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ABSTRACT: Recombinant spider silk proteins mimicking the
properties of dragline silk proteins represent a class of materials
that hold great potential for future high-performance applications.
Here we explore the self-assembly behavior of a recombinantly
produced spider silk protein based on the dragline silk of the
Araneus diadematus, eADF4 (C16), by selectively patterning its
secondary structure using capillary transfer lithography and
solvent-assisted microcontact molding. Two conformational
transitions were observed, inﬂuenced by initial solvent composition: α-helix/random coil conformation to a more densely packed
β-sheet conformation (by casting from 1,1,1,3,3,3-hexaﬂuoropropanol) and moderate initial β-sheet content to higher β-sheet content (casting from formic acid). Furthermore, by using the
solvent-assisted microcontact molding technique, we were able to achieve a submicrometer spatial resolution and reveal ﬁne
details of morphological and mechanical changes in patterned regions and at interfaces.

■

INTRODUCTION

Of the diﬀerent types of silk, the most abundant, and one of
the most heavily studied, is that of the domesticated silk worm,
Bombyx mori, often referred to as silk ﬁbroin (SF). SF is
composed of two proteins: a heavy chain (350 kDa) and a light
chain (25 kDa), which are linked via a disulﬁde bond. SF is
composed of over 70% glycine and alanine and has repetitive
(GAGAGS) motifs, which are responsible for the formation of
β-sheet structures. Once processed into an aqueous solution,
SF exists in a much more dilute state (less than 10 wt %) in
comparison to that found naturally in the silk glands, and its
secondary structure takes on a mostly silk I/random coil
conformation with helical and β-sheet structures also occurring
in relatively low amounts.26−28 This random coil state is
considered to be highly metastable and can be transformed to
the denser, more ordered silk II/β-sheet state upon exposure to
external stimuli including thermal energy, lyotropic salts,
mechanical strain, or methanol vapor.27
Recently, we have shown that the SF secondary structure,
and therefore its mechanical and chemical properties, can be
spatially patterned by facile microcontact printing and selective
vapor treatment.29 Brieﬂy, a silk ﬁlm approximately 100 nm
thick was cast onto a silicon substrate via spin-assisted selfassembly. By creating a sacriﬁcial polystyrene (PS) mask using

Silk has received much attention in recent years as a promising
high-performance, multifunctional material for nanocomposite
ﬁlms, biosensing applications, controlled drug delivery, and
tissue engineering, among others.1−3 The interest in silk stems
from its unique mechanical and viscoelastic properties, having
an excellent combination of high strength and high
extensibility, as well as its good biocompatibility and
mechanical integrity in vivo.4−21
Such desirable properties are a result of the proteinaceous
nature of the silk molecules.1−6,22 In general, the majority of
silks contain a large amount of glycine and alanine residues,
with some varying amounts of serine, tyrosine, and proline,
among others. Each silk molecule is composed of a highly
repetitive core sequence of alternating hydrophobic and
hydrophilic sequences (comprised of several residues) ﬂanked
by nonrepetitive C- and N-termini. Prior to spinning, silk is
stored in the gland in very high concentrations: up to 50 w/v
%.14,23 During spinning, water is removed from the spinning
dope as the material is mechanically drawn from the spinneret,
inducing protein folding into antiparallel hydrogen-bonded βsheet crystallites.14,24 The result of the silk composition and the
complex spinning mechanism employed by the silk-producing
organism is a multiphase ﬁbrous material having nanometerdimension crystallites providing stiﬀness dispersed in an
amorphous matrix, which allows for a viscoelastic response.1,25
© 2012 American Chemical Society
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Scheme 1. Representation of the CTL Patterning Technique and the SAMIM Patterning Technique

to utilize secondary structure transformations from a random
coil/α-helical state to a β-sheet state in recombinant spider silk
proteins for controlled patterning of materials properties with
high spatial resolution in thin ﬁlms have not been reported to
date.
Here, we demonstrate high-resolution patterning of the
secondary structure in C16 cast from diﬀerent solvents: HFIP
(induces initial α-helix content) and formic acid (FA; induces
initial β-sheet content). We also exploit a patterning technique
that allows for smaller pattern feature sizes, reduced from a 1
μm limit reported in our previous study29 to a sub-micrometer
scale (speciﬁcally, about 300 nm). Precise spatial control over
the secondary structure of protein ﬁlms with high precision,
and therefore their chemical and mechanical properties,
provides a starting point for the development of many practical
biotechnology approaches, including selective cell growth
scaﬀolds, robust and tough nanocomposites, and sensing
devices among others.

