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Abstract

Synchrotron X-ray micro-diffraction experiments were carried out on Nephila clavipes (NC) and
Argiope aurantia (AA) major (MA) and minor ampullate (MiA) fibers that make up dragline
spider silk. The diffraction patterns show a semi-crystalline structure with p-poly(.-alanine)
nanocrystallites embedded in a partially oriented amorphous matrix. A superlattice reflection ‘S’
diffraction ring is observed, which corresponds to a crystalline component larger in size and is
poorly oriented, when compared to the B-poly(.-alanine) nanocrystallites that are commonly
observed in dragline spider silks. Crystallite size, crystallinity and orientation about the fiber axis
have been determined from the wide-angle X-ray diffraction (WAXD) patterns. In both NC and
AA, the MiA silks are found to be more highly crystalline, when compared with the corresponding
MA silks. Detailed analysis on the amorphous matrix shows considerable differences in the degree
of order of the oriented amorphous component between the different silks studied and may play a
crucial role in determining the mechanical properties of the silks.

1. Introduction

Spider silk is a remarkable biopolymer, a lightweight protein fiber that spiders produce for
diverse purposes including web structure, prey immaobilization, making egg cases and which
is a key to their survival.12 With a unique combination of high elasticity, mechanical
strength and toughness, its superior material properties surpass those of any currently known
man-made fiber.1# In addition, these fibers are biocompatible and biodegradable.>% It is one
of the best examples of block copolymers in Nature in which repeating structural motifs are
linked together covalently resulting in polymers that organize themselves into a variety of
nano-structures with exceptional material properties.’-10

The extraordinary mechanical properties have been attributed to the hierarchical structuring
at the nanometre length scales, and are designed to perform different functions at each level,
effectively linking nano-scale constituents to properties at the macro level, a strategy often
used in Nature (silk, bone, wood).2411 These features coupled with potential diverse
applications render spider silk as an ideal model for biomimetic research. Over the last few
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years there has been a great deal of interest in understanding how this nano-structuring
works, both from a theoretical and experimental perspective, made feasible with the advent
of more advanced experimental and computational facilities.12"15> Recent advances in
bioengineering have made considerable progress in the production of synthetic silks,
however, to date synthetic fibers do not exhibit the same physical or mechanical properties
of natural spider silk.16-18 The viable production and use of these proteins as synthetic
materials requires greater knowledge of the secondary, tertiary, and quaternary structure of
the proteins that comprise spider silk.

About 125 million years ago, the Araenoidea superfamily of spiders diverged into the
Avraneiaae (includes orb weavers Araneus gemmoides, Argiope argentata, and Argiope
aurantid) and the “derived araneoids’ (orb weaver Nephila clavipes and cobweb weavers
Latrodectus hesperus).1® All five species listed above have evolved to make six different
types of silk fibers and an aqueous gluel®20 with each silk having a specific function.21.22

Although the silks of various species serve the same general purposes, the mechanical
properties differ slightly for each silk of a given species, allowing them to adapt to their
unique ecosystems. Of all the different silk fibers, dragline silk (major ampullate silk) has
shown the greatest mechanical variation between individual species.23:24 The mechanical
property variation in dragline silks can be partially attributed to the nanostructure composite
nature of major ampullate spidroin 1 (MaSp1) and major ampullate spidroin 2 (MaSp2)
proteins that make up dragline fibers.2526 Both MaSp1 and MaSp2 have evolutionarily
conserved highly repetitive motif structures found in a large class of web building spiders.2’

In order to understand what makes spider silks mechanically superior, it is imperative to
understand the structural organization of the silk fibers. X-ray fiber diffraction has been a
very useful technique to study the fiber structure at the molecular and atomic length
scales.13:28

Previous X-ray studies?%-32 have shown the molecular organization of spider silks to consist
of a semi-crystalline structure in which nano-crystallites made up of p-pleated sheets
embedded in an amorphous matrix. The major focus of these studies has centered on the
crystalline fraction of the spider silk. Most of these studies have been done on the silks spun
primarily from a few species in the Nephila genera.

