile tested. As anticipated, we found a
positive correlation between the draw ratio and strength, but also
a negative correlation between the draw ratio and strain at break,
which is a common effect of post-spin stretching. The highest
draw ratio investigated here (80%) increased the strength sig-
nificantly to 261 MPa, which corresponds to an improvement of
90%, which is the highest reported strength for a biomimetically
spun fiber from NT2RepCT (Supplementary Table 1). Stretching
the fibers by 80% also increased the Young’s modulus to 4.8 GPa,
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Fig. 5 Dependence of the mechanical properties of NT2RepCT fibers on the reeling speed. A 750 mM acetate (Na) buffer at pH 5 was used as spinning
bath. This figure depicts the data as a box plot, where each data point represents one measurement, whiskers indicate the minimal and the maximal value,
the boxes show *one standard deviation, and the horizontal line in the middle of the boxes represents the mean value of n >10. The corresponding stress-
strain curves are shown in Supplementary Fig. 13. Other spinning parameters associated with this experiment are found in Supplementary Table 2.

which corresponds to a doubling of the stiffness compared to
unstretched fibers. The best fiber in terms of toughness modulus
was obtained by stretching the fiber 20%, which increased the
toughness modulus to 129MJ/m> and means that these
NT2RepCT fibers are six times tougher than Nylon and three
times tougher than Kevlar3336:>7_ If the fiber is stretched by 80%,
the toughness modulus of NT2RepCT fibers is decreased to
68 MJ/m?3, which is still substantially tougher than Nylon and
Kevlar.

Figure 10 displays an overview of the impact of some of the
different spinning conditions investigated herein on fiber
mechanical properties. The spinning conditions affect the fiber
properties greatly, as evidenced by the 10-fold difference between
the lowest and highest tensile strength and a 150-fold difference
between the lowest and highest toughness modulus. The plot
reveals that a monovalent acetate buffer, but without NaCl, is
optimal to obtain fibers with a high average toughness modulus.
Furthermore, an important factor for obtaining strong fibers is to
reel the fresh fiber at high speeds, and in addition apply post-spin
stretching, which gives a clear indication that these parameters
should be quantified and reported in future studies. Overall, this
work provides important and valuable information for future
developments of biomimetic artificial silk fibers, but it is plausible
that the parameters investigated herein have other effects on the
mechanical properties of fibers spun from spidroins with a
different primary structure (e.g. that have repetitive regions
derived from other types of spidroins), which should be

investigated in future studies. In addition, our results may not
be directly translatable to processes that use protein denaturation
and aggregation (by spinning into e.g. isopropanol) to form
artificial spider silk fibers.

Conclusion

The recent development of a protocol that allows expression of
NT2RepCT with a bioreactor at yields surpassing 20 g/L allowed
us to herein screen a large number of different spinning condi-
tions and tensile test more than 1000 fibers. Our results show that
the optimized spinning protocol is insensitive to minor altera-
tions in protein concentration of the spinning dope (between 250
and 350 mg/mL), the diameter of the capillary used for extrusion
(30-70 um), the buffer concentration (250-1000 mM at pH 5), as
well as the relative humidity during the spinning process
(30-85%). At the same time higher flow rates (>17 ul/min),
concentrations of >350 mg/ml or <250 mg/ml, and the addition of
NaCl to the spinning buffer is accompanied by a negative effect
on the fiber mechanical properties. A pH <4.8 in the spinning
bath made the spinning process discontinuous. Replacement of
the acetate spinning bath buffer with other buffers made the
artificial silk fibers stronger at the expense of a substantially
decreased extensibility. Stretching of the fiber, either by increasing
reeling speed or by post-spin stretching, was the single most
important factor that improved the mechanical tensile strength of
the fiber. The toughness of the fibers spun under the most opti-
mal conditions we identified (129 MJ/m3) is more than three
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Fig. 7 Representative brightfield and polarized light microscopy images
of NT2RepCT fibers. Three different fibers obtained at a reeling speed of
29 and 58 cm/s are shown. The red double arrows represent the
direction of the polarizers. Representative SEM images of these fibers
and fibers obtained in different conditions are shown in Supplementary
Figs. 16 and 17.

times higher than man-made high-performance fibers like Kevlar
and Nylon-6.

