
APL Materials ARTICLE scitation.org/journal/apm

Advances in the use of spiders for direct spinning
of nanomaterials-reinforced bionic silk

Cite as: APL Mater. 10, 101111 (2022); doi: 10.1063/5.0095960
Submitted: 14 April 2022 • Accepted: 16 September 2022 •
Published Online: 31 October 2022

Gabriele Greco,1,a) Luca Valentini,2 and Nicola M. Pugno1,3,b)

AFFILIATIONS
1 Laboratory for Bioinspired, Bionic, Nano, Meta, Materials and Mechanics, Department of Civil, Environmental and Mechanical
Engineering, University of Trento, Via Mesiano, 77, 38123 Trento, Italy

2Department of Civil and Environmental Engineering, University of Perugia and INSTM Research Unit,
Strada di Pentima 4, 05100 Terni, Italy

3School of Engineering and Materials Science, Queen Mary University of London, Mile End Road, London E1 4NS, United
Kingdom

a)Current address: Department of Anatomy, Physiology and Biochemistry, Swedish University of Agricultural Sciences, Box 7011,
75007 Uppsala, Sweden.

b)Author to whom correspondence should be addressed: nicola.pugno@unitn.it

ABSTRACT
This paper deals with the possibility of merging spider silk with nanomaterials by directly feeding them to the spiders. Indeed, creating
a soft “bionicomposite” with enhanced mechanical and/or other multifunctional properties, e.g., electric, magnetic, etc., is attractive for
material science. Pugno and co-workers were the first to expose spiders to carbon-based nanomaterials, reporting promising results in terms
of silk maximal reinforcements. In a subsequent paper, Kelly and co-workers used a different approach and did not obtain any significant
strengthening in the silk. These different results highlight the importance of exploring the issue better. In this work, spiders were exposed
to nanomaterial solutions with different protocols, and the properties of their silk were monitored for 14 days, displaying a strong protocol
influence and inherent day-to-day variability (up to 300% of a single property). This made this paper’s results aligned with both the previous
mentioned works, pinpointing the key challenge to merging silk and nanomaterials using spiders. This work should stimulate further studies
and discussion on the topic.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0095960

INTRODUCTION

Spider and silkworm silks are materials with exceptional
mechanical and biological properties, and they have been of inter-
est to materials scientists for millennia.1,2 In particular, silks could
be ideal candidates for applications that range from aerospace
engineering to biomedical technologies.3–8

Nonetheless, silk fibrous’ materials applicability is limited for
two reasons. First, to be used as reinforcing material in composites,
they should have higher stiffness and strength in order to compete
with carbon and glass fibers.9 Second, although they do possess good
mechanical properties, they have poor electromagnetic ones10 that
make them unattractive for soft electronics and robotics applica-
tions, e.g., in actuation or sensing.6,11–13 Moreover, the same is valid

for their applications in biomedical implants that need to intro-
duce electrical stimulation to the target tissue.14–16 Recently, elec-
trically conducting poly(3,4-ethylene dioxythiophene) polystyrene
sulfonate (PEDOT:PSS) has been used to design conductive scaf-
folds.17 It is also reported that, when used in the human body envi-
ronment conditions, PEDOT:PSS can retain 89% of its conductivity,
it is easily water processable, but it does not provide structural and
mechanical aid.18

In this regard, in order to be even more attractive, silk should be
merged with materials endowed with both superior mechanical and
electrical properties. In this context, carbon-based nanomaterials,
and, in particular, graphene and carbon nanotubes, offer an oppor-
tunity due to their superlative strength and extreme conductivity.19

This possibility is supported by the fact that many attempts to
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hybridize carbon nanotubes with polymer-based fibers by means
of in-spinning protocols (e.g., wet spinning) and post-spinning
procedures (e.g., coating) have been reported.20–24