The dragline silk produced by the major ampullate (MA) glands which has been studied the
most, is used for building the frame and radii of the orb-web as well as dragging an ever-
present safety line, which is important, for example, when escaping predators.11:22 While
there is more understanding on the p-sheet nano-crystallites as regards its size, orientation
about the fiber axis?® and its role in acting as a crosslink between the network of protein
chains in the amorphous matrix,1114 much less is known about the amorphous matrix itself
and its role in the observed mechanical properties. With the amorphous matrix making up
about 50-70% of the spider silk composition, it is very crucial to understand the structural
aspects of this component and its correlation to the mechanical properties so as to be able to
get a full understanding of the silk structure.

Motivation for the work in this paper is twofold: to compare the structural differences of
silks spun by the major and minor ampullate (MiA) glands, both of which are used in web
formation. The second focus of this study has been to understand the effect of the ratio of
the two proteins MaSp1/MaSp2 in determining the silk properties. Towards this goal we
have studied MA and MiA silks from two species, Nephila clavipes from the derived
Avraneoidea family and the other, Argiope aurantia, from the Araneoidea family, which is
also a species with a different MaSp1/MaSp?2 ratio and a higher content of one important
amino acid, proline.33
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2. Experimental

Spider specimen and forced silking techniques

Spiders of two different species — Argiope aurantia (AA) and Nephila clavipes (NC), were
forcibly silked at a rate of 2 cm s~ to collect silks from both the major (MA) and minor
(MiA) ampullate glands.34 Silking was performed under a dissection microscope to ensure
that the MA and MiA silks were separated during the entire process. Spiders were silked
every other day on average and were fed a cricket during silking. It is to be noted that
spiders produce MiA silks in much lesser quantity than the MA silks.34

Gland material—Nephila clavipes MA glands were dissected from recently dead (within
30 minutes) adult female spiders. The dissections were performed under an optical
microscope. The MA gland was easily identified by its location in the abdomen, as well as
by the size and shape of the gland. DI water was utilized to irrigate the abdomen during
dissection to prevent dehydration of the abdomen. The MA glands were carefully removed
to prevent any puncturing and placed onto a glass slide for drying. The glass slides were
then put into a covered beaker to prevent dust and other contaminates from sticking to the
gland. The glands were then dried at ambient temperature and pressure. Once dried, the
glands were carefully removed from the glass slide with a razor blade to ensure that the
gland remained in a single piece. The glands were then mounted on metal washers. To
mount the gland, the main section of the gland was centered over the hole in the washer and
small amounts of superglue were utilized to tack the gland ends onto the washer. Care was
taken to prevent any glue from contaminating the detection area of the gland.

Scanning electron microscopy (SEM)

The silk samples were prepared by mounting the fibers onto a sample stub with the use of
double sided carbon tape. To prevent charging, the samples were placed into a gold coater
(Denton Vacuum Sputter Coater Desk I1) for 180 seconds to give an estimated 15 nm gold
layer on the samples. The samples were then placed into the SEM specimen chamber (XL30
ESEM-FEG, FEI). The images were taken in Hi-Vac mode with a vacuum of 9 x 10~ mbar.
The electron beam (20 kV) had a beam diameter of 1.3 nm and a beam current of 148 pA.
All images were recorded with a line time of 66.4 ms, with 484 lines per frame.

Wide angle X-ray diffraction (WAXD)

X-ray fiber diffraction was performed on the BioCARS 14BM-C beamline at the Advanced
Photon Source at Argonne National Laboratory, Argonne, IL, USA. The wavelength of the
X-ray beam was 0.9 A with a flux of 6 x 1011 photons per second and the beam size on the
sample was 150 x 200 pm. Data were recorded using an ADSC Quantum-315 detector. A
bundle of 20-40 individual fibers of the MA silks and 10-20 individual fibers of the MiA
silks were held taut (but unstretched) in a metal frame, with the fiber axis normal to the X-
ray beam. The sample to detector distance was 200 mm. Since the scattered intensity from
MA silks was in general higher than that obtained from MiA silks, data collection times
varied accordingly, 30 s for one image for the MA silk and 60 s for the MiA silk.
Background measurement was performed with the sample displaced from the beam and the
image was recorded under the same conditions as used with the sample in the beam.
Multiple images were taken to get better statistics and improve on the signal/background
ratio. CeO, powder was used for instrument calibration. The 2D WAXD patterns were
analysed using the software package FIT2D.3% Radial and azimuthal 1D profiles were
obtained from the deconvolution of 2D WAXD images using FIT2D. Radial profiles are
intensity as a function of radius integrated azimuthally over a sector typically 20-30 degrees
wide, while azimuthal profiles are integrated intensity as a function of all azimuthal angles
over a very thin annular ring centered at the peak maximum of the desired reflection.29:30
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Microcal Origin was used for the deconvolution of the 1D X-ray data and peak fitting. The
peaks were fitted with Gaussian functions using nonlinear least squares fitting. Like
previous X-ray diffraction analyses on spider silks, sequential analysis instead of whole
pattern fitting has been applied.2®

