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Abstract The unsurpassed mechanical properties of major
ampullate spider silk are quantitatively explained by a
hierarchical model of its structural organization. Based on
combined time-resolved mechanical and Fourier-transform
infrared measurements, we show that the core of native silk
fibers is strongly prestressed. The prestress is released
during wetting, allowing the fibers to shrink, changing
permanently the mechanical properties. Prestress is, there-
fore, the controlling parameter of silk properties.

Keywords FTIR - Major ampullate - Supercontraction

Introduction

The mechanical properties of spider major ampullate
(dragline) silk are superior to any other natural and artificial
fibers [1]. Numerous experimental techniques have been
employed for the study of natural and regenerated spider
silk, namely mechanical measurements [2—6], X-ray mi-
croscopy [7], X-ray scattering [8—12], nuclear magnetic
resonance [13—15], infrared [16, 17], and Raman spectros-
copy [18, 19]. Comparison of silkworm and spider silk
reveals that both materials have a similar morphology [15,
18-20]. There is consensus that they have hard crystalline
[3-sheets and soft amorphous segments; however, the
structural organization in the amorphous phase is not
understood. A recent study on silkworm silk [21] suggests
that the crystals are in a serial arrangement with the
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amorphous phase and are deformed by the application of
stress.

Early works usually assumed that stiff crystal regions are
connected by coils leading to a material that resembles
reinforced rubber [22, 23], but more recent studies prove
the existence of oriented and non-oriented regions in the
amorphous phase [9, 13, 24, 25] and suggest a three-phase
model of spider silk. The amorphous matrix is composed of
both extended and helical structures with different numbers
of hydrogen bonds per amino acid. A fibrilar structure is
also suggested [14, 25]. The high toughness is attributed to
hydrogen bond breaking within these regions [5, 26].
Stretching is suggested to convert the glassy amorphous
matrix to rubber-like. A skin—core structure of the fiber
consisting of fibrils has been also proposed [14]. The
interplay of the phases of major ampullate silk and the
order of the amorphous parts are correlated to the “super-
contraction” on addition of liquid water [27, 28]. Attempts
to model other silk types require parameters that cannot be
directly related to microscopic quantities [29]. Despite
some success of these models, no quantitative theory exists
which links for both native and supercontracted major
ampullate silk the microscopic molecular properties to the
well-known macroscopic mechanical findings.

Recently, we carried out combined mechanical and
Fourier-transform infrared (FTIR) spectroscopic measure-
ments on major ampullate silk of Nuctenea sclopetaria
spiders [30]. The observation of a linear thresholdless
dependence for the frequency of 3-sheet-specific vibrations
on stress is explained using quantum mechanical perturba-
tion theory by treating the mechanical stress as a weak
disturbance of the molecular oscillations. Due to the
anharmonicity of the potential describing main-chain
oscillations, first-order perturbation terms give rise to a
decrease of vibrational energy levels, which is proportional
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to the force which is applied to the respective bonds. By that,
a microscopic probe of stress within the [3-sheeted crystals is
provided. In case of low-order amorphous structures, the
mechanical field is no more parallel to the bonds and causes
conformational changes instead of bond stretching. The
effect is absent in that case, allowing the technique to
differentiate between crystalline and amorphous moieties.

Based on this, in the present study, we investigate the
interconnection of crystalline and amorphous phases in
quantitative detail by comparing native and supercontracted
samples. The analysis shows that native silk fibers are
significantly prestressed in contrast to the supercontracted
ones. The silk mechanical properties may be described by a
structural model which consists of alanine-rich (3-sheeted
crystals interlinked by prestrained glycine-rich amorphous
chains. Assuming that the chains have a Gaussian distribu-
tion of prestrain and obey the worm-like chain (WLC) model
[31], the complete stress—strain curves can be delivered. The
change of the prestrain distribution explains why such
differences in the mechanical properties are observed, despite
the fact that no fundamental change of the microscopic
structure occurs.

