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ABSTRACT: Natural materials consisting of protein structures
impregnated with a tiny amount of metals often exhibit impressive
mechanical behavior, which represents a new design paradigm for the
development of biomimetic materials. Here, we produced Al-
infiltrated silks by applying a modified Al,O; atomic layer deposition
process to the dragline silk of the Nephila pilipes spider, which showed
unusual mechanical properties. The deformation behavior of the
molecular structure of the Al-infiltrated silk was investigated by

Nephila pilipes

performing in situ Raman spectroscopy, where Raman shifts were

measured concurrently with macroscopic mechanical deformations. For identifying the role of the infiltrated Al atoms, the study
was performed in parallel with untreated silk, and the results were compared. Our experimental results revealed that superior
mechanical properties of the Al-infiltrated silk are likely to be caused by the alterations of the sizes of the f-sheet crystals and

their distribution.

KEYWORDS: metal-impregnated biological materials, mechanical properties, spider dragline silk, atomic layer deposition,

vapor phase infiltration

B INTRODUCTION

Genghis Khan, who approximately 800 years ago conquered
most of the Eurasian continents is mostly remembered as an
emperor who wanted to create the largest empire in the world
with a highly efficient army. However, there is also an
interesting story related to material science associated with
Genghis Khan. This story claims that his warriors were
protected from enemy arrows by special leather garments,
which were interwoven with one of the strongest materials
known at that time, silk."” Spider dragline silk from major-
ampullate silk glands outperforms almost any man-made
material in its combination of tensile strength and extensibility
(so-called, extreme toughness).z_4 These remarkable mechan-
ical properties of the dragline silk aroused considerable interest
by scientists, with research focusing on elucidation the
relationship between molecular conformation and mechanical
properties of the dragline silk® or artificial silk production.®
However, surprisingly, approaches to improve or tune the
mechanical properties of the native or produced spider silk
themselves through chemical treatments have rarely been
undertaken.”® The focus has rather been on harvesting’ or
converting spider silks into fabric form'” or reinforcing Bombyx
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mori silk with certain additives like carbon nanotubes' or
nanoparticles.'"

Recently, we discovered that applying metal oxide atomic
layer deposition (ALD) processes to the dragline silk of Araneus
spiders results in drastic improvement of mechanical properties
induced by the metal infiltration into the protein structures of
the silk rather than coating."”®> We also learned that nature
already provides prodigious role models associated with our
results. Namely, some metal ions endow certain biological
materials with a number of intriguing mechanical properties
such as, high hardness/stiffness, self-repairing, etc. Removing
the metal from those materials often results in sudden loss of
such properties."*™'” Further research revealed that the metal
infiltration phenomenon induced by the ALD process can be
also realized with further biomaterials and even the chemically
inert polymer, polytetrafluorethylene (PTFE)."*”>' Those
experiments imply that the ALD process is indeed one of the
promising means to endow certain materials with exceptional
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chemical and physical properties. However, the role of the
infiltrated inorganics and the origin of the associated
mechanical property improvement after metal-infiltration
appears to be different from natural materials and requires
more in-depth understanding. Compared to the native spider
silk, the metal-infiltrated spider dragline silk unusually showed a
nearly 2-fold increase in both strength and extensibility.
However, the molecular alteration of those silks, which is
supposedly the origin of such unusual tensile behavior, remains
less understood. In this work, we applied an Al,0; ALD process
commonly resulting in tens of nanometer thickness to the
dragline silk of a Nephila pilipes spider, which has in general
higher extensibility compared to that of an Araneus spider.”*
Initially, we compared the macroscopic deformation behavior of
the Nephila spider dragline silk before and after ALD
processing using an uniaxial tensile test. The results showed
that metal infiltration phenomena similar to those observed
from the Araneus silks occur with the Nephila spider silk as well.
The alterations of those silks on the molecular level were
examined in situ, combining a uniaxial tensile test and Raman
spectroscopy.

