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ABSTRACT: Nephila edulis dragline silk has been investigated by elastic and quasielastic neutron
scattering techniques. The data support a three-phase model of nanofibrils, composed of crystalline and
short-range order domains, which are embedded in an amorphous matrix of random protein chains. A
meridional superlattice peak in D2O-exchanged silk is tentatively assigned to a smectic â-sheet structure
in the short-range order domains. Water is absorbed preferentially by the amorphous matrix. The onset
of molecular mobility in hydrated silk at about 200 K is attributed to water molecules, which move on
the picosecond time scale. Coexisting slower motions on the nanosecond time scale are possibly due to
polymer chain dynamics. Native silk at rest appears to behave similar to a glass below 300 K.

Introduction
Spider dragline silk is a semicrystalline fiber, which

is made of proteins containing repeating sequence
motifs.1-4 Nephila clavipes silk is assumed to be made
up from the proteins spidroin 11 and spidroin 24 which
contain repeat motifs of polyalanine blocks separated
by glycine-rich sequences. The crystalline fraction of the
fiber is composed mainly of the polyalanine blocks and
the amorphous fraction of the glycine-rich sequences.
Dragline silk fibers combine remarkable elasticity and
strength, which allows dissipating the kinetic energy
of the insects to be captured.2,5 These outstanding
mechanical properties are obtained for a material spun
from aqueous solution close to ambient temperature and
pressure.6 A detailed understanding of the hierarchi-
cally organized material7 requires the understanding of
the structural and viscoelastic properties on length
scales down to the molecular level. Microscopic models
havebeenobtainedprincipallyfromelectronscattering,8-11

X-ray/synchrotron radiation (SR) scattering,12-23 atomic
force microscopy (AFM),7,24,25 and spectroscopic tech-
niques such as IR,26 Raman,27-29 and NMR.30-38 Thus,
wide-angle X-ray scattering (WAXS) favors the presence
of small crystalline domains (<10 nm) in a matrix of
random protein chains.15,18,19 The observation of short-
range order suggests the presence of a further con-
strained chain fraction.15,18 Constrained chains at the
interface of the crystalline domains to the random
matrix are also assumed in molecular modeling stud-
ies.39 X-ray small-angle scattering (SAXS) suggest the
existence of nanofibrillar objects composed of crystalline
and short-range order domains with an average fibrillar
period of 7-8 nm, which remain present during hydra-
tion.16,21,22

Compared to X-rays, neutrons show a much stronger
interaction with hydrogen atoms40 which implies that
neutron scattering techniques are particularly sensitive
to hydration-related changes in microscopic structure

and dynamics. We refer in particular to experiments on
polyamides, such as nylon-6, which resemble in several
aspects dragline silks as they form interchain hydrogen
bonds due to secondary amide groups -NHCO- in the
chains and show hydration processes and a lamellar
SAXS peak.41-43 The model character of such homopoly-
mer studies is, however, limited due to the more complex
molecular structure and morphology of dragline silks.

To contribute to a refinement and extension of exist-
ing structural models, both small-angle (SANS) and
wide-angle neutron scattering (WANS) experiments
were performed on highly aligned spider dragline silk
fiber bundles in order to probe the structural organiza-
tion on several hierarchical levels. The interpretation of
these data in terms of microscopic models is enhanced
by numerical methods. The control of the level of humid-
ity and the H/D ratio of the solvent allows testing the
accessibility of the different structural elements of the
fibers to water. It can be assumed that an understand-
ing of both structural and dynamical properties of the
silk is essential to elucidate the remarkable mechanical
and viscoelastic properties. In particular, the knowledge
on the state of water and of force fields in the fibers
may contribute to a deeper understanding. Complemen-
tary neutron spectroscopic experiments, probing an
equivalent hierarchy of dynamical processes down to
molecular length scales, were therefore performed.

Experimental Section
Materials. Silk fibers were collected by the forced silking

technique44 from Nephila edulis spiders, which were reared
in-house at Oxford.45 Spiders were anesthetized only lightly
and well prior to silking in order to avoid an influence on the
microstructural properties of the silk.21,45 All experiments
reported below were carried out within ∼1 year, and the
samples were stored under cool and dry conditions. Small
pieces of fibers from the samples were checked by SR microd-
iffraction,18 and no indication of degradation was observed.

