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Spider silk is regarded as one of the best natural polymer fibers especially in terms of low density, high
tensile strength and high elongation until breaking. Since only a few bio-engineering studies have been
focused on spider silk ageing, we conducted nano-tensile tests on the vertical naturally spun silk fibers
of the bridge spider Larinioides cornutus (Clerck, 1757) (Arachnida, Araneae) to evaluate changes in the
mechanical properties of the silk (ultimate stress and strain, Young’s modulus, toughness) over time. We
studied the natural process of silk ageing at different time intervals from spinning (20 seconds up to one
month), comparing silk fibers spun from adult spiders collected in the field. Data were analyzed using
Linear Mixed Models. We detected a positive trend versus time for the Young’s modulus, indicating that
aged silks are stiffer and possibly less effective in catching prey. Moreover, we observed a negative trend
for the ultimate strain versus time, attesting a general decrement of the resistance force. These trends
are interpreted as being due to the drying of the silk protein chains and the reorientation among the
fibers.

One of the most supreme examples of animal architecture are spiders’ orb webs, which assume a crucial impor-
tance for survival, growth and reproduction of a huge number of spiders. One of the main functions of the orb
web is to withstand the high stresses needed to absorb the kinetic energy of flying insect prey'~. Since silk is so
important for spiders, it has most probably been subjected to strong selective pressures over the 400 million years
of spider evolution and can be regarded as one of the keys to the evolutionary success of spiders*®. Spider silk is
regarded as one of the best natural polymer fibers especially in terms of low density, high tensile strength and high
elongation until breaking giving it great toughness. It also compares well compared to the majority of the best
performing artificial fibers®¢-2.

Environmental factors such as temperature>*’, humidity'®*-%, diet**-** and UV radiation® have been proved
to affect spider silk mechanical properties in different ways. In particular, ageing causes the cleavage of hydrogen
bonds linking silk proteins, the decay of amino acids via emission of ammonia gas from the silk fiber and even
oxidation. These are well-documented degradation processes for silkworm silk and, as they also occur in many
polymers™® they are likely to be present in spider silk'® too. This could lead to a transient rearrangement of the silk
polymer chains and in general to less compliant silk fibers determining a reduction in the mechanical properties
of the silk as recorded during our experiments!®34,

Moreover, other factors such as reeling methods , environmental conditions during silk spin-
ning”!#72%3839 and types of silk (e.g. dragline, viscid or egg sac silk)!*?>% affect silk diameter whereas the strain
rate of tensile testing affects the results of the mechanical silk characterization. Therefore, mechanical perfor-
mances of silk may vary at the inter-individual as well as the intra-individual level>1320:37:41:42,

Although spider silk has been intensively studied, few scientific papers have focused on the effects of ageing
on mechanical performance!®**#. In particular, six- and 720-hours ageing of Argiope trifasciata spider MA silk
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fibers!?, as well as four- and 1-year ageing of different silks and spiders® and 21-days ageing® were analyzed in
literature. The bridge spider Larinioides cornutus (Clerck, 1757) has been studied looking at its silk biomechan-
ics**~%% and at the contribution of diet to its lifetime reproductive success, growth and lifespan®-32. So far, no
bio-engineering studies have focused on the effect of time (both silk ageing and spider senescence) on the silk of
the bridge spider L. cornutus.

In this study, we focused on the silk threads of the bridge orb web spider L. cornutus. Our data are referred
to mixed types of silk, consisting of at least 2 major ampullate (MA), 2 minor ampullate (mA) and abundant
aciniform (AF) silk threads. Spiders use MA silk as radial structural silk in orb webs together with capture spiral
threads which are able to dissipate the kinetic energy of prey impacts into viscoelastic deformation’’. MA silk is
also used as a lifeline in case of danger to rapidly descend or escape from predators thanks to its unique properties
even under torsion****>%7_ In general, MA silk shows extremely high strength and toughness in araneomorph
spiders. mA silk threads are used for temporary scaffolding during web construction while AF threads are used to
wrap and secure freshly captured prey. Orb weaving spiders such as L. cornutus generally renew their webs daily
by repairing the old broken silk threads or spinning a new one. As a consequence, no orb web silks are normally
required to function for longer than ~1 day* even if the bridge line and frames of orbs can be very long lasting.
Most technological and future applications of silk, such as super strong cables or clothing or biomedical scaffolds,
need to maintain their mechanical performance over time and the degradation mechanism caused by ageing
should be avoided!®3*3348, Thus, it is important to understand how the mechanical properties of spider silk are
affected by natural ageing.