B EXPERIMENTAL SECTION

Dragline Silk Preparation. From fully awake Nephila pilipes
spiders raised in the laboratory on a diet of flies and crickets, we
obtained dragline silk (major ampullate silk) using a forced silking
method. Using pins, we immobilized the spider on a Styrofoam block.
First, under the optical microscope, we observed the silk glands. Then,
the dragline silk was wound on a steel wire spool with a reeling speed
of ~20 mm/s under ambient conditions (~20 °C and 30% relative
humidity). All measurements and characterizations were performed
within 30 d.

Atomic Layer Deposition. The prepared spider dragline silks
were placed into an ALD reactor (Savannah S$100, Cambridge
Nanotech Inc.) and dried at 70 °C for 5 min in vacuum (1 X 1072
Torr) with a steady Ar gas stream (20 sccm). Trimethylaluminum
(TMA, (CH,);Al, purchased from Sigma-Aldrich) and purified water
were used as sources for Al and oxygen, respectively. Each cycle was
composed of a pulse, exposure, and purge sequence for each precursor.
The TMA vapor was injected into the ALD chamber during a 0.1 s
pulse. Subsequently, the substrate was exposed to the TMA vapor for
30 s (exposure). The excess TMA was purged from the ALD chamber
for 40 s (purge). In the same manner, the pulse (1.0 s)/exposure (30
s)/purge (40 s) processes of water were repeated. The described
sequence was repeated 500 times. The growth rate of Al,O; ALD on
SiO, substrate (control sample) was measured to be around 1 A/cycle.

Scanning Electron Microscopy. The morphology and the
diameters of the dragline silk before and after the Al,O; ALD process
were examined by JEOL JSM-6340F SEM at 10 kV after deposition of
Pt with thickness of ~3 nm. The diameters of the silks were measured
to be ~4.8 um. The measurements were repeated several times, and
the measured diameters were averaged.

Tensile Test. In advance of the in situ Raman spectroscopy analysis
of the silks, uniaxial tensile tests were performed. For the tests, the
prepared silk samples (monofilament) were mounted on a thick paper
jig having punched holes with a diameter of 2 cm. The paper jigs were
used to facilitate alignment and clamping of the specimens during the
tensile test. With the support of the jigs, the silk was maintained in a
straight position during clamping. Furthermore, the jigs allowed for
easy cutting through the cutting line so that silk specimen and paper
jigs were not simultaneously loaded during the actual test. Epoxy resin
was used as glue to fix the silk to the edges of the jig. Prior to the
measurement, under an optical microscope (Leitz Aristomet) and a
magnifying glass (X10), the quality of all samples was carefully
examined: a proper fixation with glue and any surface damage of the
silk. Because the samples might have been unintentionally damaged
during handling and transport, one had to pay careful attention. At this

stage, samples with poor fixation or surface damage were excluded.
The tensile test was performed at ambient conditions on a ZWICK
1445 tensile test machine with 10 N HBM load cell and controlled
with a personal computer having automated testing software. The
extension rate was 5% of the initial length per minute (1 mm/min).
The fiber was extended until fracture occurred. For precise results,
over 10 samples were prepared and measured. Most of the samples
showed similar tensile behavior. Force (mN)—strain (%) data for each
specimen were exported from the software of the machine, and
subsequently the data were rescaled into the engineering stress (¢)—
engineering strain (¢) using ORIGINS.0.

Transmission Electron Microscopy and Energy-Dispersive X-
ray Spectroscopy. To prepare cross-sectional samples of the silk for
TEM and EDX analysis, the used spools wound by the silk were
fixated with 3% glutaraldehyde (Sigma, Taufkirchen, Germany) in 0.1
M sodium cacodylate buffer (SCB, pH 7.2) for 2 h at room
temperature, rinsed with SCB, dehydrated in a graded ethanol series,
infiltrated with epoxy resin, and polymerized at 70 °C for 24 h.
Ultrathin sections (90 nm) were made with an Ultracut R
ultramicrotome (Leica, Wetzlar, Germany) and transferred to copper
grids, coated with a carbon film. TEM and EDX examinations
(imaging, line scans, and point analyses) were carried out with a FEI
TITAN 80—300 microscope (300 kV) in scanning transmission mode.

