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Mapping Nanostructural Variations in Silk by Secondary
Electron Hyperspectral Imaging

Quan Wan, Kerry J. Abrams, Robert C. Masters, Abdullah C. S. Talari,
Ihtesham U. Rehman, Frederik Claeyssens, Chris Holland, and Cornelia Rodenburg*

Nanostructures underpin the excellent properties of silk. Although the

bulk nanocomposition of silks is well studied, direct evidence of the spatial
variation of nanocrystalline (ordered) and amorphous (disordered) struc-
tures remains elusive. Here, secondary electron hyperspectral imaging can

be exploited for direct imaging of hierarchical structures in carbon-based
materials, which cannot be revealed by any other standard characteriza-

tion methods. Through applying this technique to silks from domesticated
(Bombyx mori) and wild (Antheraea mylitta) silkworms, a variety of previously
unseen features are reported, highlighting the local interplay between ordered
and disordered structures. This technique is able to differentiate composition
on the nanoscale and enables in-depth studies into the relationship between
morphology and performance of these complex biopolymer systems.

A polymer’s macroscopic material properties depend on the local
organization of its nanostructures.?! For silk, a key factor in this
relationship appears to be the ability to modulate crystallinity, also
referred to as the ordered fraction.’l While this ordered fraction
has been measured in bulk through spectroscopy (Raman, %]
nuclear magnetic resonance (NMR)*8" circular dichroism
(CD),% small angle X-ray scattering (SAXS),*! small angle
neutron scattering (SANS),m1 and Fourier transform infrared
(FTIR)*)) and inferred via mechanical testing (tensile, dynamic
mechanical thermal analysis (DMTA)),* modeling suggests
that the mechanical properties of silks are a rather complex inter-
play between ordered and disordered fractions at a local scale.!

While some studies have indicated spatial differences of these
fractions, either through radiolabeling!® or local modulus meas-
urements,”! few, if any, techniques have been able to map this
nanocompositional variation directly. This situation represents a
current length-scale characterization and knowledge gap.

This work exploits secondary electron hyperspectral imaging
(SEHI), a new scanning electron microscope (SEM)-based
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characterization tool to reveal and visualize
nanostructural variations across micron-scale
spatial dimensions. We report that despite
similarity in overall ordered fraction, there are
distinct differences in the nanoscale order/
disorder maps of natural silk fibers from both
Bombyx mori and Antheraea mylitta.

The structural hierarchy of silkworm
silks surrounds a sericin glue that binds
two microscopic fibroin brins (=15 wm),?!
which are comprised of =200 nm micro-
fibers and nanofibrils® and, finally,
nanoscale phases, which can be ordered
or disordered,™ as shown in the schematic
diagram in Figure 1a.

Using low-voltage standard SEM of a
cryo-snapped and plasma-exposed silk
fibers of B. mori silk and A. mylitta silk, it is possible to visualize
bright nanostructures (Figure 1a) due to topographical contrast,
but such contrast is problematic for accurate nanoscale dimen-
sion measurements due to a feature size- and shape-dependent
edge effect.”] Furthermore, the topography can be caused by
different mechanisms, and it is therefore prone to artefacts
introduced by sample preparation. Nevertheless, we observe
that the average area fraction of these nanostructures is similar
in both silks, however in A. mylitta silk, the round nanostruc-
tures seem smaller, denser, and interconnected.