In trying to merge silks with carbon-based nanomaterials, silk-
worm silk has been more investigated with respect to spider silk,
since it is produced in large quantities and is easier to process.
For example, Zhang et al.25 dry spun regenerated silkworm silk
with graphene oxide, obtaining slightly higher Young’s modulus and
strength for the hybrid fibers, but without an apparent trend related
to the concentration of graphene oxide used in the spinning solu-
tion. For the carbon nanotubes, electrospinning techniques have
been used to produce hybrid silk fibers with discordant results, i.e.,
in one case, the composite presented worse mechanical properties
compared to the control,26 and in the other case, the mechani-
cal properties were slightly better.27 A small improvement in the
mechanical properties was also obtained by means of wet spinning,28

but a future related work highlighted that this effect does not follow
a specific trend, should be better investigated, and depends strongly
on the type of nanomaterial used in the experiments.29

Other attempts at merging silkworm silk with nanomaterials
consisted of feeding the animals with contaminated food. In partic-
ular, it has been shown that spraying the mulberry leaves, on which
silkworms feed, with nanomaterial solutions seems to improve the
mechanical properties of the outcoming fibers.30 However, also in
this case, the improvement is strongly dependent on the type of
nanomaterials used in the solutions and is strongly affected by the
inherent variability of the silk as later verified.31–33

If merging silkworm silk with nanomaterials is an attrac-
tive issue in material science, doing the same with spider silk is
even more appealing, given its superior mechanical and biological
nature.34

In this sense, carbon nanotubes and other nanomaterials have
already been used to improve spider silk fiber strength and provide
conductivity.35–38 In the previous cited works, spider silk fibers were
treated after their spinning, being exposed to iron–metal vapors or
immerged in carbon nanotube solutions. Although these strategies
significantly improve the conductivity and the strength of the silk,
they generate undesirable side-effects, e.g., excessive water plasti-
cization induced by supercontraction.39,40 These could be removed
by using in-spinning protocols to merge nanomaterials with spider
silk. To do so, feeding the animals directly could be an opportu-
nity, as it has been suggested and done, as previously discussed, for
silkworm silk.30

The idea of feeding spiders with nanomaterials to make them
merge with their silk is also supported by the fact that altering the
diet of these arachnids may induce changes in the nanostructure of
their silk.41 Moreover, some nutrients offered in the spiders’ diet are
proved to end up in the final polymeric thread, as it has been recently
showed for quinine.42

Unfortunately, the digestive system of spiders is very com-
plex and not directly connected with the silk glands.43 On
the other hand, the silkworms spin silk from their mouths
to which the silk gland is directly connected, making it eas-
ier to contaminate with nanomaterials (Fig. 1). This leads to
the fact that finding spider silk contaminated with nanomateri-
als (if not externally) means that either spiders metabolized them
or their glands or spinnerets were contaminated. Furthermore,
even if nanomaterials end up in spider silk, they should be in a

FIG. 1. In order to merge spider/silkworm silk and nanotubes, one of the attempts
consisted of contaminating the animal food with the nanomaterials. In this case,
both silkworms and spiders use the mouth for ingesting food, but the former spin
the silk from the very same opening, while the latter from another part of the body.
This makes it more difficult to contaminate spider silk with nanomaterials.

sufficiently well incorporated amount to increase the physical
properties of the fiber, e.g., strength or conductivity.

In this context, the first attempt to expose spiders to carbon-
based nanomaterials has been pioneered by Pugno and co-
workers44,45 (I). This was made by exposing different spider lines to
water nanomaterial solutions, by spraying them in the spider terrar-
ium and extracting the silk lines from the webs later produced. A
different approach was proposed later by Kelly et al.46 (II) that used
nine lines of spiders in which three served as control groups, were
fed with nanomaterial solutions, and the silk was forcibly extracted
from the animals.

The obtained silk materials studied in (I) and (II) with different
approaches led to different results. Indeed, although the presence of
nanomaterials in or on the silk was confirmed in (I) through Raman
spectroscopy, it was never discussed if the spider silk “composite”
was obtained during the spinning by the animals. This was due to
the complexity of having a direct proof of the nanomaterials’ incor-
poration into the bulk of the silk during the spinning process. On
the other hand, in (II), no nanomaterials were found in the silk.
In terms of mechanical properties, the approach (I) reported a sig-
nificant increase in the silk maximal strength of some spider lines
exposed to nanomaterials, especially carbon nanotubes. On the con-
trary, the approach (II) did not report significant differences in the
mechanical properties between the silk of the control lines and those
of the lines fed with similar nanomaterials used in (I).