the capillary transfer lithography technique (see the Experimental Section), these two diﬀerent conformational states
could be reliably patterned with feature sizes down to roughly 1
μm. The conformational patterns were conﬁrmed using
confocal Raman microscopy,29,30 and atomic force microscopy
(AFM) topographic images revealed a distinct diﬀerence in
surface morphology between the two regions, with the masked
regions (i.e., the unexposed regions with a predominantly
random coil conformation) showing very smooth morphology,
while the exposed regions containing a signiﬁcantly higher βsheet concentration displayed a characteristically grainy
morphology. Also of note were deep, sharp trenches at the
interfacial region between the two areas.29
It is widely accepted that, in nature, the mechanical
properties of dragline silks from orb-web-weaving spiders are
superior to the silk from the cocoon of B. mori. However, due
to the predatory, and sometimes cannibalistic, nature of spiders
and the low yields of silk that could potentially be harvested
from a spider web, natural spider silks do not represent a
commercially viable option for engineered silk materials in
larger quantities; thus there has been a strong eﬀort to develop
biotechnologically produced synthetic proteins that mimic
dragline silk.1,14,15,31−33
One such eﬀort, undertaken by Scheibel’s group, has resulted
in the development of so-called C16, which is derived from the
dragline silk protein ADF-4 from the European garden spider,
Araneus diadematus.34 C16 is recombinantly produced in
Escherichia coli, and has the chemical structure
(GSSAAAAAAAASGPGGYGPENQGPGGYGPGGP)16.31,34
C16, like many natural dragline silk proteins, consists primarily
of glycine and alanine residues, with (A)n (n = 8 for C16, n =
4−12 for natural dragline silk molecules) stretches serving as
the primary crystallizable motif.32,34,35 C16 can be easily
processed from solution, allowing the formation of complex
morphologies, such as hydrogels, microspheres, microcapsules,
and thin ﬁlms.13,34 The secondary structure of C16 can be
inﬂuenced by the solvent in which it is dissolved. Fluorinated
solvents such as 1,1,1,3,3,3-hexaﬂuoro-propanol (HFIP) are
known to promote α-helical formation in denatured proteins,36
and this is indeed the case for C16 dissolved in HFIP. Attempts

