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ABSTRACT: Excellent mechanical strength, programmable biodegradation,
optical transparency, and extremely low surface roughness of reconstituted silk
micro- and nanostructures makes them highly attractive for a broad range of
applications in biophotonics, bioresorbable electronics, and targeted drug
delivery. The mechanical behavior of reconstituted silk structures at micro- and
nanometer length scales is not well understood because of the challenges
associated with testing of silk structures at these length scales. In this study, we
demonstrate the fabrication of low-dimensional patterned silk films and silk
micro- and nanopillars and their transfer to stretchable substrates. The silk micro-
and nanostructures exhibited extremely high ductility with large local deformation
(up to ∼230% local strain) and the extent of local deformation before failure was found to be secondary structure-dependent.
The successful transfer of the patterned silk films to stretchable substrates without the use of any organic solvent enabled us to
probe the changes in the secondary structure of silk micro- and nanostructures upon mechanical deformation. Our results
provide novel insight into the structure−function relationship of silk materials, and hold promise for applications in tissue
engineering, controlled drug delivery, and electronic and optical devices.
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Through the process of natural selection, biological systems
have successfully developed a rich variety of structural and

functional materials that exhibit unique mechanical, optical,
magnetic, catalytic, and thermal properties.1−4 Because of their
unique physical, chemical, and biological properties, materials
based on natural proteins have attracted significant interest for
a wide variety of applications.5−7 One such abundantly available
protein polymer is silk fibroin from Bombyx mori silkworm
cocoon, which has been reconstituted and engineered into
different material forms including fibers, tubes, films, particles,
sponges, and gels.8 Silk materials have found broad applications
in tissue engineering, drug delivery, electronic, and optical
devices.6,9−11 The excellent processing ability of silk fibroin has
enabled the fabrication of micro- and nanostructures with high
fidelity to the micro- and nanotemplates.12

Silk fibers are among the strongest natural polymeric
materials with a unique combination of high modulus and
high elongation at failure.13,14 The multidomain structure of the
silk fibroin heavy chain plays a key role in increasing the
toughness of silk fibers to record values. In native silk from
silkworm, Bombyx mori, the presence of GAGAGS, GAGAGY,
GAGAGA, and GAGYGA repeats results in the formation of β-
sheet crystallites, which are dispersed in less-ordered semi-
amorphous matrix. Because of such natural domain/composite

structure, silk materials possess outstanding mechanical proper-
ties, particularly high tensile strength (0.5−3 GPa).15,16 While
native silk fibers are known to exhibit a combination of high
modulus and high elongation to failure (leading to high
toughness), reconstituted silks are rather brittle. It has been
recognized that the mechanical properties of silk materials
strongly depend on their secondary structure.17,18 Silk fibroin in
freshly prepared aqueous solution typically exhibits amorphous
random coil secondary structure and forms silk I, characterized
by crank-shaft conformation. Both amorphous silk and silk I are
water-soluble. However, when subjected to organic solvent
treatment such as methanol, water vapor, heat and/or
mechanical strain, they can crystallize and convert to extremely
stable and water insoluble silk II.19,20 Silk II is characterized by
beta pleated sheet structure stabilized by interchain hydrogen
bonding, showing enhanced elastic modulus and mechanical
strength compared to silk I. The relative content and
distribution of silk II in silk materials play critical roles in
their biodegradability, dielectric, and mechanical properties.21,22

In addition, as demonstrated in other polymeric materials,23
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dimensional and scale effects may also significantly affect the
mechanical performance of silk materials.15,24

The mechanical behavior of reconstituted silk at micro- and
nanometer length scales and the associated conformational
changes have not been investigated. We therefore developed
methods to fabricate low-dimensional silk micro- and
nanostructures in native silk I state, and investigated their
deformation and resultant secondary structure changes under
external mechanical stress. Significantly, the silk micro- and
nanostructures exhibited extremely high (up to 230%) local
deformations, reminiscent of elastoplastic deformation. The
degree of deformation was found to be highly dependent on the
conformation of silk micro- and nanostructures. Changes in the
secondary structure of silk micro- and nanostructures exhibiting
large elastoplastic deformation were probed using micro-Raman
spectroscopy.
To fabricate silk micro- and nanostructures, researchers have

