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The thermal behavior up to degradation ofBombyx morisilk has been studied by scanning synchrotron radiation
microdiffraction, gel electrophoresis, and mechanical testing. The diffraction patterns from single baves can be
separated into scattering from anisotropic crystallineâ-sheet domains and random short-range order. In contrast
to dragline silk, scattering from oriented, short-range-order fibroin is not observed. The sheath of sericin proteins
can be selectively probed by a microbeam and shows also principally random short-range-order domains with a
small crystallineâ-sheet fraction. Microdiffraction experiments on single baves from 100 to 573 K show an
increase in lattice expansion along the [010] chain-stacking direction above 200-250 K, which could be due to
an increase in side-chain mobility. Degradation of the crystalline fraction commences at approximately 500 K,
and the fibers have become amorphous at about 570 K with an onset of carbonization. Gel electrophoresis shows
that the degradation of FibH molecules starts already at about 350 K, while FibL molecules start degrading at
about 400 K. The mechanical properties of single baves such as strain-to-failure and tensile strength also start
degrading at about 400 K, while the initial modulus increases up to about 475 K. It is proposed that this is due
to the development of cross-linking in the short-range-order chain fraction.

Introduction

Bombyx morisilk is a semicrystalline biopolymer with a high
content (80-85%) of glycine, alanine, and serine.1-6 It is
characterized by a relatively high tensile strength5,7 and thermal
stability.8,9 B. mori silk is composed mainly of three proteins:
the fibroin heavy chain (FibH, 350 kDa), the fibroin light chain
(FibL, 26 kDa), and the integrity-maintaining glycoprotein P25
(about 30 kDa).10-12 FibL and FibH are linked by a disulfide
bond.13 These proteins are secreted into the lumen of the
posterior silk gland as a molecular complex (FibH)6(FibL)6-
(P25)1 of about 2.3 MDa.9,10 The two fibroin brins in a bave
are kept together by a sheath of sericin proteins, which is
composed of several alternative splicing products of the Ser-1
and Ser-2 genes, ranging from 20 to 310 kDa.14,15 The FibH
sequence contains repetitive [Gly-Ala-Gly-Ser-Gly-Ala]n and
[Gly-Ala-Gly-Xaa-Gly-Ala]n motifs (Xaa) Tyr, Val, Ser, Ala,
or Thr) folding into â-sheets, which are stacked together in
crystalline domains. Chain back-folding is thought to occur at
irregular Gly-Tyr∼Gly-Tyr sequences.16 The crystalline domains
are at the origin of the poly(alanylglycine) structure ofB. mori
silk.4 The FibH [Ala-Gly]-rich motifs are separated by a spacer
motif having a mainly random-coil predicted secondary struc-
ture.17,18Spider silkssalthough different in amino acid composi-
tion and functional varietiesshave a common origin with insect
silks (e.g.,B. mori).19,20This will allow us to draw some parallels
in this work. Thus, a hierarchical organization of crystalline
and amorphous domains into nanofibrils has been suggested for
B. mori andNephiladragline silks based on small-angle X-ray
scattering (SAXS)21-23 and small-angle neutron scattering
(SANS).24 Nanofibrils have also been observed forB. morisilk

by atomic force microscopy (AFM)22 and transmission electron
microscopy (TEM)25 and for synthetic dragline silk protein by
AFM.26

The aim of the current work is to determine the thermal
behavior ofB. mori silk up to degradation and to correlate
microstructural parameters with macroscopic mechanical be-
havior. A thermal degradation study has recently been performed
for dragline silk, showing a surprisingly high structural stability
of â-sheet domains.27 X-ray structural studies are, however,
limited by the semicrystalline nature of silk fibers to the
determination of lattice parameters, low-resolution structural
modeling, orientation, or nanofibrillar morphology.23,24,27-29

Molecular models for the macroscopic mechanical behavior of
silks use, on the other hand, concepts such as a network of
flexible, hydrogen-bonded chains reinforced by crystalline
domains,30 which are only partially accessible to X-ray diffrac-
tion analysis. The article will therefore develop, in addition to
a crystallographic analysis, methods of separating the short-
range-order scattering due to the random chain fraction from
the Bragg reflections, using a concept introduced for dragline
silk.29 This will be complimented by a protein analysis on the
thermal stability of silk fibroin. Structural studies will be
performed by state-of-the art synchrotron radiation (SR) mi-
crodiffraction, which allows maximizing the fibroin contribution
(see below). The article will introduce several technical advances
such as scanning microdiffraction during in situ heating experi-
ments of single brins and baves, the separation of sericin from
fibroin scattering at the edge of a bave, and the recursive
separation of crystalline and short-range-order peaks in the
diffraction patterns.

