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Spider silk is one of the most fascinating natural materials, owing to its outstanding
mechanical properties. In fact, it is able to combine usually self-excluding properties,
like strength and toughness that synthetic fibers fail to replicate. Here, we report a
method to further enhance the already excellent mechanical properties of spider’s silk,
producing nanocomposite fibers where the matrix of spider silk is reinforced with Cgg
molecules. These are deposited by Supersonic Molecular Beam Epitaxy (SUMBE) and
are able to efficiently interact with silk, as evidenced by XPS analysis. As a consequence,
upon proper adjustment of the fullerene kinetic energy, the treated fibers show improved
strength, Young’s modulus and toughness.

Keywords: spider silk, mechanical properties, fullerene, SUMBE, composites

INTRODUCTION

Spider silk is one of the most fascinating structural materials offered by nature owing to its unique
capability of combining usually self-excluding properties, like load standing (e.g., strength) and
energy dissipation (e.g., toughness). In particular, for long time spider’s silk was believed to be the
strongest among all natural materials (Vollrath, 2000) and only recently this was discovered to be
surpassed by the limpet teeth (Barber et al., 2015).

The secret to spider silk’s outstanding properties lies into the selection of its constituent
macromolecules and their hierarchical supramolecular organization (Thiel et al., 1997), which has
been the subject of intense studies that allowed mapping silk genetic sequence (Hayashi and Lewis,
2000). This provided useful information for the further improvement of spider silk properties or
the development of novel bio-inspired materials. In fact, in order to overcome issues related to
upscaling of spiders farming to a massive industrial level (Altman et al., 2003), transgenic silkworms
were created encoding chimeric silkworm/spider silk genes able to produce composite fibers with
improved mechanical properties (Teule et al., 2012). Another example was a recombinant protein
that allowed mixing of the mechanical properties of spider silk with the capability of controlled
nucleation and hydroxyapatite growth typical of dentin (Huang et al., 2007).

Unfortunately, the knowledge of the basic building blocks is not sufficient for a completely
artificial yet efficient replication of silk fibers that would require also copying of the spider’s spinning
process. In fact, such process is characterized by significant complexity that is hard to be replicated
by manufacturing tools currently available to humans (Vollrath and Knight, 2001). For this reason,
there was a recent attempt to exploit spiders’ spinning ability for production of composite silk fibers
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reinforced with carbon nanotubes (CNTs) or graphene (Lepore
et al, 2017). In that case, spiders after being exposed to
CNT/graphene aqueous solutions were able to produce silk that
resulted to contain those nanomaterials.

However, if spider silk cannot be fully reproduced artificially,
it is possible to produce instead bio-inspired materials that take
advantage of some of its features. For example, synthetic/natural
ribbons and fibers with enhanced toughness were reported
incorporating either dissipative structures in the form of
slip knots (Pugno, 2014; Berardo et al., 2016; Bosia et al.,
2016; Pantano et al., 2016) or looped metastructures (Koebley
et al., 2017). Under application of a tensile load, loops
unravel providing fibers/ribbons with an additional length (e.g.,
hidden length) that mimics the presence of sacrificial bonds
in proteins structures (Fantner et al., 2006), thus allowing
the possibility to accommodate large strain with consequent
toughness improvement.

Apart from genetic engineering and bio-inspired design,
spider silk can be exploited as raw material for production of
functionalized composites by different techniques. For example,
spider silk fibroin was blended with poly-DL-lactide (PDLLA)
and electrospun in order to obtain biodegradable mats to
be used for tissue engineering applications (Zhou et al,
2008). Alternatively, spider silk fibers were turn magnetic by
superparamagnetic magnetite nanoparticles that covered their
surfaces after immersion into colloidal sols (Mayes et al., 1998).

