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Temperature-Induced Effects on Wet-Spun Artificial Spider

Silk Fibers

Gabriele Greco,* Benjamin Schmuck, Vincenzo Fazio, Giuseppe Puglisi, Giuseppe Florio,

Nicola Maria Pugno, Luca Fambri, and Anna Rising*

Silk-based materials are sought after across various industries due to their
remarkable properties, including high strength and flexibility. However, their
practical application depends largely on how well these properties are
maintained under different environmental conditions. Despite significant
advancements in the large-scale production of artificial silk fibers, the effects
of temperature on their mechanical behavior are understudied. In this study,
the mechanical properties of artificial spider silk fibers between —80 and
+120 °C are examined and compared to both synthetic and natural silk fibers.
The findings reveal that artificial silk fibers maintain their strength up to
+120 °C, though the strain at break slightly decreases, remaining above 60%.
At —80 °C, the fibers exhibit increased strength, but the strain at break is
reduced. While these artificial fibers closely mimic the behavior of natural silk,
they show a noticeable reduction in extensibility at low temperatures.
Complementing experimental data, differential scanning calorimetry, and
thermogravimetric analysis are also conducted, proposing a simple physical
model to explain the observed temperature-induced softening. Encouragingly,
the degradation temperature of artificial silk is comparable to that of native
silkworm and spider silk. This study underscores the importance of enhancing
the mechanical robustness of artificial silk to expand its applications.

1. Introduction

The adverse environmental impact of
plastic-based materials has catalyzed on-
going research toward the development
of new bio-based materials.l!l Spider silk
fibers stand out in this regard due to their
impressive mechanical properties and
environmentally sustainable production
methods.?] These properties stem from
the composition of spider silk fibers, which
typically consist of multiple proteins that
form an amorphous network embedding
crystalline regions.’l If the properties
and production method of native silk
fibers could be successfully replicated,
these materials could have diverse appli-
cations across various fields, including
biomedicine, soft electronics, optics, and
sensor technology.*’] The challenge also
lies in understanding and maintaining the
exceptional properties of silk under vary-
ing environmental conditions to ensure

their practical utility in these applications.
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Materials intended for high-performance applications must
retain their properties across a wide range of environmental
conditions. Interestingly, silk fibers derived from both spiders
and silkworms do not become fragile when exposed to cryo-
genic temperatures,®l and display increased tensile strength
at low temperatures. Yong et al. studied the mechanical prop-
erties of Bombyx mori silk fibers across various temperatures
and found that fibers tested at —80 °C had up to a 40% in-
creased strength and Young’s modulus compared to those tested
at room temperature.’] Conversely, when the temperature ex-
ceeded 50 °C, the strength, strain at break, and stiffness of the
fibers began to deteriorate, which is due to a transition to a rub-
bery state.1%11]' A similar pattern was observed by Yang et al.,
who examined native spider silk from Trichonephila clavipes.!*]
At low temperatures (—196 °C) spider silk fibers from Steatoda
triangulosa have 60% increased strength, while the strain at
break decreases by 45%, compared to that measured at room
temperature.l'3] The impressive mechanical properties at low
temperatures make silk suitable for applications in cold environ-
ments, potentially even for the space industry.[*+15]

Utilizing spiders for industrial-scale silk production is imprac-
tical due to the animal’s cannibalistic nature.'®! Instead, the field
has moved toward developing an artificial mimic of spider silk
fibers that can be manufactured on a large scale. Andersson and
co-workers proposed an innovative approach to produce artifi-
cial spider silk using a miniaturized spider silk protein (mini-
spidroin, NT2RepCT).l'”] Mini-spidroins are made from globular
folded N-terminal and C-terminal domains which flank a short
repetitive region. As long as the mini-spidroins are kept natively
folded, they can be spun into fibers using exclusively aqueous
solutions and a drop in pH, which is similar to how spiders
spin their silk.['®-22] An obvious advantage of working with mini-
spidroins is that they can be expressed at very high yields.[?*2*] In
addition, the mechanical properties of the fibers can be tuned by
adjusting the spinning parameters,?>2%! and the toughness mod-
ulus is comparable to that of native spider silk.[>*]