Materials and Methods

Samples.FreshB. moricocoons were provided by Unite´ Séricicole,
INRA, Lyon, France, and were used as received. SR microdiffraction
experiments were performed on single baves (composed of two brins
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with sericin coating) to maximize fibroin scattering. Such experiments
require a high brilliance synchrotron radiation source,29,31 while
experiments with laboratory X-ray sources are limited to fiber
bundles.6,32 The baves were separated from the cocoons with micros-
cissors. Care was taken not to introduce mechanical strain. A SEM
image of two brins enveloped partially by a sericin layer is shown in
Figure1A.Thecross-sectionofabavesproducedbylasermicrodissections
is shown in Figure 1B. The sericin contribution to the bave was
determined from the weight loss due to degumming. Approximately
175 mg of baves was degummed in 0.1% Na2CO3 at 80°C for 5 min.
The resulting weight loss corresponds to 57 wt % of fibroin, which
corresponds also to the fibroin volume fraction assuming equal densities
for fibroin and sericin.

DegummedB. morisilk was provided by the Stazione Sperimentale
per la Seta, Milano.33 Greigesilk fibers were provided by Le Muse´e
de la Soie, St. Hippolyte du Fort, France. The sericin layer has been
softened and partially removed by boiling the silk fibers in a soap
solution (Savon de Marseille) (Figure 1C).

Heating Conditions.Two kinds of heat treatment have been applied,
which allow both reversible and irreversible temperature effects to be
observed. For in situ synchrotron radiation diffraction experiments under
anaerobic conditions, the bave temperature was controlled in the range
100 K< T < 500 K by an Oxford Cryosystems Cryostream 700 system
with 5 L/min dry nitrogen flow. The distance of the bave from the
nozzle was about 10 mm. The nitrogen gas temperature at the sample
position is within 1 K of thecryoflow set temperature for a range of
10 ( 5 mm.34 Other baves from a cocoon were initially oven-heated
before their characterization by electrophoresis, synchrotron radiation
diffraction, and mechanical tests. Heating was performed under
anaerobic conditions (N2) up to 473 K and in air for higher temperatures.
For protein analysis, mechanical tests, and complimentary diffraction
experiments, baves were preheated in an oven for 6 h either under a
nitrogen atmosphere (298 K< T < 473 K) or in air (473 K< T <
573 K) and then cooled to room temperature.

Gel Electrophoresis. After being heated in a nitrogen atmosphere
(as described above), 15 mg of cocoons were partially dissolved in
600 µL of saturated LiSCN under shaking at 60°C for 3 min.
Approximately 3 µL was denatured by boiling 5 min in a 4%
â-mercaptoethanol solution and loaded on a 12% denaturing acrylamide
gel. The migration lasted 90 min at 120 V. After Coomassie blue
staining, an image of the gel was digitized to quantify the relative
amount of protein using the FIT2D software.35 A background line, close
to each signal line and having the same size, was subtracted. The results
(Figure 2A) are based on the average of three similar experiments. The
molecular weight standard is the sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) standard, broad range, from Biorad.
This method reveals the length of the peptides present in the sample,
which means, in this case, the integrity of the peptidic chains of FibH
and FibL (Figure 2B).

Mechanical Test. Stress-strain curves of single baves were obtained
ex situ using a custom-built stretching cell comprising a force sensor
and PC-controlled linear translation stage. A 4-mm-long bave was fixed
within a cardboard window using cyanoacrylate adhesive. This was
then secured to the stretching cell’s clamps between the stage and the
force sensor. The baves were deformed in tension at a constant rate of
extension (10µm/s) with the force and extension recorded every 0.5 s.
The resulting data were then used to calculate fiber stress and strain.
For the stress calculations, the cross-sectional area was approximated
using a rectangle, which is supported by the SEM micrograph shown
in Figure 1B. The rectangle’s dimensions were determined microscopi-
cally using the AnalySIS5 software package (Soft Imaging System
GmbH, Germany), and averaged between three fibers for each
temperature. The contribution of the fibroin bins to the total cross-
section was assumed to be 57% (see above). The strain-to-failure, stress-
to-failure, and Young’s modulus were derived from an average of 9-15
stress-strain curves for each temperature. We did not find a significant
influence of a shorter gauge length on these mechanical parameters.