In order to determine the nature of these bright nanostruc-
tures and their dimensions, we applied SEHI. SEHI exploits
the distinctiveness of secondary electron (SE) signals in carbon-
based material'®l for hyperspectral imaging (HI) and has the
advantage of being able to avoid the confounding influence of
topology, which beleaguers standard SEM (see Section S6 in the
Supporting Information). The concept of HI is well established
in vibrational spectroscopies,!'!3 where images are formed from
several different energy regions, and based on distinctive peaks
in the spectrum. This is demonstrated in the schematic in Figure
1d. Here we collect SE spectra from the high-density nanoscale
regions, as established by comparison of backscattered electron
density maps!'? (Section S1, Supporting Information), which
we find correlate with the bright features in the standard SEM
images in Figure la. This allows us to investigate which peaks
in the SE spectra are related to high density (Section S3, Sup-
porting Information), and thus to high order (Section S1, Sup-
porting Information). We then apply the HI concept to quan-
titatively map the different phases in silks by imaging with an
energy window of 3.9 + 0.3 eV which was specifically selected to
map high-order regions and is free from topographical artefacts
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Figure 1. a) A schematic overview of a silkworm silk fiber and cross-sectional micrographs of B. mori and A. mylitta silk using low-voltage SEM which
identifies bright nanostructures on cryo-snapped, plasma-etched cross-sections as shown by red arrows. Here the nanostructures are visible due to
topography contrast as they are slightly raised due to the preferential removal of the low-order matrix during sample preparation. Using SEHI, topo-
graphical contrast can be supressed (Sections S3 and S6, Supporting Information) and the bright features in a) are identified as the ordered fraction
(Sections S3 and S5, Supporting Information) and shown in fiber cross-sections for b) B. mori and c) A. mylitta. For better visualization of these
structures, an enlarged view (500 nm x 500 nm) at the ordered fraction energy peak along with color coded SE hyperspectral image collected using
the energy window 3.9 £ 0.3 eV is shown taken from the edge and from the center for each species. Red is assigned to the ordered phase, Blue is the
disordered phase and gray the oriented amorphous phase. The concept of SEHI is summarized in the schematic in d), which displays the SE spectra
from B. mori silk. The spectra for A. mylitta silk are shown in Figure S3 (Supporting Information) along with a full explanation of the terminology in

Section S1 (Supporting Information).

(see the Supporting Information for energy calibration (Section
S2), peak selection, and validation (Section S3)). To demonstrate
the close relation of HI to vibrational spectroscopy, we performed
SEHI on a semi-crystalline polymer system in conjunction with
Raman microscopy to further confirm the validity and suitability
of our technique for silks (Section S4, Supporting Information).

Raman/infrared (IR)'"*< and X-ray diffraction (XRD)Md
studies show that at least two dominating phases*!l exist in silk
fibroin: a crystalline phase, mostly assembled of 3-sheet crystals,
that we term ordered and an amorphous phase that we clas-
sify as disordered. A third, oriented amorphous phase has also
been suggested based on Raman and XRD studies on spider
silks,[32 and inferred for B. mori silk from the oriented chain
composition in the matrix and in regenerated samples.134

To confirm the most appropriate energy window that was
used to discriminate the ordered phase, we first analyzed each
of 11 observed peaks in the SE spectra (Figure S3, Supporting
Information) in terms of peak position, and peak intensity dif-
ferences between matrix and nanostructures to predict a suitable
peak for imaging (Figure S4, Supporting Information), and then
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tested this prediction by obtaining SEHI images for each of the
peaks present in the collected SE spectra (Figure S5, Supporting
Information). From the analysis of spectra only, we predicted
that the window at 3.9 £ 0.3 eV is most suitable to image high-
order regions, which was confirmed by the obtained SEHI
image array shown in Figure S5 (Supporting Information).

A phase map of the ordered fraction for these materials is pre-
sented in Figure 2. Here high intensity (white) corresponds to
the ordered phase, mid-intensity (mid-gray levels) to the oriented
amorphous phase, and low intensity (black) to the disordered
phase based on fitting Gaussian peaks to the strongly asymmetric
histograms (Figure 2e,f) that can be best fitted by three peaks
(please see full details for peak fitting and justification of phase
allocation in Section S5 in the Supporting Information). Note
that this phase—contrast relationship is only valid for the 3.9 eV
SEHI image. In fact, we find that for SEHI, using a window cen-
tered at 4.2 eV of the same area results in a reversal of contrast at
most locations as shown in Figure 3. Hence, we attribute the 4.2
eV peak in the SE spectrum to the disordered phase (see Section
S3 in the Supporting Information for full justification).