employed various methods including spin-coating and soft
lithography.24−28 The mechanical properties of ultrathin (<100
nm) supported or free-standing silk films obtained by spin-
coating or spin-assisted layer-by-layer (LbL) assembly have
been studied using a variety of methods, such as buckling,
bulging, and surface force spectroscopy.15 The ultrathin films
are often released from solid substrates and transferred to soft
substrates such as poly(dimethylsiloxane) (PDMS) or freely
suspended over holey substrates for compressive or tensile
testing. Soft lithography has been extensively employed to
fabricate silk films with custom-designed patterns such as silk
microprism array for optical applications.29 Here, we employ
soft lithographic techniques to fabricate low-dimensional silk
films with predefined surface patterns. These patterned silk
films were then transferred to soft PDMS substrates with and
without methanol treatment. The ability to transfer silk films
onto these substrates without using any organic solvent enabled
us to investigate the elastoplastic deformation of ultrathin films
in silk I state. Moreover, the surface patterns on silk films

served as micro/nanoscale markers, enabling quantification of
local deformation of silk films under uniaxial stretching. Upon
external tensile stress, the ultrathin silk films and one-
dimensional (1D) nanostructures exhibited large elastoplastic
deformation. Confocal Raman microscopy revealed concom-
itant secondary structure changes in highly deformed regions
(i.e., strain induced conformation transition). The extent of
elastoplastic deformation of silk micro- and nanostructures was
found to be highly dependent on the secondary structure of
silk.
The methods for fabricating surface-patterned silk films and

free-standing silk micro- and nanopillars are illustrated in Figure
1A, B, respectively. PDMS templates with different negative
patterns were obtained by curing PDMS prepolymer and cross-
linking agent at a mass ratio of 8:1 at 80 °C for 3 h (Figures
S1A, B and S2A, C). Subsequently, 10 μL of silk fibroin
solution at a concentration of 5% (m/v) was added to cover the
negative patterns on PDMS template, followed by spin coating
at a speed of 3000 rpm for 30 s. The patterned silk films were
then transferred to soft PDMS substrates before or after
methanol treatment for further studies. The soft PDMS
substrates prepared by curing PDMS prepolymer and cross-
linking agent at a mass ratio of 20:1 at 70 °C for 1 h showed
much stronger adhesion with silk films compared to PDMS
templates, and thus can easily peel off silk films without the use
of any organic solvent. SEM imaging revealed silk films with
micro/nanopatterns replicated with high fidelity (Figure 1C, D
and Figure S2B, D and Table S1). For example, the width of
the silk stripes (∼760 nm) in the stripe patterned silk film is
remarkably close to that of the grooves in the corresponding
PDMS template.
Silk micro- and nanopillars were fabricated using two

different templates (Figure S1C, D). Silk micropillars were
obtained using PDMS templates with microholes molded from
grown ZnO microwires on silicon substrate.30 Silk fibroin
solution was casted and dried on the PDMS template at room

Figure 1. (A) Schematic illustration showing the fabrication of silk thin films. Silk fibroin solution was first spin coated and dried on PDMS template
to form patterned silk films, which were then transferred to soft and tacky PDMS substrates. (B) Schematic illustration showing the fabrication of silk
micro- and nanopillars. Silk fibroin solution was cast and dried on PDMS template with microholes or polycarbonate track etch membrane, which
were peeled off to result in free-standing silk micro- and nanopillars. Representative SEM images of (C) stripe patterned silk film, (D) grid patterned
silk film, (E) free-standing silk micropillars and (F) free-standing silk nanotubes.
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temperature, and manually peeled off with tweezers to obtain
free-standing silk micropillars (Figure 1E). To fabricate free-
standing silk nanotubes, we employed polycarbonate track-
etched (PCTE) membrane with 800 nm diameter pores as
template. Silk hollow nanopillars (i.e., silk nanotubes) were
fabricated by applying a wetting template method,31 in which
the wall thickness of the hollow nanopillars can be easily
controlled by adjusting the concentration of silk fibroin solution
(Figure 1F).
To investigate the mechanical behavior of patterned silk

films, we stretched soft PDMS substrates uniaxially to induce
deformation in the silk film. The stripes on silk films clearly
showed necking-like behavior under stretching (Figure 2A).