■

EXPERIMENTAL SECTION

Sample Preparation. The recombinant spider silk protein eADF4
(C16) was produced and puriﬁed as described previously.34 Brieﬂy,
transformed cells (E. coli strain HMS174[DE3]) were grown at 37 °C
in LB medium to an OD600 of 0.5. Before induction with 1 mM
isopropyl-ß-D-thiogalactosid (IPTG), cells were shifted to 25 °C. Cells
were harvested after 3−4 h of induction. After cell disruption and
removal of cell debris, the supernatant was incubated at 70 °C to
precipitate bacterial proteins, followed by an ammonium sulfate
precipitation to precipitate eADF4 (C16), which was stored after
lyophilization.
C16 solutions (2 mg/mL) were prepared by gentle shaking
overnight in either FA (85%) or HFIP (99%). Silicon wafers were
cleaned in piranha solution (3:1 mixture H2SO4:H2O2) for 1 h and
subsequently rinsed thoroughly with 18.2 Ω·cm resistivity Nanopure
water, obtained from a Barnstead Nanopure system. 50−70 nm thin
C16 ﬁlms were fabricated by spin-coating onto the clean silicon
substrates at 3000 rpm. It is worth noting that the solvents do have the
ability to degrade the protein, but only after many days.37 There are
many examples in the literature of silk solutions cast from both FA and
HFIP.38−41 Here, only small amounts of solution were made (1 mL at
a time), and the ﬁlms were cast typically the day after dissolution, and
a fresh solution was made for each casting.
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To pattern the C16 ﬁlms, two methods were used: capillary transfer
lithography (CTL)42 and solvent-assisted microcontact molding
(SAMIM) (both shown in Scheme 1).43,44 For CTL, a poly(dimethylsiloxane) (PDMS) substrate was swollen by sonication in
toluene for 2 min. PS solution was then applied to the PDMS substrate
(PS, 2 w/v% in toluene, 200 kDa MW) and spin-cast at 3000 rpm,
resulting in a ﬁlm with a thickness of approximately 150 nm. A
patterned PDMS mold was then brought into conformal contact with
the PS ﬁlm on the PDMS substrate, and pressure was applied for 1
min, causing the PS to become entrapped in the recessed regions of
the mold. The PDMS mold and entrapped PS pattern were then
slowly removed from the substrate and immediately transferred onto
the spin-coated C16 ﬁlms by application of pressure for 1 min. During
the application of pressure, the PS adheres onto the C16 ﬁlm such
that, upon removal of the PDMS mold, the PS pattern remains on the
surface of the C16 ﬁlm.
To produce a true chemical pattern via the SAMIM technique, 0.2
w/v% PS was spin-coated at 3000 rpm onto a C16 ﬁlm, resulting in a
PS ﬁlm with a thickness of 6 nm, as measured by AFM scratch tests
and conﬁrmed via ellipsometry. A small droplet of toluene was placed
on a patterned PDMS mold, and this was brought into conformal
contact with the 6 nm PS ﬁlm, with the only applied pressure being a
result of the weight of the PDMS mold. The mold was allowed to
stand for 45−60 min to ensure that all toluene had completely
evaporated and then removed, leaving behind a patterned PS region
on the surface of the C16 ﬁlm.
To induce protein conformational changes, the masked C16 ﬁlms
were exposed to MeOH vapor. MeOH vapor was formed by placing
MeOH in a glass Petri dish and then heating to 40 °C on a hot plate.
The masked ﬁlms were then suspended above the liquid and exposed
to the vapor for roughly 20 s, changing the protein conformation in
the unmasked areas. After drying with nitrogen and allowing to stand
in ambient conditions for several minutes, the PS mask was removed
by immersing in toluene for approximately 5−10 s, leaving a protein
ﬁlm having a spatially patterned secondary structure. Residual toluene
was removed, and the patterned C16 ﬁlms were dried with nitrogen.
Characterization. AFM measurements were made on a Bruker
Icon microscope using peak force tapping (PFT) mode.45 In PFT
mode, a set point force (typically a few nanoNewtons) is established
by the user such that the sample is deformed by approximately 2−5
nm and the cantilever deﬂection versus z-position in retracing mode is
monitored and analyzed in real time, using the Derjaguin−Muller−
Toporov (DMT)46 model of elastic contact to determine the apparent
elastic modulus with a lateral resolution that is comparable to the tip
radius (below 10 nm) and the stress ﬁeld beneath the sample surface
induced by applied pressure from the tip. Although the absolute values
of the apparent elastic moduli measured here can be signiﬁcantly
aﬀected by a combination of plastic deformation, adhesive interactions,
and relaxation processes, the “instant” distribution of relative values
reﬂect the surface distribution of the local mechanical properties.47
Other mechanical properties that are evaluated in real time are the
adhesive forces and energy dissipation. PFT modulus measurements
were made with Bruker’s RTESPA cantilevers, which have a tip radius
of approximately 10 nm and typical spring constant values ranging
from 20 to 30 N/m. To enhance the adhesive interactions between the
AFM tip and the patterned C16 ﬁlms, Bruker’s ScanAsyst tips were
used, which have spring constants that typically range from 0.4 to 0.7
N/m. It should be noted that the height images presented in this paper
were obtained using the ScanAsyst tips with low spring constant (0.4
N/m). The silk ﬁlms are generally very stiﬀ under these conditions;
adhesive forces alone would produce negligible eﬀects on the height
measurements.
Silk secondary structure was monitored via FTIR using a Bruker
Vertex 70 FTIR Spectrometer with a Harrick Twin Parallel Mirror
Reﬂectance Attachment.18 Silk ﬁlms were cast onto a silicon
multireﬂection crystal, and ATR-FTIR absorbance spectra were
taken at a resolution of 1 cm−1 both before and after exposure to
methanol to conﬁrm conformational changes. The sample chamber
was purged with nitrogen for several hours before measurements were
taken, and spectra were compensated for atmospheric water and

carbon dioxide using the atmospheric compensation function in OPUS
version 6 Spectroscopy Software.