© 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Half color coded SEHI image energy window 3.9 £ 0.3 eV for a) B. mori silk and c) A. mylitta silk cryo-snapped cross-section, with higher
magnification and full color coding SEHI in b) and d). The 3.9 £ 0.3 eV energy window results in high-intensity levels for the ordered phase (Sections S3
and S5, Supporting Information). Therefore, in image a—d), red represents the ordered phase, blue is the disordered phase and the gray represents
the oriented amorphous phase (examples marked by arrows). To assign these colors the histogram of the original gray scale SEHI image was analyzed
in e) for B. mori silk and f) for A. mylitta silk with the peak of each phase calculated through Gaussian fitting to match the overall histogram (for full

details of peak fitting see Section S5 in the Supporting Information).

To determine the bulk ordered fraction for B. mori silk and
A. mylitta fibers, we further analyzed the 3.9 £ 0.3 eV SEHI
images as a whole (details in Section S5 in the Supporting
Information). By assuming that the silk proteins in the bright
ordered phase adopt mostly B-sheet conformations and form
nanoscale crystals, as suggested by literature,* based on total
area fraction for B. mori, we estimate an overall fiber ordered
content of =10.4%, which agrees well with =10% crystallinity
as measured by X-ray data.["¥] For A. mylitta fibers, an ordered
content of =13.4% is estimated, which is close to reports of
~14.7% PB-sheet content as determined by IR spectroscopy.!'!f]

Moving beyond bulk measurements, SEHI phase mapping
reveals that the size and distribution of the ordered structures
are not uniform across the silk fiber cross-section (Figure 1).
The local ordered phase maps of B. mori (Figure 1b) shows
that the diameter of these ordered structures is larger near the
edge of the fiber in comparison to the size of the order struc-
tures found in the fiber center. The related full size distribution
analysis across the whole cross-section is shown in Figure S11c
(Supporting Information), and the SEHI data reveal an increase
from =25 to 45 nm within the first 800 nm for B. mori. Likewise,
the area fraction reaches a maximum of 12% at the center of
the fiber see Figure S11h (Supporting Information). In contrast,
A. mylitta’s ordered fraction maps (Figure 1c) did not show any
significant size change across the fiber, maintaining a diameter
of 40 nm as shown in Figure S11f (Supporting Information),
and an overall decrease of ordered structures toward the center
of the fiber (see Figure S11h in the Supporting Information).
However, these distribution differences may be related to the
presence of the large amount of small vacuoles close to the fiber
edge for A. mylitta (Section S7, Supporting Information).
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The observed change in ordered fraction across the fiber in
B. mori is consistent with a model proposed by transmission
electron microscope (TEM) analysis of degummed B. mori silk,
whereupon crystalline areas are reported to form cup-shaped
banded regions along the longitudinal axis.'> This is also
reflected in the inclined nanopattern observed on the longitu-
dinal section of B. mori silk (see Figure S13 in the Supporting
Information). Due to the absence of ordered structure size vari-
ation in our A. mylitta samples, we also infer the absence of
cup-shaped banding, which is again confirmed by the relatively
flat appearance of the areas between vacuoles in the longitu-
dinal sections of A. mylitta. In summary, SEHI has revealed
that despite having similar overall ordered phase fractions,
these two species differ in both size and distribution of the
ordered structures at the nanoscale.

Hence from our SEHI observations, we propose two main
areas for hypothesis testing in the future. First, the distribution
of order/disorder may be related to the flow field encountered
by the silk feedstock in the gland as it undergoes solidifica-
tion, and, second, this distribution may be related to a fiber’s
mechanical properties and failure mechanism.

Taking each area in turn, during spinning and in ex vivo
rheological testing, the flow field encountered by the silk pro-
teins is largely responsible for the formation and stabilization
of ordered structures, specifically fB-sheets and larger nano-
fibrils.'®! From the data presented here, A. mylitta adopts a
more homogeneous size distribution of ordered features across
the fiber, while B. mori ordered features are fewer and smaller
at the fiber edge; we predict that the flow fields responsible
for their generation are more evenly distributed in A. mylitta
than in B. mori. This may be related to differences in gland