Methods

Biomimetic spinning. The mini-spidroins NT2RepCT with a molecular weight of
33 kDa32 were produced with an expression and purification protocol described
earlier33. After purification, the minispidroins were concentrated to 300 mg/mL
(the spinning dope) with an Amicon Ultra-15 centrifugal filter unit (Merck-Mil-
lipore) equipped with an ultracel-10 membrane (10 kDa cutoff) at 4000 x g and
4°C. The spinning dope was then transferred to a 1 mL syringe with a luer lock tip
(BD, Franklin Lakes, NJ, USA). Biomimetic spinning was essentially performed as
suggested by Greco et al.?, with some modifications. The syringe filled with the
spinning dope was mounted in a neMESYS low pressure (290 N) syringe pump
(Cetoni, Korbufien, Germany) and connected to a 27 G blunt end steel needle (B.
Braun, Melsungen, Germany), which was connected to a pulled glass capillary by
using a serial tubing connection. Polyethylene tubing (BD Intramedic, Franklin
Lakes, NJ, USA) with an outer diameter (O.D.) of 1.09 mm and inner diameter
(ID.) of 0.38 mm was used to encase the needle before it was inserted ~1 cm into
the larger polyethylene tubing with an O.D. of 1.65 mm and an LD. of 0.76 mm.
The glass capillary (G1 Narishige, Tokyo, Japan) with an O.D. of 1.0 mm and LD.
of 0.6 mm was inserted into the end of the larger polyethylene tubing. Before
insertion, the glass capillary was heated and pulled using a Micro Electrode Puller
(Stoelting Co. 51217, Wood Dale, IL, USA). To obtain a tapered tip with an orifice
diameter of <100 um the capillaries were cut by hand and investigated under light
microscopy at 10x magnification to remove capillaries that were damaged and to
determine the diameter of the tip opening. After the connection between the
syringe and the glass capillary was established, the spinning dope was extruded
through the capillary with a flow rate of 17 pl/min into the spinning bath con-
taining 4 L of a 750 mM acetate (Na) buffer at pH 5. The distance the fiber traveled

8 COMMUNICATIONS MATERIALS | (2022)3:83 | https://doi.org/10.1038/543246-022-00307-6 | www.nature.com/commsmat


www.nature.com/commsmat

COMMUNICATIONS MATERIALS | https://doi.org/10.1038/543246-022-00307-6 ARTICLE

180 200
< 160 -
o i ) i
s
- 4
= o :
100 - o 120
Ko
g 80 - ® 80 -
P 60 =
(o)) ©
S 40 A 5 40 A
20 -
0 T T T T T 0 T T T T T
20 25 30 35 40 45 20 25 30 35 40 45
Temperature °C Temperature °C
5 %180
© €
o 160 -
S 4 = 140 -
E @ 120 -
ERS S 100 -
s) b= —
= 2 80 A
w27 €
_g) 8 60 B
3 17 g 40 -
> =4 20 A
0 T T T T T e 0 . . T T T
20 25 30 35 40 45 20 25 30 35 40 45
Temperature °C Temperature °C

Fig. 8 Tensile properties of NT2RepCT fibers as a function of the temperature of the spinning buffer. All fibers were collected at a reeling speed of
58 cm/s. The reference fibers at 22 °C is the grand average of all fibers spun at 58 cm/s, as shown in Fig. 6. Each data points represents the average of
n>10 measurements, with error bars tone standard deviation. The corresponding stress-strain curves are shown in Supplementary Fig. 18. Other
parameters relevant for this spinning experiment are found in Supplementary Table 2.
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specific condition, except for fibers which were post spin stretched (n > 6).

through the spinning bath was 80 cm prior to collection using a wheel with a
circumference of 35 cm using a reeling speed of 58 cm/s (100 rpm). Usually,
continuous fiber collection was performed for 60-90 seconds until enough fibers
for tensile testing and other characterizations were collected.