Wide-Angle X-ray Diffraction. Around 500 native and Al-
infiltrated silk filaments were glued on a piece of separated silicon
wafers (2 cm X 2 cm) with a double-faced soft tap. Wide-angle X-ray
diffractometer (Philips X’Pert MRD with S0 kV, 30 mA) with Ni-
filtered Cu Ka (4 = 1.5421 A) radiation was used to obtain the
diffraction profiles, which were measured in 26 scans across the fiber
diameter. The measured angular range and step size was 5° < 260 < 25°
and 0.1° respectively. The applied exposure time was 90 s/step. For
each measurement, at least three identical samples were prepared, and
the measurements were repeated at least five times with each sample.
Most of the spectra showed similar shapes, peak locations, and
intensities. One representative spectrum was selected for demon-
stration. All graphical tasks were performed with ORIGIN 8.0.

Raman Investigation under Strain Control. In situ micro-
Raman measurements were carried out at room temperature in
backscattering geometry with a LabRam HR800 UV spectrometer with
the following laser lines: 633 nm He—Ne laser, 514 and 488 nm Ar ion
laser, and 325 nm He—Cd laser. To avoid local heating effects, the
laser power density was kept below 100 4W/um? Data obtained from
different objectives corresponding to different laser spot diameters on
the sample at a fixed laser power confirmed the absence of the heating
effects. Using the objective (X100, NA = 1.4), the laser beam focused
on the center of the monofilament of the silks, as shown in Figure 3.
The backscattered Raman light is diffracted by a 1800 g/mm grating
and detected by a highly sensitive charged coupled device camera. The
spectral distance between adjacent channels was ~0.5 cm™. The
spectra measured with 488 and 514 nm lasers show a strong
fluorescence background, which limits the extraction of meaningful
data. In this work, only data recorded with the 633 nm laser are
presented. The Raman spectrometer equipped with a home-built
uniaxial tensile tester allowed the spectra to be recorded under
macroscopic strain. Similar types of paper jigs having punched holes
with a diameter of 1 cm were employed. The monofilament of the silk
was glued on the paper jig, which was tightly mounted on tensile tester
with screw grips. After the edge of the jig was cut, the monofilaments
were controlled to be stretched to failure in steps of 1—3% strain. The
spectra of both the stress—strain curve of a single filament of the native
dragline silk (SS/N) and stress and strain of the ALD-processed spider
silk (SS/Al) were recorded in wavenumber intervals of 1000—1800
and 3000—3600 cm™' under the extended range configuration,
respectively. For each deformation step, the spectrum was recorded
for 600 s, which was required to obtain enough signal-to-noise ratio to
perform data analysis. Because our Raman measurements were
performed under stepwise extension of the silk, one may wonder
whether the stress-relaxation of the silk would influence the Raman
shifts. However, it has been reported that although the instantaneous
band shifts by application of load occur, there are no subsequent
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Figure 1. Mechanical properties of the Nephila pilipes spider dragline
silk before/after Al,O; ALD treatment and element analysis. (a)
Typical stress—strain curves of the native (SS/N) and Al-infiltrated
(SS/Al) spider dragline silk. (b) Failure strength, failure strain and
toughness of SS/N and SS/A] respectively. (c) SEM images of SS/N
and SS/Al The red arrows indicate cracks of Al,O; layer induced by
cooling from deposition temperature (70 °C) to room temperature.
(d) TEM image of a cross sectioned SS/Al sample. (inset) One of
EDX point analysis results measured at the positions marked with pink
circles in the TEM image. The intensities of the Al signal were
observed to be generally weak but well above background intensity.
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Figure 2. Comparison of representative Raman spectra for single
filaments of SS/N and SS/Al samples measured before mechanical
deformation (& = 0).

significant changes in the shifts with time (up to 8000 s).2* More than
10 sets of samples were prepared identically and measured under the
same conditions to ensure data reliability. All graphic works including
data rescaling were performed with ORIGIN 8.0.