3. Results and discussion

Nephila clavipes: major and minor ampullate silks

In Fig. 1 the SEM images of MA and MiA fibers of Nephila clavipes (A and B respectively)
are shown. Uniformity of the cylindrical fibers along the length of the fibers is observed for
both the MA and MiA fibers. Differences between major and minor strands of both species

are observed through varied diameters, with major fibers ranging between 3 and 3.5 pum and
minor fibers ranging between 1.3 and 1.6 um.

The WAXD pattern of NC MA silk is shown in Fig. 2a. The diffraction pattern resembles
those from previous reports2%-32 and depicts a semi-crystalline structure characterized by
crystalline-Bragg reflections and an amorphous fraction. The predominant structural model
for spider silk fiber is that it contains a crystalline component, an oriented and an isotropic
amorphous component.2%-32 The crystalline reflections are broad due to the small size of the
crystallites.2? Intense reflections are observed along the equator (perpendicular to the fiber
axis). Also observed are higher order layer-line reflections, parallel to the equator. Along the
meridian (parallel to the fiber axis) the main (002) reflection is strong, while subsequent
higher order reflections are weaker. The reflections comprising the crystalline fraction
correspond to the pattern of B-poly(.-alanine) structure.29-32 The reflections were indexed
based on an orthogonal unit cell with the c-axis as the fiber axis.36 Also observed is a strong
powder-like diffraction ring at ~4.2 A with a stronger intensity along the meridian, marked
as the *S” or the superlattice reflection.32:37 This feature is from a crystalline component
different from the B-sheet nano-crystallites, as is described in later sections.32:37

Fig. 2b shows the WAXD pattern of NC MiA silk from the same spider from which the MA
silk was silked. To the best of the authors’ knowledge, this is the first high resolution X-ray
diffraction pattern of the MiA silk reported so far. Qualitatively the pattern is similar to that
of NC MA silk, in that it has semi-crystalline structure with crystalline reflections embedded
in an amorphous matrix. The crystalline fraction of the MiA silk also corresponds to p-
poly(.-alanine) structure as in MA silk. The atspacings of the MiA silk crystalline
reflections are close to that of the MA silk as shown in Table 1. Scaled relative intensities
obtained from the total integrated intensity of the whole 2D pattern are also shown in Table
1. Though MA silks from NC and other species have been the subject of both structural and
mechanical properties studies previously, MiA silks have not been studied much. The
primary reason is that MiA silk collection is more difficult because of the smaller size of the
MiA gland and second, that MiA silk is thinner than a MA silk fiber resulting in a weaker
scattered intensity in an WAXD experiment and hence requiring more silk for better signal/
noise ratio.

According to the prevalent structural model for spider silk, it has a hierarchical structure
with each silk fiber being composed of many fibrils and each fibril in turn being composed
of anisotropic nano-crystalline domains connected by an amorphous matrix, which has both
an oriented and an isotropic component.12.29:32 Crystallite size, orientation distribution of
the crystallites about the fiber axis, and the percentage crystallinity in the silk fiber can be
determined from WAXD. Analysis of the main equatorial reflections (200), (120) and the
main meridian reflection (002) gives the crystallite size in the g, 6, and cdirections
respectively.29:32.38
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Crystallite size and crystallinity

