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Abstract

When sitting and walking, the feet of wandering spiders reversibly attach to many surfaces
without the use of gluey secretions. Responsible for the spiders’ dry adhesion are the hairy
attachment pads that are built of specially shaped cuticular hairs (setae) equipped with
approximately 1 um wide and 20 nm thick plate-like contact elements (spatulae) facing the
substrate. Using synchrotron-based scanning nanofocus X-ray diffraction methods, combining
wide-angle X-ray diffraction/scattering (XRD/WAXS) and small-angle X-ray scattering
(SAXS), allowed for gaining substantial quantitative information about the structure and
materials of these fibrous adhesive structures with 200 nm resolution. The fibre diffraction
patterns showed the crystalline chitin chains oriented along the long axis of the attachment
setae and increased intensity of the chitin signal dorsally within the seta shaft. The small-angle
scattering signals clearly indicated an angular shift by approximately 80° of the microtrich
structures that branch off the bulk hair shaft and end as the adhesive contact elements in the tip
region of the seta. The results reveal the specific structural arrangement and distribution of the
chitin fibres within the attachment hair’s cuticle preventing material failure by tensile

reinforcement and proper distribution of stresses that arise upon attachment and detachment.

Keywords:
chitin, cuticle, hair, fibrous adhesive structures, fibre diffraction, small-angle X-ray
scattering (SAXS), wide-angle X-ray diffraction/scattering (XRD/WAXS)
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1. Introduction

Wandering spiders, such as the large Central American spider Cupiennius salei, are able to
climb vertically and walk upside down on smooth and rough surfaces [1—4]. They share this
capability with many insects such as e.g. flies and beetles. However, some mechanisms
underlying the strong adhesion between the animals’ feet and a substrate are different in insects
and spiders. Insect adhesion relies on capillary forces caused by fluid secretions between their
attachment structures and the substrate [5-9]. Wandering spiders are assumed to adhere due to
van der Waals forces between their attachment setae and the substrate without additional fluid
involved. This mechanism is generally termed dry adhesion and well-studied in the gecko [10—
16] and spider [2,17,18] attachment systems. These dry adhesive systems recently have also
been the model for many biomimetic structural adhesives [19-29].

However, although some of the artificial adhesive hair-like structures can reach higher
adhesive strength than the natural models, particularly on smooth surfaces, the artificial
structured adhesives do not reach the performance of their biological prototypes in regard to
their durability and their adaptedness to substrates with a wide range of surface properties, such
as e.g. different roughness or surface energies. One of the reasons might be inhomogeneously
distributed materials within the biological models, as previously shown in the wet fibrous
attachment system of beetles [30]. For dry fibrous attachment systems, the possible distribution
of materials with different mechanical properties has not been examined previously. This is
why in the present paper, the spider attachment hairs were selected as model system for
synchrotron-based X-ray diffraction studies of the materials involved. Since additional fluid
interactions can be excluded, the spider setae are also attractive for X-ray in situ examination
of the attachment process.

The spider Cupiennius salei is a widely studied spider species and has been a model
organism for neurobiology, mechanoreception, sensory physiology, biomechanics, and its
exoskeleton’s structure, function, and mechanical properties (see, e.g. [31-34]). During its
eight-legged locomotion, Cupiennius salei moves the diagonally opposing legs simultaneously.
In quickly walking spiders (10 cm/s), the most prominent ipsilateral (one sided) sequence of
the legs contacting the ground is 4-2-1-3. However, dependent on the actual substrate and
velocity, a wide variety of leg movement patterns can be found. Also, the spiders are able to
very quickly compensate the loss of legs by adaptation of their gait pattern [31]. It was shown
that each single foot of Cupiennius salei can provide 12 mN adhesion force in intact eight-

legged animals and approximately 35 mN friction force [35].
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Apart from attachment hairs, many other, mostly sensory, hair-shaped
cuticular structures such as tactile, wind-sensing, and proprioreceptive setac of the spider
Cupiennius salei were previously studied in detail [36—39], pointing on the great diversity
and versatility of the apparently simple building principle of an arthropod cuticular hair.
Since the real hairs of mammals are made of keratin and evolved completely different from
the cuticular hairs of arthropods, the correct anatomical term for a cuticular hair-like structure
in zoology is seta (pl. setae). However, we use both terms synonymously in the present study.