Synchrotron Radiation Scattering.Experiments on singleB. mori
baves and brins were performed at the ESRF-ID13 beamline.36 For the
in situ heating experiments a microgoniometer setup was used.37 The
monochromatic synchrotron radiation beam (wavelength,λ ) 0.095
nm; band-pass,∆λ/λ ≈ 2 × 10-4-) was focused and collimated to 4
µm for the fresh baves and 10µm for theGreigesilk by a combination
of compound refractive Be lenses38 and apertures. A singleB. mori
bave was glued to a thin metal ring, which was attached to a support
and aligned in the beam. The temperature of the cryoflow system was
ramped in steps of 10 K in the range of 100 K< T < 500 K. At every
temperature plateau, a linear scan across the bave with 5µm steps was

Figure 1. SEM images (ZEISS-LEO 1530; 10 kV HT) of B. mori silk
samples shadowed by a thin gold-layer: (A) two brins, partially
covered by an ∼2-µm-thick sericin layer; (B) section of bave cut by
a Zeiss/PALM microdissection system. The surface cross-section is
175 µm2 taking a fiber tilt angle of 45° into account: (C) Greige silk
containing residual sericin. The sample has been embedded in
polymerized (2-hydroxyethyl)-methacrylate resin and cut by an ultra-
microtome.

Figure 2. (A) Protein degradation with the temperature from a
denaturing 12% polyacrylamide gel electrophoresis (SDS-PAGE); (B)
quantification of data shown in part A (MW, molecular weight
standard). Black triangles represent FibH, and white triangles FibL.
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performed. Consecutive linear scans with increasing temperature were
performed displaced by a 13µm step increment along the bave to avoid
possible radiation damage by neighboring scans. The same data
collection method was applied to the preheated baves at room
temperature. The sample was composed in this case of 12 baves heated
at 12 temperatures from 298 to 548 K and glued by both ends on
cardboard, which was fixed to the goniometer support. A further baves
heated at 573 Kswas too fragile to be fixed in this way and was
therefore glued to the end of a tapered capillary. Seven to eight linear
scans of 4µm step increments were performed across each bave, spaced
by 20-100µm along the bave. Complimentary mesh-scanning experi-
ments on fresh or degummed baves and brins were performed at room
temperature using a focused beam of approximately 1µm full width
at half-maximum (fwhm) from crossed mirrors or 3µm fwhm from a
tapered glass capillary.36 Assuming a fiber diameter of 5µm and a 1
µm in diameter circular beam, this corresponds to about 6× 109 B.
mori unit cells39 in the gauge volume. Micrometer-sized SR beams are
too large to resolve banding effects observed in degummedB. mori
silk by TEM25 but should be accessible to nanodiffraction SR
experiments, which would reduce the number of unit cells probed to
the 107 level.40,41 Diffraction patterns were recorded by a slow-scan

16-bit readout MAR165 charge coupled device (CCD) detector. The
sample-to-detector distance was calibrated by an Al2O3 or Ag-behenate
powder42 standard. Care was taken to avoid radiation damage effects
by limiting the data collection time to a few seconds per pattern. Initial
data reduction and analysis of individual patterns was performed using
the FIT2D software package.35 For recursive data analysis batch
processing software43 and specialists software (Supporting Information)
were used. The instrumental background was corrected by subtracting
a pattern recorded just outside a silk fiber during a scan. Sample
statistics were improved by averaging several patterns from within the
sample and from the background patterns.