Radial integration along the equator and meridian gives the radial peak width of the
equatorial (200), (120) and meridional (002) reflections.394045 Fig. 3a shows the 1D radial
intensity profile along the equator which has been integrated azimuthally over a sector to
include the two main equatorial Bragg reflections (200)/(120) (as shown in the inset) for the
NC MA silk. The inner weaker (200) peak on the equator corresponds to the distance
between B-sheets and is denoted as the a-axis of the crystallite while the outer stronger (120)
peak corresponds to the interchain distance and is denoted here as the p-axis of the
crystallite.22:38 The (002) peak on the meridian corresponds to the size of the crystallite in
the cdirection, along the fiber axis. The 1D equatorial radial-profile has been deconvoluted
into two crystalline peaks and an amorphous peak, by fitting with Gaussian peaks for the
Bragg reflections, a broader Gaussian peak for the amorphous component (includes both
oriented and unoriented). The intensity at 20° from the equator is almost entirely from the
amorphous halo which has been used as a constraint for the amorphous peak in the fitting
process. The radial width of the inner (200) peak is wider than that of the outer (120) peak,
implying that the crystallites are thinner perpendicular to the hydrogen-bonded planes (200),
as has been seen with other silks.22:3%:40 Fig. 3b shows the 1D radial intensity profile of the
(002) meridional peak for MA silk. The signal intensity of this peak was weak as compared
to the equatorial peak intensities. The shape of the (002) peak as a function of diffraction
angle is asymmetric at higher angles, due to overlap with other layer-line reflections.2? This
peak has been fitted using two Gaussians: one for the crystalline component and a broader
Gaussian for the amorphous halo. Average sizes of the crystallites along the g, band caxes
have been determined by using Scherrer’s formula.#1 The average crystallite size was found
to be 2.65, 3.97, and 7.05 nm along the &, band cdirections.

The degree of crystallinity x; was estimated from the radial intensity profile of the strongest
equatorial reflections (200)/(120) (Fig. 3a) using the relation x. = (&// + 1), & is the sum of
the integrated intensities of the (200) and (120) crystalline peaks and /; is the integrated
intensity of the amorphous halo.#2 This results in a value of 28% for the crystalline fraction
in MA silk. It has been demonstrated by Grubb and Jelinski?® that crystallinity calculated
from the whole pattern and that from the sequential method?9-33.38 (considering only the
main equatorial peaks (200)/(120)) are in good agreement.

Figs. 3c and 3d show the 1D radial profiles of the (200)/(120) and (002) peaks for the NC
MiA silk. The peak at higher angles (Fig. 3c) is due to overlap of weaker peaks, not seen in
MA silk. From Fig. 3c, it is seen that the (200) peak is sharper than it is in the MA silk. The
analysis of the peaks and the calculation of the crystalline parameters have been done in a
similar manner as described for the NC MA silk. The average crystallite size was found to
be 2.62, 4.02, and 10.1 nm along the &, band cdirections. It is to be noted that the size of the
MiA silk crystallites in the cdirection (size along the fiber axis) is larger than in the MA
silk, while their size in the aand b directions is comparable in both silks.

The degree of crystallinity x; was estimated from the radial intensity profile of the strongest
equatorial reflections (200)/(120) (Fig. 3c) using the method as was used for MA silk yields
a value of 36% for the crystalline fraction in MiA silk. These results show that not only are

the crystallites larger in the MiA silk, but its % crystallinity is significantly higher than MA
silk as well.

Orientational order

The axial orientation distribution of the crystallites about the fiber axis was determined from
azimuthal broadening (FWHM) of the (200)/(120) equatorial reflections. Orientational order
can be expressed quantitatively in terms of Herman’s orientation function £ = (3{cos 2¢) -
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1)/2, where g is the angle between the caxis and the fiber axis.*3 The parameter £ is 0 for
no preferred orientation in fibers and 1 if all crystallites are perfectly aligned with respect to
each other. {cos2¢) can be obtained from azimuthal width of the two strongest equatorial
reflections (200)/(120) based on the equation29:32:38 (cos2¢) = 1 — A{cos?p;) — B(cos2¢,),
where A=0.8, B=1.2.