B RESULTS AND DISCUSSION

Mechanical Properties of Al-Infiltrated Spider Silk. As
precursor pairs for the ALD process, TMA, a highly reactive Al
source, and water vapor were selected for the treatment of
Nephila pilipes dragline silk. The dragline silk itself was
extracted by the forced silking technique.”* The SS/N showed
similar trends and material properties (e.g., yield stress/strain,
breaking stress/strain) to those reported in literature.”> An
ALD process with 500 cycles (~50 nm nominal thickness of
AL O;) applied to the Nephila dragline silk gave rise to a drastic
improvement of mechanical properties in analogy to the earlier
observation from the Araneus spider silk. Figure 1a,b shows that
both the failure SS/Al increase by the factor of 2 as compared
to the native nontreated silk (SS/N). In addition, the breaking
energy increased nearly 3-fold. Given that the coefficients of
thermal expansions (CTEs) of dragline silk and ALO; are
~1060 ppm/K*® and ~4.2 ppm/K,” respectively, it is trivial
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Figure 3. Comparison of representative Raman band shifts of (a) SS/
N and (b) SS/Al upon mechanical deformation. (insets) Optical
microscope images showing the focused laser beam (633 nm).

that the large CTE mismatch and the resultant compressive
thermal stress lead to buckling and cracking of the Al,O; film
upon cooling from deposition temperature (70 °C) to room
temperature (Figure lc). Furthermore, because fracture stress
and strain of AL,O; film with thickness of ~50 nm in
compressive load are in the range of 0.7 GPa and 0.4%,
respectively,”® the Al,O; layer seemed to have little effect on
the mechanical properties of core/shell structure composed of
Al,O; layer and silk. Consequently, the infiltrated aluminum
(Figure 1d) is thought to obviously change the protein
structure of the native silk seriously, which is further validated
from the following in situ Raman spectroscopic studies.

Spider silk is a hierarchically structured semicrystalline
biopolymer containing stiff/strong crystals and flexible
amorphous regions. The crystals (f-pleated sheets) have
varying sizes and are composed of amino acid groups
(predominantly alanine, §1ycine, glutamine, etc.) arranged in
an accordion-like fashion.””>' The amorphous regions contain
protein chains with about 15 amino acid-long chains on the
awerage.32 In addition, main linkages between amino acids
within crystals and amorphous regions are hydrogen bonds,
which are known to play a key role in the formation and
stabilization of secondary structures of the proteins.*®
Particularly, interpeptide hydrogen bonds stabilize secondary
structures such as a-helix and f-sheet conformations.

In Situ Raman Study. Raman spectroscopy is a well-
established technique for evaluating molecular structures of the
dragline silks and appears most useful for examining molecular
deformation mechanisms of the silks during mechanical
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loading.**** The wavenumbers (Av) of the Raman bands tend
to shift under the action of applied stress and strain. The
amount of shift allows insight into the molecular change of the
individual bonds in the dragline silks. As depicted in Figure 2,
the infiltrated Al appears strongly influential on the protein
structure of the dragline silk. Notably, while the v(C—C)
skeletal stretching mode revealed nearly unchanged, the main
differences between the native and the Al-infiltrated silks were
observed in the region of amide I (at 1668 cm™’, (C=0), f-
sheet), amide III (at 1240 cm™, v(C—N), S-sheet), and amide
A (V(N-H) stretching vibrational modes).>* Taking into
account that these modes are known to depend on the
hydrogen bonding states of the peptide bonds, the infiltrated Al
atoms are believed to be affecting the hydrogen bonds.
Presumably the Al atoms form coordinate bonds during the
multiple pulsing of highly reactive TMA and water precursors.