Neutron Scattering. Neutron scattering experiments were
performed at the high-flux reactor of the ILL. Wide-angle
neutron scattering (WANS) experiments were performed at
the D19 beamline at a wavelength of λ ) 0.24 nm.46 A 3He
gas-filled detector with 64 × 64 pixels with 200 mm2 active
area was used. For a sample-to-detector distance of 567.67 mm,
an angle of 20° was covered. A full fiber diffraction pattern
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up to 2Θ angle of 60° was covered in 28 detector positions
corresponding to 18.5 h recording time. Small-angle neutron
scattering (SANS) experiments were performed with the D11
and D22 pinhole cameras.46 D11 was operated at a wavelength
of λ ) 0.6 nm and a sample-to-detector distance of 1500 mm.
A gas-filled detector with 64 × 64 pixels and 10 × 10 mm2

pixel size was used. The data were corrected to obtain absolute
intensities using a standard approach.47 The D11 data were
used to study the influence of the hydration state and the H/D
exchange ratio on the patterns. D22 was operated at a
wavelength of λ ) 0.6 nm with detector-to-sample distances
of 17 000, 6000, and 1400 mm, which allowed increasing the
separation of the meridional peak from the beamstop. A gas-
filled detector with 128 × 128 pixels and 7.5 × 7.5 mm2 pixel
size was used. The data were corrected for cell background
and detector noise and were normalized to 600 s counting time.
These data were used to obtain the highest possible resolution.
SANS and WANS patterns were displayed using the FIT2D
software.48 Reflection intensities were fitted using one-
dimensional (1D) or two-dimensional (2D) Gaussian functions
and zero- or first-order polynomial backgrounds. Intensities
were integrated in radial direction within the segment of an
annulus in order to determine 1D intensity profiles. 2D fits
were performed for the azimuthally regrouped patterns.

Quasielastic scattering experiments (QNS) were carried out
using the IN16 backscattering spectrometer as well as the IN6
time-of-flight spectrometer.46 IN6 allowed in addition for
measuring the vibrational excitations (i.e., inelastic scattering),
which, however, are not discussed in this article. IN16 was
used in the configuration with Si111 analyzer crystals corre-
sponding to a wavelength of 0.627 nm. With IN16 an energy
transfer range of about ∆E ) (14 µeV for QNS scans, with
an elastic energy resolution of about 0.9 µeV fwhm and a Q
range of about 0.2-19 nm-1, could be covered. IN6 was used
at an incident wavelength of 0.51 nm to extend the energy
range to about 100 meV with an elastic energy resolution of
about 70 µeV fwhm. The QNS data were analyzed by using
the software packages LAMP and IDA provided by ILL and
subsequently MATLAB scripts.

Sample Environment. The silk was wound on aluminum
frames (Figure 1). For cryostated and controlled-humidity
environments, the frames were put in specially designed
sample aluminum containers. Experiments were performed in
general with the fiber axis perpendicular to the scattering
plane. A typical experiment was performed with about 150 mg
of silk, and some SANS data were obtained with about 20 mg
of silk. WANS and SANS experiments were performed at room
temperature with the sample exposed to a constant stream of
humidified gas of 75% relative humidity. This environment
was also used to perform H/D exchange experiments by placing
for example a D2O-humidified sample at t ) 0 in a constant
stream of H2O-humidified airflow. QNS experiments were
performed with the sample inside a cryostat allowing for a
temperature range of 2-320 K. In addition, the sample could
be humidified and dried in situ via heatable capillaries inside
an evacuated cane that connected the sample container with
valves outside the cryostat. For the QNS experiments it was

possible to adjust a certain humidity level reproducibly on the
basis of the QNS intensity of the measured spectra by pumping
in situ on a humid sample. We verified by WAXS experiments
at the ESRF ID13 beamline that hydrated fibers did not form
crystalline ice down to 100 K.18