The pretarsal hairy attachment structures of the spider Cupiennius salei are called the
claw tuft or pretarsal scopula [4,40], which comprises approximately 1,000 setae located at
the distal end of each leg in between of two claws that are used for clamping on rough
surfaces. The attachment setae are 200 pm to 800 pm long, dependent on the exact location
in the claw tuft. The surface of the attachment hairs is covered with thousands of cuticular
protuberances, the so-called microtrichs, branching off the shaft of each seta. In the adhesive
tip region of the seta these microtrichs are highly ordered in up to 20 parallel rows and
point away from the shaft backbone at an angle of about 80° (figure la,b). Here, the
microtrichs consist of narrowing stalks that emerge from the shaft backbone and terminate
in approximately 1 um wide and 20 nm thin spatula-shaped plates, which are the contact
elements responsible for the formation of intimate contact with the surface of a substrate and
the enhancement of adhesion [3,41] (figure 1c¢).

The exoskeleton of spiders and thus the attachment setae are made of cuticle,
a compound material that consists mainly of proteins and reinforcing polymeric chitin
fibres [42]. Chitin is a polysaccharide of (1,4) linked 2-deoxy-2-acetamido-B-D-glucose
units [43] and arranged in crystalline chains [44]. It is detectable using wide-angle X-ray
diffraction by its characteristic fibre diffraction pattern. Among several chitin subtypes,
the one found in arthropods is a-chitin, which is identified by two antiparallel
polymer chains arranged helicoidally and an orthorhombic unit cell. Previous studies
confirmed the presence of a-chitin in the cuticle of the spider Cupiennius salei [45—47]. In
the exoskeleton of arthropods, chitin molecules are arranged in nanofibrils, each consisting of
18 to 25 single chitin chains. These nanofibrils are approximately 2 — 5 nm thick and 300 nm
long. They are embedded in a matrix of structural proteins forming chitin-protein fibres
with typical diameters of 50 — 350 nm [48,49].

In order to obtain more information about the distribution of chitin in the spider

attachment hairs and to characterise the structures responsible for the remarkable attachment
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capabilities of the spider, we mapped the information gained by using synchrotron-based
scanning nanofocus X-ray diffraction on distal sections of single attachment setae including
the adhesive tip. Wide-angle X-ray scattering (WAXS) patterns allowed us for specifically
mapping the distribution of chitin in the different structures of the adhesive seta. Additionally,
we obtained data about the orientation of the chitin fibrils. The analysis of the small-angle X-
ray scattering (SAXS) signals gave us insights in the distribution and orientation of mesoscopic
structures with the size of approximately 100 nm. The main advantage of the methods used
over light and electron microscopic techniques was that no further chemical or mechanical
sample treatment potentially introducing artefacts was necessary, except mounting of the

samples on sample holders suitable for the scanning nanofocus X-ray diffraction setups.

2. Materials and Methods

2.1. Sample preparation

Single attachment hairs (setae) were picked from second and third walking legs of specimens of the spider
Cupiennius salei (Ctenidae) in the middle of the pretarsal claw tuft. The animals were obtained from the breeding
stock of the Department of Neurobiology of the University of Vienna, Austria. Most results were gained from
hairs of legs separated from the spider not longer than five days prior to the experiment and kept in a fridge
whenever possible. In this case the legs were sealed at their autotomy site on the trochanter using a slightly heated
mixture of beeswax and colophony. Single hairs were glued free-standing onto the tip of a sharpened glass
capillary using two-component polysiloxane (Coltene light body, Colténe/Whaledent AG, Altstétten, Switzerland)
prior to exposure. Some other samples were taken from legs frozen at -20° C for one month and mounted on 200
pm thick frames of Si;N4 sample windows (Norcada Inc., Edmonton, Canada; without membrane) three days

before the experiments.