Upon mechanical deformation of the silk fiber, the covalent
bonds within the protein structures of the silk are stressed. This
leads to an alignment of the molecules along the direction of
tension. The deformation of the oriented molecules in both the
crystalline and amorphous regions gives rise to a change in
bond lengths and bond angles. This induces a change in the
corresponding force constants, which can be monitored by
measuring the related Raman shifts. Single fibers of both native
and Al-infiltrated silks were deformed under controlled strain to
failure. At the same time, variances in Raman bands related to
amide I, amide III, amide A (¢(N—H) stretching), and v(C—
C) skeletal stretching modes were traced to capture the
dissimilarities in the molecular deformation behavior between
those two types of silk. Figure 3 shows the Raman spectra of
both silks upon uniaxial deformation in tension. While the
native silk showed distinctive Raman band shifts to lower
wavenumber (particularly, amide I, amide III, and v(C—C)
stretching), the Al-infiltrated silk showed less significant shifts.
However, the peaks of amide III and v(N—H) stretching
modes of the Al-infiltrated silk exhibited noticeable peak shape
changes, which implies that the main differences in the
mechanical properties of both silks are most likely related to
deformations of the f-sheet crystals and hydrogen bonds, which
will be discussed in more detail later.

Upon uniaxial tension of the native silk, as shown in the plot
of wavenumber versus strain (Figure 4a—c), the wavenumber
associated with the v(C—C) skeletal stretching showed an
approximately linear shift to lower frequencies, in agreement
with earlier findings.*® In contrast, the Al-infiltrated spider silk
showed a less-explicit relationship between wavenumber shift
and strain. Similar trends were observed from the correlation of
the wavenumber shifts with the applied stress. Figure 4d shows
a redshift in the case of native silk, while a shift could not be
clearly observed with the Al-infiltrated silk. The negligible
dependence of the v(C—C) skeletal stretching mode in the Al-
infiltrated silk on stress and strain implied that the deformation
mechanisms of both silks are rather different, as can be further
speculated from the peak shifts observed in the amide I region.

Amide | Band. Previous theoretical studies suggested that
the amide I band (dominantly C=0 stretching) frequency is
sensitive to the hydrogen bonding at the C=0 group.*® As
shown in Figure S5, the native silk displayed a redshift with
respect to both strain and stress, which in turn alluded that
some bonds present in the J-sheet crystal regions, that is,
(-C=0:"H-N—-C-), are likely to be weakened or broken
(e.g, (—C=0, H-N—C-)) upon the applied stress or strain.
In contrast, the wavenumber shift was observed to be almost
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Figure 4. Comparison of Raman peak shifts of the v(C—C) skeletal
stretching mode with strain. (a) Native spider silk. (b) Al infiltrated
spider silk. For the demonstration, representative Raman spectra of
SS/N and SS/Al were selected, respectively. (¢, d) Raman wave-
number shifts of the v(C—C) stretching mode of SS/N and SS/Al with
standard deviations plotted as a function of applied strain and stress,
respectively.
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Figure S. Comparison of Raman peak shifts of the v(C=0) stretching
mode (amide I) with strain. (a) Native spider silk. (b) Al-infiltrated
spider silk. For the demonstration, representative Raman spectra of
SS/N and SS/Al were selected, respectively. (¢, d) Raman wave-
number shifts of the amide I mode of SS/N and SS/Al with standard
deviations plotted as a function of the applied strain and stress,
respectively.

independent of the stress and strain in the case of Al-infiltrated
silk. Presumably the infiltrated Al interrupted some hydrogen
bonds, and therefore some (—C=0) groups do not further
participate in the hydrogen-bonding network. In contrast to the
amide I band, the amide III band (v(C—N)) contains
dominantly coupling effects of the (C—N) stretching and
(H-N-C) in plane bending modes. Thus, different behavior of
the bands is expected. However, Figure 6 shows similarity to
the earlier findings. The native silk displayed redshift under
tension, whereas the Al-infiltrated silk showed less noticeable
dependence. In analogy to the previously described case of the
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Figure 6. Comparison of Raman peak shifts of the v(C—N) stretching
mode (amide IIT) with strain. (a) Native spider silk. (b) Al-infiltrated
spider silk. For the demonstration, representative Raman spectra of
SS/N and SS/Al were selected, respectively. (¢, d) Raman wave-
number shifts of the amide III mode of SS/N and SS/Al with standard
deviations plotted as a function of applied strain and stress,
respectively.