■

RESULTS/DISCUSSION
After spin-casting, the surface morphology of the C16 ﬁlms was
investigated using AFM (Figure 1). Topographic images for

Figure 1. AFM images showing the morphology of C16 ﬁlms cast
from HFIP (A), cast from HFIP and then exposed to MeOH vapor
(B), cast from FA (C), and cast from FA and exposed to MeOH vapor
(D). Z scales: 10 nm (A,B), 4 nm (C,D).

C16 cast from HFIP show a multi scale structure (Figure
1A,B). On the microscale, a wavy morphology is observed
uniformly across the entire ﬁlm. On the nanoscale, the ﬁlm is
smooth with a uniform distribution of pinholes formed as a
result of inhomogeneous solvent evaporation. Because of the
dimensions of the AFM tip and the ﬁlm, we were not able to
absolutely conﬁrm whether the pinholes protruded all the way
through the ﬁlm. After exposure to MeOH vapor, resulting in
increasing β-sheet content, a vast majority of the pinholes
disappeared, while the remaining ones seemed to have some
material removed in the area immediately surrounding them
(resembling a “strip-mine” or “surface-mine”). There was an
apparent increase in surface roughness and the addition of
nanometer-sized bumps; however, the characteristic grainy
morphology was not observed in this case. C16 ﬁlms cast from
FA show a similar morphology to that of regenerated SF
(Figure 1C,D), with a very smooth surface having occasional
nanometer-sized bumps which are very sparsely distributed.
Upon exposure to MeOH vapor, the ﬁlm showed increased
surface microroughness and took on the typical grainy
microstructure often seen in silk ﬁlms.
The planar C16 ﬁlms were also studied via ATR-FTIR both
before and after MeOH vapor exposure to conﬁrm that a
conformational transition had taken place. Brieﬂy, each solution
was cast onto a multireﬂection ATR crystal, and 100 FTIR
spectra were taken, coadded, and averaged, and the amide I
band (1600−1720 cm−1) was monitored. A characteristic peak
shift was observed, indicating signiﬁcant changes in the
secondary structure of the protein ﬁlm (Figure 2).30,48
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The thickness of the cast ﬁlms was observed and recorded
using the AFM scratch test,40 and these results were conﬁrmed
via ellipsometry. Figure 3 shows the AFM height images
superimposed with a representative cross-sectional proﬁle
constructed by averaging 20 horizontal lines obtained from
the image. Because the micrometer-scale waviness in the ﬁlms
cast from HFIP hinders easy visualization of average ﬁlm
thickness, height distributions were also taken and ﬁtted with
Gaussian curves to determine the average ﬁlm thickness. C16
ﬁlms cast from HFIP were observed to have an average as-cast
thickness of 61 nm (A,C) and a MeOH-treated thickness of 53
nm (B,D), representing a 13% decrease in ﬁlm volume. This is
a result of the β-sheet crystallites being in a denser
conformation than the α-helical or random coil structures.
Also, a volume reduction should be expected because the
pinholes, which were originally present, have been “ﬁlled in”
due to molecular rearrangements. This volume reduction seems
to have an adverse eﬀect on the morphology of patterned ﬁlms,
resulting in a signiﬁcant amount of ﬁlm tearing (as discussed
below). Here, the porous structure and the aforementioned
wavy-like structure are readily apparent in the signiﬁcant
broadening of the ﬁlm peaks located at 53 and 61 nm.
Also seen in Figure 3 are the AFM height images and the
height distributions from scratched C16 ﬁlms cast from FA.

Figure 2. ATR-FTIR spectra of C16 cast from HFIP: as-cast (A) and
after methanol treatment (B). ATR-FTIR spectra of C16 cast from
FA: as-cast (C) and after methanol treatment (D). Bars above each
spectrum represent the approximate position of the absorbance bands
for each structural feature.