2.2. Scanning nanofocus X-ray diffraction

The experiments were performed at the nanofocus extension EH III of the beamline ID13 at the European
Synchrotron Research Facility ESRF (Grenoble, France) and the Nanofocus Endstation (operated by Helmholtz-
Zentrum Geesthacht and Kiel University) of the MiNaXS-beamline P03 [50] of PETRA III at the Deutsches
Elektronen-Synchrotron DESY (Hamburg, Germany). At the ESRF, an Eiger X 4M detector (Dectris Ltd., Baden-
Daetwill, Switzerland) was set up at a distance of 203.5 mm to the sample. The distance between the 400 pm thick
cylindrical beamstop downstream the sample and the detector was bridged by a helium-filled flight-tube. The
wavelength of the X-ray beam focused to a size of 150 x 150 nm? was 0.847 A. The maximum lateral resolution
of the scanning setup was set to 200 nm, and data were acquired with exposure times of 1 s. At PETRA III, a
Pilatus 1M detector (Dectris Ltd., Baden-Daetwill, Switzerland) was placed at a distance to the sample of 184.2

mm. The wavelength of the X-ray beam sized approximately 400 x 400 nm? was 0.950 A. Lateral resolution of
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the scanning setup was set to 1 um at exposure times of 35 s per step. The intensity of the X-ray beam on the
sample at PETRA III at the time of the experiments was supposed to be 10-20 times lower that at the ESRF.
Data was evaluated using the software package FIT2D (A. P. Hammersley, ESRF, Grenoble, France) and the
Python library pyFAI (Data analysis unit, ESRF, Grenoble, France). For quantitative analyses of both the signal
intensity and orientation, the two-dimensional diffraction data was converted by azimuthal integration into one-
dimensional profiles as function of the scattering vector g. In total, data were recorded from 17 setae from seven

legs of seven different animals, and the most representative examples were selected for presentation.

3. Results

3.1. X-ray diffraction patterns

The fibre diffraction pattern of a-chitin and a circular halo with a maximum intensity in the
range of ¢ between 13 nm! and 16 nm! were the two prominent features of the wide-angle X-
ray diffraction signals (figure 2). Except for a slight angular shift of orientation caused by the
slight curvature of the sample, the averaged chitin diffraction patterns of hair shaft and the
transition zone located between the shaft and the tip region (Fig. la) were very similar and
showed the same reflections (figure 2a,b). There were two broad 020 and 110 reflections on
the equator of the diffraction patterns. Of the four reflections off the equator, the 012 and 013
were the most intensive ones. The sharp 001 and 004 meridional reflections were the result of
tilt of the chitin crystals with respect to the X-ray beam. In the tip region, only the 012, 013,
and the equatorial 020 reflections could be clearly identified. However, there was an additional,
intense, and azimuthally widened reflection at ¢ = 14.83 nm! in the tip, and a weaker one at ¢
= 13.90 nm! in the shaft. No such distinct additional reflection was found in the transition zone
(figure 2).

The origin of the diffuse halo in between ¢ of approximately 12 nm™! to 20 nm-! could
not be determined with absolute certainty. For further quantitative analysis and intensity
mapping, the integration range for the halo was limited from 13 nm-!' to 16 nm™!. This range
clearly excluded the 012 and 013 chitin reflections, however included most of the equatorial
110 chitin reflection and the additional non-chitin signals (figures 2b,c). Consequently, these
integration results were addressed a mixed signal of yet unidentified amorphous material and
chitin. A similar superposition of signals of different origin applied to the chitin 012 and 013
peaks that were superimposed by the boundaries of the halo, and the 110 reflection
which widely overlapped with the most intense region of the halo. In case of the 013

reflection, the
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peak-to-halo relation was largest, and this is why it was used as indicator for the presence of
chitin further in this study.

Significant differences of the equatorial 020 chitin peak were found in the different
regions of the seta. Compared to shaft and transition zone, the peak from the tip region was
broader and shifted to smaller g-values (figure 3). Estimating crystal diameter using the
Scherrer equation [51] on the positions and widths of the Lorentz fits of the 020 reflections
yielded minimum crystal sizes of 2.59 nm + 0.02 nm for the tip region, larger values of 2.71
nm + 0.03 nm for the transition zone, and 2.66 nm = 0.03 nm for the hair shaft, where the
uncertainties originated from the Gaussian error distributions of the fits. The position of the
equatorial 020 reflection also deviated most from the reference values of purified o-chitin
(table 1).