Fig. 4a is a plot of the intensity as a function of angle measured from the equator at the
radial position of the strong (120) peak, and Fig. 4b is the corresponding plot at the position
of the (200) peak. (The annular region used for integration is shown in the insets.) Both
(120) and (200) peaks have been fitted with two Gaussian functions, one wider than the
other, according to the structural model used in previous studies on spider silks.2%32 [t has
been shown by Grubb and Jelinski2? that the narrower Gaussian dominates at the equator
and corresponds to the crystalline material (/129 or hqg), and the broader Gaussian
corresponds to the oriented amorphous material, which dominates about 20° off the equator.
In the case of the (120) peak profile, small subsidiary peaks due to residual intensity from
the (201) reflections were treated as individual Gaussian functions. The degree of orientation
of both the crystalline and the oriented amorphous material has been determined from their
FWHM as described above.2%32 The calculated value of the orientation function for the
crystalline material is £ ~ 0.985 and ~ 0.8 for the oriented amorphous material, for NC MA
silk.

Figs. 4c and 4d show the azimuthal scans at the radial position of the (120) and (200) peaks
respectively of the MiA silk. In general, the (200) is broader than the (120) for both the MA
and the MiA silks. The peak fitting and the determination of orientation functions have been
performed as described for the MA silk and the values are ~0.975 and 0.75 for the
crystalline and the oriented amorphous material respectively. In the MA silk, both the
crystallites and the oriented amorphous fraction are better oriented than in the MiA silk,
while the MiA is more crystalline than the MA silk. The values for the MA silk are
comparable to those obtained by previous studies on the NC MA silk,2° to the best of the
authors’” knowledge there are no reports for these values for the MiA silk. The crystallinity
parameters and the orientation function values for the crystalline and the amorphous
material are listed in Table 2.

reflection

In the 2D WAXD patterns (Figs. 2a and 2b) of both MA and MiA silks a diffuse ring with a
strong meridional intensity at ~4.2 A is seen, which does not belong to the B-poly(.-alanine)
structure. This reflection has been called the superlattice reflection (S) in previous
works.3237 It is to be noted that the term “superlattice’ however does not refer to a
superstructure in the crystallographic perspective. Fig. 5a shows the azimuthal intensity
profile centered at the radial position of the S reflection, for NC MA silk. The inset in Fig.
5a shows the radial intensity profile of the S reflection along with the (002) reflection. The S
and the (002) peaks have been deconvoluted from the broad background using Gaussian fits.
The radial width of the S reflection is smaller than that of (002) indicating that the
crystalline component contributing to the S reflection is larger in size than the p-sheet nano-
crystallites. The azimuthal width of the S reflection is broader than that of (002). This
indicates that the axial orientational order of the crystalline component giving rise to the S
reflection is lower than that of B-sheet crystallites. Fig. 5b shows the azimuthal intensity
profile centered at the radial position of the S reflection and the inset shows the radial
intensity profile of the S and the (002) reflection for NC MiA silk. Similar to MA silk, while
the radial width of the S reflection is smaller, the azimuthal width is broader than the (002)
reflection indicating a larger and less oriented crystalline component than the -sheet
crystallites. However comparing the S reflection between the MA and MiA silks, the ratio of
the integrated intensities of the /gg2)//(s) is smaller in MA than in MiA silk, suggesting that
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the S crystalline component is larger in MA silk compared to MiA silk (Table 2). In addition
the azimuthal peak width of the S reflection is slightly smaller in MiA silk compared to MA
silk, implying that the S reflection has better axial ordering in MiA silk than in MA silk.

The presence of larger ordered regions in MA silk other than B-sheet crystallites has been
observed by TEM by Thiel and coworkers#4-46 and explained as “Non Periodic Lattice
(NIPL) crystals which form as a result of statistical matches between compatible sequences
on aajacent molecular chains”. There have been few other reports from X-ray studies
indicating the presence of a second crystalline component which is larger in size and less
oriented about the fiber axis than the p-sheet crystallites.3237:47 From our data, the presence
of a superlattice reflection in both MA and MiA silks from Nephila clavipesand in silks
from another species, Argiope aurantia (discussed in later sections), clearly indicate the
presence of another crystalline component besides the p-sheet nano-crystallites. However,
determination of the size and shape of the S crystalline component is outside the range of
length scales that can be determined from wide angle scattering measurements. Further work
has to be done with techniques like small angle X-ray/neutron scattering, which can help
determine the size and shape of larger crystallites.