Experimental

The samples are major ampullate silk from Nephila
madagascariensis spiders, obtained by forced milking at a
speed of ~1 mm/s, room temperature of 23+1 °C and
relative humidity of 50+10%. The silk fiber is double (from
the two major ampullate glands) and 200 turns are wound
around two metal rods in order to form a 6-mm-long dense
double-layer grid. Fiber thickness at zero strain is measured
by laser diffraction and atomic force microscopy (AFM)
and is found to be 3.3+0.3 um. Supercontraction is realized
by addition of a water droplet to the silk wire grid which is
allowed to shrink to the maximum possible extent in a few
seconds. Subsequently, it is stored for several days in
ambient air in order to reach a content of bound water
comparable to that of the native sample as monitored by the
amide I, II, and A bands.

The same setup and analysis procedure as in our
previous publication are applied [30]. A Bio-Rad FTS
6000 spectrometer with a liquid-nitrogen-cooled MCT-PV
detector with excellent linearity working in the range from
800 to 5,000 cm™ ! at a resolution of 1 cm™! is used for the
FTIR measurements. A KRS-5 IR polarizer is inserted in
the IR beam in order to study the dichroism of certain
absorption bands (Fig. 1a). During the FTIR measurements,
the force applied to the sample is measured using a Burster
8411-10 sensor, capable of measuring forces up to 10 N
with an error of 0.25%. Temperature and RH throughout
the measurements are in the same ranges as in the milking
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Fig. 1 Frequency shift of a 3-sheet polyalanine-specific vibration.
a The high alignment of the crystals is revealed using light polarized
parallel and perpendicular to the fibers. Increasing strain £ shifts the
frequency to lower wavenumbers. b The shift follows the force
relaxation after the stepwise strain increase. No threshold is observed.
Equilibrium is reached typically after 2-3 h at room temperature

procedure. The spider silk wire grid can be stretched with
2-um screws with an accuracy of 5 um. Strain is increased
stepwise and kinetic measurements (with light polarized
parallel to the fibers) are carried out while the force relaxes
(Fig. 1b). Static polarization-dependent measurements are
started when equilibrium is reached (typically 2-3 h after
the step). The obtained stress—strain curve refers to the
equilibrium measurements and shows some differences
from measurements carried out with a constant stretching
rate. Stress values presented herein refer to the true stress,
which is calculated assuming constant silk fiber volume
throughout the measurements.

Results

The alanine-rich crystals in native silk are highly oriented
along the fiber axis as proven by the dichroism of the
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polyalanine-specific vibration at 965 ¢cm ' in native silk

(Fig. la). The band is shifted continuously to lower
wavenumbers by increasing the stress on the fiber. This
holds for equilibrated and dynamic experiments. The latter
experiment shows “overshoots™ after strain increase, typical
of viscoelastic materials [21], which are accompanied by
“undershoots” of the vibrational frequency (Fig. 1b). As
described above, the effect is the consequence of the
external perturbation on anharmonic oscillators and is
observed for all main-chain crystal vibrations.

The shift of the polyalanine vibration shows a linear
thresholdless dependence on the applied macroscopic
stress, regardless of the strain (for kinetic and equilibrated
measurements) (Fig. 2a), proving that the alanine-rich {3-
sheeted crystals and the amorphous phase are in a serial
arrangement. The average microscopic stress is equal to the
macroscopic stress under equilibrium conditions, but strong
deviations would be observed in dynamic measurements if
the force was transferred through the entanglements,
bypassing the crystals. Similar findings are observed for
the alanine—glycine moieties located at the boundaries of
the 3-sheeted crystals [32, 33], which give rise to a band
around 1,000 cm™'. The molecular-order parameter for both
amino acid residues (Ala), and (AlaGly), is close to 1
(Fig. 1b).