In this work, we discuss this issue by repeating the experi-
ments using approaches similar to those in (I) and (II). In particular,
five lines of animals were exposed to different nanotubes and con-
ductive colorant solutions, and their silk was successively extracted
every two days for two weeks. This guaranteed the monitoring of
the mechanical, structural, and electrical properties for fourteen
days. The obtained results are aligned with both works (I) and
(II), highlighting the challenges in using these animals to merge
silk and nanomaterials because of the inherent biological complex-
ity of spiders and the day-to-day variability of their silk material
properties.

RESULTS AND DISCUSSION

Steatoda triangulosa spiders were selected for the study because
this species was used in our first paper.44 Since the mechanical
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FIG. 2. (a) Codes of the analyzed spider lines, types of used solutions, and ways of administration. (b) The silk was forcibly extracted at a speed of about 1 cm/s and
collected on (c) a paper frame. (d) Single fibers were extracted from the frame and mounted onto a 1 × 1 cm2 paper frame. (e) The diameters of the fibers were measured
by means of light microscopy before the tensile test.

properties of spider silk depend on the species,47 the results pre-
sented here may be different from those of other species. 5 lines
of animals were set [Fig. 2(a)] and equally fed with crickets weekly.
To have as much similar silk as possible among different animals,
these were selected to be of similar weight since the body mass of the
spider may affect the mechanical properties of the silk.48,49 All the
solutions that were given to the spiders were sweet (with glucose),
since the spiders are attracted by the sweet taste.50 Among the five
lines of animals [Fig. 2(a)], two were used as controls, in which one
was not exposed to any solution (the Ct line) and the other one to
a glucose–water solution (C line). This was done in order to verify
that the sweet solution has no effect on the silk’s physical proper-
ties. One line of animals was exposed to a sweet solution containing
PEDOT:PSS black colored conductive polymer (Col line). This was
administered to the animals by means of a water dish set in a corner
of the box. The last two lines of animals were used to expose them
to carbon nanotube solutions in two different ways: by spraying the
solution in a corner, as described in (I)44 (N line), and the second
by watering the spiders with a dish, similarly to what has been done
in (II)46 (D line). The spiders were not forcibly fed, as in,46 because
such a procedure imposed an excessive level of stress that may have
affected the mechanical properties of the silk.51,52 For this reason,
here the level of stress was qualitatively judged by taking pictures
of the web every two days when each silk extraction was performed
(Fig. S1–S5). Overall, the animals did not express any obvious signs
of stress despite the fact that N line was exposed to nanomaterials by
spraying the solutions in the box.

Spider silk samples were extracted every two days from the
animals, which were removed from the boxes and forcibly silked
[Fig. 2(b)] at ∼1 cm/s on a sample holder to obtain bundles of silk
[Fig. 2(c)]. From these, single fibers were delicately extracted with
forceps, observed with light microscopy to assess their homogene-
ity, measure their diameters, and finally tensile tested [Figs. 2(d)
and 2(e)]. Since the five lines of animals were considered, and these
were monitored for 14 days, a total of 35 different sets of fibers were
characterized (Fig. S6).

The diameters of the silk fibers analyzed in this study
are depicted in Fig. 3. An increase in the diameter with
respect to the day has been observed for all the lines with
the excpetion of C line, in which the diameters remained sig-
nificantly constant during the period. Moreover, for D line on
the fourteenth day, a decrease in diameter was detected. On
the other hand, considering the same day, no significant differ-
ences emerged among the different silk lines. Thus, for a given
day, the mechanical properties of the silk fibers can be com-
pared since the diameter of the fibers may affect their mechanical
properties.48

Carbon nanotubes are considered optimal to reinforce mate-
rials, and in this case, a spider silk fiber with enhanced mechanical
properties could mean that such nanomaterials were included in the
silk. To assess this, tensile tests were performed on the different sets

FIG. 3. Mean values and standard deviation of the different spider silk fiber
diameters at different days. Overall, a slight increase in fiber diameter was
observed, but among the groups on the same day, no significant differences were
detected.