Major ampullate dehydrated gland material

Figs. 5¢c and 5d show the WAXD pattern and the corresponding 1D integrated radial profile
of the whole pattern of the dehydrated gland material from the Nephila clavipes MA gland.
Concentric diffraction rings seen in the WAXD pattern and the integrated 1D profile has
peaks that occur at the same dtspacing values as the main principal crystalline reflections
(corresponding to B-sheet crystallites) in the fiber, which is a significant finding. The peaks
in the dehydrated gland material correspond to the d*spacings of the equatorial and layer-
line reflections, but not to the meridional reflections in the fiber, which we interpret as
arising from a secondary structure which has a certain degree of order but no preferred
orientation.

Argiope aurantia (AA): major and minor ampullate silks

In order to understand how the silk properties depend on the ratio of MaSp1/MaSp2 and
MiSp1/MiSp2, we studied the MA and MiA silks of another species, Argiope aurantia (AA).
The proline content of AA is known to be significantly higher than that found in Nephila
clavipes.33:34 Because proline is only found in the MaSp2 protein, it is deduced that a higher
proline content corresponds to a larger fraction of MaSp2 in the AA MA silk fiber. The silks
were obtained from AA spiders in a very similar manner to that described for NC. WAXD
measurements and data analysis were carried out using the same procedure as discussed for
NC silks.

Fig. 6 shows the SEM images of MA and MiA fibers of Argiope aurantia (A and B
respectively). Uniformity of the cylindrical fibers along the length of the fibers is observed
for both the MA and MiA fibers. Differences between major and minor strands are observed
through varied diameters, with major fibers ranging between 3 and 3.5 um and minor fibers
ranging between 1.3 and 1.6 um, similar to that found in NC MA and MiA silks.

Figs. 7a and 7b show the 2D WAXD patterns for the AA MA and MiA silks respectively.
The diffraction patterns depict a semi-crystalline structure with crystalline Bragg reflections
and an amorphous halo as in the case of the NC MA and MiA silks. The reflections
comprising the crystalline fraction correspond to the pattern of p-poly(.-alanine)
structure?9:32 and were indexed based on an orthogonal unit cell with the c-axis as the fiber
axis.36 The crystalline reflections in AA MA silk are sharper and better resolved spatially
than in the AA MiA and NC MA silks. However, the (002) meridional reflection is stronger
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in AA MiA than in the AA MA silk indicating the order along the meridian (fiber axis) is
stronger, as seen in both AA and NC MiA silks, while the lateral order is better in the MA
silks (both NC and AA). This could in part explain the higher ultimate strength of the MA
silks (better structural ordering perpendicular to the fiber axis) and higher extensibility of
MiA silks (better structural ordering parallel to the fiber axis) as observed in mechanical
properties.*8 The superlattice reflection (S) is stronger in the AA MA silk compared to NC
MA silk. The crystal size, crystallinity, orientation distribution of the crystallites and the
oriented amorphous component have been calculated from analysis of the 1D radial profiles
of the main equatorial peaks (200)/(120), the 1D azimuthal profiles at the peak position of
the (120) and (200) peaks respectively, as performed for NC silks and their values listed in
Table 2. Figs. 7c—j show the 1D radial and azimuthal profiles of the (200)/(120) and (002)
peaks for the MA and MiA AA silks.

From Table 2 it is seen that AA MiA silk is more crystalline than the AA MA silk, the same
trend observed between NC MA and MiA silks. This trend is in agreement with the
quantitative correlation between the protein primary amino acid sequence and secondary
structural motifs.3* The linked poly-GA and poly-A regions of MiA silk are more abundant
and have longer consecutive sequences than what is found in MA silk. The percentage of f3-
sheet determined from WAXD is still significantly lower than that determined by NMR.
However, the trend toward minor ampullate silk being more crystalline is in good agreement
with the NMR results.3* While the degree of orientation of the crystallites is comparable in
the AA MA and MiA silks, the oriented amorphous matrix is less oriented in the AA MA
silk compared to the MiA silk, which is different from the trend observed in NC silks. Fig.
7k and | show the azimuthal intensity profile centered at the position of the S peak for MA
and MiA silks respectively. The insets show the radial intensity profiles respectively. The S
peak is the strongest in AA MA silk, among all the four silks studied here. In fact the S peak
in AA MA is stronger than the (002) peak. In AA MiA silk, the S reflection is almost
negligible which might be contributing to the better orientation of the oriented component of
the amorphous matrix in AA MiA silk (Table 2).