Biomimetic spinning with conditions that deviate from the standard protocol.
When assessing different spinning parameters, the protocol described above was
implemented but with the deviations listed below. A detailed summary of the
different experimental conditions for each set of experiments is found in Supple-
mentary Table 2.

Diameter of capillary tip. Capillaries with tip orifice diameters in the range of 26
and 99 um (as indicated in Fig. 2) were used for extrusion of the spinning dope. In
this setup, the dope was extruded into the 750 mM acetate (Na) buffer at pH 5
either with or without NaCl (200 mM). The acetate buffer with NaCl is a standard
in the literature when spinning NT2RepCT32-36,58,

Concentration. The NT2RepCT minispidroins were concentrated to generate spinning
dopes at concentrations ranging from 100 mg/mL to 450 mg/mL, in steps of 50 mg/mL
(indicated in Fig. 3). For each concentration, the spinning dope was carefully mixed, and
the protein concentration was measured in triplicates, by measuring the absorbance at
280 nm of a 300-fold diluted sample and using the sequence-specific extinction coef-
ficient (18,910 M~ cm™!) to calculate the concentration.

Flow rate. A neMESYS low pressure (290 N) syringe pump (Cetoni, Korbuflen,
Germany) was used to extrude the spinning dope (300 mg/mL) into the 750 mM
acetate buffer, pH 5 at 10, 17, 25, and 35 pl/min.

Humidity. To control the humidity, the spinning machine including all its compo-
nents and the syringe pump was placed in a plastic greenhouse tent together with
either a humidifier (Homasy HM421A) or a dehumidifier (ProBreeze PB-06) to
obtain a local environment with the desired relative humidity. For relative humidities
lower than ambient conditions the dehumidifier was set to 30%. Spinning of
NT2RepCT was initiated once the relative humidity value was stable and confirmed
with a hygrometer. Higher relative humidities of 55% and 80%, respectively, were
achieved with a humidifier. After spinning at 30%, 55%, and 85% the collected fibers
were incubated on the collection wheel for 10 min before they were recovered.

Buffer composition. To investigate the influence of the spinning buffer on the
mechanical properties of the fibers, five different buffer systems were used. The
acetate buffer, with its corresponding cation Na™, was obtained by mixing 0.33 M
acetic acid and 0.67 M Na-acetate to achieve a final acetate concentration of 1 M
with a pH of 5. Lower concentrations or pH values were obtained in the same
manner. With respect to this buffer, it is important to note the typical spinning
buffer reported in the literature is referred to as 500 mM Na-acetate, for instance by
Andersson et al32, which corresponds to a 750 mM acetate buffer considering the
amount of acetic acid used to adjust the pH to 5. In this study, to avoid confusion
when stating the buffer concentration, we refer to the concentration of the con-
jugate base and report the corresponding cation in parentheses (for instance Na).

The acetate buffer with the cation K was obtained by preparing a 1 M acetic
acid and adjusting the pH to 5 with KOH. Succinate buffer and the citrate buffer
with the cation KT were prepared by dissolving 1 M succinic acid or citric acid in
dH,O0 and then adjusting the pH to 5 with KOH. To prepare the phosphate citrate
buffer (as an example 1 M), 0.68 M dipotassium hydrogen phosphate was mixed
with 0.32 M citric acid to reach a pH of 5. Buffers with different concentrations and
pH values were obtained in the same manner.

Reeling speed. The reeling speed for fiber collection was varied between
15-120 rpm, corresponding to 9-69 cm/s. The dope was extruded into a 0.75 M
acetate buffer (Na), pH 5, both with and without 200 mM NaCl.