APL Mater. 10, 101111 (2022); doi: 10.1063/5.0095960 10, 101111-3

© Author(s) 2022

https://scitation.org/journal/apm


APL Materials ARTICLE scitation.org/journal/apm

FIG. 4. Values of the mechanical properties of the different spider silk fibers at different days: (a) Strength, (b) Strain at break, (c) Young’s modulus, and (d) toughness
modulus. Stars indicate significant differences and p-values: ∗< 0.1, ∗∗< 0.05, ∗∗∗< 0.01. The data for Col on day 6 are missing because on that day the spider did not
spin enough silk. The N and D lines (i.e., the only ones exposed to carbon nanotubes) significantly displayed the highest strengths.

of spider silks, and the results are depicted in Figs. 4(a)–4(d) and
S7–S11. Although the mechanical properties of all the silk dataset
are highly scattered, which is a natural consequence of silk’s inher-
ent variability,53 some statements can be made. The strength of the
silk fibers was not constant during the 14 days [Fig. 4(a)]. In par-
ticular, on the second day, N line’s strength was significantly the
highest (the max strength recorded was nearly 1400 MPa). On the
sixth day, the N line had a strength that was significantly higher
than the Ct line (the max strength recorded was nearly 1200 MPa),
similarly to what was reported in (I)44 and on the eighth day, the
N line had a strength that was higher than the Col, D, and C
lines. These had a max strength recorded of nearly 1000, 1300, and
1000 MPa, respectively. Finally, on the tenth day, the N line had a
strength that was higher than the Ct line. Despite the D line present-
ing high strength on the last day, the high scattering made it impos-
sible to assess a significant difference, similarly to what was reported
in (II).46 As expected, the three highest strengths reported were those
of D and N lines, i.e., the only ones exposed to carbon nanotube solu-
tions. Moreover, for the N line, a significant decrease in strength was
noted with the succession of the day (Fig. S7). This, coupled with the
first increase in strength, suggests that the procedure of nebuliza-
tion could affect positively first and negatively after the mechanical
properties of the silk, perhaps due to a higher level of stress in the
animal that could increase with time and nanomaterial exposition,

but it is not detectable by simply looking at the spider behavior
(Figs. S1–S5).

The strain at break of most of the samples was significantly con-
stant during the 14 days trial [Fig. 4(b)], suggesting that the imposed
stress on the animal and the eventual contamination of nanomate-
rials did not affect such property. This was not true for the N line,
in which a slight decrease in strain at break was observed with the
successions of the day (Fig. S7). Similar trends were noted for the
Young’s modulus [Fig. 4(c)]. In particular, on the second and fourth
days, no differences were detected. On the sixth day, the D line pre-
sented a higher Young’s modulus than the Ct, C, and Col lines. At
the same time, the N line presented higher values than the Ct and C
lines. On the eighth day, the N line presented a higher Young’s mod-
ulus than the D, Col, and Ct lines; whereas, on the last day, the N line
showed higher values with respect to the Col and Ct, and the D had
higher values with respect to the Col. For the toughness modulus
[Fig. 4(d)], the small increase first and small decrease after with the
succession of the day for the N line is in agreement with the previous
mentioned trends (a part from the expected larger variability54).

Overall, the tensile tests investigation showed that among all
the spider lines, the ones exposed to carbon nanotube solutions
presented higher strength values compared to the control lines, in
agreement with (I).44 Moreover, with respect to the (II) work,46

it must be noted that the mechanical properties of the different
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spider silks were here monitored for 14 days continuously (with
seven time points), in order to gain data from the assumed whole
metabolic cycle of the spiders.55 In this regard, it is important to
highlight that because of this day-to-day variability, it may be that
two time points, as recorded in,46 are not enough to detect an even-
tual modification in the mechanical properties due to the presence
of nanotubes, which in any case were not observed here.