Here, we report on the design, fabrication and
characterization of spider silk fibers reinforced with fullerenes
(Cep). Csp molecules are well-characterized carbon allotropes,
consisting of a cluster of 60 sp?>-bonded carbon atoms, which
were shown to have interesting chemical and physical properties
(Hedberg et al., 1991; Ruoff and Ruoff, 1991; Pawlak et al., 2011).
Previous attempts of incorporation of fullerenes into other
materials, such as aluminum (Tokunaga et al., 2008), proved
their efficacy in improving the mechanical properties of the host
matrix. However, different from other carbon allotropes, such as
graphene or carbon nanotubes, its use as reinforcement material,
especially in biological host matrices, such as spider silk, has
been much less explored.

One of the common challenges to face when producing
composites regards the homogeneous dispersion of the
reinforcement materials. In this study, we do not use
conventional mechanical methods, based on mixing and
sonication. Instead, the composite fiber is prepared by depositing
Ceo onto silk fibers through an innovative approach for thin
films deposition in Ultra High Vacuum (UHV) conditions, the
Supersonic Molecular Beam Epitaxy (SuMBE). Such technique is
based on the supersonic expansion in vacuum of a highly diluted
gas mixture of a light gas carrier (usually noble gas), seeded by
a heavier organic precursor. In case of fullerene, sublimation by
thermal heating can be easily achieved and controlled, without
introducing defects, degradation or decomposition. The Cg
molecules, seeding the generating gas beam, experience an
aerodynamic acceleration that, depending on the mass ratio
between gas carrier and precursor, leads to a kinetic energy (KE)
as high as several tens of eV and to a freezing of the molecular
roto-vibrational modes. The large amount of translational
kinetic energy reached by the precursor molecules in the beam

can induce and activate chemical processes and surface diffusion.
The possibility to control the thin film properties by changing the
precursors kinetics in terms of beam source parameters, makes
this approach particularly useful to (i) control the coalescence
and diffusion process in the organic thin film growth (Wu
et al., 2007; Nardi et al., 2010a); (ii) improve the crystallinity
of inorganic material (Verucchi et al, 2012); (iii) synthesize
carbon-based nanostructure (Verucchi et al., 2012; Tatti et al.,
2016) and hybrid materials (Nardi et al., 2009; Tatti et al., 2017).

Studies conducted on Cgp supersonic molecular beam have
demonstrated that it is possible to break the fullerene cage at
room temperature, during the collision of the organic molecule
with the substrate, in order to synthesize a highly ordered silicon
carbide. Exploiting the high KE of the Cgp supersonic beam
by SuMBE (about 30eV), it was possible to synthesize high
quality nanocrystalline 3C-SiC at room temperature using a Cg
supersonic beam as precursor and Si(111) as substrate (Verucchi
et al., 2012). Moreover, the SUMBE approach can give rise also
to a strong chemical interaction between Cgp and the Cu(111)
substrate. The excess of energy, supplied by the Cgy supersonic
beam at a KE of 35eV, induces a rearrangement of the Cgp on
the metal surface, promoting the fullerene cage breaking after
thermal treatment and the formation of graphene flakes (Tatti
et al., 2016).

In this work we show the possibility to extend these
concepts also for the insertion of reinforcement nanoparticles
in silk for the production of composite fibers with improved
mechanical properties.

RESULTS AND DISCUSSION

In order to verify the beneficial effects that the addition of Ce
molecules can play on the mechanical properties of spider silk,
we took 18 samples from the dragline silk produced by the same
spider that belongs to Meta menardi species. Three of these were
used as control sample that provided reference values for the
mechanical properties, while the remaining 15 specimens were
divided in 5 groups and functionalized by Cgo supersonic beams
at different KE. In order to preserve the integrity of the Cg
molecule during the deposition process, the Cgp beam was used
in a range of KE between 5 and 14 eV, and more specifically at
5, 8, 10, 12, and 14 eV. Particle arrival rate was kept constant for
all depositions.