(—C=0) group in amide I, the stretching mode of the (H—
N-—C) groups of the Al-infiltrated silk shows a lower band shift
than those of the native silk upon tension.

Amide Ill Band. Although Raman band shifts in the amide
III region were observed to be less recognizable, the amide III
band is known to reveal some information on the local stress
within silk microstructures.”® For further understanding we
deconvoluted the amide III band region with four Lorentzian
peaks and assigned Phy/Tyr, f-sheet, disordered random coil,
and a-helix to the deconvoluted peaks (Figure 7a,b) referring
to the procedures described in literature.*™>® Yeh et al.
reported that generally, in high-performance polymers, such as
Kevlar and Twaron, the full width at half-maximum (fwhm)
values of Raman bands significantly increase upon tensile
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Figure 7. Comparison of deconvolution results of the amide III band.
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the demonstration, representative Raman spectra of SS/N and SS/Al
were selected, respectively. (c, d) The fwhm values with standard
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deformation.®® They observed that the degree of molecular
orientation and crystallinity in polymers is inversely propor-
tional to the failure strain of the polymer and the variation of
the fwhm in the Raman band. As rationale behind these
phenomena, they suggested the high level of orientation and
crystallinity, which results in a homogeneous stress distribution
among the molecules during tensile deformation.* Figure 7¢,d
shows the variation of fwhm values in f-sheet crystals upon
strain and stress, respectively. Compared to the native silk, the
Al-infiltrated silk exhibits larger band broadening, being
indicative for a lower fraction of crystalline/oriented micro-
structures. Taking further into account that failure strain of the
silk was significantly increased after Al-infiltration and that less
crystalline/oriented polymers generally show larger failure
strain, the microstructure of the silk appears to be seriously
altered by the Al-infiltration. In addition, it is highly likely that
the hydrogen bonds are inextricably bound up with such Al-
meditated microstructure changes of the silks, as can be
deduced from the analysis of amide A region (Figure 8).
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Figure 8. Evolution of the amide A (¥(N—H/H20)) band in SS/N
and SS/AL (a) Variations of v(N—H/H20) bands with respect to
applied strains and deconvolutions. For the demonstration,
representative Raman spectra of SS/N and SS/Al were selected,
respectively. (b) The relative areas of the different components in SS/

N and SS/Al with standard deviations at applied strains, respectively
(see text for details).

Amide A Band. The broad band near 3280 cm™" is assigned
to the amide A band, that is, v(N—H) stretching of free and
hydrogen-bonded amino acid residues within the protein’s
secondary structures (a-helix and f-sheet) of which the silk is
comprised. The interchain hydrogen bonds are supposed to
control the mechanical properties of the silk, for instance,
rigidity (tension of the peptide chain) and elasticity
(disentanglement of the chain in amorphous regions).*" The
v(N—H) stretching mode in the hydrogen bonds is known to
be used to probe the interchain distances.*” Therefore, to take
hints on the local microstructure changes of the silk, it is
reasonable to monitor the variation of the #(N—H) signatures.
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Generally, the intensity of the individual Raman peak depends
on the number of molecules present (concentration). The
change of concentration (e.g, dilution) can lead to peak
broadening. Taking into account that the peak intensity can be
severely changed by broadening, the integrated area of the peak
is a better indicator of concentration because the area will
remain unchanged once the total number of molecules is
constant. Colomban et al. recently reported that the v(N—H)
mode in silk is composed of two bands, the first one assigned to
the N—H vibrations in the crystalline macromolecular chains
and the second one assigned to be those in the amorphous
matrix.*** They showed that through deconvolution of the
v(N—H) region using Lorentzian and Gaussian functions, the
crystallinity of the silk can be estimated. In other words, from
the areal ratio of the crystalline/amorphous band, the degree of
the crystallinity can be determined. On the basis of these
reports, we performed a deconvolution of the ¥(N—H) region
using one Lorentzian for the crystalline phase and one Gaussian
for the amorphous phase, as shown in Figure 8a. As can be seen
in Figure 8b, in the case of the native silk, before applying stress
the crystalline band was observed to be stronger than the
amorphous band. In contrast, the Al-infiltrated silk showed the
opposite trend. It can be derived that the Al-infiltrated silk
contains lower amounts of crystalline phase and a higher
fraction of amorphous phase than the native silk. The native silk
showed a tendency of the crystalline/amorphous fraction to
visibly decrease/increase with strain, respectively. In contrast,
the fraction change in the Al-infiltrated silk was less substantial
although it showed similar tendency.