No significant differences were found between the different sample preparations and
setups. The reflection patterns were the same with only slight differences of the chitin g-values
(table 1), and the exception that the 001 reflection was not observed in the previously frozen
samples examined at the MiNaXS-beamline PO3 at PETRA III. In these samples the additional
non-chitin peak in the tip region was found at ¢ = 15.16 nm"!, compared to ¢ = 14.83 nm'! in
the fresh samples examined at the ESRF. With the lower spatial resolution used at PETRA 111,
the 013 reflections of chitin fibres were detectable up to 1 um from the very tip of the
attachment seta.

The chitin structures suffered severe damage from continuous and long term exposure
to the intense and focused X-rays as indicated by a clear decrease of the wide-angle diffraction
signal intensity over time. Half-life of signal intensity measured on data from the ESRF for the
110 reflection was 6.9 s (figure Sla), and 6.5 s for the 020 reflection of the same hair. After 10
s of continuous exposure, the signal to noise ratio already decreased to levels not suited
anymore for easy and proper analysis. Interestingly, the SAXS intensity slowly rose up to
approximately 20 s exposure time, and increased quickly to approximately 5-fold the initial

intensity value at 40 s exposure time of the same spot (figure S1b).

3.2. Mapping microtrich orientation using SAXS

Three areas sized 20 x 20 um? and a smaller patch at the very tip were selected in the three
different functional regions of the distal part of the attachment hair (figure 4). These areas were
scanned with a resolution of 200 nm resulting in 10,201 diffraction patterns each. Orientation

of the mesoscopic structures identified by small-angle X-Ray scattering coincided with the
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longitudinal orientation of the microtrichs branching off the bulk hair shaft in all examined
regions of the seta.

In the hair shaft region, fibre orientation determined using the SAXS signals clearly
matched the physical orientation of single microtrichs on the ventral side of the seta. Dorsally
single microtrichs could not be resolved. However, the orientation of the SAXS signals
indicated the orientation of the overlapping microtrich rows that were simultaneously exposed
to the X-ray beam at each pixel of the map (figure 4a).

In the transition zone the number of microtrichs per area increased and made
identification of single structures more difficult, especially in the middle of the seta. On the
dorsal side, the angular orientation of the microtrichs was approximately 20° off the long axis
of the whole seta, and 30° to 40° to the opposite direction on the ventral side (figure 4b).

In the tip region, the SAXS signal orientation clearly differentiated between the dorsal
and ventral microtrichs (figure 4c). Dorsally, the microtrichs pointed towards the dorsal side
and were shifted to the seta long axis by an angle of approximately 10°. The stalks of the ventral
microtrichs were oriented between 70° and 90° towards the ventral aspect of the hair. At the
ventral boundary of the SAXS signal, a strip oriented approximately 10° to 20° different from
the microtrich stalks likely showed the main orientation of the spatula-shaped adhesive contact

elements in the tip region of the microtrichs (figure 4c).

3.3. Mapping of SAXS intensity
The full dimensions of the structures of the setae were best resolved by mapping the intensity
distribution of the small-angle scattering signals (figure 5). In the shaft region, single long
microtrichs could be resolved best on the ventral side of the hair. On the bulk hair shaft, several
separated line-shaped structures with high intensity most likely corresponded to the branching
sites of single long microtrichs. A single line of maximum intensity was located exactly at the
boundary surface of the bulk shaft of the seta with air (figures 5a, 6a). In the bulk hair shaft of
the transition zone, three lines with increased signal intensity were observed (figure 5b). They
coincide with the two boundaries of the longitudinally oriented chitin-rich area of the bulk hair
shaft of the transition zone, and the boundary of the bulk hair shaft with air as observed in the
WAXS intensity maps (figure 6b).

Maximum SAXS intensities in the tip region (figure 5¢) overlap with the area of the
change of mesoscopic structures orientation, from along the seta’s main axis to perpendicular
to it (figure 4c), indicating that it most likely represents the bulk hair shaft and the area of

branching of the microtrich rows in the broadest section of the brush-like hair tip structure
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(compare figure 1a). Interestingly, increased SAXS intensity was also found in the region of
the spatula-shaped structures at the tips of the microtrichs and likely indicated strong scattering

of the X-ray beam by the thin and flat spatulae (figure 5c¢).