These fibers are therefore interesting from an industrial point
of view, but there are currently no available studies on the ef-
fects of temperature on the fibers’ mechanical properties. To fill
this gap, we conducted experiments analyzing the variation of
mechanical properties of NT2RepCT fibers across a temperature
range from —80 to +120 °C. Additionally, we performed thermo-
gravimetric analysis (TGA) and differential scanning calorimetry
(DSC) analyses to better understand the behavior of these fibers
under different temperature conditions. Finally, to further sup-
port our findings, we also propose a simple physical model to
explain the significant impact of temperature on the strength of
silk fibers.

2. Results and Discussion

First, a set of control fibers (aramid, silkworm silk, native spi-
der silk) was mechanically characterized across a wide tempera-
ture interval in a N, atmosphere (Figures 1 and S1-S4, Support-
ing Information). We observed a significant increase in strength
and strain at break for spider silk at —80 °C, and similarly, silk-
worm silk fibers exhibited enhanced strength and Young’s modu-
lus at —80 °C. An increased temperature (+120 °C) did not induce
any significant changes in the fibers’ mechanical properties com-
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pared to room temperature with the only exception of spider silk
that displayed reduced strain at break. These findings are con-
sistent with the existing literature, albeit the previously reported
temperature-induced differences in mechanical properties were
larger for the natural silks.*'?) Aramid fibers remained unaf-
fected by temperature variations, also in accordance with previ-
ous reports.[?’]

Next, we used the same experimental setup to study the me-
chanical properties of the NT2RepCT fibers. At room tempera-
ture (+20 °C) our results align with previously reported datal28]
(Figures 1 and S4, Supporting Information). At —80 °C, the
strength and Young’s modulus of the fibers were significantly
higher compared to NT2RepCT fibers tested at 20 °C, consis-
tent with findings from studies on silkworm and spider silkl®!213]
(Figure 1). In addition, within the temperature range of —20 and
+120 °C, the strength and Young’s modulus of NT2RepCT fibers
were not significantly different. The largest negative effect of tem-
perature on the mechanical properties of NT2RepCT fibers was
seen for the strain at break and, consequently, the toughness
modulus. In particular, a significant decrease of both these pa-
rameters was recorded at temperatures higher than 20 °C, consis-
tent with findings reported in the literature for native silk.[>1213]
Interestingly, contrary to observations on spider silk and silk-
worm silk, the values of strain at break and toughness modulus
of the NT2RepCT fibers tested at temperatures lower than 4 °C
were significantly smaller compared to those tested at room tem-
perature (Figures S1, S2, S4, Supporting Information).

Our experiments indicate that artificial spider silk fibers re-
tain their strength across a broad temperature spectrum. How-
ever, their strain at break decreases with moderate temperature
changes from room temperature. These experiments were per-
formed in a N, atmosphere at all temperatures tested (see Ma-
terials and Methods), which is likely to reduce the water content
in the fibers. Therefore, water content does not appear to be the
primary cause of the reduced strain at break at lower tempera-
tures. To further support this hypothesis, we conducted an ex-
periment in a N, atmosphere where the NT2RepCT fibers were
heated to 120 °C to remove any potential residual water, then
cooled to —80 °C and tested (Figure S4, Supporting Information).
The results remained the same, i.e., the fibers were still brittle.
Additionally, the mechanical properties of fibers tested at 20 °C
in a N, atmosphere (Figure 1) were comparable to those tested at
20 °C and 35% RH Figure(2). This aligns with literature suggest-
ing that the mechanical properties of fibers remain unchanged at
humidity levels below 45% RH.[?-!] From these considerations
we may deduce that the reduction in strain at the break of the
fibers at low temperatures is primarily attributed to temperature
changes rather than to reduced water content.