Changes in Microstructure of Silk after Al-Infiltration.
As mentioned above, spider dragline silk is commonly
described as a biopolymer containing two structural constitu-
ents, namely, f-sheet crystalline fractions and amorphous
fractions, with protein chains in both cases being linked with
hydrogen bonds. It has been widely accepted that the tensile
strength and the extensibility of the spider dragline silk are
mainly determined by both crystal size and their orienta-
tion. "% Specifically, the size of the f-sheet crystals is
inversely proportional to the tensile strength and directly
proportional to the failure strain. Considering these facts and
the observed variations in the Raman spectra, both the
crystalline and amorphous regions of the dragline silk appear
to be modified by the Al infiltration, so that the resulting Al-
infiltrated silk shows pronounced improvements in both
strength and extensibility. Taking into account the strong
reactivity of the precursor molecules (TMA), the vaporized
precursor molecules appear to diffuse into the bulk of the
fibers.*® Subsequently, the hydrogen bonds are likely to be
converted into covalent bonds by chemical interaction of the
vaporized precursor molecules with the protein backbone and
parallel consumption of remaining bound water, which occurs
both in crystalline and amorphous regions. In particular, in
crystalline regions, those hydrogen bonds near the boundaries
of the crystals would be eliminated first. In this way, crystalline
parts are likely to be partially converted into supplemental
amorphous regions. Accordingly, the amorphous fraction would
increase, which is in agreement with the variation of the v(N—
H) band shown in Figure 8. As a result, the Al-infiltrated silk
shows smaller f-sheet crystallites and more amorphous protein
than those in the native silk. Indeed, our earlier wide-angle X-
ray diffraction (WAXD) study on Ti-infiltrated Araneus spider
dragline silk already revealed that the S-sheet crystals likely
shrink after Ti infiltration."> The speculative mechanism

explaining the changes of the protein structures inside the
dragline silk by ALD are addressed in our earlier work.">'*~>!
The current Al-infiltrated Nephila spider silk also showed
similar tendency. As can be recognized from WAXD results in

Figure 9, the SS/Al showed the increase of the full width at

|® SSIN »(120)
® SS/Al FWHM = 0.73
— Lorentzians

(200)

Intensity [a.u.]

7

18
20 [']

Figure 9. Wide angle X-ray diffraction result. On the basis of the
report by Warwicker*” and Marsh et al,*° the peaks are indexed as
(120) and (200). Each peak was fitted with a Lorentzian function,
from which the fwhm was estimated. In the peak (120), slight peak
broadening was observed.

half-maximum (fwhm) of the main peak (120) assigned based
on the report by Warwicker*” and Marsh et al.>® Such peak
broadening is known to be generally caused by reduction of
crystallite size or lattice distortion inside the crystallites.>>>
Considering the current results from Raman spectra and
WAXD, it is highly probable that the sizes of the p-sheet
crystallites are reduced by Al infiltration. It was notable that the
main peak of the Nephila spider silk is located on higher angle
(20 ~ 19°) than the Araneus spider silk (20 ~ 17°)." It means
that the f-sheet crystallite of the Nephila silk is smaller than
that of the Araneus silk. Considering the report that the former
has higher failure strain than the latter,”* it is highly probable
that the smaller the crystal size is, the higher the extensibility.