© 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Color coded SEHI images collected from the 3.9 £ 0.3 eV ordered phase energy
window a,c) are compared to the 4.2 + 0.3 eV disordered phase energy window b,d) for
B. mori and A. mylitta silk cross-section samples. Note the field of view for each species is the
same for both images. The black circles represent areas where the intensity in the 3.9+ 0.3 and
4.2+ 0.3 eV windows are mutually exclusive, supporting our assignment of these windows to

discriminate between ordered and disordered fractions.

morphology and the action of the silk press,'7" the effects of
sericin,[7¢d or the feedstock’s rheological properties facilitating
a greater extensional flow in the middle of the silk duct of
B. mori.l77e]]

Finally, silk fiber mechanical properties are known to be
species dependent and often correlated to their bulk crystal-
linity content.’® Our results for ordered bulk content align
well with those of previous spectroscopy studies;!'614 there-
fore, SEHI could support future structure—function work
by probing how the ordered/disordered phases contribute
toward a fiber’s mechanical properties. For example, previous
fractographic studies of typical polymer nanocomposites
report that nanofibrous structures are generally tougher than
the bulk component® as has been proposed in modeling
studies of silk.'f] Hence this technique could be used to
identify both the presence of and order/disorder content of
silk nanofibrils.®l However, at a slightly larger length scale, it
is known that microvoids (i.e., the elongated vacuoles) may
prevent stress concentrations and subsequent crack propaga-
tion in silki?” and as such there may be a complex dynamics
between impinging structural hierarchies, which remains to be
elucidated.

In conclusion, SEHI has provided a means to spectroscopi-
cally map silk’s molecular order and disorder across several
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length scales, down to the nano scale. We
propose this new tool could provide us with
a means to visualize a silks feedstock’s flow
history or be used as a predictor of a fiber’s
mechanical properties. Thus, we expect that
this innovative approach will prove funda-
mental to the understanding of silk forma-
tion and indeed, other hierarchical materials.

Experimental Section

Silk cocoons were obtained from animals bred in
captivity and supplied by World Wide Butterflies Ltd
and stored under lab conditions until use. Cocoons
were unraveled onto spools. A. mylitta samples
were first demineralized by immersion for 48 h
in 10 m ethylene diamine tetra acetic acid, gently
stirred at 40 °C and unraveled at 20 mm s7' in
deionized water alongside B. mori cocoons (which
do not require demineralization).

Subsequently, silk fibers were cut into 5 cm
sections using a scalpel blade, and both ends were
attached to a clean 1 cm x 3 cm silicon wafer by
conductive carbon tape. The fixed fibers were
soaked in deionized water and sandwiched between
another silicon wafer before cryo-fracturing in liquid
nitrogen. The “snapped” cross-section samples
were left to dry in air at room temperature for over
2 h and then briefly plasma etched in a Diener
Zepto version B plasma cleaner at 50% power
of 100 W for 40 s. This treatment also enhances
crystalline features and conductivity at the surface,
which allows for better imaging.?l The silk samples
were not coated by a conductive coating before
analysis, and artefacts created by plasma and
electron beam damage is discussed and excluded
in Section S8 in the Supporting Information.

According to the literature,?? the SE spectra
of many inorganic materials reflect the status/composition of material
within the range of 0-12 eV SE energy. For silkworm silks, the spectra
were collected with a similar method described in previously published
worklZ3 utilizing deflection voltages 0-30 V in the through lens detector
(TLD) in a Nova 450 nano-SEM, the detail of the filter mechanism in
this detector was described in literature.[?’l The SE hyperspectral images
were collected by an iFast auto collection recipe for both SEMs, the
image processing, and related SE spectra collection/peak selection is
described in the previous paragraph and in Sections S2 and S3 in the
Supporting Information, respectively. The 0-11 eV range was collected
for the two silk species with an electron energy step size of 0.071 eV.
The intensity data were averaged from several (2 x 2) um? area on three
different fibroin samples.

After identification of peaks in the SE spectra, the start and end
of each peak was defined. The midpoint was defined as where the
differentiated spectra reached zero. High-resolution SE images
were taken at those equivalent deflection voltages and processed by
subtracting the peak-end image from the peak-start image. The SEM
image was contrast enhanced and normalized with software Image|
v1.48, the original image for SEHI is shown in detail in Figure S8
(Supporting Information).

100 nm

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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