Results and Discussion
Crystalline Fraction and Its H/D Exchange. The

neutron fiber diffraction patterns of silk humidified with
H2O and D2O (Figure 2A,B) resemble in general the
X-ray patterns.49 The reflection intensities are similar
and correspond to the â-poly(L-alanine) structure
(abbr: polyalanine).50,51 We note, however, a diffuse
superlattice reflection (S) appearing in the D2O-ex-
changed pattern at the position of the 001 reflection
(lattice spacing of d ≈ 0.7 nm), which is not allowed for
the orthorhombic C2221 or P212121 space groups derived
from X-ray data.50,51 In addition, a powder ring due to
water and random chains is present.12

The influence of the H/D ratio on the patterns was
calculated using the Cerius2 software (Accelrys) for the
polyalanine structure by Arnott et al.50 (Figure 2C,D).
It was assumed that an H/D exchange could only occur
for the N-H group, and the CH3 side group was kept
rigid for simplicity. The simulations demonstrate the
strong influence of the H/D exchange on the equatorial
reflections 110/020. A ratio of integrated intensities I110/
I020 ) 0.95 was calculated for H-polyalanine (N-H
group) and I110/I020 ) 0.39 for D-polyalanine (N-D
group). Experimentally determined values of I110/I020 )
1.1 for H-polyalanine and I110/I020 ) 1.2 for D-polyalanine
are practically identical, given the uncertainty in back-
ground subtraction due to the presence of amorphous
material.18 We conclude that the crystalline H-polyala-
nine fraction shows only a negligible H/D exchange.

Evidence for Smectic Order. The superlattice (S)
and 002 reflections shown in Figure 2B were fitted using

Figure 1. Photograph of spider dragline silk (mass about 20
mg) wound on an aluminum frame sample holder.

Figure 2. (A) Neutron fiber diffraction pattern of H2O-
humidified dragline silk. (B) Neutron fiber diffraction pattern
of D2O-humidified silk. The gaps along the meridian are blind
regions in reciprocal space corresponding to the tilt series used
in data collection. Indices of strongest reflections according to
Arnott et al.,50 S is a diffuse superlattice peak appearing at
the position of the (forbidden) 001 reflection. (C) Simulated
neutron fiber diffraction pattern of H-polyalanine for λ ) 0.24
nm neutrons. (D) Simulated pattern of D-polyalanine (same
scale for both patterns).
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2D Gaussian profiles and a first-order polynomial
background (Figure 3). The ratio of integrated intensi-
ties was derived from the fit as IS/I002 ) 0.36. We note
that the azimuthal width of 36.2° fwhm of the super-
lattice reflection derived from the fit is significantly
larger than for the 002 reflection (16.8° fwhm). The
azimuthal width of the meridional 00l (or hk0) reflec-
tions can be related to an axial orientation distribution
of crystalline domains.15,18 This does, however, not
provide an explanation for the enlarged width of the
superlattice peak. We also consider the assumption of
crystal defects52 resulting in a breakdown of the l ) 2n
extinction as less probable as it has never been observed
by SR diffraction experiments on a range of dragline
silks.18,49 The presence of the superlattice peak is
therefore also difficult to reconcile with a different space
group or a superstructure due to a repetitive sequence
of other residues, such as serine residues in silk fi-
broin.51,53,54 This also holds for the assumption of a more
or less random distribution of â-sheet nuclei34 in the
amorphous matrix, which is incompatible with the
meridional position of the superlattice reflection. We
note, however, that the azimuthal width of the super-
lattice reflection corresponds to the broadening of the
oriented equatorial halo due to short-range order as seen
by WAXS, which can be separated from the 210 reflec-
tion by profile fits.15,18 The azimuthal widths of both
WAXS peaks show considerable variability during ar-
tificial drawing of dragline silk, which can be related
to variations in drawing stress and possibly mechanical
action within the spinnerets.19,20 Dragline protein chain-
folding models suggest an aggregation of alanine se-
quences through a backfolding of â-strands via serine-
glycine or glycine-asparagine “hairpin loops”.4,12,34,55 We
tentatively assume that the glycine-rich chains, which
do not participate in the formation of a polyalanine
block, are constrained into a smectic â-sheet structure,
which is laterally disordered due to a mismatch of side
groups. A larger orientation distribution of chain axes
in the smectic phase would explain the increased
azimuthal width of the superlattice reflection as com-
pared to the crystalline domains 002 reflection. Note
that for certain amyloid cross-â systems the side groups
interlock, and 3D structures are formed.56 The 0.7 nm
superlattice reflection corresponds therefore for a smec-
tic model to the repeating chain unit in the short-range
order domains. The presence of nanofibrillar objects