Although necking was also observed in the continuous silk film
below the stripes (surface relief structures), the silk stripes
made the neck-like local deformation clearly visible (Figure 2B,
C). Local extension ratio was calculated from the stretched grid
patterned silk films, which revealed a local ultimate strain of
230% (Figure 2D). The ductile or elastoplastic behavior of
patterned silk films was further studied in silk micro- and
nanopillars by stretching 1D micro- and nanostructures using
solid adhesive by gentle contact followed by slow peeling. This
tape peeling test results in a complex interplay of forces,
revealing the mechanical response of silk structures in a wide
variety of deformational modes. While the initial contact with
the adhesive tape results in axial and radial compression of the

Figure 2. (A) SEM image of stretched silk film with stripe pattern. (B) AFM height image of stretched stripe patterned silk film. (C) Height profile
along the indicated arrows in B. SEM image of (D) stretched grid patterned silk film, (E) deformed silk micropillars, and (F) deformed silk
nanotubes.

Figure 3. (A) Dark-field image of stretched stripe-patterned silk film. The star symbols indicate the regions where Raman spectra were collected. (B)
Raman spectra of silk stripes from undeformed (black) and necked (red) regions. Zoom-in of the amide III Raman band from (C) undeformed and
(D) necked regions with deconvoluted peaks.
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micro- and nanostructures, the peel off process results in a
complex tensile and shear deformation in the 1D nanostruc-
tures. High ductility was observed for both silk micropillars and
hollow nanopillars as shown separately in Figure 2E, F. Such
high ductility has never been reported for dried silk materials.
Polymeric materials are known to exhibit length scale-
dependent mechanical behavior such as large ductility in low-
dimensional structures.23 Similar phenomenon might be at play
for silk micro- and nanostructures studied here. The possible
reason for such length-scale dependent mechanical properties is
the enhanced polymer chain mobility at the surface due to the
significantly lower entanglement density at the surface
compared to the bulk. However, a more detailed study focused
on the thermomechanical properties (e.g., depression in glass
transition temperature) of silk films with different thickness can
provide more insight into the mechanistic aspects of the length
scale-dependent mechanical behavior.
Stripe patterned silk films were further investigated to study

the effects of mechanical deformation on secondary structure
changes in silk films (Figure 3). Different methods including
Fourier transform infrared spectroscopy (FTIR),21 nuclear
magnetic resonance (NMR),32 X-ray diffraction (XRD),33 and
circular dichroism,34 have been explored to probe the
conformational changes of silk materials. These methods either
require a large quantity of samples or do not provide sufficient
spatial resolution to probe the local secondary structure of
deformed micro- and nanostructures. Owing to its rich
conformational specificity and excellent spatial resolution, we
employed micro-Raman spectroscopy to monitor the changes
in the secondary structure of silk.35 Noting that Raman bands
of PDMS partially overlap with those of silk, silk films having
surface patterns were transferred to micropatterned soft PDMS
substrates. Taking advantage of the confocality of the micro-

Raman system employed in our study and acquiring the Raman
spectra from receding portions of micropatterned PDMS (i.e.,
from freely suspended regions), we managed to greatly reduce
the background signals from PDMS substrate. We investigated
deformation-induced changes in the secondary structure of silk
by obtaining Raman spectra from deformed (i.e., necked) and
undeformed regions of stripe patterns (Figure 3A). Raman
spectra in the range of 800−1800 cm−1 from both deformed
and undeformed regions exhibited characteristic bands
corresponding to silk protein (Figure 3B).35,36 The assignment
of the major bands observed in the spectra is provided in the
Table S2. The Raman spectra showed intense bands in
conformation-sensitive amide I (1660 cm−1) and amide III
regions (∼1230−1275 cm−1). The amide III region comprises a
number of bands including the dominant C−N−H in-plane
bending and C−N stretching modes, and is known to be
sensitive to changes in silk secondary structure.12,37

To uncover secondary structure changes in deformed silk
stripes, we deconvoluted the Raman spectrum in amide III
region of Figure 3B into five Gaussian peaks (Figure 3C,D). In
the undeformed regions, the most intense band was found to be
at 1264 cm−1, which corresponds to random coil and α-helical
secondary structures of silk chains (Figure 3C). On the other
hand, in the necked regions, the most intense peak occurred at
1231 cm−1, indicative of antiparallel β-sheet structures (Figure
3D). Furthermore, the amide I peak at 1660 cm−1,
corresponding to CO stretching, was found to be sharper.12