Silk specimens, fixed on a support to maintain fibers straight,
were inserted in the analysis chamber, directly connected with
the SUMBE apparatus, and decorated with a Cgp film with an
equivalent thickness of 5 monolayers (ML), as measured on a Cu
surface used as reference (Figure 1A).

The mechanical behavior of the considered samples
(Figure 1B shows an example spider silk fiber imaged by
Scanning Electron Microscopy, SEM) was evaluated through
tensile tests carried out on single fibers. Figure 1C reports one
example curve for each sample type (see Figure S1 for further
details) while Figure 2 collects the average values of strength,
ultimate strain, Young’s modulus and toughness for all tested
samples. For the sake of comparison, these are reported as
a function of SUMBE Cgp KE. The histograms show that the
deposition of Cgp molecules has a significant influence on all
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FIGURE 1 | (A) Schematic of the SUMBE process for Cgyp molecules deposition onto a spider silk fiber [detailed in the SEM image (B). Scale bar: 2 wm]. During
implantation, 5 ML of fullerenes were deposited. (C) Comparison between example stress-strain curves derived from tensile tests on raw fibers and SUMBE processed
fibers at different KE (5, 8, 10, 12, and 14 eV). The example stress-strain curves here reported were selected as representative of their mean behavior and all are
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the mechanical properties. Such effect can be clearly observed
in spite of some data dispersion, which is not unexpected in
the case of biological material samples, such as spider silk.
Indeed, it is common to observe a certain variability across the
stress-strain curves of spider silk fibers belonging to the same
sample [as visible from the curves reported in Figure S1A or in
other previous reports (Madurga et al., 2016)], which then causes
variability in the values of the mechanical properties extracted
from such curves.

With respect to reference, the smallest Cqp KE (5eV)
corresponds to the highest increase possible of strength (1.7 times
the reference value), Young’s modulus (2.2 times the reference)
and toughness (i.e., toughness modulus, defined as the area under
the stress-strain curve; 2.7 times the reference); a significant
increase of ultimate strain (1.6 times the reference) is also
produced. Such simultaneous enhancement of the mechanical
properties of our treated spider silk fibers is very interesting,
in line with previous reports on the production of bio-inspired
nanocomposite materials reinforced with carbon allotropes. For
example, bionic spider silk incorporating carbon nanotubes
showed an average increase in fracture strength, Young’s modulus
and toughness between 80 and 220%, while for bionic spider silk
incorporating graphene the average increase was 15 and 60%
(Lepore et al., 2017). For artificial nacre-like nanocomposites
of copper and reduced graphene oxide, the addition of the
graphene-based filler allowed an increase in the strength and
Young’s modulus of about 41% and 12%, respectively, with a
toughness increase of up to 1.8 times (Xiong et al., 2015).

The strength increase observed in our treated silk fibers could
be related to the increased number of hard crystal domains
contained in the fibers after Cgy deposition, which improves
the already good load standing capability of the fibers, without
however affecting their elongation capability. Such beneficial
effect is however partially lost at higher KE levels, where probably
the impinging supersonic beam causes some modification to

the silk structure. This is particularly evident in the case of
the highest KE that corresponds to the smallest values of both
strength and ultimate strain, even if the reduction is not dramatic,
especially in the case of strain (reduced by about 10%, while the
strength is reduced to 1/3 of the reference vale). Thus, SUMBE
treatment results not to compromise too much the silk structure,
as it also emerges from imaging by SEM that does not reveal
significant difference on the fibers after Cgp implantation at
different KE (Figure S2). Furthermore, it is interesting to notice
that intermediate KEs of 10 and 12 eV have a slight negative effect
on the strength, but beneficial effects in terms of ultimate strain
that results to be 1.6 or 1.8 bigger than the reference value.