In this study, we hypothesize that the mechanical properties of the silk of an orb weaver spider varies as func-
tion of time (silk ageing). In particular, we conducted nano-tensile tests on vertical naturally spun silk fibers. We
measured stress, strain, Young’s modulus and toughness at different time intervals from spinning (20 seconds) up
to one month later, coherently with the most exhaustive study in literature'°.

In order to provide reliable regression coefficients and highlight significant statistical trends relating the
dependent variables (mechanical properties) to silk ageing, we specifically designed the study in order to obtain
a suitable dataset (both from the quantitative and qualitative point of view) for the application of Linear Mixed
Modelling techniques. Such methods allow us to deal with the potentially confusing of individual variability and
sampling period, both of which were appropriately taken into account in the design of the statistical methods.

Results

Nano-tensile testing. We performed 240 nano-tensile tests of naturally spun silk threads of six adult
females of Larinioides cornutus over a period of 1 month of natural ageing. Females were collected in two different
sampling periods (Summer and Autumn).

From the various tensile tests (Fig. 1a—f), we obtained rough data of ultimate stress and strain, Young’s mod-
ulus and toughness. The maximum failure stress and strain were 1.3 GPa and 117% for Summer silk or 1.1 GPa
and 56% for Autumn silk, showing an Autumn strain value higher than the Summer one against the main trend
evaluated with LMMs. The maximum value of toughness was 660 MJ/m? for Summer silk and 351 MJ/m? for
Autumn silk. Young’s modulus is calculated as the initial slope of the stress-strain curve and the maximum of the
Young’s modulus is equal to 14 GPa for Summer silk or 36 GPa for Autumn silk. Figure 2 shows the stress-strain
curves corresponding to the maximum values of stress reported above.

Linear Mixed Models (LMMs). In order to evaluate the behavior of the mechanical properties of the silk
versus ageing (up to 1 month), raw data of ultimate stress and strain, Young’s modulus and toughness were ana-
lyzed with Linear Mixed Models (LMMs).

There was a significant increase in the Young’s modulus over time (log Time? estimates: 0.2557; std. err.: 0.082;
p: 0.002; Fig. 3), but no significant variation in respect to sampling period (Autumn estimates: —0.2859; std. err.:
0.7806; p: 0.7327). The latter variable was therefore dropped during model selection.

There was a significant decrease in ultimate strain values over time (log Time estimates: —0.009; std. err.:
0.0048; p: 0.051), attesting a general decrease in silk properties with ageing (Fig. 4). We also observed a significant
effect of the sampling period, with lower values of strain in Autumn in respect to the reference category Summer
(Autumn estimates: —0.1094; std. err.: 0.023; p: 0.009).

Stress showed no significant decrease over time (log Time estimates: —12.3709; std. err.: 9.2726; p: 0.183) nor
significant difference with the sampling period (Autumn estimates: —99.6723 ; std err: 44.2764; p: 0.08).

Toughness showed lower values in Autumn in respect to the reference category Summer (Autumn estimates:
—73.2082; std err: 19.0551; p: 0.018), whereas no significant trend over time was observed (log Time estimates:
—0.5919; std. err.: 2.6597; p: 0.824).

Results of model validation are reported in Supplementary Information.

Discussion
Despite of the fact that our results could be affected by the number and arrangement of fibers composing the
tested silk bundle, in general, we obtained stress-strain curves which are coherent with previously tensile test
results reported in literature for naturally spun silk threads®!®#>#° and drops of stress values during testing*>>°.
Indeed, we collected multi-stranded silk threads composed of at least 2 major ampullate, 2 minor ampullate
and abundant aciniform threads while the spider was descending. As a consequence of the presence of parallel
multi-fibers, sudden slight drops of stress values are sometimes exhibited during tensile test before failure (see
Fig. le,f), but the stress-strain curves suddenly recover to their previous stiffness after these drops**. Note that
the mechanical properties of a multi-fiber thread exhibiting this behavior were not noticeably different from tests
where these drops did not appear and all the silk multi-fibers broke together.
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Figure 1. FESEM characterization of silk samples and nano-tensile testing. FESEM micrographies of silk

of spider number #2 (a) and at high magnification (c) and spider number #5 (b) and at high magnification (d),
as representatives of the silk multi-fiber thread diameter of Summer spiders (a,c) and Autumn spiders (b,d)
samples. Stress-strain curves, one at each time interval from spinning, of silk of spider number #1 (e) and spider
number #4 (f), as representatives of stress-strain curves of samples of Summer (e) and Autumn (f).