3.4. Chitin distribution and orientation

The intensity map of the wide-angle 013 chitin reflection of the hair shaft region clearly
revealed the dimension of the bulk shaft of the seta with practically no diffraction signal from
the microtrichs. The two walls of the bulk shaft of the seta pointed to a tube-shaped
arrangement of this section. Interestingly, the diffraction intensity of the dorsal wall was higher
than that of the ventral one, indicating higher chitin density and therefore stronger material of
the dorsal wall compared with the ventral wall (figure 6a). In the transition zone, there was an
approximately 500 nm thick line with high intensity of the 013 reflection located dorsally in
the bulk shaft of the seta, too. Additionally, some 013 signal could be located in the region of
branching microtrichs dorsal and ventral of the bulk shaft of the seta (figure 6b). In the tip
region, the most intense 013 diffraction signal was measured in the core backbone structure
narrowing towards the very tip. The signal intensity was clearly increased in the zone of
microtrichs branching off the backbone. A slight chitin signal could be detected up to the tips
of the microtrichs (figure 6¢).

Mapping the intensity of the reflections in the g-range between 13 nm'! and 16 nm'!
including the 110 chitin and the yet unidentified non-chitin signals was less selective in terms
of identification of specific structures. In the shaft region the intensity of this mixed signal was
more evenly distributed in the bulk material, and maximum intensity areas overlapped with
those of the 013 chitin peaks in the wall region. Close to the bulk shaft of the seta, weak signals
of the microtrich structures could be observed (figures 6a,d). In the transition zone, the area
with the highest intensity of the mixed signal was found in the bulk hair shaft matching the
backbone structure with increased small angle X-ray scattering intensity. Signals of branching
microtrichs were observed dorsally and ventrally (figures 5b, 6e). In the tip region, the area of
high intensity of the mixed wide-angle X-ray diffraction signal was larger than that of the 013
chitin peak. It was centred in the highest intensity region of the small-angle X-ray scattering
intensity maps, and clearly showed the dimension of the bulk material backbone in the brush-
region of the seta. Branching of microtrich rows and weak signals along the long axis of the
microtrichs could be mapped up to the spatula region (figure 6f).

Orientation of the azimuthal 013 chitin reflection was mapped for the data points with

sufficient signal intensity. In the hair shaft region and the transition zone, the orientation of the
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crystalline chitin chains strictly followed the long orientation of the seta. Orientation along
microtrichs was only found in single data points close to the bulk hair shaft (figure 7a,b).
Orientation mapping in the tip region was difficult, most likely because of the three-
dimensional overlap of many different structures and low signal-to-noise ratio. However, quite
several single data points in the backbone region showed orientation along the long axis of the
seta, and some in the microtrich branching region along the proposed long axis of the

microtrichs (figure 7c¢).

4. Discussion
The lattice parameters indicating the physical dimensions of the orthorhombic unit cell were
calculated from the positions of the chitin wide-angle reflections and are listed and compared
with those of other chitin samples in table 2. The size of the crystalline unit cell, i.e. repeating
distance, along the long axis of the polymer determined by parameter ¢ was slightly larger than
that of purified chitin and in the range found for chitin of the spider’s fang. Parameter a
quantifying the distance between two nearest sheets of the same direction in one specific cross-
section of the polymer’s long axis very well matched the values of deproteinised and purified
o-chitin. Parameter b indicates the repeating distance between two chains with same
orientation (each consisting of a pair of antiparallel chains running in opposite direction along
the ¢ axis) in the direction of the hydrogen bonds and showed the largest deviation from the
reference values of purified a-chitin. Similar large values were also found in the spider’s fang
[46]. For the determination of parameter b, the position of the equatorial 020 reflection, which
differed strongest from the a-chitin reference value (table 1), was most important. The position
and width of the 020 reflection varied in different sections of the seta (figure 3). According to
the Scherrer equation, the widened peak in the tip region pointed to smaller crystal sizes.
Compared with the 020 peaks of the hair shaft region and the transition zone at ¢ = 5.94 nm!
it was found shifted by -0.30 nm™! to the smaller value of ¢ = 5.64 nm™! in the tip region.
Similar changes of reflection peaks were reported for cellulose and explained by an
increased influence of crystal surface effects and distortions by surrounding materials, such as
hemicelluloses, on the lattice of smaller crystals, leading to an increase of the lattice parameter
in the weakest direction [53]. In chitin only four hydroxyl groups in each repeating unit are
responsible for the b-directed hydrogen bonds between the single chains [54]. These hydrogen