In order to clarify the chemical-physical process at the silk—
Cgo interface and evaluate the electronic properties of the bare
silk after the deposition of Cgp, X-ray photoelectron spectroscopy
(XPS) analysis was performed on the two borderline cases: the
silk “as it is” and after the deposition of 5 ML at the highest kinetic
energy (14eV). A cocoon produced by Meta menardi species,
same spider used for the production of the dragline silk fibers,
was used as reference silk sample. The cocoon was cut in half and
mounted on a copper substrate, with the inner part exposed to
the analysis and further Cg deposition (Figure S3).

The XPS characterization performed before and after the
Ceo SUMBE deposition reveals that the predominant elements
in the silk are carbon, oxygen and nitrogen, leading also to a
quantitative analysis of the chemical composition in terms of
surface atomic percentage, as summarized in Table 1.

As expected, following the Cgp deposition, the amount of
carbon increases from 58.1 to 73.8%: 46.3% is related to the
fullerene and the remaining 27.5 % is due to the silk. With
reference to the latter component only, the evaluation of the silk
related carbon content is highly influenced by the large fullerene
signal, leading to its possible underestimation with lower C/N
and C/O ratios, as indeed observed (see Table 1). Differently, the
N/O ratio remains constant after Cgo deposition suggesting that
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FIGURE 2 | Dependence of the Young's modulus (A), strain at break (B), strength (C) and, toughness (D) of spider silk fibers on the Kinetic Energy (KE) of Supersonic
Molecular Beam Epitaxy (SUMBE) implantation of Cgg molecules. A KE of 5eV allows to aimost double the Young’s modulus, the strain at fracture and strength, while
almost triple the toughness (here reported as the area under the stress-strain curve).
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no contamination occurs during the SuMBE process. Thus, every
eventual modification of the silk chemical/physical properties can
be due only to the interaction with fullerene at 14 eV KE.

In order to get further insight about the interaction of silk
and Cgp molecules, we then investigated the lineshape and
components of the Cls, Ols, and Nls core levels as shown in
Figure 3. The features of all the components for the Cl1s, N1s, and
O1s core levels, in terms of binding energy (BE), Full Width at
Half Maximum (FWHM) and percentage calculated with respect
to the total core level area, are summarized in Table S1. It is
worth noting that all peaks show a shift toward higher binding
energies, typically due to a charging effect related to the insulating
character of these organic materials.

The Cls spectrum of the bare silk is characterized by
four different components (see Figure 3A, upper panel), which
reflect the chemical composition of the material. Indeed, silk
is constituted by spidroin, a protein which is rich of glycine
(Gly), alanine (Ala) and residues of other amino acids. This
silk protein folds in a secondary structure characterized by

TABLE 1 | Atomic percentage of all the chemical species present in the samples.

C% N % 0% C*/N C*/0 N/O
Spider Silk 59.7 22.8 17.5 26 3.4 1.3
Ceo + Silk 738 15.4 10.8 1.8 2.6 1.4

Carbon considered in C/N and C/O ratios refers only to silk species. C* only from silk.

crystalline regions, packed in PB-sheets, interlocking with the
adjacent chain via hydrogen bonds, and amorphous domains
(Figure 4) (Hayashi et al., 1999; Hakimi et al., 2007).

According to this description, the most intense component at
288.56 eV is related to carbon in the amide bond of the peptide
chain, the latter being involved in hydrogen bonds between the
oxygen and the nitrogen atom of the parallel amino acidic chains.
As a matter of fact, the presence of the H bond increases the BE of
the electronegative atoms (N, O), with the consequent decreasing
of the carbon BE (Kerber et al., 1996; Garcia-Gil et al., 2013).
The C-OH and amide groups not involved in hydrogen bonds,
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FIGURE 3 | Core level spectra (background subtracted): (A) C1s core level, (B) N1s core level and (C) O1s core level of the silk “as it is” and after the Cgo deposition,
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FIGURE 4 | (A) Schematic structure of spider silk. The yellow blocks are the highly ordered crystalline regions, joined by amorphous linkages. (B) Hydrogen bonds

such as the substituents in the main chain and the components
in the amorphous region, are located at higher BE (290.51 eV).
The components at lower BE, 286.75 and 287.52 eV, are related,
respectively, to the CC, CH, and CN groups of the substituents of
the amino acids.