Although the spin-coating process may induce a change in the
secondary structure silk (from silk I to silk II), this transition is
confined to the thin interfacial regions (<5 nm at substrate−
film interface).15 Such transition from silk I to silk II has been
successfully employed to fabricate silk-on-silk ultrathin films,
microcapsules and interfacial coatings using spin-assisted layer-

Figure 4. (A) Raman spectra of grid patterned silk films treated with methanol vapor for different durations. The Raman spectra of grid patterned
silk film treated with methanol solution for 30 min is included. (B) Plot of the dominant Raman band position in amide III region as a function of
methanol vapor treatment time. The corresponding band position of grid patterned silk film treated with methanol solution for 30 min is included
(red symbol). (C) SEM image of stretched grid patterned silk treated with methanol vapor for 18 h. (D) Local ultimate strain of the grid patterned
silk films treated with methanol vapor for different durations. The local ultimate strain in grid patterned silk film treated with methanol solution for
30 min is included (red symbol). Error bars in D are standard deviation with n ≥ 5.
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by-layer assembly.15 Beyond the substrate−film interfacial
region, the spin-coated film exhibits primarily silk I structure
as evidenced by the Raman spectra of undeformed stripe
segments, which are rich in random coil and α-helical
secondary structures (Figure 3C). However, Figure 3D showed
that the locally necked stripe segments were dominated by silk
II, suggesting that the transition of silk secondary structures
from silk I to silk II occurred indeed during stretching.
Strain-induced molecular chain orientation38 and conforma-

tion37 changes have been reported by stretching bulk
regenerated silk films and concentrated silk dope solution,
respectively. However, our work demonstrates a strain-induced
conformation change in dried reconstituted silk fibroin, ruling
out the contribution of dehydration on conformation transition
during stretching. Moreover, it is also the first demonstration of
strain-induced conformation transition of reconstituted silk
fibroin at the microscale, confirmed using micro-Raman
spectroscopy. To further understand the relationship between
elastoplastic deformation of reconstituted silk fibroin and their
secondary structures, we uniaxially stretched grid patterned silk
films treated with methanol vapor for different durations. The
down shift of Raman band from 1260 to 1230 cm−1

unambiguously indicated the transformation from silk I to
silk II (Figure 4A). The extent of such transition depended
upon the duration of methanol vapor treatment, with most of
the transition occurring between 75−180 min (Figure 4B).
Stretching tests showed that the ductility of grid patterned silk
films decreased after methanol treatment (Figure 4C and
Figure S3). The local ultimate strain of the ligaments decreased
to 45% for films treated with methanol vapor for 3 h (Figure
4D). Although this ultimate strain is significantly lower
compared to that observed in untreated films (exhibiting
∼230% local strain), it is still significantly higher than those of
most bulk fibrous materials.15,39 The reduction in the ductility
of silk films is consistent with the increase in the β-sheet
content of silk films, revealing the important role of secondary
structures on silk elastoplastic deformation (Figure 4B, D). It
has been reported that the elastic modulus of silk materials
increases with increasing silk II content.6 Our results indicate
that the transition from silk I to silk II state, which may result in
an increase in elastic modulus, is accompanied by decreasing
(local) ductility. The limitations of current study include: First,
we are not able to quantify the mechanical load applied to silk
micro- and nanostructures (e.g., silk micropillars), so the study
does not provide insight into quantitative stress−strain
behavior of the micro- and nanostructures. Second, advanced
measurements such as nano-IR may provide additional insight
into the changes in the secondary structure of silk micro- and
nanostructures upon deformation.
In summary, we have demonstrated facile methods to

fabricate low-dimensional patterned silk films and silk micro-
and nanopillars. The successful transfer of the patterned silk
films to stretchable substrates without using any organic solvent
enabled us to investigate the relationship between their
secondary structures and mechanical properties starting with
native conformation. These low-dimensional silk materials
showed extremely high local ductility that critically depended
on the secondary structures. Strain induced conformation
transition was observed in dry reconstituted silk materials at the
micro and nanoscale. These results may provide insights into
structure−function relationship of silk materials at micro and
nanoscale, and hold promise for applications in tissue
engineering, controlled drug delivery and release, and electronic

and optical devices. The elastoplastic deformation and length-
scale dependent mechanical properties of silk fibroin can be
harnessed to overcome the brittle nature of reconstituted silk
structures through careful design of the load bearing elements.