Comparing MA silks between the two species, while AA MA silk is more crystalline than
NC MA silk, the degree of orientation of its oriented amorphous component is much less
when compared to NC MA silk. Studies comparing MA silks from different species have
observed that while the mechanical properties are similar in the dry silk, considerable
differences have been observed when the silk is wetted and the silk undergoes shrinking
called “supercontraction’.49-51 While most studies on spider silk have focused so far on the
B-sheet crystallites, from this study the possible role of the amorphous matrix in determining
its mechanical properties is becoming more evident. We conclude that the degree of
orientation of the amorphous component is crucial in determining the mechanical properties
of the silk, since this component could be regarded as the connecting interface between the
B-sheet crystallites and the isotropic amorphous matrix.11:37 The higher the degree of
orientation of the oriented amorphous component, the better the mechanical properties of the
silk seem to be. From the four different silks we have studied, there seems to be a correlation
between the S crystalline component and the degree of orientation in the amorphous
component. The stronger the S crystalline component, the poorer the orientation is in the
oriented amorphous component. Further studies on silks from other spiders and other glands
besides the MA and MiA glands are required to see if this is a general trend across all
species.
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4. Summary of results and conclusion

Spider silks from MA and MiA glands from two different species, Nephila clavipes and
Argiope aurantia, have been studied using WAXD. The results obtained can be summarized
as:

i.  The MiA silks from both species are more crystalline than their MA silks.

ii. The B-sheet nanocrystallites are bigger in MiA silks than in MA silks (esp. in ¢
direction) in both species studied.

iii. The B-sheet nanocrystallites are very well oriented about the fiber axis as seen from
the calculated Herman’s orientation function 7 having values ranging between
0.985 and 0.97 for the four silks (Table 2). While the orientation of the crystallites
is comparable between MA and MiA silks in both species, the trend in
Toriented-amorphous 1S Not the same in MA and MiA silks of the two species (Table 2).

iv. A crystalline phase different from the polyalanine B-sheet nanocrystallites has been
observed in both MA and MiA silks called the superlattice component S. This
component is bigger in size and poorly oriented about the fiber axis compared to
the nanocrystallites.

v. The S reflection is stronger in the MA silks in both NC and AA silks. While the NC
MiA has a S reflection, this peak is almost negligible in the AA MiA. An
interesting if not direct correlation is seen between the proline content and the S
reflection, the strongest S peak occurs in the proline rich AA MA silk and the
weaker S in the proline deficient NC MA and MiA silks and with AA MiA silk
having no proline, the S peak is absent. Further studies on other species are needed
to confirm if the trend seen here between proline content, S peak and the oriented
amorphous matrix is a general trend.