composed of crystalline domains separated by short-
range order domains can be deduced from SANS pat-
terns and will be discussed in more detail below. One
can show that the alanine molecules of the principal silk
protein molecules “fill up” roughly a single crystalline
domain.12 This suggests that the formation of nanofibrils
could occur through an aggregation across a “fold
surface”, which is assumed to form at both sides of each
polyalanine domain12 and resembles solution grown
polymer single crystals.57

Contrast Variation of Amorphous Fractions.
Spider dragline silk is readily absorbing water by its
amorphous network which results in a breaking of the
hydrogen-bonded network39 and an increase in kinetic
freedom of the chains.58 The meridional SAXS peak16,22,23

suggests in addition the presence of semicrystalline
nanofibrillar objects, which act as reinforcing network
elements. The presence of water in the fiber can be
directly observed by SAXS/WAXS techniques during
major ampullate silk extrusion.22 The slight variation
of the long period peak of the nanofibrils during hydra-
tion16,21 suggests also an incorporation of water mol-
ecules into the short-range order fraction although the
constrained environment will probably limit this to the
immediate neighborhood of the chains.

A unique feature of SANS experiments is that the
meridional peak observed in D2O solvent is practically
extinguished in H2O (Figure 4A). The kinetics of this
H/D exchange can be fitted by a first-order exponential
decay with a decay constant of τ ) 15.8 min (Figure 4B).
No evidence for a discrete equatorial peak of 4.5 nm,
which has been observed by SAXS for dry Nephila
clavipes silk,59 was obtained in the hydrogenated or
deuterated materials. The variations of the integrated
intensities of the meridional peak and the equatorial
streak as a function of the D2O content of the solvent
are shown in Figure 4C.

For modeling of the meridional SANS peak profile a
single Gaussian function and a first-order polynomial
background were used. Peak positions corresponding to d
values of 7.2 nm for the dried sample and 7.6 nm for the
humid sample agree well with SAXS experiments.16,21,22

A second-order peak observed in SAXS experiments on
more or less dry silk16,21 is, however, not present. Both
profiles show the same radial width, suggesting no
significant changes in domain size due to hydration,
which agrees also with the WANS experiments.

The variation of the integrated intensities of the
meridional peak and the equatorial streak as a function
of the D2O content of the solvent are shown in Figure
4C. The discussion will be limited to a qualitative
analysis of the intensity variations. More quantitative
simulations (such as performed for the analogue case
of lamellar starch granules60) are beyond the scope of
the present article. Thus, the meridional “long period”
peak is attributed to a sequence of crystalline (alanine-
rich) and short-range order (glycine-rich) domains in the
nanofibrils.12,16,22 For a long period of about 7-8 nm (see
below) and a crystalline domain size of about 4 nm along
the nanofibrils axis,22 this results in a size of the short-
range order domains of 3-4 nm. The intensity of the
meridional peak is given in the SANS case by

where k is a normalization constant, ∆sld ) Csld - Asld
is the mean scattering length density difference between

Figure 3. Cake-regrouped neutron fiber diffraction pattern
of D2O-humidified silk (Figure 2B). The inset shows the 2D-
Gaussian profiles of the simulated 002 reflection and super-
lattice peak (Q ) 2π/d).