To further explore the effects of temperature on NT2RepCT
fiber’s mechanical properties, we incubated the fibers at differ-
ent temperatures for 1 h in a freezer or in a heated cabinet and
then subjected them to tensile testing at room temperature and
ambient conditions (Figures 2 and S5, Supporting Information).
We found no significant differences in the strength, strain at
break, and toughness modulus of NT2RepCT fibers incubated
at different temperatures and tested at room temperature. The
only exceptions were observed in Young’s modulus for fibers in-
cubated at —80 °C which had an increased Young’s modulus,
and fibers subjected to a temperature larger than 60 °C which
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Figure 1. Mechanical properties of a) native spider silk, b) aramid, c) silkworm silk, and d) NT2RepCT fibers at different temperatures in N, atmosphere.
To see the complete range of temperatures tested for the NT2RepCT fibers, see Figure S5 (Supporting Information).

had a decreased Young’s modulus. Overall, the results presented
in Figures 1 and 2 support the hypothesis of a reversibility of
temperature-induced mechanical properties variations, thus sug-
gesting the potential presence of phase transitions.

To investigate how NT2RepCT fibers respond to high temper-
atures, we conducted a thermal analysis with TGA (Figure 3a;
Table S1, Supporting Information). The results were consistent
with those of other silk-based materials. Specifically, the water
content of artificial silk fibers was estimated to be approximately
10%, similar to that of native silkworm silk fibers, regenerated fi-
broin films, native spider silk fibers, and recombinant spider silk
powder.[323¢] Additionally, the artificial silk fibers exhibited sig-
nificant degradation above 200 °C, resulting in a residual mass of
approximately 50% at 350 °C (complete degradation). This find-
ing is consistent with the reported degradation temperature for
spider silk (340 °C)1*®) and silkworm silk (317-337 °C).>*) At these
critical temperatures (T,) the strength of silk materials can be
presumed to be zero, resembling similar behaviors observed for
other biomacromolecules.*”]

In addition to TGA we conducted DSC analysis, as it can offer
structural insights and has been employed in various studies on
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silk.*#39 Initially, the DSC analysis was conducted on NT2RepCT
fibers at a temperature ramp from 20 to 350 °C (Figure 3a). In a
second set of experiments, another set of samples was analyzed
from 25 to —90 °C, after which the temperature was reversed back
to 25 °C, to reflect the conditions under which we determined the
mechanical properties of the fibers (Figure 2). The results of the
DSC analysis revealed several key findings (Figure 3; Table S2,
Supporting Information). There was an initial intense and large
endothermic peak observed in the range of 30-120 °C, with a sig-
nal at approximately 62 °C, accompanied by a prominent shoul-
der peak at 75 °C, which is associated with water loss.[“*41] A
glass transition peak was univocally identified at 174 °C, in con-
formity to what has been reported for other silk materials such as
pristine silkworm and spider silk fibers, silkworm silk feedstock,
fibroin films, and recombinant spider silk powder.[333642-45]
The presence of this peak indicates a high mobility of the
amorphous regions of the fibers at temperatures around
174 °C.1334]

The DSC was also performed at low temperatures to investi-
gate potential reasons for the loss of extensibility observed inar-
tificial silk fibers below 4 °C (Figures S1, S2, and S4, Supporting
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Figure 2. Mechanical properties of the artificial spider silk fibers made from NT2RepCT incubated for 1 h at different temperatures and then tensile

tested at room temperature and at 35% RH.