To further characterize the fibers, FTIR analysis was conducted
to detect the presence of carbon nanotubes and changes in the sec-
ondary structure content of the protein (Fig. 5). In this regard, it
is possible to notice that the secondary structure content of N line
revealed an increase in β-sheet with the succession of the day (a
common property associated with fiber’s strength56–58), despite the
strength of this type of fiber decreased. Moreover, the N line pre-
sented the lowest amount of β-sheet, despite its strength values being
the highest. In this sense, it must be pointed out that a similar
trend has recently been found,59,60 suggesting that the FTIR tech-
nique may not be the optimal choice in investigating the secondary
structure content of silk microfibers and the eventual presence of
nanomaterials.

In this regard, the measure of silk’s electrical properties could
help to detect nanomaterials. Indeed, the exposition of living organ-
isms to large quantities of nanomaterials was previously found as
a viable method to affect the electrical properties of the so-called
“bionicomposites.”61–66 For this reason, even if the nanomaterial
quantities are small, conductivity measurements were performed
on the spider silk fibers [Fig. 6(a)]. The results are summarized
in Figs. 6(b) and 6(c) and S12; in which it is possible to notice

that the values of the conductivity changed day by day consider-
ing a single line of animals. Although the data suggest that there is
not a clear trend (i.e., the electrical current values are of the same
order of magnitude among the different lines), it should be noted
that the Col (without carbon nanotubes), D and N lines (with car-
bon nanotubes) show an asymmetric behavior for negative voltage
bias (Fig. S12). In particular, when the negative voltage increased
up to −6 V, a gradual increase in current occurred with respect to
the value measured at 6 V. Interestingly, this asymmetric behavior
was previously observed for PEDOT:PSS, which is one of the most
common electrically conducting organic polymers.67 In addition,
the lines exposed to PEDOT:PSS exhibited an insulating property.
This might be due to its dilution into the silk fibers. Moreover, the
D line showed the lowest resistance values, indicating that these
silk fibers were the most naturally conductive. At the same time,
the Ct and C lines had the silk with the highest values of resis-
tance. Thus, the conductivity experiments provided insights on the
presence of nanomaterials in the silk and pointed out the need for
further investigation into the synergy between nanomaterials and
their carrier. Finally, as discussed previously, the presence of carbon
nanotubes inside the silk is not solely sufficient to improve the con-
ductivity of the composite.20–23 The information on changes in the
secondary structure content (i.e., turns structure) recorded on the D
composite could reveal the mechanisms of the change in the elec-
tric behavior (Fig. 6) due to a synergistic effect of PEDOT:PSS and
carbon nanotubes elucidated by Pan et al.35 They proposed by dis-
sipative particle dynamic simulation that the hydrogen bond in the
amorphous structure was broken with strain increasing and that the

FIG. 5. Secondary content of the different spider silk types obtained by means of FTIR spectroscopy for the (a) C samples, (b) Ct samples, (c) Col samples, (d) D samples,
and (e) N samples. The data for Col6d are missing because on that day the spider did not spin enough silk.
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FIG. 6. (a) Schematic of the experimental principle and setup provided for the electrical measurements. The red square in the zoom indicates the fibers collected on the
paper frame. An image of the single fiber recorded by means of light microscopy. (b) Values of the resistances of the silk fibers measured on different days and (c) mean
values of the resistances of the silk fibers for different lines of spiders. Stars indicate significant differences and p-values: ∗< 0.1, ∗∗< 0.05, ∗∗∗< 0.01.

interactions between the nanotube and silk protein induced higher
conductivity.

CONCLUSIONS

In general, contrary to what happens for the silkworms, it is
quite evident that merging silk with nanomaterials using the spider
model poses great challenges since the spider silk properties show
large day-to-day variability even in the control lines. Despite this,
the obtained results seem to confirm the reinforcing effects of nano-
materials when they are sprayed in the terrarium [in agreement with
(I)]. On the other hand, in the other protocols it was not possible to
pinpoint trends in the mechanical properties of silk and understand
the eventual effect of carbon nanotubes [in agreement with (II)].