Figure 3. Height images of scratch tests performed on C16 cast from HFIP (A) and exposed to methanol (B), and height distribution proﬁles of
C16 cast from HFIP (C) and exposed to methanol (D). Height images of scratch tests performed on C16 cast from FA (E) and exposed to
methanol (F), and height distribution proﬁles of C16 cast from FA (G) and exposed to methanol (H). Superimposed over the AFM height maps are
representative cross sections produced by averaging 20 horizontal scan lines in the image. Z scale: 150 nm.
3192
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Figure 4. AFM topographical images of patterned C16 cast from HFIP: (A,B) line pattern with a 10 μm periodicity, (C,D) square pattern with
dimensions of approximately 1.5 μm × 1.5 μm. Z scale: 60 nm. AFM topographical images of patterned C16 cast from FA: (E,F) Line pattern with a
10 μm periodicity, (G,H) square pattern with dimensions of approximately 1.5 μm × 1.5 μm. Blue arrows indicate where the interconnecting PS
struts existed on the original mask. Z scale: 40 nm.

Here, the distribution peaks are sharp, representing a very ﬂat,
uniform ﬁlm with no secondary wavy morphology. The
observed thickness of the as-cast ﬁlm was 52 nm (E,G) while
the treated ﬁlm appeared to have a thickness of 51 nm (F,H),
suggesting very little volumetric change during secondary
structure transformations. This is expected, however, since the
secondary structure initially present in the as-cast ﬁlm
contained some β-sheet content, and the methanol treatment
simply increased the β-sheet content.
Figure 4 shows patterned C16 ﬁlms cast from HFIP (A−D)
and FA (E−H). The patterned regions are formed when a
solvent-induced conformational transition occurs in the regions
that are not blocked by the PS mask that was deposited via
CTL or SAMIM prior to solvent treatment. Therefore, periodic
patterns are created in which the secondary structure of C16
proteins in the masked regions is either in an α-helical/random
coil conformation (HFIP) or has low initial β-sheet content
(FA), while the unmasked regions take on an enhanced β-sheet
conformation. Figure 4A,B,E,F shows a line pattern with a 10
μm periodicity fabricated via CTL, with red arrows indicating
the areas that have undergone transformation. We expect that
these regions have undergone transformation because the line
pattern periodicity is asymmetric. That is to say, the PDMS
mold was cast from a master, which was a silicon wafer with 3
μm-wide rectangular trenches micromachined into it to a
uniform depth of approximately 1.5 μm, each separated by a
distance of 7 μm. Curing PDMS over such a master would
result in the reverse, or negative, of this pattern, and ﬁnally
employing the CTL process as described above would result in
7 μm PS lines separated by a distance of 3 μm.
Figure 4C,D,G,H shows a square lattice pattern with
dimensions of approximately 1.5 μm × 1.5 μm with red arrows
pointing to what is the transformed region. The square pattern
produced by CTL is unambiguous, facilitating the recognition

of the transformed and untransformed regions. In this case, the
transferred PS pattern has square structures, typically around 1
μm in height, which are interconnected at their corners via 400
nm diameter struts. The areas where these struts were located
on the PS during MeOH exposure are easily visible in Figure 4.
Readily apparent in the patterned C16 ﬁlms is the large
amount of tearing in the untransformed, or masked, regions. In
our recent study with SF, the only observed tearing occurred at
the interfacial area between the transformed and untransformed
regions. This was postulated to be due to the as-cast ﬁlm being
held ﬁrmly in place by the PS mask and the silicon substrate,
while the unmasked regions experienced a decrease in volume
as a result of the formation of β-sheet crystallites, which are
denser than the random coil structure of the masked areas.
Ultimately, the silk II regions with microscopic lateral
dimensions pull away from the masked random coil regions
forming the trench, which had a width that was less than 100
nm.29 Facilitating this phenomenon is the fact that the
denatured SF occurring in regenerated aqueous solutions is
not monodisperse, as it is formed from two diﬀerent proteins.
C16, on the other hand, is a puriﬁed, monodisperse protein,34
and hence the interfacial region between the masked and
unmasked regions is stronger, causing stresses to be distributed
over a larger area rather than right at the interface. Such a
redistribution results in the absence of the sharp and deep
trenches that were observed earlier for SF ﬁlms.29
Close inspection of Figure 4A,B reveals tearing that is
oriented primarily in the x-direction (from left to right in the
image). These tears show widths that range from approximately
90 nm up to 125 nm. In comparison, the pinholes observed in
the as-cast ﬁlm (Figure 1) have diameters that range from 225
to 250 nm. This suggests that, upon transformation, stress
buildup from the volume decrease associated with the transition
from α-helical/random coil conformation to β-sheet con3193
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Figure 5. C16 cast from HFIP patterned with a square lattice. (A) Topography, (B) adhesion map, (C) modulus map. Representative cross sections:
height (D), adhesion (E), and modulus (F). Histograms depicting the distribution of adhesion (G) and modulus (H) overlaid with Gaussian ﬁts. Z
scales: 70 nm, 75 nN, 5 GPa.