Information). By analyzing the second derivative of the DSC spec-
tra in the temperature range of —80 to 0 °C (Figures 3b and S6,
Table S3, Supporting Information), 2 minor signals at —60 and
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Figure 3. a) DSC (blue) and TGA (black) curves of the artificial spider silk
fibers. b) DSC of NT2RepCT silk fibers at low temperatures. TGA and DSC
analysis in panel a) were performed with 3.9 and 5.6 mg respectively of
NT2RepCT silk. The DSC analysis in panel b) was performed with 5.9 mg
of NT2RepCT silk.
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—31 °C, reminiscent of secondary phase transitions likely stem-
ming from a change in mobility of the amorphous regions,*®!
could be observed. Interestingly, similar peaks have been docu-
mented in previous studies on silk materials. Cunnif et al. and
Aparicio-Rojas et al. observed phase-like transitions at —70 and
—23 °C respectively, for Trichonephila clavipes,*’*8] while Magoshi
reported a transition at —40 °C for Bombyx mori silk.[*! These
types of transitions at lower temperatures were also noted in
dynamic thermo-mechanical analysis studies by Torres et al.l!’]
and Vollrath and Porter,"" occurring around —70 °C on Argiope
argentata and Trichonephila sp. silks respectively. Vollrath and
Porter suggested that these transitions arise from interactions be-
tween hydrocarbon side chain groups, albeit without providing
further explanations. These low amplitude-phase transitions at
low temperatures and the associated reduction in protein mobil-
ity could potentially contribute to the observed decrease in exten-
sibility in our artificial silk fibers. To fully understand the mecha-
nisms behind the observed differences in mechanical properties,
structural data obtained from X-ray diffraction, IR spectroscopy,
and solid-state NMR would be required.>®) However, performing
these analyses at very low or high temperatures would necessi-
tate the development of specialized equipment and is beyond the
scope of this study. To further elucidate the effects of tempera-
ture on the strength of spiders, silkworms, and artificial silk, we
employed a straightforward physical model (see Section S1, Sup-
porting Information). This model is based on recent research that
analyzes the mechanical behavior of biological macromolecules
across various temperatures.[>!! The core principle of the model
is that thermal fluctuations affect the interactions within and be-
tween the proteins, thereby impacting the mechanical proper-
ties of the fiber. In particular, at high temperatures, the compe-
tition between thermal excitations and elasticity at the molecular
scale is such that the effective collective number of interactions

© 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 4. a) Theoretical (continuous lines) versus experimental (dots) strength-temperature curves for spider silk (blue), silkworm silk (green), and arti-
ficial NT2RepCT silk fibers (black). The best-fit parameters are sy = 1601, 628, 141 MPa and T, = 589, 663, 687 K for spider, silkworm, and NT2RepCT
silk, respectively. The best-fit values of the critical temperature are compared with experimental data reported inl343¢] in Table 1. b) Comparison of best-fit
values of s, obtained by the proposed model against theoretical prediction of Porter et al.,[>*] The grey line is a linear fit with equation: y = 44 x — 658
and R?2 = 0.98. The considered Young's moduli and diameters were the ones measured at —80 °C and are E = 12.67, 8.7, 4 GPaand d = 4.9, 12,
10 pm for spider, silkworm and artificial (NT2RepCT) silk respectively. Note that in this graph the temperatures are expressed in Kelvin (K) and not in

Celsius (°C).

decreases. When a critical temperature (T) is reached, the ma-
terial decomposes and the number of interactions becomes neg-
ligible, as well as the strength of the material. To correlate the
interactions between the protein molecules with the mechan-
ical behavior of the macroscopic fiber, a multiscale analysis
was applied.2>3] From these considerations an analytic relation
on the temperature (T) dependent strength (s) of the fiber is
determined:

SZS(T)ZS(”“_TE 1)

here s, is the strength of the fiber at 0 K (-273 °C), i.e., when
thermal fluctuations can be neglected. In this context, s, and T,
are obtained as best fit parameters of Equation (1). Note that in
this model the temperature is expressed in Kelvin (K) and not
in Celsius (°C). The numerical simulation based on this model
is reported in Figure 4a, which shows a good agreement with
the experimental data. In Figure S7 (Supporting Information) we
also reported the prediction of the model when the values at 253
(=20 °C), 293(20 °C), and 363 K (90 °C) are not included, as for
these temperatures the strength did not show the expected mono-
tonic decrease with temperature. Observe that this let us obtain
a significantly better prediction of the experimental values also
for artificial silks with R? = 0.99 instead of R* = 0.27 reported in
Figure 4a considering all the experimental points.