bonds of the unit cell are most susceptible for interactions with other molecules in the
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surrounding, such as water and cuticular proteins. Consequently, apart from possible size-
effects as in cellulose, the adsorption of water and cuticular proteins to the chitin chains could
additionally explain the shift of the 020 peak and the deviation of » from purified chitin as
discussed previously [47].

Minimum chitin crystal sizes of the different regions of the attachment seta were 2.59
nm + 0.02 nm (error of the fit) in the tip, 2.71 nm + 0.03 nm in the transition zone, and 2.66
nm + 0.03 nm in the hair shaft (calculated from position and width of the reflection peaks using
the Scherrer equation). These values were well within the range of the diameters between 2.5
nm and 3.0 nm found in the literature for the molecular chitin chains that are typically bundled
to nanofibrils and wrapped by proteins [44,49].

Functionally different crystal sizes in the different sections of the attachment seta can
be explained as follows. Smaller crystals in the tip region likely result in increased flexibility
promoting contact formation with a surface and eventually adhesion. Similar mechanical
effects, based on the transition from stiff to soft material in the tip, were previously reported
for the attachment setae of coccinelid beetles [31]. When compared with the shaft region of the
spider seta, which is mechanically reinforced against buckling by its tube-shaped hollow
structure (figure 6a), the mechanically more stable larger cell size in the transition zone of the
spider hair can be explained as adaptation to a proposed stress concentration in the narrowed
backbone (figure 60) upon contact of the seta with the substrate surface.

The origin of the reflection at ¢ = 13.90 nm-! in the shaft region (figure 2a) and the
azimuthally widened reflection at ¢ = 14.83 nm! in the tip region (figure 2¢) finally remained
unidentified. However, these reflections were likely caused by the protein matrix surrounding
the chitin fibrils. Valverde Serrano et al. [47] found a similar peak at ¢ = 13.89 nm™! in the
cuticle of dry intact leg tendons of Cupiennius salei, which disappeared upon deproteinisation,
strongly pointing on its origin in the proteinaceous f-sheet motif. The high intensity of the
proposed protein reflection in the tip region of the attachment seta can be explained by an
increased amount of structural proteins making up the shapes of the many and highly ordered
microtrichs.

The strict orientation of the chitin fibrils in parallel along the longitudinal axis of the
attachment seta is remarkable (figure 7), especially in comparison with the arrangement of
chitin fibres in other body parts, such as e.g. the leg cuticle, where the chitin fibrils are mostly
arranged in a plywood manner of helicoidally rotating layers in parallel with the surface

[42,46,55]. Alignment of chitinous fibres perpendicular to the surface was shown for the soft
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adhesive pads of grasshoppers and locusts [56,57]. It was attributed to enhanced flexibility of
the material under compression load, necessary for contact formation especially with uneven
surfaces. For an animal, sitting on a vertical surface or upside-down, perpendicular orientation
of the fibres can also be interpreted as an adaptation to the tensile forces that arise upon
attachment. Most likely the same is true for the fibrils in the spider’s attachment hair, and the
longitudinal orientation of the fibres reinforces the structure in the direction of the tensile forces
that act when the animal sits on a vertical surface, which is the preferred resting position of
Cupiennius salei.