Results and Discussion

Microdiffraction from Single Baves and Brins. The fibroin
pattern from the center of a degummedB. mori brin obtained
at room temperature with a 1µm fwhm beam shows the Bragg
peaks of the silk II structure corresponding to the antipolar-
antiparallelâ-sheet structure1,4,6 (Figure 3A). We note that this
pattern is typical of all other patterns recorded and that in

Figure 3. (A) Degummed B. mori pattern with Miller’s indices for the strongest Bragg peaks. Overlapping reflections are indicated with the most
intense equatorial reflections in bold (see text); (B) azimuthally integrated equatorial pattern (crosses) fitted by four narrow Gaussian profiles for
the most intense Bragg peaks, a broad Gaussian profile for the short-range-order halo, and a zero-order polynomial (blue lines); (C) degummed
B. mori pattern after subtraction of the amorphous halo; (D) simulated short-range-order halo (same intensity scale for all patterns). The red
data points were masked during refinement.
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particular no evidence for a different unit cell or sharper
reflections due to larger crystallites, as proposed for dragline
silk,44 was obtained. The pattern can be indexed for a monoclinic
P21 space group with the unit cell:6 a ) 0.938 nm,b ) 0.949
nm, c ) 0.698 nm (fiber axis);γ ≈ 90°. In the following we
will limit the discussion to the 010, 020, 210, and 030 equatorial
reflections, which are the only ones observed in diffraction
experiments on doubly oriented samples.6

One of the aims of the present paper is to determine the
evolution of the crystalline and amorphous fibroin fractions with
temperature. A quantitative determination of the crystallinity
can be performed for two-phase polymers of known composition
based on global fit to a one-dimensional (1D) profile.45 This
approach is, however, not adapted to multiple pattern analysis
and for theB. morisamples where the amino acid composition
of amorphous and crystalline fractions is not well-defined. The
approach taken in this work is to separate Bragg peaks and short-
range-order scattering by a recursive fit of Gaussian functions,
which provides information on the profile parameters peak
position, peak width, and integrated peak intensity but neglects
the contribution of incoherent scattering. The sum of the Bragg
peak intensities (∑ IBragg) will be assumed to be proportional to
the crystalline fraction.

For the model of a flexible protein chain matrix, reinforced
by crystallineâ-sheet domains,30 one expects a diffuse powder
ring due to short-range-order and Bragg peaks. This holds also
for short-segment nanofibrils24 as reinforcing elements. The
expected diffuse ring is observed for dragline silk28,46and also
for theB. moripattern (Figure 3A). The short-range-order peak
is related to chain-chain correlation constrained by interchain
hydrogen bonding, which may explain that the short-range-order
peak position is close to theâ-sheet 210 peak position. We note
that the short-range-order peak position changes at higher
temperatures as the hydrogen-bonding network breaks down (see
below). The short-range-order peak can be enhanced inB. mori
by graft copolymerization of molecules such as methylacryla-
mide, which are incorporated into the random chain fraction.33

We have therefore chosen to include the short-range-order peak
in the peak profile fitting procedure, in contrast to a recent study
on dragline silk.27

The quality of this approach will be shown below for a single
pattern while details of the specialists’ batch processing software
are given in the Supporting Information. The equatorial intensity
distribution is first azimuthally integrated over an angular range
of ∼4°, which covers completely the equatorial reflections and
a segment of the diffuse ring. The resulting 1D intensity
distribution is fitted by Gaussian profiles for the Bragg peaks
and the diffuse peak as well as a zero-order polynomial
background for the residual background scattering from the
sample (Figure 3B). The use of a homogeneous 210 reflection
profile47 does not result in a stabile profile fit to the asymmetric
200/210 intensity profile including the short-range-order back-
ground.

The apparent particle sizes (L) determined by Scherrer’s
equation29,48for the 020 reflection (L ) 1.8 nm) and theâ-sheet
210 reflection (L ) 4.2 nm) show an increased coherence length
along the hydrogen-bonded [210] direction as compared to the
â-sheet stacking [010] direction, which is also the case for single
dragline silk fibers analyzed according to the same protocol.29

The L-values forB. mori (this work) and forNephiladragline
silk29,46 fit well with molecular modeling predictions for a
flexible network reinforced by nanocrystalline domains.30 It is
interesting to compare these particle size values with other
values from the literature. X-ray microdiffraction results on