After the deposition of Cg, the deconvolution of the Cls core
level lineshape is a superposition of the four features previously
identified for silk, and the contribution stemming from the Cg

(285.00 eV). Moreover, a new component is present at 286.50 eV
(Figure 3A, bottom panel, brown color). It is not possible to
exclude the presence of other peaks associated to this interaction
overlapping the Cgp signal, as indeed suggested by the large
FWHM of this peak (1.6 eV), however their introduction would
be merely a speculation, due to the complexity of the fitting and
to the high number of species in the silk structure. What is worth
is the presence of a new peak, suggesting this component belongs
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to the interaction of silk chemical groups with the fullerene cages,
and could justify the observed underestimation of silk carbon
content (see Table 1).

The N1s core level of bare silk (Figure 3B, top panel) is
constituted by a main component at higher BE (402.42¢V)
related to the amidic group CON involved in hydrogen bond,
a peak at 401.42eV due to the CN groups of the substituents
of the amino acids (Ariza et al., 2000), and a third component
related to the CON groups not involved in hydrogen bonds, as
observed for the Cls (Figure 3B, upper panel). The deposition of
Ceo on silk gives rise to a significant variation of the N1s lineshape
(Figure 3B, bottom panel). The components related to silk shift
by about —0.7 eV (401.64, 400.64, and 399.64 eV, respectively),
and a new component is present at 398.95 eV (brown color). As
for Cls lineshape analysis, this feature can be associated to the
interaction of the Cg with the silk.

The Ols core level (Figure 3C, upper panel) of silk before the
functionalization presents three features that can be related to the
CON groups involved (534.38 eV) or not (532.76 eV) in hydrogen
bonds, and the C-OH of the substituents (536.20 eV). After Cg
deposition, these three contributions shift toward lower BE by
about —0.3 eV. Moreover, two new peaks at lower BE (529.37
and 532.00eV) are present, in agreement with what previously
observed in Cls and N1s.

Being the N/O ratio constant in bare and Cgp deposited silk,
we can argue that all the new features observed in presence of
Ceo are related to silk chemical groups that suffered a significant
modification with respect to the pristine material, while the
presence of fingerprints of the original silk structure for all
elements suggests modifications are related to specific protein
sites. Concerning N1s and Ols analysis, the appearance of new
peaks at lower BE suggests breaking of H bonds between CO and
N-H, probably due to impingement of the Cgy cage at 14eV, a
process leading to reduction of silk mechanical properties. Due
to the low concentration of nitrogen and oxygen, such an effect
cannot be identified in Cls peak analysis. Conversely, the new
intense peak at 286.5 eV, very close to the Cgp main one, could
be due to formation of chemical bonds between fullerene and
silk chains thanks to the molecule high electronegativity, e.g.,
promoting link with amide group (Lépez et al., 2011; Umeyama
and Imahori, 2013). The balance between the two processes
probably determines the increase or decrease of mechanical
properties at the different Cgp KEs.

CONCLUSIONS

In conclusion, we have shown an alternative method for
producing spider silk composite fibers with improved mechanical
properties requiring no genetic engineering. Raw spider silk
fibers were in fact reinforced with Cgp molecules via a high
energy well assessed technique, like SUMBE. Upon optimization
of the process parameters, thus of the fullerene translational
KE, it is possible to obtain an almost 2-fold increase of
strength and an almost 3-fold increase of toughness. Such
method could be used in future also for fabrication of other

high-performance nanocomposites considering different fibers
as matrix.