In Table 1 the predicted (best-fit) values of T, are compared
with experimental data obtained in this work and reported in

Table 1. Comparison between predicted (best-fit) and experimental values
of the critical temperature for the 3 different types of silk, with the corre-
sponding difference expressed in percentage.

T, [K] Best fit T, [K] Experimental Difference [%)]
Spider 589 613 4
Silkworm 663 610 9
Artificial 687 623 10

Adv. Funct. Mater. 2025, 35, 2418435 2418435 (5 of 8)

previous analysis.>*3] Notice that, unlike s,, which varies by

~1000% and 350% between native spider silk and artificial,
and silkworm and artificial respectively, T, is remarkably simi-
lar across the 3 types of silk, with only a few percentage points
of variation (~10%). This is consistent with the experimental re-
sults and the corresponding errors indicate that the model pre-
dicts the critical temperature with satisfactory accuracy. Addition-
ally, these results strongly suggest that the critical temperature
of fibers composed of macromolecules does not depend on the
number of interactions among and within proteins. To further
support the validity of this model, we compare its s, prediction
with the one made by Porter et al.l>*] In this paper, the authors,
based on a classical Griffith approach to fracture, show that the
material strength is proportional to (E/d)'/?, with E and d being
Young’s modulus and the diameter of the fiber respectively. In
general, the model predicts well the values of strength at differ-
ent temperatures for artificial and natural silk fibers.

An obvious difference between natural silk fibers and
NT2RepCT fibers is the molecular weight of the constituent pro-
teins. While natural silks are composed of proteins that can reach
several hundreds of kDa in weight,[] the NT2RepCT protein is
only 33 kDa.l'’] As a consequence, the intermolecular contacts
of the NT2RepCT are likely fewer and the mobility of individual
proteins may be higher. This could result in the higher suscepti-
bility to temperature changes observed herein. To counteract this,
fibers should probably be spun from recombinant spidroins with
a higher molecular weight, which offers a promising direction for
future artificial silk fiber production.[>®!

3. Conclusion

Understanding how materials behave under extreme conditions
is essential for identifying suitable applications. This is particu-
larly relevant for biomimetic artificial spider silk, which has not
previously been investigated for its temperature dependence. In
this study, we present the mechanical properties of NT2RepCT
fibers tested across a wide temperature range from —80 to
+120 °C and compare them to other natural and synthetic fibers.
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Our findings revealed that the NT2RepCT fibers have superior
strength and stiffness at —80 °C compared to the ones measured
at ambient conditions, and in addition, retain Young’s modulus
and strength up to 120 °C. However, the NT2RepCT fibers dis-
played a lowered strain at break at temperatures lower than 4 °C,
which was not observed for the other tested synthetic and nat-
ural fiber types. To rationalize these observations, we used re-
sults from TGA and DSC experiments and integrated the results
with those from the tensile testing to develop a physical model
of the material’s behavior. Moreover, we conclude that the crit-
ical temperature is similar for silkworms, spiders, and artificial
silks. Overall, these results underscore the importance of testing
and improving artificial silk fibers but also encourage the contin-
ued development of artificial silks since they share many of the
favorable properties of the native silks. Increased performance
of the artificial fibers could potentially be achieved by increas-
ing the molecular weight of the proteins or by adding additional
components that are present in the native silk fibers.>*”8] This
study provides a first step for further innovations in the field of
biomimetic materials.