Nephiladragline silk neglecting the short-range-order scattering
suggest values ofL ≈ 5 nm at room temperature for both the
[010] and the [210] directions.27 (Note the exchange ofa andb
in ref 27 as compared to the present axis choice forNephila.29)
TEM dark field (DF) images based on the 020 reflection reveal
significantly larger lateral sizes ofâ-sheet crystallites of about
10 nm.25 It cannot, however, be excluded that TEM sample
preparation (embedding or sectioning) and/or sample exposure
to vacuum (dehydration) induces lateral aggregation across the
[010] â-sheet stacking direction via van der Waals forces. It
has already been noted thatL-values determined from dry
Nephila silk fibers28 by X-ray diffraction are systematically
larger thanL-values determined during in situ extrusion.46 We
tentatively assume that the nanocrystalline fibroin domains can
assemble axially through a short-range-order interface into
nanofibrils but lack the driving force for lateral aggregation,
presumably due to a hydration of the nanofibrillar surface. We
note in this respect the formation of theB. mori silk structure
from regenerated sheared fibroin solution through at least one
intermediary hydrated phase.49 Dehydration could therefore
result in a further lateral aggregation through van der Waals
forces. This scheme is speculative at present but could be tested
by systematic aggregation studies.

The axial sizes ofâ-sheet crystallites inB. moriobserved by
TEM DF images show a large spread from∼20 to 160 nm.25

The deduction of rodlike aggregates with axial dimensions of
about 170 nm forNephila dragline silk from SANS data24

suggests that the axial dimensions ofB. moricrystallites derived
by TEM DF25 are not affected by aggregation.

The diffuse peak (d ≈ 0.41 nm) is attributed to randomly
distributed, short-range-order domains. The 1D Gaussian profile
parameters of the short-range-order peak in Figure 3B allow
generating a two-dimensional (2D) Gaussian profile (Figure 3D).
The subtraction of this profile from theB. mori pattern
provides a pattern that is a good approximation to a completely
crystalline pattern. The intensity of the short-range-order peak
(Figure 3D) corresponds to 44% of the total integrated intensity
of the raw B. mori pattern (Figure 3A), which implies an
integrated intensity value of∼56% for the Bragg peaks. We
note that the value of∼56%sas other values reported in the
literature based on more or less extensive peak separation
procedures5,32,50-53sdoes not correspond to an exact determi-
nation of crystallinity.

It is also interesting to verify the presence of axially oriented,
short-range-order domains, which have been proposed connect-
ing the crystalline domains of the nanofibrils inNephiladragline
silk.23,24,28,29The analysis was performed for the cake-regrouped
(transformation of radial and azimuthal scales into orthogonal
scales)B. mori pattern covering the strongest equatorial and
first-layer line reflections (Figure 4A). The pattern can be fitted
by four 2D Gaussian profiles for the Bragg peaks and a Gaussian
profile for the equatorial diffuse scattering extending from the
position of the equatorial peaks to smallerQ-values (Figure 4B).
No evidence for additional short-range-order scattering at the
position of the 210 reflection is, however, observed in contrast
to the 210 reflection of aNephila silk fiber29 (see remark on
unit cell choice above). We attribute this to a lower volume
fraction of short-range-order domains inB. mori as compared
to dragline silk,46 presumably due to its higher crystallinity.28

This implies in the frame of the nanofibrillar model24 longer
crystalline domains and shorter short-range-order interface
domains, which agrees with SAXS analysis ofB. mori silk54

and SAXS/WAXS data of dragline silk (see discussion particle
size values above and ref 46).

Thermal Behavior of Bombyx mori Silk Biomacromolecules, Vol. 8, No. 11, 2007 3551

CDV



The pattern from aB. moricocoon bave contains in addition
scattering from sericin. The sericin volume fraction dominates
the pattern obtained with a 1× 1 µm2 fwhm beam at the edge
of a bave (Figure 5A). The azimuthally averaged pattern can
be fitted by two broad Gaussian profiles (d1 ) 0.391 nm;d2 )
0.223 nm). The interpretation as short-range-order sericin
scattering is corroborated by the fact that no evidence for such
peaks has been obtained with a similar experiment on a
degummedB. moribrin (not shown). A weak Gaussian profile
at the position of the fibroin 020/210 peaks could be due to a
small crystallineâ-sheet fraction in sericin, but a small fraction
of fibroin chains cannot be excluded (Figure 5B). It is, however,
interesting to note that highly crystallineâ-sheet material can
be obtained by drying concentrated sericin solutions.55 In
addition, the highâ-sheet content of recombinant sericin-like
protein has been attributed to a long-range-ordered material.56

This suggests that sericin might become amenable to single-
crystal structure analysis by optimizing the crystallization
conditions.