Temperature of the spinning bath. The spinning buffer was heated in a separate
beaker and then quickly transferred into the spinning bath. The temperature of the
spinning buffer was determined with a thermometer immersed in the spinning
bath, a few seconds before spinning was initiated. The temperature of the spinning
buffer did not change significantly during the spinning process since enough fibers
were collected for tensile testing within 60-90 s.

IR lamp. An PAR38E IR lamp (Philips) with an effect of 150 W was placed at 8 cm
or 15 cm from the fiber collection wheel, respectively. After the sample was col-
lected for ~1 min, spinning was aborted, but the wheel was allowed to rotate for
another 5 minutes to ensure even exposure to the heat. The experiment was per-
formed at a reeling speed of both 29 and 58 cm/s.

Post spin stretching. Freshly spun fibers were mounted on paper frames with a
square window of 10 x 10 mm and mounted in an Instron 5943 tensile tester
whereafter the sides of the paper frames were cut. The fibers were then stretched at
20%, 40%, 60%, and 80% with the tensile tester and relaxed for 10 minutes at the
pre-determined level of strain. Subsequently, the fibers were removed from the
frame and carefully re-mounted on new paper frames with a square window of
10 x 10 mm and used for tensile testing (see below).

Brightfield and polarized microscopy. Images were collected using a Nikon
Eclipse Ts2R-FL inverted microscope equipped with a DFKNME33UX264 5 MP
camera and a CFI Plan Fluor DL-10X objective. Image capture was done using the
Nikon NIS-Elements BR software. Exposure time was set to 2 ms for bright-field
images and 50 ms for polarized microscopy (POM) images. Individual fibers were
fixed with double-sided tape to paper frames with a 10 mm gap, placed on
microscope glass slides, and oriented 45 degrees relative to the direction of the
microscope polarizers prior to capture. For improved visualization, the brightness
of the POM micrographs was increased by 50% post-capture after first being saved
as a single image using Microsoft PowerPoint. Six consecutive POM images were
acquired from three representative fibers spun at 29 cm/s and 59 cm/s, respectively.

Tensile testing. The mechanical properties for each fiber type were determined by
tensile testing of 10 to 20 randomly selected fibers from each fiber sample
collection?’. Before tensile testing, each fiber was mounted on a paper frame over a
10 x 10 mm square window and fixed with double-sided tape. Then, the diameter
was determined by light-microscopy at 10x magnification, by averaging the
determined diameters (three measurements with Eclipse Net 1.20.0) from three
images taken with a Digital Sight DS-5M (Nikon) from randomly selected fiber
segments. The cross-sectional area of each fiber was computed using the average
diameter of that fiber assuming a circular cross-section, as is custom practice for
silk fibers>%10:33.3459 Tensile tests were performed with an Instron 5943 tensile
tester at ambient conditions (19-21 °C, <35% RH) and a strain rate of 6 mm/min,
and a 5N load cell. The engineering strength was computed by dividing the force
by the average cross-sectional area for each fiber. The engineering strain was
calculated by dividing the fiber displacement by the gauge length. The toughness
modulus was obtained by calculating the total area under the stress-strain curve,
and the Young’s modulus was determined from the slope of the linear elastic part.
No outliers were removed from the data.

Statistical analysis. One-way pairwise ANOVA analysis was performed with the
support of Matlab® with the function anoval(). The difference of a specific
mechanical property was considered significant between two fiber samples if the
two-tailed p-value was lower than 5%.

Scanning electron microscopy. An Emission Field Scanning Electron Microscope
(Zeiss Supra-40) was used to investigate the morphology of the fibers. These were
placed on aluminum stabs and coated with a Pt:Pd (80:20) alloy utilizing a sput-
tering machine (Quora Q150). The accelerating voltages were 2.5-5kV.

Data availability
The datasets generated during and/or analyzed during the current study are available
from the corresponding author on reasonable request.
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