Previous structural studies using X-ray/neutrons have been carried out on MA silks of the
Nephila genera, their focus has mainly been the crystalline portion comprising the
polyalanine B-sheet nanocrystallites. In this study, we have studied not only structural
changes between silks from the MA and MiA glands of the same species (NC), but also
from MA and MiA glands in a different species (AA) with a different MaSp1/MaSp?2 ratio
and a higher proline content. This has a twofold importance, the first is since spiders use silk
from each of the six glands for a unique purpose, knowledge of the structure of each silk
combined, with the knowledge of its chemical makeup, would help in designing synthetic
polymers with different properties for different purposes. Second, studying silks from
different species which have evolved at different times along the evolutionary chain where
the spiders adapted to their ecological conditions to spin a fiber in relatively small time
scales to suit their specific purpose, would give us a better idea of differences in the
crystalline/amorphous ratio, the degree of orientation of both the crystalline and oriented
amorphous components, and how they affected the resulting mechanical properties of silk.
Detailed data analysis has elucidated that not only is the role of B-sheet nanocrystallites
important in determining the superior properties of the spider silk, but rather, the degree of
orientation of the oriented amorphous component, and the strength and nature of the
superlattice crystalline component are crucial in determining the observed mechanical
properties of the silk.
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Fig. 1.
SEM images of MA and MiA fibers of Nephila clavipes (A and B respectively). Scales in
the images are 10 pm for the MA and 5 um MiA silks.
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Fig. 2.
(a) WAXD pattern of Nephila clavipes major ampullate silk. (b) WAXD pattern of Nephila
clavipes minor ampullate silk.
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(a) 1D radial intensity profile of azimuthally integrated (120)/(200) equatorial peaks (O)
data, Gaussian fits (---) for each peak and a broad Gaussian for the amorphous component
for Nephila clavipes MA silk, (—) total fit. Inset shows the area selected for integration. (b)
1D radial intensity profile of azimuthally integrated (002) meridian peak (%) data, Gaussian
fits (---) for Nephila clavipes MA silk, (—) total fit. (c) 1D radial intensity profile of
azimuthally integrated (120)/(200) equatorial peaks (O) data, Gaussian fits (---) for each
peak and a broad Gaussian for the amorphous component for Nephila clavipes MiA silk,
(—) total fit. (d) 1D radial intensity profile of azimuthally integrated (002) meridian peak
() data, Gaussian fits (---) for Nephila clavipes MiA silk, (—) total fit.
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(a) 1D azimuthal intensity profile of the radially integrated (120) peak with Gaussian fits for
Nephila clavipes MA silk. Inset shows the annular section chosen for the integration. (b) 1D
azimuthal intensity profile of the radially integrated (200) peak with Gaussian fits for
Nephila clavipes MA silk. (c) 1D azimuthal intensity profile of the radially integrated (120)
peak with Gaussian fits for Nephila clavipes MiA silk. (d) 1D azimuthal intensity profile of
the radially integrated (200) peak with Gaussian fits for Nephila clavipes MiA silk.
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(a) 1D azimuthal intensity profile at the radial position of the superlattice peak (S) for
Nephila clavipes MA silk. Inset shows the 1D radial intensity profile of the S peak along
with the (002) peak. (b) 1D azimuthal intensity profile at the radial position of the
superlattice peak (S) for Nephila clavipes MiA silk. Inset shows the 1D radial intensity
profile of the S peak along with the (002) peak. (c) WAXD pattern of the dehydrated gland
material of Nephila clavipes major ampullate gland. (d) 1D radial integration profile of the
whole 2D pattern of the dehydrated gland material of Nephila clavipes major gland.
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Fig. 6.
SEM images of MA and MiA fibers of fibers of Argiope aurantia (A and B respectively)
Scales in the images are 10 wm for the MA and 5 pm MiA silks.
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(a) WAXD pattern of Argiope aurantia major ampullate silk. (b) WAXD pattern of Argiope
aurantiaminor ampullate silk. (¢) 1D radial intensity profile of azimuthally integrated (120)/
(200) equatorial peaks (O) data, Gaussian fits (---) for each peak and a broad Gaussian for
the amorphous component for Argiope aurantia MA silk, (—) total fit. (d) 1D radial
intensity profile of azimuthally integrated (002) meridian peak (%) data, Gaussian fits (---),
(—) total fit. (e and f) 1D azimuthal intensity profile of the radially integrated (120) and
(200) peaks respectively, with Gaussian fits. (g) 1D radial intensity profile of azimuthally
integrated (120)/(200) equatorial peaks (O) data, Gaussian fits (---) for each peak and a
broad Gaussian for the amorphous component for Argiope aurantia MiA silk, (—) total fit.
(h) 1D radial intensity profile of azimuthally integrated (002) meridian peak () data,
Gaussian fits (---), (—) total fit. (i and j) 1D azimuthal intensity profile of the radially
integrated (120) and (200) peaks respectively, with Gaussian fits. (k) 1D azimuthal intensity
profile at the radial position of the superlattice peak (S) for Argiope aurantia MA silk. Inset
shows the 1D radial intensity profile of the S peak along with the (002) peak. The S peak is
stronger than the (002) peak. (I) 1D azimuthal intensity profile at the radial position of the
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superlattice peak (S) for AA MiA silk. Inset shows the 1D radial intensity profile, the S peak
is absent in Argiope aurantia MiA silk.
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