The pattern from the center of the bave (Figure 5C) will be
dominated by fibroin scattering as the volume fraction of sericin
in the microbeam gauge volume is only a few percent. The
crystalline fibroin fraction will at any rate not be affected by
the sericin scattering, which will contribute principally to the
short-range-order peak. The 1D profile was fitted by four
Gaussian profiles for the Bragg peaks, two broad peaks,
and a zero-order polynomial background (Figure 5D). The
broad peak atQ ≈ 15 nm-1 corresponds to the sum of fibroin
and (weak) sericin short-range-order scattering. The second
sericin peak in Figure 5B overlaps with other diffuse and
crystalline fibroin scattering contributions including the 040
Bragg peak.

Evolution of Peak Positions.The evolution of the peak
positions of the strongest equatorial reflections during the in
situ heating experiment is shown in Figures 6A and 6B. The
data obtained for theGreigesilk (Figure 6A) suggest that the
lattice expansion follows two phases: a linear expansion phase
up to 200-250 K and an enhanced linear expansion phase at

higher temperatures. In this second phase, the thermal expan-
sions derived from linear least-squares fits are 1× 10-3 nm/K
(210 reflection) and 1.8× 10-3 nm/K (020 reflection). This
implies a lower thermal expansion along the [210] direction,
which is closer to the pleated-sheet [100] direction than to the
chain-stacking [010] direction. In view of the overlap of 200
and 210 reflections, we verified that the thermal expansion
derived from the 030 reflection was comparable to the 020
reflection. The position of theB. mori 002 reflection is
practically constant across the temperature range (data not
shown), which suggests that the peptide chain expansion
coefficient along thec-axis expansion is significantly below the
[210] and [010] expansion coefficients. Although less smooth
due to poorer statistics, the results for fresh silk expansion seem
to follow the same scheme (Figure 6B).

The origin of the onset of the enhanced thermal expansion
into the [010] direction is not clear at present but could be due
to an increasing side-chain mobility (e.g., onset of CH3 rotation),
modifying the interchain distance. An onset of molecular
mobility at about 200 K has also been observed for dragline
spider silk by inelastic neutron scattering24 and dynamic
mechanical analysis (DMA).57 The neutron scattering data are,
however, mainly due to water mobility in the amorphous chain
fraction, while the current diffraction data reflect the crystalline
fraction.

Evolution of Crystalline Fraction . The sum of intensities
of the Bragg peaks (∑ IBragg), corresponding to the crystalline
fraction, was separated from the short-range-order scattering by
fitting Gaussian and polynomial profiles to the sequence of
patterns (Supporting Information).∑ IBragg remains practically
constant during the in situ heating experiment up to 500 K. The
data points shown in Figure 7 were scaled to the average of the
values up to 450 K (1.0), which will be called a crystallinity
index. This shows the high thermal stability of the crystalline
fraction. There is notably no evidence for an increase in 210
intensity in this range, which excludes a contribution from the
amorphous, random-coil fibroin to crystallineâ-sheet transition
at about 463 K.58,59 This supports the assumption of a low
random-coil volume fraction inB. mori silk fibers.60 At ∼550
K, the short-range-order scattering becomes dominant, and only
the strongest equatorial Bragg peaks remain visible. At∼570
K, the equatorial Bragg peaks have disappeared, and the short-
range-order peak has transformed into a more narrow powder
ring, which has moved to a largerQ-value. The azimuthally
integrated intensity profile of this pattern can be fitted by three
Gaussian peaks and a zero-order polynomial background,
suggesting the presence of residual diffuse halo and two new
peaks, which will be discussed below (Figure 7). The loss in
crystalline fraction coincides with a weight loss determined by
thermogravimetry and CO2 liberation due to chain scission
determined by evolved gas detection.9

Evolution of the Amorphous Fraction. Figures 8A-C show
the evolution of the Gaussian peak attributed to the short-range-
order fraction with temperature (Figure 5D). The peak position
remains practically constant up to about 430 K and decreases
then up to 550 K (Figure 9A). At∼570 K, the sample has turned
black, and the two new peaks shown in Figure 7 appear with a
lattice spacing ofd ) 0.34 nm (strong) andd ) 0.21 nm (weak),
overlapping a remaining short-range-order peak (d ) 0.44 nm).
This supports carbonization as discussed for wood where the
appearance of similar peaks has been attributed to the formation
of turbostratic carbon.61