Concerning the variation in the silk properties with ageing, we observed a non-linear increase in the Young’
Modulus values (Fig. 3), as well as a linear decrease of ultimate strain values over time (Fig. 4). On the contrary,
ultimate stress and toughness did not vary with time, at least up to 1 month.

More specifically, silk ageing induces an increase of about +88% in the Young’s Modulus, which is ~6 times
higher than the increment of the dragline silk of Argiope trifasciata'® and ~1.6 or 2.6 times higher than that
measured for 1- or 4-year-aged dragline silks of different species of Araneomorphae®. In biological terms, aged
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Figure 2. The best performing stress-strain curves of silk threads. Results of the stress-strain curves
corresponding to the maximum stress value observed during experiments of Summer (second sample (2) of
spider #3) and Autumn silks (second sample (2) of spider #6).
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Figure 3. Linear Mixed Models applied to values of Young’s modulus. Observed values of Young’s modulus
with a fitted polynomial LMM curve (solid line) and 95% confidence band (grey surface) (details in the
Supplementary information).

silks are then stiffer and possibly less effective in catching prey. We also recorded a slight percentage decrement
of —13% in the ultimate stress. These results are not in line with values reported in literature®®, where values are
stable for 1-year-aged dragline silks but —35% for 4-year-aged dragline silks. Toughness, on the other hand,
showed no significant trend in respect to silk ageing, which is in line with results for 1-year-aged dragline silks
reported in literature®.

Overall, despite the individual variability and other ecological factors such as environment and food intake
that may influence silk properties®*-*2, we underline a general decay of the silk over time. The degradation process
during the monitored period of 1 month results probably from the loss of water as the result of establishing the
thermodynamic equilibrium between the water content in the fiber and that of the atmosphere reducing the elas-
tic mobility of silk proteins®**!*2. In addition, the highly mobile and extensible “nanosprings” of the silk protein
chains could be degraded by processes other than mere drying, such as an increased cross-linking and reorien-
tation among them, which indeed determines an increased stiffening of the silk structure with a simultaneous
decrease of ultimate strain values®.

The potential effects due to individual variability and sampling season were appropriately taken into account
by the statistical methods here adopted. In particular, the use of the mixed regression procedure allowed us to
include the possible variability at the individual level and provide a more realistic representation of the observed
trends. Moreover, in order to avoid bias in the ageing process, all silk samples were stored under controlled labo-
ratory conditions of temperature and humidity and protected from UV light.

An additional source of bias may arise from the effect of the sampling period (“Summer” and “Autumn” pop-
ulations). Accordingly, the categorical variable Season was introduced in the regression structure as a fixed term
(categorical factors made up of less than five levels can not be introduced as random factors®?), in order to take
into account potential variation induced by the sampling period.
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Figure 4. Linear Mixed Models applied to strain values. Observed values of strain with a fitted LMM curve
(solid line) and 95% confidence bands (grey surface) in the two sampling periods. The relation versus time is
significant for both sampling periods.
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Table 1. SEM measurements of diameters of the distal part of tibia and metatarsus of the individuals
considered in this study.

The sampling period explained variation in the data for both ultimate strain and toughness. Although dif-
ferences between the two sampling periods are statistically significant, such variation could possibly be entirely
driven by random variation due to the low number of individuals tested for each period. Tentatively, this trend
can also be related to the spider senescence (i.e. its age), owing to the effect of the lower intake of food or, more
generally, in relation to the natural decline of metabolic processes at the end of the season. The influence of the
spider diet on growth, reproduction, survival and silk production is documented in literature®*-3**>, showing that
when resources are scarce, spiders spin thinner silk threads, being able to sustain lower applied loads although
the maximum tensile stress remains unaffected. Given the small population size for the two sampling periods
(n=3), however, we are unable to fully support this hypothesis from a statistical standpoint. Inferences on spider
senescence would need additional observations from different reproductive stages, and a higher population size
for the two seasons.

Nano-tensile tests on vertical naturally spun silk fibers of the bridge spider Larinioides cornutus revealed
changes with silk ageing in some of the mechanical properties here tested (ultimate strain and Young’s modulus).

The potential technological applications of silk threads with properties that change with ageing could be of
huge interest in particular for medical applications as such as reabsorbable scaffolds for muscles, nerves, liga-
ments tissue repairs, as well as absorbable suture materials.