The amorphous regions between the (3-sheeted crystals
assume the polyglycine I (vibration at ~1,015 cm ') and
polyglycine IT (at ~1,026 cm™ ") conformations, constituting
approximately 25% and 30%, respectively, of silk. Despite
the fact that they do not show a stress-dependent shift of
their mean spectral position (Fig. 2a), the non-zero and
increasing order parameter is an indication that the chains
are prestrained.

The linear frequency shift dependence is also observed
for the supercontracted sample, showing that the nano-
phases are still in serial arrangement, even though the
mechanical properties change dramatically. However,
during supercontraction, under almost zero macroscopic
stress (<0.05 GPa), the alanine moieties show a frequency
shift to higher wavenumbers, indicating release of stress
(Fig. 2a). In contrast, the molecular-order parameter
remains the same for both samples—after a weak orienta-
tional effect at low stress (Fig. 2b). This is a proof of the
existence of prestress, which does not allow the crystals to
decrease their orientational entropy. This prestress is not
released completely, even after wetting.

The above experimental findings can be quantitatively
described by the following structural model (Fig. 3) for
both native and supercontracted major ampullate silk: (1)
the alanine-rich [3-sheeted crystals are assumed to be
interlinked by glycine-rich amorphous chains having (2) a
Gaussian distribution of prestrain and obeying (3) the WLC
model [31]. Hereby, the internal pressure due to the
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Fig. 2 Microscopic effects of stress. a A linear frequency dependence
on stress is observed for the alanine-rich crystal vibrations (black and
red symbols), whereas amorphous structures show no trend (blue and
green symbols). In the first case, linearity is obeyed in both kinetic
(small symbols) and equilibrium conditions (large symbols). A shift to
higher wavenumbers reveals a release of prestress during super-
contraction (open symbols). The length of the error bars is
comparable to the size of the symbols, in most cases. b The crystals
are highly oriented, whereas the glycine-rich amorphous chains
exhibit lower order. Supercontraction allows partial reorientation of
the crystals, which is reversed by re-stretching. No difference is
observed under non-equilibrium conditions

prestrained chains in the amorphous phase is (4) counter-
balanced by the skin in the core periphery [14, 34]. The
effect of supercontraction is unambiguously explained by
this model due to a dramatic decrease of the elastic
modulus of the skin and the core periphery upon wetting
with water. This leads to a decrease of the internal pressure
and a negative shift of the frequency position of the alanine
band as observed experimentally. We should mention here
that the serial arrangement of phases exists only in the core.
The skin is in “paralle]” connection and explains the
difference between microscopic (core) and macroscopic
stress the first time it is wetted. Its contribution is minimal
thereafter.
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Fig. 3 Model of aligned
crystals connected by pre-
stressed chains having a broad
gaussian distribution of pre-
stress. In addition to the FTIR

30 amino acids ~ contour length 11 nm
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measurements, the model is
based on X-ray results [9, 12]
giving the crystal dimensions
and spacing. This nanostructure
composes the nanofibrils which
are wrapped in the skin [14]
which counterbalances the core
prestress. The model has only
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The proposed model has besides some known geometrical
features [9, 12] only two adjustable parameters, the mean
value and the width of the Gaussian distribution of prestrain
Am:

(A ) 1 7(1171*2}1)2 (1)
= —2=e W

p m w /'727[

where p is the average prestrain and w the distribution width.

The amorphous chains can be modeled as worm-like ones

kgT 1 1
Jute(Am) = T (m 2 + /lm> (2)

where f,;. is the force on a single chain. The persistence
length [, is estimated by AFM measurements to =0.4 nm
[35]. During stretching under quasi-static conditions, all
chains are stretched uniformly and the prestrain distribution
changes following the relation