Molecular Deformation Behavior of Al-Infiltrated Silk
upon Tension. On the basis of the relative comparison of
Raman-band shifts in the native and Al-infiltrated silk (i.e.,
v(C—C), v(C=0), ¥(C—N), and ¥(N—H)) observed during
tensile deformation, the deformation behavior of those two silks
could be approximately described, although other analyses are
still needed for more detailed description. As mentioned
previously, the microstructure of the silk is known to be largely
composed of stiff f-sheet crystals embedded in a soft
amorphous matrix. Upon deformation, both crystallites and
amorphous constituents of the silk fiber are subjected to
uniform stress. In contrast, because of the different moduli of
crystalline and amorphous regions, the strain is not uniform.**
Recent studies reported on the role of f-sheet crystal and its
size effects on the strength and toughness of the dragline silk
within a theoretical framework.**~*” The studies also addressed
the expected molecular deformation behavior of the silk under
tension. The proposed deformation mechanism related to the
size effect of the f-sheet crystal can also be applied to our Al-
infiltrated silk with a reduced crystal size. In the case of the
native dragline silk, as well described in the study by Nova et
al.* and roughly depicted in Figure 10a, upon initial stretching,
the amorphous regions are homogeneously aligned with the silk
axis without breaking the hydrogen bonds until yielding occurs
(region I in Figure la). Subsequently, the hydrogen bonds in
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Figure 10. Hypothesized models depicting molecular deformation
behaviors with strain of (a) SS/N and (b) SS/AI (see text for details).

the amorphous fraction presumably start to rupture. Sub-
sequently, the polypeptide chain gradually unravels as the
hydrogen bonds continue breaking. The hidden polypeptide
length allows the silk to experience low stress values despite the
increasing strain values, which is likely observed as a plateau
region in the stress—strain curve (region II in Figure la). After
the amorphous chains are fully stretched, the hydrogen bond
rupture proceeds from amorphous to f-sheet crystallized
polypeptides. The crystals have higher stiffness and sustain
higher stress and larger strain (region III in Figure la) before
reaching the point of failure. The region III determines the
overall breaking energy (toughness) of the silk, which is closely
related to the size of the f-sheet crystals. More specifically, it
has been reported that smaller f-sheet crystals are primarily
subjected to uniform shear force under tension, which allows
cooperative rupture of interchain hydrogen bonds and a stick—
slip energy dissipation mechanism. Hence, once the individual
P-sheets are nearly completely stretched, failure occurs (red
colored circle in Figure 10b). In contrast, as predicted by Keten
et al,*’ larger crystals undergo nonuniform shear force of
interchain hydrogen bonds under tension, which leads to
cracklike flaw formation, and consequently, they fail catastroph-
ically (green colored circle in Figure 10a). For this reason,
smaller crystals provide greater stiffness, fracture toughness, and
extensibility in comparison to larger crystals. Indeed, as can be
recognized from the stress—strain curve in Figure la, the Al-
infiltrated silk shows greater toughness and much higher
extensibility than the native silk likely owing to a smaller size of
the f-sheet crystals. The substantial increase in the extensibility
can also be largely attributed to the newly created amorphous

polypeptides by the Al-infiltration (Figure 10b), as can be

deduced from the comparison between regions III and III'
marked in the stress—strain curve (Figure la).

B CONCLUSIONS

In summary, motivated by natural metal-impregnated biological
materials with amazing physical properties, we have produced
an Al-infiltrated dragline silk of Nephila pilipes spider. The
resulting dragline silk has shown impressively increased
strength and extensibility as compared to the native dragline
silk. In situ Raman spectroscopic studies provided comparative
information on the tensile deformation behavior of both native
and infiltrated silk at the molecular level. From the Raman
spectra and WAXD results of both silks, we were able to learn
that the molecular structure changes upon Al infiltration
presumably occur at the hydrogen-bonding sites, which is likely
to result in covalent bond formation between Al ions and
amino acids and consequential size reductions of the f-sheet
crystals. The observation of Raman shifts with increasing strain
has revealed that not only the strength but also the extensibility
of the silk are dominantly governed by the size of the f-sheet
crystals.
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