Methods
We collected three adult females of Larinioides cornutus (Araneae, Araneidae) of comparable size in September
2013 (Summer spiders) and in November 2013 (Autumn spiders). Since larger spiders spin proportionately
thicker draglines in order to sustain almost two or three times the body weight of the spider itself**, we stand-
ardized the thread diameter selecting spiders similar in body size. The dry weight of the autumn spiders ranged
from 123.0 to 137.6 mg and from 124.7 to 140.1 mg for the summer ones. Table 1 reports the SEM measurements
of diameters of the distal part of tibia and metatarsus of the individuals considered in this study. Spiders were
collected at the same site, a small canal on the edge of apple orchards in Costigliole Saluzzo, Province of Cuneo,
Italy; Geographical coordinates: 44.566 East, 7.493 North). The sampling site was populated by a very abun-
dant population (approximately 20-30 individuals/m?), weaving their webs almost in contact and in some cases
attached to each other.

Our model species, the bridge spider L. cornutus, is a nocturnal synanthropic species that is very abundant
near water and lives in aggregations. Under laboratory conditions, females produce up to 15 cocoons over a
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lifespan of 1.5 years. All developmental stages are present throughout the year, with adult males abundant mainly
in September?'.

According to**, L. cornutus is one of very few Central European spiders known to be found in “colonies” in
which the orb-webs are in direct contact. Individuals of different generations cooperate at least in web-building
(i.e. they share the same framework or irregular “web carpet”).

Spiders were immediately put in plastic boxes and transferred in our lab after collection. All samples were
collected from freely climbing spiders, following the purpose of previously published papers in order to obtain
stronger silk threads and more reproducible results with less varjability®”*474%%,

Spider silk samples were collected within 1hour of the spiders being brought into the laboratory. In order to
reduce the possible sources of noise in the analysis>”*#4*%, the silk was collected using a simple standard method
as follows: under controlled laboratory conditions, we forced spiders to fall down vertically from a wooden stick,
coherently with previously published papers!®***>*0 providing the first source of highly reproducibility of experi-
mental results**°. This collecting method allows spiders to produce stronger silk threads and reflects more closely
the natural condition®***47%%, Another viable alternative is collecting silk spun horizontally, which was not used
in this paper. This is advantageous compared to artificial forced spinning methods, which are influenced by differ-
ent parameters such as the spinning speed and the anaesthetization of the spider. It is evident that the silk flow is
under the active control of the spider, which can calibrate the tensile behavior of the silk by varying the fiber diam-
eter and microstructure!®*. The natural vertically spun silk method adopted here standardizes the spinning of
the spider (where the spider falls at a constant speed under its own weight) and it avoids anaesthetizing the spider
itself, which has been shown to influence the tensile properties of the spider silk®”**”. Thus, it can be considered
a less invasive method as shown by the more reproducible results, of the vertical naturally spun silk (reported for
the spider Argiope trifasciata'® or the spider Nephila maculata**) compared to other forced horizontal spinning
methods where the spider must be immobilized and forced to spin silk on a collector!®**>> or to harvesting from
webs’. No spider were damaged during the manipulation required for this silking method. The height of spider
falls was standardized to 20 cm and the collecting region of the thread was fixed at the mid point of the fall (10cm)
in order to decrease the likelihood that the intrinsic variation of spider speed during each descent could interfere
with the reproducibility of results. One fall per collected sample, so each spider fell 3 different times to spin 3
different samples. We successfully collected 3 samples for each Summer spider and 5 for each Autumn spider for
each nano-tensile test (3 x 3+ 3 x 5= 24 samples for each of the ten nanotensile tests). Altogether, we collected
90 samples of Summer silk and 150 samples of Autumn silk, coherently with previously published papers!®-3845
(see Supplementary Information). The analysis was carried out up to 1 month after the spinning. After one month
a rapid and dramatic so-called “degradation” occurs, as documented in*?. The first tests were performed at TsO
namely within 20 seconds of spinning. The rest of the samples were left in the laboratory in a closed black box
to avoid the exposure to UV radiation under the same controlled ambient conditions adopted for the collecting
procedure and nano-tensile tests. Since the ambient conditions such as temperature and humidity during testing
may affect the mechanical characteristics of the silk thread!®?”, we monitored the variation of the experimental
ambient conditions with a portable datalogger (EL-USB-2, Lascar Electronics) (see Supplementary Information).