2 () = (1 + s>( (3)

v 1>
fé‘imorphous
where € is the macroscopic strain and fymorphous 18 the length
fraction of amorphous chains. The elastic modulus of the
crystals is currently not known, but there are strong
indications that it is much higher than that of the
amorphous phase [21, 23]; so their elasticity is neglected
here. The value of fimorphous 18 determined from X-ray
measurements and is found close to 0.38 [9, 12, 14, 36].
The total stress is calculated by integration from zero to the
maximum limit A, = 0.99 of prestrain. The physical meaning
of this limit is that chains exceeding this strain are peeled off
the crystals [35] and have a negligible prestrain thereafter.
Splitting of crystals in silk has been recently suggested as a
possible way of energy dissipation [8].
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Fig. 4 Dependence of the mechanical properties of silk on the
prestress. a The model can describe both native and supercontracted
states assuming different prestrain distributions (¢ = 0.60,w = 0.19
and i = 0.30,w = 0.22, respectively, at £=0). b Fit of experimental
data at equilibrium conditions with the model. A constant vertical
offset o has been added to the stress curves, showing the contribution
of the fiber skin. Notice the prediction of a prestress of 0.5 GPa in
native silk. The model is not valid at low strain, where the crystals are
not perfectly oriented (see Fig. 2b)
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The final term that needs to be included in the stress—
strain equation is the contribution of the fiber skin. The
internal prestress at zero strain in native silk, oy, must be
counterbalanced there; otherwise, the fiber would collapse.
Wetting of silk softens the skin and allows the fiber to
shrink. We assume that this contribution is constant because
no deviations from linearity in Fig. 2 are observed, except
during supercontraction. The final equation giving the fiber
stress is

o(e) =

Ar

o | POV ) -0 @
chain J0

where Acpain 1S the cross section of a single chain in f3-

sheets (0.20 nm?) [10].

The model can describe both states assuming different
initial distributions of prestress (Fig. 4). The distribution
collapses to zero during supercontraction and, even after
stretching to the original length, the average prestress is
lower than the native sample. The decreased prestress is
responsible for the lower elastic modulus and greater
extensibility of supercontracted silk. This result explains
why humidity may affect significantly the mechanical
properties [37, 38].

We mention here that the model can describe the
equilibrated state of silk; therefore, the experimental
stress—strain curves in Fig. 4b are obtained from measure-
ments after the slow force relaxation is complete (average
strain rate <10 s~'). Relaxation becomes more significant
at high strain values (Fig. 1b), causing deviations at higher
strain rates.

The high toughness, that is the energy absorbed until
rupturing (~ 200MJ/m?), is comparable to the total energy
of hydrogen bonds in the crystals. Using parameters similar to
a mean field silk model [5] (one hydrogen bond per amino
acid with energy of 10 kJ mol ', density of 1.3 g cm >, and
average molecular weight of 70 g mol "), the energy of the
crystals (f=0.45) is ~85 MJ m >, whereas the ordered
amorphous regions (f=0.25) have only ~45 MJ m°.
Therefore, the toughness is attributed primarily to the breaking
of hydrogen bonding in the crystals [8]. When the micro-
scopic strain of an amorphous chain exceeds a certain limit, it
is peeled off the crystal and the polyalanine block may be
connected to another one in a more relaxed conformation.

Conclusions

In conclusion, combined time-resolved mechanical and
polarized Fourier-transform infrared measurements allow
us to unravel the different levels of structural organization
in major ampullate spider silk in the native and super-
contracted state. The most important finding is that the
measurable prestress is the controlling quantity of the

mechanical properties. The internal prestress is counter-
balanced by the fiber skin and the core periphery and is
released during supercontraction. The high prestress in native
silk leads to a material with high elastic modulus. On the other
hand, the much lower prestress in supercontracted silk
decreases the modulus and allows for greater extensibility.
Assuming highly aligned alanine-rich (3-sheeted crystals
which are interconnected by glycine-rich worm-like chains
having a Gaussian distribution of prestrain, the macroscopic
stress—strain dependence can be described. The extraordinary
toughness of spider silk can be explained by the breaking of
hydrogen bonds within the crystalline regions.
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