I(Q) ) k∆sld
2|Pc(Q)|2Z(Q) (1)
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crystalline and short-range order domains, Pc is the
form factor of a crystalline domains, and Z(Q) is the
Laue interference function.61 The variation of meridi-
onal intensity with H/D ratio of the solvent depends
principally on the variation of the scattering length
term. The H/D exchange on the chains will affect
practically only the polyglycine N-H groups in the
short-range order domains, which are accessible to
solvent molecules. An exchange on the chains is also
suggested by the meridional superlattice peak, which
is only observed for the D2O-exchanged material (Figure
2B). The total scattering lengths of H-polyalanine (1.645
× 10-12 cm/molecule) and H-polyglycine (1.728 × 10-12

cm/molecule) are similar, which results in a virtual
extinction of the meridional peak for H2O as solvent.62

The exchange to D-polyglycine (2.769 × 10-12 cm)
introduces a ∆sld increase, which shows up in an
increase of the meridional peak intensity. Constrained
water in the short-range order domains will further
increase ∆sld. Thus, a “decoration” of the N-H groups
by water molecules would change the total scattering
length of H-polyglycine to 1.56 × 10-12 cm and of
D-polyglycine to 4.684 × 10-12 cm. A fraction of water
entering the short-range order domains is suggested by
the dependence of the lamellar spacing on the hydration
state.16,21

In contrast, the intensity of the equatorial streak is
proportional to the product of the nanofibrils form factor
Pn(Q) and the contrast ∆F* due to the scattering length
density difference between nanofibrils and surrounding
random matrix:

This has been discussed in more detail for SAXS data

for cellulose nanofibrils in flax.63 Water molecules
entering the more or less dry random silk matrix will
reduce its density and hence increase the ∆F* term,
which is readily observed for in-situ SAXS experi-
ments.21,22 For SANS the H/D exchange will affect ∆F*
through the variation of the scattering length density
of the nanofibrils and of the solvent in the matrix.
Figure 4C shows that the equatorial streak reaches a
minimum at about 40% D2O, which corresponds roughly
to the match point for proteins.62 The match point of
the exchangeable glycine is at about 50% D2O while the
match point for H-alanine is at about 30% D2O. The
observed minimum corresponds therefore to a compro-
mise between the exchangeable and the nonexchange-
able fractions.

We note that the H/D exchange inferred from SANS
data is generally supported by NMR experiments, which
do not, however, distinguish between short-range order
and amorphous fractions31,35,38 as is also the case for
Raman spectroscopy.28

Nanofibrillar Dimension. A detailed analysis of the
equatorial streak of Nephila silk recorded by SAXS in
terms of orientation and dimensions of nanofibrillar
objects has already been reported.16 The SANS data
obtained for dry silk kept at atmospheric humidity at
D22 support this analysis although the data extend to
smaller Q values. The broadening was determined at
selected Q values parallel to the meridional axis by
fitting Gaussian functions to the peak profiles. The data
obtained at the 17 m detector distance show that a
single Gaussian function allows fitting the equatorial
streak up to about Q ≈ 0.26 nm-1 while the width of
the streak is decreasing to a constant value of ≈8° fwhm
(Figure 5A). At larger Q values a second broader (≈26°

Figure 4. (A) Influence of H/D ratio on SANS patterns (the equator is oriented horizontally). An arrow shows the direction of
the macroscopic fiber axis. (B) Kinetics of H/D exchange from variation of integrated meridional peak intensity. (C) Integrated
equatorial streak (open rectangles) and integrated meridional peak (full circles) as a function of the D2O content of the solvent.
Polynomial functions were fitted for guiding the eye.

I(Q) ) k′Pn(Q)∆F* (2)

8450 Sapede et al. Macromolecules, Vol. 38, No. 20, 2005



fwhm) Gaussian function is required to model the streak
(Figure 5B). The data at the 6 m detector position
confirm these two peaks and allow extending the fits to
larger Q values (Figure 5A). These results support the
previous SAXS analysis,16 which assumes that the
streak width is dominated at the smallest Q values by
the dimension of the nanofibrillar objects and at higher
Q values by their orientation. Thus, the two peak widths
observed suggest the presence of two types of nanofibril-
lar domains differing in chain orientation distribution.
The low-Q tail was attributed to central scattering due
to larger scale features such as crazes.16 This is a
reasonable assumption as Nephila silk contains elon-
gated cavities oriented parallel to the silk fiber axis.64