Nano-tensile testing. Nano-tensile tests were planned at 0.16 (Ts0), 60 (Ts1), 180 (Ts2), 420 (Ts3), 1380
(Ts4), 3300 (Ts5), 7140 (Ts6), 12900 (Ts7), 27300 (Ts8), 43740 (Ts9) minutes after spinning for Summer spiders
and at 0.16 (Ta0), 60 (Tal), 180 (Ta2), 420 (Ta3), 1440 (Ta4), 1800 (Ta5), 5760 (Ta6), 7200 (Ta7), 8600 (Ta8),
37440 (Ta9) for Autumn spiders. Samples were pulled at a constant rate of 1%/s until the silk fibers failed. This
strain rate was selected because it is coherent with the parameter setting of many previous studies on spider silk
mechanics?*81220.334450.5658 g maximizing the comparability of results.

With the extreme accuracy needed for nano-tensile tests it was necessary to correctly evaluate the elongation
of each sample, the computer program (Nanosuite®, Agilent, Santa Clara, USA) automatically recalculated the
exact initial gage length (I,, previously fixed at approx. 20 mm) at the beginning of each test when any pre-load
is recorded by the software. This avoids any over- or under-estimation which might lead to a uncorrected deter-
mination of elongation. The length of the initial collected fiber was ~30 cm. Thus, load-extension data were
transformed into stress-strain curves to normalize data across silk samples of different lengths. This procedure
guarantees an extreme accuracy of the initial gage length compared to the less precise “in web” length* or fixed
original initial length®>**3***> method for calculating stress o, strain €, the Young’s modulus E and the toughness
(see Supplementary Information).

Linear Mixed Models (LMMs). The data exploration was carried out following*® (see Supplementary
Information). Rather than calculating the mean values of the mechanical parameters and their percentage varia-
tion as previously reported in literature®®, we adopted the LMMs analysis to estimate the significance of the trends
versus the two variables, namely to understand if and how the mechanical properties of the silk vary with silk
ageing. In order to capture potential non-linear trends in the response of dependent variables, we allowed up to
second order polynomial for the independent variable.

Prior to model fitting, the independent variable Time was log transformed to achieve homogeneity. The sta-
tistic mixed procedure allowed us to deal with violation of independence derived from the fact that silk samples
were collected from the same individual and showed high variability. Rather than to test for its direct effect on the
dependent variable (i.e. the different mechanical properties), the “individual” level was included in the analysis as
random factor in order to account for the variation it introduced in our samples and thus to correctly estimate the
regression coefficient. Moreover, we included in the analysis the sampling season, in order to take into account its
possible effect on the silk mechanical properties. Being made up of only two levels, it was not possible to include
the latter variable as a random component®.
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The resulting structure of our models was:
y ~ log TIME + log TIME? + SEASON + (1|IND) )

where y = one of ultimate stress or strain, Young’s modulus and toughness; log TIME = log transformed time
interval from the spinning) (continuous variable, fixed effect), SEASON = Summer or Autumn (categorical vari-
able, fixed effect). The random part of the model (1|IND) includes the effect of the “individual” variable.

Whenever the effect of a variable was not significant, we simplified the model by dropping it from the ini-
tial structure. The process was reiterated until a minimum adequate model of significant fixed effects remained.
Model validation was carried out following® (see Supplementary information).

FESEM characterization of the Larinioides cornutus spider silk fibers. The diameter was deter-
mined using the FESEM (FEI-InspectTM F50, at 5kV) micrographs of the silk threads of individual #2 and
#5 for Summer and Autumn spiders. Silk threads appears to be composed of parallel multi-fibers of circular
cross-sections (at least 2 major ampullate, 2 minor ampullate and abundant aciniform threads), as shown in
Fig. 1a-d and confirmed in previously published papers*>. We made no attempts to isolate single fibers in order
to preserve the silk structure the spider naturally spins. For mechanical characterization, the average diameter
of silk samples was measured at five points along the length of the fiber using the SEM. Thus, the cross-sectional
area was calculated assuming a circular cross-section so treating the multi-stranded structure as a solid cylinder
neglecting the air gaps visible in Fig. la—d. This hypothesis was made on the basis of evidence used in two previ-
ously published papers with the same scope (for details see’) and due to the experimental limitations in isolating
single fibers even if this adds uncertainty to the correct assessment of the bundle cross-sectional areas which then
leads to a high standard deviation on stress values derived from them. The mean diameter is of ~7.15+ 0.07 um
(or 521+ 0.05 um) for Summer (or Autumn) silks.
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