A cocoon of spider silk was analyzed ex situ by XPS, before and
after functionalization with Cgg at high KE (14 eV). The analysis
demonstrated the presence of fullerenes in silk, and the formation
of new chemical species between silk and Cgp, confirming the
efficiency of the SuUMBE approach for the functionalization of
spider silk. Moreover, the deep analysis of the Cls, Ols, and N1s
core levels put in evidence that the Cgy deposition reflects in a
structural modification of the silk itself. Indeed, new components
are present in all the analyzed core levels, suggesting that this
interaction affects the whole silk structure and constituents.

It is difficult to interpret the origin of the new components
appearing after the deposition. Their intensity and presence
in all silk elemental constituents suggest a strong and diffused
functionalization, involving all groups and related connections.
The mechanical properties show a modification of the silk
structure, an evidence that can be interpreted, from a chemical
point of view, as the rupture of specific chemical bonds, as
well as the formation of other bonds with Cgg molecules. The
interplay of these two effects (the breaking and formation of new
species/bonds) is guided by the Cgp KE as well as by the number
of deposited molecules and leads to the observed silk changed
mechanical properties. Further experiments will be devoted to
study in details the interplay between all parameters.

MATERIALS AND METHODS

Film Deposition and Analysis Apparatus

The deposition of Cgyp and the characterization by X-ray
photoelectron spectroscopy of only the spider cocoon, were
performed using an experimental setup devoted to the thin film
growth and in-situ analysis in UHV conditions.

The SuMBE apparatus consists of two chambers at different
stages of vacuum (10~* and 1077 mbar, respectively). The
supersonic source is located in the first chamber (source
chamber) and it is essentially made of a quartz tube (12cm
length) with a nozzle (50 um of diameter) at the front closed
end, whereas in the back end the carrier gas is injected (Helium).
The source is resistively heated by a Ta foil, which can reach a
maximum temperature of about 1,000°C. The second chamber,
instead, acts as an interface between the beam chamber and
the final UHV deposition chamber, working as a differential
pumping stage. The beam geometry and axis is defined by two
collimators (skimmers), one positioned between the first and the
second chamber on the axis of the vacuum system, and the other
one between the second chamber and the analysis chamber. The
first skimmer allows to extract the supersonic “molecular” beam
out of the zone of silence of the supersonic expansion, working
as a diaphragm between the two vacuum chambers. The second
skimmer, maintains a differential vacuum between the second
chamber and the analysis chamber and defines the size of the
beam spot downstream of the generation apparatus (Nardi et al.,
2010b).

The kinetic energy of the fullerene beam is tuned changing
the pressure of the buffered gas and the source temperature to
which the fullerene is evaporated, ranging from 5 to 14eV. The
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typical organic arrival rate on the substrate was about 1A/min,
as evaluated from a quartz microbalance, and was kept constant
during all the experiments. A film of about 5 ML was deposited
on the material, with a nominal thickness of about 4 nm. The Cgg
material was supplied by Sigma Aldrich, with a nominal purity
0£99.9%.

The source chamber is directly connected by a valve to
a p-metal chamber (pressure 7x10~!11 mbar), where the film
deposited on the silk cocoon can be characterized by XPS
in situ, avoiding air contamination. XPS is performed using
the Mg-Ka emission at 1253.6eV as X-ray photon source.
The photoelectrons are analyzed by a VSW HA100 electron
energy analyzer, leading to a total energy resolution of 0.86eV.
Core level BEs are referred to the Au 4f7/2 core level signal
(at 84.0eV), obtained from a sputtered gold surface. The
photoemission core levels of all elements are analyzed through
Voight lineshape deconvolution, after background subtraction of
a Shirley function. The typical precision for energy peak position
is £0.05 eV, while uncertainty for FWHM is < 5% and for area
evaluation it is +5%.

Mechanical Characterization

Tensile tests on single spider silk fibers were carried out through
the Nanotensile Tester UTM150 by Agilent at room temperature
and at a strain rate of 0.001 s~!. Tested fibers length was
about 10 mm.
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