The rise of the central scattering starts at about Q e
0.25 nm-1 (Figure 5A). Following the SAXS analysis,16

a streak width of 8° corresponds at Q ) 0.25 nm-1 to
∆Q ) 0.033 nm-1 fwhm. The lower limit in nanofibrillar
dimensions in axial direction (L) can be derived from
the Scherrer formula65 via L ) 1.8π/∆Q as about 170
nm. For a repeating unit of about 7.5 nm this corre-
sponds to about 22 units along the nanofibrillar axis.
Interestingly, based on birefringence experiments, a
similar number of units has been discussed for rodlike
aggregates in liquid crystalline silk secretions.66 We
speculate therefore that these nanofibrils are the basic
building blocks for the fiber formation in dragline silk
and are already predefined during the first aggregation
steps of globular proteins in the liquid crystalline phase.
A more detailed analysis in terms of an orientation
function15,18 will not be attempted in view of the strong
dependence of the orientation distribution on the ex-

ternal strain, which depends on the hydration state of
the fiber bundle.15,19,20

Molecular Mobility. An overview of dynamical
phenomena in a sample can be obtained by “fixed energy
window” (FEW) scans, where the intensity scattered
within the energy resolution window of the spectrometer
is recorded. FEW scans centered at zero energy transfer
(also called “elastic scans”) were obtained on IN16 from
air-dry and H2O/D2O humidified silk samples (Figure
6A,B). The silk fiber axis was perpendicular to the
scattering plane of the spectrometer. Data on the native
silk sample are reported in Figure 6A. For silk humidi-
fied with H2O and D2O, difference spectra (native silk
subtracted) are displayed in Figure 6B. Assuming a
simple W(Q,T) ) exp(-〈u2(T)〉Q2) dependence of the
elastic intensity, the mean-square displacement (〈u2(T)〉)
of the scatterers can be calculated from the Q depen-
dence of W(Q,T), as is indicated in the inset of Figure
6A,B. The such obtained 〈u2(T)〉 data are reported in
Figure 7 for native and humidified samples.

In the case of the native silk the linear Q2 dependence
of W(Q,T) and the overall temperature dependence of
〈u2(T)〉 are reminiscent of the properties of a harmonic

Figure 5. (A) Angular width of equatorial streak as a function
of scattering vector Q. A single Gaussian function could be
fitted to the streak up to Q ≈ 0.26 nm-1. For higher Q values
two Gaussian functions had to be used. Filled symbols cor-
respond to data obtained at the 17.0 m detector position and
open symbols to the 6.0 m detector position. (B) The presence
of a narrow and a broad peak is shown for the streak at Q )
0.395 nm-1. Crosses correspond to experimental data and solid
lines to the fits.

Figure 6. (A) Intensity plotted as ln[W(Q,T)] measured with
a “fixed energy window” scan centered at zero energy transfer
as a function temperature for different values of the scattering
vector Q. In the insets, the corresponding Q dependence is
plotted at fixed temperatures 100, 200, and 260 K. (B)
Difference signal of humid minus native dry silk shown at a
single Q for deuterated and protonated water. The inset shows
the Q dependence measured at 300 K in the H2O humidified
silk.

Figure 7. Mean-square displacement of the scatterers 〈u2-
(T)〉 obtained by fitting the assumption I ) I0 exp(-〈u2〉Q2) +
c to the data, i.e., the slopes in the insets of Figure 6A. Full
lines indicate the behavior expected for harmonic solids and
matched to the data of dry silk and humidified with protonated
water. The gray shaded area stresses the temperature range
in which the 〈u2(T)〉 of humidified silk exceeds 〈u2(T)〉 of the
dry sample.
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system. By contrast, in the humidified samples the
behavior is nonharmonic above ∼200 K. This feature
may tentatively be attributed to a gradual melting of
amorphous water. Since no sharp transition can be
identified, this melting behavior is unlike in systems
with well-defined pore sizes. It rather looks like a
continuous melting process resulting from water con-
fined in a hierarchy of pore sizes within the random
network of the amorphous silk fraction. The response
of the frozen-in state of both H2O and D2O humidified
silk at T < 200 K can be well compared with the
behavior of amorphous ice,67-69 marking the system as
harmonic and more rigid than the native silk, which is
evidenced by the smaller 〈u2(T)〉 values.