The evolution of the peak width shows an increase in the
transition range 430 K< T < 550 K and then a significant

Figure 4. (A) Cake-regrouped degummed B. mori pattern
covering the range of the strongest equatorial and first-layer line
reflections; (B) simulated cake-regrouped pattern fitted by four 2D
Gaussian profiles for 020, 210, and 201/021 + 211/121 reflections.
An equatorial Gaussian profile extending toward the 010 position
simulates residual diffuse scattering (same intensity scale for both
patterns).
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reduction as the new peak is formed at∼570 K (Figure 8B).
The transition range shows also a slight increase in integrated
peak intensity (Figure 8D). The origin of the transition
range of 430 K< T < 550 K could be complex because the

glass transition temperature forB. mori of 448 K58 or 463 K62

and an onset of weight loss63 fall within this range. A
degradation of intermolecular hydrogen bonding has been
observed by IR spectroscopy in the temperature range of
423-453 K.58 This suggests that the decrease of the peak
position (Figure 8A) reflects a destruction ofâ-sheet bonding
and hence an increasing [100] interchain distance, preceding
carbonization.

Protein Stability . The result of protein analysis is shown in
Figure 2B. FibH starts to degrade above∼350 K. This protein
contains the (Gly-Ala)-rich sequences, which fold into crystalline
â-sheet domains. As the crystal structure survives the molecular
degradation (Figure 7), it is reasonable to assume that the
degradation is limited to the random chains, connecting the
crystalline domains. At 373 K, a degradation product of FibH
can be observed as a light band under the native size FibH band,
which suggests the existence of a site particularly sensitive to
the thermal degradation (Figure 2B). SDS-PAGE (5% of
acrylamide) without a stacking gel suggests a molecular weight
of about 305 kDa for the degradation product. This degradation
product could be due to one or several cleavages. FibL starts
to degrade above about 400 K. This peptidic chain does not
contain the (Ala-Gly)-rich regions folding intoâ-sheet domains.
It is assumed to be part of the amorphous matrix embedding
and linking them together, and it is more thermally stable than

Figure 5. (A) B. mori pattern from the very edge of a bave; (B) 360° azimuthal average of part A. The pattern is fitted by a narrow Gaussian
for the residual Bragg scattering, two broad Gaussians for the sericin short-range-order halo, and a zero-order polynomial for the random
background. (C) Pattern from the center of one of the two brins in the bave; (D) azimuthal average across the equatorial peaks. The pattern is
fitted by narrow Gaussians for the Bragg peaks, broad Gaussians for the short-range-order scattering, and a zero-order polynomial for the
random background. (The red data points were masked during refinement.)

Figure 6. (A) Evolution of the position of the 210 (black stars) and
020 reflections (white circles) during the in situ heating of Greige silk;
(B) same for fresh cocoon silk. Lines depicted are guidelines to the
eye.
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FibH. It is linked to FibH by a disulfide bond and probably
contains numerous hydrogen bonds that maintain the cohesion
of the fiber.

Evolution of Mechanical Properties.B. mori and dragline
silks can be considered as protein elastomers.19 This is shown
by the temperature-dependent stress-strain curves ofB. mori
baves heated in a nitrogen atmosphere, which resemble the
transition from an elastomeric to a hard, ductile polymer64

(Figure 9). The linear onset (Figure 9, inset) is attributed in
analogy to dragline silk24,30 to the deformation of a network of
flexible, hydrogen-bonded chains, reinforced by crystalline

domains. The decrease of the strain-to-failure for thermal
treatments above about 350 K is reflected on the molecular scale
by a degradation of the fibroin proteins (Figure 2B). A more
detailed analysis of the mechanical parameters over a larger
temperature range is shown in Figures 10A-C. The tensile
strength and initial modulus values are scaled to the total bave
cross-section (left ordinates). As the sericin contribution to the
tensile deformation can practically be neglected,65 we are
reporting in Figures 10B and 10C also mechanical properties
corrected for the sericin cross-section (right ordinates).B. mori
silk shows a large variability of mechanical properties at the
intraspecific and intraindividual levels.5,66 Degumming67 or
variations in crystallinity along the fibers32 also have been found
to have an influence on the mechanical parameters. The sericin-
corrected values reported in Figures 10B and 10C (right
ordinates) correspond well to the range of values reported.5,66