By monitoring for the first time the physical properties of the
different protocols of silk for fourteen days, the key challenge to
merge silk and nanomaterials using spiders has been pinpointed.
This work is thus aimed to stimulate further study and discussion
on this emerging field of bionicomposites, merging spider silk with
nanomaterials, also using more scalable models, such as artificial
silk, as we are also investigating.

MATERIALS AND METHODS
Spiders

The spiders used in the study were female specimens (0.03–0.13
gr) of Steatoda triangulosa, which were farmed in plastic terrariums,
watered and fed weekly with water droplets and crickets, respec-
tively. All the animals were kept at room temperature (19–21 ○C)
and fed weekly with crickets farmed in the lab. Every two days,
the animals were removed from the cage, forcibly silked (described
below), and then moved again into their cage. Every two days we
took a picture of the cage to check if the web showed clear marks of
animal stress and possible mold due to the spraying of carbon nan-
otube solutions. No spiders died after the treatment, and all of them
are currently alive and healthy.

Administration of different solutions

To expose the spiders to different solutions, we designed five
spider lines: C, Ct, Col, D, and N. In the control line (C), the ani-
mals were kept without being exposed to any substances. In the Ct
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line, the spiders were watered (with a water dish) with a sweet solu-
tion made of sugar and water. Spiders are known to be attracted to
sweet solutions.55 In the Col line, the spiders were watered (with a
water dish) with a sweet solution made of sugar and a conductive
polymer (described below). In the D line, the spiders were watered
(with a water dish) with a sweet solution made of carbon nanotubes
and sugar (as described below). In the last line (N), the spiders
were exposed to the previous nanomaterial sweet solution by means
of nebulization, which was performed in a corner of the animals’
enclosure.

Silk extraction and tensile tests

As previously mentioned, the spiders were removed from the
cage every two days. Then they were silked on a paper support with
a reeling speed of ∼1 cm/s. In this way, on the paper support, there
was a bundle of silk fibers. From this, single fibers were carefully
extracted with forceps and mounted (glued) on a 1 × 1 cm2 paper
frame with the support of a double-sided tape. To check that single
fibers were mounted, for each sample an optical microscopy picture
was taken. In this way, the gauge length of the single fiber was about
1 cm.

Then, the diameter was measured in five points and then aver-
aged, with the support of this optical microscopy picture by means
of ImageJ.68 Then, the fiber samples were mounted on a nanoten-
sile Agilent Technology UTM T150 machine and tensile tested. The
strain rate was 1% gauge length per second (∼6 mm/min). The
declared sensitivity of the machine is 1 nN for the load and 0.1 nm
for the displacement. From the load displacement curves, the engi-
neering stress was calculated by dividing the load by the initial
cross-sectional area of the fiber and the engineering strain was calcu-
lated by dividing the displacement by the gauge length. The Young’s
modulus of the fibers was calculated as the slope of the fitting line in
the initial elastic region of the stress strain curve, and the toughness
modulus as the area under the stress strain curve. For each dataset,
35 in total, at least five samples were tested. The mechanical proper-
ties of the spider’s line silk were, thus, monitored for 14 days, which
corresponds to the measured metabolism cycle for several species of
spiders.55,69

FTIR spectroscopy

FTIR investigations were carried out on the spider silk fibers
using a PerkinElmer spectrometer in transmission mode. Measure-
ments were performed in the range of 4000 to 400 cm−1 with a
resolution of 4 cm−1 and the number of scans was 200 for each
spectrum. The background spectra were recorded before each spec-
trum. The measurements were performed at room temperature. The
spectra were collected in the range of 1720 to 1590 cm−1, which
is the amide I band. The spectra were then deconvoluted by sub-
tracting a linear baseline and applying a Gaussian deconvoluting
curve by Origin 9 software. The secondary protein structure con-
tent was determined by fitting peaks that were assigned70–74 with
side chains (1605–1616 cm−1), β-sheets (1616–1622, 1622–1628,
1628–1638, and 1697–1704 cm−1), random coils (1638–1647
and 1647–1656 cm−1), α-helices (1656–1663 cm−1), and turns
(1663–1671, 1671–1686, and 1686–1697 cm−1). The quantification

of the secondary structure proportions was determined by the ratio
of the respective sub-peak integrals to the total sub-peak integral.