The intensity of the identified chitin reflections in figure 7a-c corresponds to the density
of chitin in the cuticle material. The chitin fibres reinforcing the cuticle can be interpreted as
specifically distributed to maintain and reinforce the mechanical stability of the attachment
setae. The larger chitin density in the dorsal wall of the hair shaft likely reinforces it against
buckling, when the seta is pushed onto a surface. The less stiff ventral wall allows sufficient
structural compliance, when the seta is pulled off. A similar mechanical behaviour can be
proposed for the asymmetrically reinforced transition zone that by its shape is supposed to be
more flexible. In the tip region, the backbone serves as the structure to hold several hundred
microtrichs in place and showed the highest chitin content. In the region of the microtrichs, the
wide-angle diffraction signal of chitin was weak, however, present up to the tip indicating that
the stalk and likely also the spatula-shaped adhesive contact elements were chitin-reinforced.
Summed up, it seems very likely that the strains and stresses that arise from the forces that act
on the adhesive tip during attachment, adhesion in contact, and detachment at every step of the
spider, are most evenly distributed by the arrangement pattern of the reinforcing chitin fibres
to avoid material failure.

Using scanning nanofocus X-ray diffraction on a microscopic level allowed us finding
yet unknown structures of the spider attachment hairs. Unique to X-ray diffraction was the
possibility to specifically identify and localize the chitin fibres and their orientation within the
cuticle of the attachment hair. In future experiments it would be interesting to attach and detach
attachment hairs to a surface in situ in the scanning nanofocus X-ray diffraction setup, in order
to quantify changes in fibre orientation in the adhesive tip and other regions of the seta. This
will allow for further extraction of structure-function relationships for further improvement of

novel biologically-inspired artificial structured adhesives.
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Table 1. Peaks of the diffraction vector g of the a-chitin fibre diffraction pattern of the attachment hairs and reference values

reflection peak 020 (nm") 110 (nm-") 001 (nm-") 012 (nm™") 013 (nm'") 004 (nm'")
shaft* 5.90+0.02 13.57 £ 0.01 6.23+0.01 1235+0.01  18.63+0.01 24.52 +0.01
tip region** 6.39+0.23 13.78 £ 0.15 - 12.32+0.07 1859+0.04 2452+0.08
lobster tendon™** [43] 6.62 13.54 6.14 12.27 18.59 2454
crab tendon*** [52] 6.65 13.68 12.57 18.51 24.35

* fresh sample (data from beamtime at the ESRF); values from average diffraction pattern based on 1,853 single diffraction
patterns * error of the fit (N=1)

** previously frozen sample (data from beamtime at PETRA I11); number of diffraction patterns n used for calculation of the
mean values + standard deviations (s. d.): 020: n=17, 110: n=38, 012: n=41, 013: n=41, 004: n=22 (N=1)

*** deproteinised

1
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Table 2. Lattice parameters a, b, and ¢ of the orthorhombic unit cell of chitin in the attachment hair, a leg tendon, and the
fang of Cupiennius salei, and reference values from purified chitin samples
Sample a (nm) b (nm) ¢ (nm)
Cupiennius salei attachment hair* 0.474 +0.003 2.131+0.03 1.023 £ 0.002
9 C. salei tendon** [47] 0.470 1.897 1.028
1 C. salei fang [46] 0.46 2.06 1.02
12 lobster tendon*** [43] 0.474 1.886 1.032
crab tendon*** [52] 0.474 1.884 1.031

oNOYTULT D WN =

* based on shaft values of table 1
18 ** intact dry

*** deproteinised
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Figure 1. Morphology of the distal part of an attachment hair of the spider Cupiennius salei. (a) Scanning
electron micrograph, ventral view. The terminology for the different sections corresponds to the presence of
differently shaped microtrichs branching off the shaft of the seta. (b) Phase-contrast transmitted light
micrograph, lateral view. In the tip region, the elongated microtrichs are oriented approximately
perpendicular to the long axis of the seta and form a brush-like structure. (c) Scanning electron micrograph
in the tip region. The spatula-shaped terminal elements of the microtrichs are the contact elements
responsible for the spider’s adhesion.
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Figure 2. Averaged X-ray diffraction patterns from different regions of the attachment hair (data from
beamtime at the ESRF). (@) Hair shaft, (b) transition zone, (c) tip region. The more sharp wide-angle
scattering signals correspond to the equatorial 020, and 110, the meridional 001, and 004, and the 012 and
013 reflections of fibrous a-chitin. The open red circles indicate the range of small-angle scattering signals.
The red sector lines in (b) and (c) delimit the range of g-values between 13 nm™! and 16 nm™! that was
used for integration of the halo. Blue arrowheads point to weaker chitin signals as a guide for the eye.
Yellow arrowheads point to the yet unidentified non-chitin reflections. Note that the longitudinal orientation
of the crystalline chitin chains is perpendicular to the equator of the XRD/WAXS signals, and the longitudinal
orientation of larger mesoscopic structures is perpendicular to the long axis of the SAXS signals.
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Figure 3. Peak of the wide-angle 020 diffraction signal of chitin in different functional regions of the
attachment seta. The thicker lines are Lorentz peaks fitted to measured data (thinner lines).
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37 Figure 4. Maps of orientation of mesoscopic structures (sized ~100 nm) based on the SAXS signal’s main