■ EXPERIMENTAL SECTION
Fabrication of Silk Micro- and Nanostructrues. PDMS

templates with relief patterns were prepared by curing PDMS
prepolymer and cross-linking agent (Dow Corning Sylgard 184
Silicone Elastomer Kit) at a mass ratio of 8:1 at 80 °C for 3 h on
microfabricated silicon masters. PDMS template with microholes for
fabricating silk micropillars was molded from grown ZnO microwires
on silicon substrate using Au as a seed layer.30 PCTE membrane with
average pore diameter of 800 nm (Sterlitech, Inc.) was used for
fabricating silk nanotubes. Silk fibroin was reconstituted from Bombyx
mori silkworm cocoon according to a reported protocol.8 The
degumming time was controlled to be 30 min. The final concentration
of silk fibroin was measured to be 5% (w/v). To fabricate patterned
silk films, we added 10 μL of silk fibroin solution onto the surface of
PDMS templates and spun (model WS-400, Laurell Technologies
Corporation) at 3000 rpm for 30 s. A tacky PDMS substrate was then
gently attached to the silk covered PDMS template and then separated
to transfer the patterned silk films. To obtain grid patterned silk films
with different contents of secondary structures, silk films were treated
with saturated methanol vapor for 30, 75, 180, and 1080 min, before
transferring them to tacky PDMS substrates. To prepare silk micro-
and nanopillars, 10 μL of silk fibroin solution was cast onto PDMS
template with microholes or PCTE membrane and dried at room
temperature for 3 h. Silk film with micropillars was separated from the
PDMS templates using tweezers. PCTE membrane was removed by
dissolving the membrane with dichloromethane (Sigma-Aldrich).

Mechanical Testing and Characterization of Silk Micro- and
Nanostructures. Stretching of surface patterned silk films was
achieved by manually stretching the soft PDMS substrate. The
stretched samples were held on a small piece of glass slide (∼1 × 2
cm) with adhesive tape for further characterization. Silk micro- and
nanopillars were deformed by applying an adhesive tape to adhere and
stretch their free ends by peeling. Scanning electron microscope
(SEM) images were obtained using a FEI Nova 2300 field emission
SEM at an acceleration voltage of 10 kV. The samples were sputter
coated with a 4−8 nm thick Au layer before SEM imaging. ImageJ
(Version 1.48) was used to analyze the SEM images. The local
ultimate strain of the stretched grid patterned silk films was calculated
as ε = (L1 + L2 − L0)/L0 × 100%. L0, L1, and L2 indicate the length of
the corresponding deformed structures as indicated in Figure S4.
Atomic force microscopy (AFM, Bruker Dimension 3000) was used to
image deformed stripe patterned silk film in light tapping mode.
Triangular Si cantilevers with tip radius less than 10 nm (MikroMasch)
were employed for AFM imaging. WSxM software (version 3.1) was
used to measure thickness changes of silk stripes and silk films at the
necked regions.

Raman Spectroscopy Characterization of the Secondary
Structures. To obtain Raman spectra of silk and reduce the
background signal of PDMS substrate, patterned silk films were
transferred to soft PDMS substrate with ∼50 μm diameter ×50 μm
height holding holes on the surface. Raman spectra of the suspended
silk patterns above the holes were obtained with Renishaw inVia
confocal Raman Spectrometer mounted on a Leica microscope (Leica
DM LM) with 100× objective (NA = 0.85) at an excitation
wavelength of 514 nm (Ar laser). Each spectrum was obtained with
one accumulation and 60 s exposure time. At least 5 spectra for each
sample were collected and averaged to increase signal-to-noise ratio.
To subtract the PDMS background, the Raman spectra of silk and
PDMS were obtained and it was found that PDMS has an intense
characteristic band around 771 cm−1, whereas silk does not show any
Raman band at that frequency, see Figure S5A (the intense peak
around 970 cm−1 corresponds to silicon substrate). So 771 cm−1 was
used as the reference peak. Both Raman spectra of PDMS well (I) and
silk patterns suspended over the PDMS well (I′) were normalized
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corresponding to the intensity at 771 cm−1, Figure S5B. The PDMS
background was subtracted by performing I′/I′771 − I/I771, Figure S5C.
Identical procedure was employed for spectra obtained before and
after deformation of the silk patterns. Gaussian function was used for
peak deconvolution, which was performed in OriginPro 8.6 (Origin-
Lab Corp.).
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