We note that both strain-to-failure and tensile strength
decrease above∼400 K while the modulus continues to rise
up to nearly 500 K, which is at the onset of crystallinity decay
(Figure 7). The 400 K limit of stress and strain increase
corresponds about to the onset of FibL degradation (Figure 2B).
The origin of these changes has to be located in the amorphous
chain fraction as the crystalline domain fraction is not affected

Figure 7. Evolution of the crystallinity index (see text) of the B. mori bave with temperature. The data were obtained from silk preheated in a
nitrogen atmosphere (white diamonds) or in air (black diamonds). The values plotted are averages of the values calculated from seven to eight
patterns for each fiber. The error bars are the standard deviations of these values. The selected diffraction patterns show the overall degradation.
An azimuthally integrated intensity profile shown to the right has been determined for the pattern obtained at the highest temperature and fitted
with three Gaussian profiles and a zero-order polynomial background. The d-values (nm) of the fitted peaks are indicated.

Figure 8. Evolution of profile parameters of a short-range-order halo,
as shown in Figure 5D. The peak was fitted by a Gaussian profile
with a polynomial background: (A) evolution of the peak position;
(B) evolution of peak width (fwhm); (C) evolution of the integrated
intensity. The open rhomboids correspond to samples, which were
heated in nitrogen and then measured at room temperature; the filled
rhomboids correspond to samples heated in air and then cooled to
room temperature (see text) The vertical arrows in part A correspond
to reported glass transitions: 1, ref 58; 2, ref 62.

Figure 9. Stress-strain curves of a B. mori silk bave after heating
in a nitrogen atmosphere (see Materials and Methods section).
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(Figure 7). On the basis of protein analysis (Figure 2) it is
suggested that cross-linking is starting at about 400 K due to
chain scission resulting in the formation of-NH2 and -OH
end groups. The reaction of these groups is assumed to produce
cross-linking of neighboring chains. An increasing cross-link
density with temperature can explain in analogy to elastomeric
polymers64 the increasing modulus while an increasing density
of defects will reduce the strain-to-failure and stress-to-failure
at the onset of cross-linking. The higher strain-to-failure and
lower tensile modulus observed in this study with respect to
previous studies can be attributed to the contribution of end
effects over such short gauge lengths.

Conclusions

The structural data obtained onB. mori brins and baves
support the model of a network of flexible polymer chains with
hydrogen-bonding interactions, reinforced with crystallineâ-sheet
domains as for dragline silk.24 A similar model has been
proposed forB. morisilk based on electron diffraction/imaging25

and used to model the mechanical properties of dragline silk.30

The axial aggregation ofâ-sheet domains via short-range-order
interface domains into nanofibrils24 could not be verified but
remains possible in view of SAXS21,54 and TEM results.25 A
lateral aggregation ofâ-sheet units through van der Waals
bonding is proposed to occur under conditions of drying and
vacuum exposure.B. mori silk differs therefore from dragline
silk by the lack or low amount of a short-range-order fraction
in the (hypothetical) nanofibrils.

Short-range-order sericin scattering has been observed for the
first time by SR microdiffraction at the edge of a bave. A small
sericin crystallinity and results from other crystallization experi-
ments suggest that single-crystal growth and structure analysis
of sericin might become possible.

The present results show that the crystalline domains ofB.
mori silk start degrading only above about 500 K, which is

comparable to dragline silk.27 The thermal degradation of FibH
and FibL molecules starting already in the range of 350-400
K affects thus only the short-range-order chain fraction. The
mechanical properties such as ultimate tensile stress and strain-
to-failure start to degrade at the onset of the FibH and FibL
molecular degradation, suggesting a causal link. This and an
increase in Young’s modulus up to about 475 K indicate that
degradation in the amorphous fraction is accompanied by an
increasing cross-linking. The close analogy to elastomeric
polymers suggests that models involving molecular springs68

are not required for describing the mechanical properties.
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