38 orientation in different regions of the attachment seta. The angle of the mesoscopic structures corresponds

39 to the orientation of the colours of the colour circle. (a) Hair shaft, (b) transition zone, (c) tip region. The
background image for the overlaid maps is an optical micrograph of the actual position of the seta in the

40 . . - )

experimental setup. The inset shows a scanning electron micrograph of the seta long after the X-ray
experiments. In the living spider, a substrate surface to attach to would be oriented vertically on the right
42 side of the images.
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Figure 5. Small-angle X-ray scattering intensity maps. (a) Shaft region, (b) transition zone, (c) tip region,

as shown in figure 4. In each map, the intensity range was adjusted for the maximum contrast as indicated

by the colour bars. The arrows in (a) point to clearly visible single microtrichs, and the arrowheads to a line
with increased intensity at the edge of the bulk hair shaft. In the transition zone (b), the arrows indicate

single microtrichs. Arrowheads point to several lines with increased intensity oriented along the hair’s long
axis. In the tip region (c), the most intense scattering signal was measured in a backbone-like structure

(asterisk), from which the rows of microtrichs branch off (arrows). Arrowheads point to the intense
scattering in the spatula region of the microtrichs.
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Figure 6. Wide-angle X-ray diffraction/scattering intensity maps. In each map, the intensity range was
adjusted for maximum contrast as indicated by the colour bars. Upper line: Intensity of the 013 chitin
reflection. (a) Hair shaft; the arrows point to the walls of the probably hollow shaft, and the arrowheads
point to the edge of the seta at the same position as the line of increased small-angle scattering in figure 5a.
(b) Transition zone; arrowheads correspond to the positions of the lines of increased small-angle scattering
in figure 5b. The asterisk marks the line of the most intense chitin signal. (c) Tip region; arrows indicate
rows of microtrichs branching off the backbone. Arrowheads indicate the outreach of the 013 signal following

the microtrichs. Lower line: Intensity of the WAXS signal integrated between g-values of 13 nm™ and 16

nm-! (halo including parts of the 110 reflection of chitin and the yet unidentified non-chitin signals). (d) Hair
shaft, (e) transition zone, (f) tip region. The arrowheads in (f) are at the same position as in figure 5c and
illustrate the length of the microtrichs.
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Figure 7. Orientation maps of the 013 wide-angle X-ray diffraction/scattering reflection showing the
orientation of crystalline chitin as indicated by the colour circle. The SAXS intensity maps are plotted in the
background. (@) Note the strict orientation of the signal along the long axis of the hair shaft. The arrow
points to a single position, where the orientation follows a branching microtrich. (b) Transition zone. (c)
Multiply oriented chitin crystals in the tip region. The arrows point to positions, where the orientation
appears to match the longitudinal axis of the microtrichs.
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Figure S1. Modification of the X-ray diffraction signal intensity at 400-fold successive exposure by 0.1 s
of an attachment hair to the focused X-ray beam at the ESRF. (a) Decrease of the equatorial 110 chitin
wide-angle diffraction reflection. The exponential fit yields a half-life of signal intensity of 6.9 s exposure
as indicated by the dashed line. The data points are shifted to the zero line of the asymptotic line fit.
Negative intensity values are caused by subtraction of the background signal. (b) Increase of the SAXS
signal intensity.
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