The enhanced 〈u2(T)〉 of the humidified samples at
room temperature may not be exclusively attributed to
relaxation of water molecules within the amorphous silk
matrix. The confined water equally opens up decay
channels for the polymer chains. This point can be
clearly elaborated by subtracting the response of the
native silk from the humidified samples ∆W(Q,T) )
Whumid(Q,T) - Wnative(Q,T). In a simplified picture of a
separate water and polymer dynamics one would expect
∆W(Q,T) to be dominated by the water response and to
remain a positive property. However, as can be judged
from Figure 6B, the ∆W(Q,T) becomes appreciably
negative at room temperatures. This can be only the
case when the humid samples comprise a remarkably
higher degree of decay channels than liquid water at
equal thermodynamic conditions. In other words, the
mobility of polymer chains is enhanced by the presence
of water.

It is obvious from the FEW experiments that the
classification of relaxation processes from experimental
data only is bound to fail in a system displaying such a
structural and dynamic complexity like the humidified
silk. For example, when taking confined water into
consideration, a discrimination between different dif-
fusion channels requires well-defined geometry and
dimensions of the confining media. None of these
requirements are fulfilled in the apparently hierarchi-
cally structured silk fibers.

We may draw at least conclusions upon the time
scales of the relaxation processes from the quasielastic
signal recorded on the spectrometers IN6 and IN16. The
humidified samples display already at 250 K a quasielas-
tic signal that spans time scales of some nanoseconds
(IN16) to picoseconds (IN6), i.e., at temperatures at
which water is still partially frozen. At room tempera-
ture the intensity of the quasielastic signal is ap-
preciably increased in accordance with the FEW mea-
surements pointing at a higher number of scatterers
taking part in the relaxation of the samples. We cannot,
however, unequivocally confirm a change in dynamics
that could be for example expected due to a higher
mobility of the polymers setting off at elevated temper-
atures. The separation of the dynamic responses of the
polymer matrix and the confined water constitutes
indeed a grave experimental challenge, which will be
tackled in future studies.

Conclusions and Outlook

With the neutron scattering experiments on spider
dragline silk reported in this article we have established
the feasibility of neutron spectroscopic and small-angle
scattering techniques on a biopolymer that is only
available in limited quantities and that poses a chal-

lenge to the pursuit of understanding its mechanical
properties. Our study may provide a benchmark for the
study of other fibrous biopolymers using neutrons.

In a simplified picture, a spider dragline silk fiber
even at ambient temperature and ambient humidity
closely resembles to a network with reinforcing nano-
fibrillar elements. Such a model has already been
proposed previously15,39 and is thus in agreement with
our neutron scattering experiments. Absorption of water
does not modify the morphology significantly although
additional diffuse scattering in the hydrated sample
suggests a new type of short-range order. The presence
of water appears, however, to noticeably modify the
dynamical properties of the polymer matrix, although
further information has yet to be obtained.

The present report provides the basis for a more
general analysis of structure and dynamics of silks
relying on neutron scattering techniques. The analysis
of quasi-elastic and vibrational spectra will be addressed
in combination with numerical modeling techniques by
applying force field calculation algorithms. In addition
to this, further experiments with a larger wave-vector-
range using thermal neutrons and larger energy trans-
fers with microelectronvolt resolution using advanced
setups are planned. It will be particularly interesting
to extend the analysis of vibrational modes in the model
polymer nylon-6 by incoherent inelastic neutron scat-
tering70 to the dragline silk case. Moreover, neutron
scattering experiments during the in-situ stretching of
spider silk fibers are in preparation. This will address
the question whether the macroscopic stress is reflected
by an affine microscopic strain and a possible effect on
the hydrogen bonds.
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