Conductive polymer and nanotubes solutions

PEDOT:PSS (poly(3,4-ethylenedioxythyophene:poly(styrene-
sulfonate)) 1.3% dispersion in water, conductive grade and CNT
water solution (carbon nanotubes single-walled, conductive aque-
ous ink, SWCNT 0.2 mg/ml dispersed in water with SDS, electrical
conductivity <400 Ω/sq (by four-point probe on prepared film by
spray), 10–20 nm diameter) were supplied by Merck Italy. The
PEDOT:PSS/sugar solution (PEDOT:PSS 50 ml, glucose 2.5 g, water
80 ml) was prepared according to the following procedure: glucose
was previously dissolved in water and mixed with the PEDOT:PSS
water solution using magnetic stirring for 5 min at room temper-
ature. The CNT/PEDOT:PSS/sugar solution (PEDOT:PSS 40 ml,
CNT water solution 10 ml, glucose 2.5 g, water 80 ml) was prepared
with the same procedure by replacing 10 ml of PEDOT:PSS solution
with the same quantity of CNT water solution.

Electrical characterization

The electrical characterization was performed on the paper
frame, where a bundle of silk fibers was collected. Optical micro-
scopy was used to select a single fiber and for the positioning of
the Cu tape at the two ends of the fiber. The electrical measure-
ments were then performed by cutting the two lateral sides of the
paper frame and using a two-probe system; the probes used, Karl
Suss PH100 probe heads, were connected to a PC driven Keithley
4200 SCS. The current–voltage (I–V) characteristic of each fiber was
finally measured at room temperature.

SUPPLEMENTARY MATERIAL

See the supplementary material for the pictures of the terrari-
ums of the spiders during the experiments, the sample coding, all the
mechanical properties points, and the current voltage curves related
to electrical conductivity experiments.
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In this supplementary material are the pictures of the terrarium of the spiders during the 21 
experiments, the samples coding,  all the mechanical properties points, and the current voltage 22 
curves related to electrical conductivity experiments.   23 
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Figure S1: Pictures of the cage in which N line spiders was kept and exposed to carbon nanotube solutions.  26 
 27 
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 31 

Figure S2: Pictures of the cage in which D line spiders was kept and exposed to carbon nanotube solutions.   32 

 33 
Figure S3: Pictures of the cage in which Col line spiders was kept and exposed to carbon nanotube solutions.  34 

 35 
Figure S4: Pictures of the cage in which C line spiders was kept and exposed to carbon nanotube solutions.  36 



 37 

Figure S5: Pictures of the cage in which Ct line spiders was kept and exposed to carbon nanotube solutions.  38 

 39 

 40 
Figure S6: All the different codes for the samples of spider silk that were analyzed in this study.  41 
 42 



 43 
Figure S7: All the mechanical properties of the N line of spider silk. The dashed line represents the trend with its relative R2 value.  44 

 45 
Figure S8: All the mechanical properties of the D line of spider silk. The dashed line represents the trend with its relative R2 value. 46 



 47 
Figure S9: All the mechanical properties of the Col line of spider silk. The dashed line represents the trend with its relative R2 value. 48 

 49 
Figure S10: All the mechanical properties of the C line of spider silk. The dashed line represents the trend with its relative R2 value. 50 



 51 
Figure S11: All the mechanical properties of the Ct line of spider silk. The dashed line represents the trend with its relative R2 value. 52 

 53 

Figure S12: All the current Voltages curves for the spider silk fibers from different spider lines at different days.  54 