4. Experimental Section

Silkworm Silk, Spider Silk, and Aramid Fibers: Degummed Bombyx mori
silk cocoons, produced in a controlled environment, were kindly pro-
vided by Chul Thai Silk Co., Ltd. (Petchaboon province, Thailand) and
degummed as described previously.’®l The aramid fibers used in this
study were purchased from Teijin (Technora T240_440). The spider silk
was collected from adult females’ specimens of Larinioides sclopetarius at
a constant extrusion rate of 1cm ~'s.

Wet-Spinning of Antificial Spider Silk Fibers: The minispidroin
NT2RepCT was expressed with E. coli in a fed-batch cultivation us-
ing a bioreactor and natively purified using chromatographic methods,
exactly as previously described.?*] The minispidroins were spun into
artificial silk fibers according to an optimized protocol.I?] Briefly, the
natively purified and concentrated NT2RepCT in 20 mM Tris HCl buffer
(pH8) was stored at 300 mg mL™" in a 1 mL syringe. This spinning
dope was extruded through a series of silicon tubings connected to a
glass capillary with an orifice diameter of 57 + 7 um into a spinning
bath containing 0.75 M acetate, pHS5, using a flow rate of 17 uL min~1.
The fibers were collected at the end of a 80 cm long bath on a wheel
rotating at 59 cm s~'. The as-spun fibers were stored in a low-humidity
environmental chamber at RH of 10%.

Mechanical Testing: The fibers were mounted on aluminum frames
with an opened square 1 x 1 cm window (gauge length around 1 cm).
Double-sided tape and glue were used to secure the fibers on the frames.
These frames were mounted on a Modular Force Stage (Linkam) device,
where the temperature was controlled between —80 and 120 °Cin a N,
atmosphere. Before the testing, the temperature was set and the fibers
were incubated for 10 min. The diameter of the fiber was measured be-
fore the testing at the desired temperature by placing the Linkam de-
vice under an Eclipse TE300 (Nikon) inverted microscope equipped with
a DFK DFKNME33UX264 2.3 MP camera and a CFl Plan Fluor DL-10X
objective. The mechanical tests of the fibers at room temperature were
done using a single-column 5943 tensile tester (Instron) equipped with
a 5N load cell. To measure the fiber diameters at room temperature, a
Eclipse Ts2R-FL (Nikon) with a DFKNME33UX264 5 MP camera and a CFl
Plan Fluor DL-10X objective was used. All the diameters were obtained
by averaging 5 measurement points. Then the average diameter was used
to calculate the engineering stress by assuming the shape of the cross-
sectional area of the fiber was circular. The real cross-section of the fibers
was not circular, which means that the engineering stress can be consid-
ered underestimated.!%?] Engineering stress and engineering strain were
used to obtain the tensile strength, Young’s modulus (slope of the linear
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fit in the first 2% of deformation), and the toughness modulus as the area
under the stress-strain curve. All the samples were tested at a strain rate
of 6 mm min~".

Differential Scanning Calorimetry (DSC): Calorimetry was performed
by using a DSC30 Differential Scanning Calorimeter (Mettler Toledo). Sam-
ples of about 15 mg were tested in nitrogen flow of 100 mL mi~'n in the
range 30-350 °C at a heating rate of 10 °C min~'. DSC experiments were
performed with 5.6 mg of NT2RepCT silk. The DSC experiments performed
at low temperatures were done with 5.9 mg of NT2RepCT silk. All the sam-
ples were conditioned for 6 days in humidity-controlled conditions prior
to the analysis. To assign the temperature of the inflection points at low
temperatures, the second derivative of the obtained spectra was used.

Thermogravimietric Analysis (TGA): Thermal degradation was per-
formed in an inert atmosphere by using a TG50 thermogravimetric balance
(Mettler Toledo) with a sensitivity of 1073 mg. Each sample had a mass of
about 7-10 mg and was tested in alumina crucible flushing nitrogen at
150 mL mi~'n in the range 25-700 °C at a heating rate of 10 °C min~'.
TGA experiments were performed with 3.9 mg of NT2RepCT silk.
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