site to segregate to, facilitating the formation of β-sheet
structures during stretching.
Therefore, it is entirely possible that the raised region has
undergone a shear-induced transformation. Supporting this is
adhesion mapping of this pattern, which revealed a slightly
lower adhesive interaction with the hydrophilic AFM tip in the
raised regions around the tear and at the bottom of the tear
than with the ﬂat, untransformed regions between the tear and
the transformed regions (discussed below).
Not surprisingly, the tearing observed for the line patterns
for C16 cast from FA (Figure 4E,F) is far less signiﬁcant than
that observed for ﬁlms cast from HFIP. This comes as a result
of the inclusion of initial β-sheet content, serving to stiﬀen the
ﬁlm and increasing its resistance to deformation. Additionally,
the transformation here primarily involves an increase in βsheet content, rather than α-helix to β-sheet conformational
transition, such that the volume change is far less than that
observed in ﬁlms cast from HFIP, applying a lower stress to the
masked regions upon post-treatment. The cracks on the
untransformed regions on this ﬁlm appear to be mostly to one
side, likely due to a MeOH exposure gradient during posttreatment occurring when the ﬁlms are lowered to the Petri
dish containing liquid MeOH at a slight angle. It should be
noted that the evenly distributed tearing observed in ﬁlms cast
from HFIP does not necessarily mean that they were exposed
completely uniformly, but rather points to the enhanced

formation causes these pinholes to be strained in the direction
of stress (perpendicular to the lines), possibly causing multiple
strained pinholes to intersect and combine. It is interesting that
many of these tears are oriented primarily horizontally because
materials typically fail in a direction perpendicular to applied
stress49 (in the direction of the lines and down into the ﬁlm
thickness), possibly indicating increased plasticity in the
untreated regions. Indeed, such increased plasticity in C16
ﬁlms cast from HFIP has previously been noted. This behavior
is attributable to a lower content of stiﬀ β-sheets, and the
unraveling and extension of protein chains after hydrogen
bonds in the amorphous regions are broken upon stretching.50
In contrast to the line pattern, the square pattern shows one
large tear (Figure 4C,D). The key diﬀerence here is the
application of biaxial stress, possibly resulting in a massive
buildup of strained pinholes that ultimately deform into one
large hole. Also of note is the raised region that appears around
the rim of these holes, which we suspect may contain a
signiﬁcant β-sheet content. While it has previously been
observed in C16 ﬁlms that the inﬂuence of residual HFIP
molecules hindered the formation of β-sheet structures on
stretching,46 the spin-casting process could have resulted in a
gradient of residual HFIP molecules trapped in the ﬁlm.
Additionally, at the surface is the presence of the hydrophobic
PS mask, which would give hydrophobic β-sheet structures a
3194
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Figure 6. C16 cast from FA patterned with a square lattice. (A) Topography, (B) adhesion map, (C) modulus map. Representative cross sections:
height (D), adhesion (E), and modulus (F). Histograms depicting the distribution of adhesion (G) and modulus (H) overlaid with Gaussian ﬁts. Z
scales: 50 nm, 20 nN, 15 GPa.

when the MeOH vapor penetrates the ﬁlm thickness swelling
occurs, allowing the α-helices present in both ﬁlms to unravel
into a more random coil-like state. The unraveled proteins then
quickly refold into β-sheet structures. This relaxation could
possibly help to explain why a raised bump is seen in the
transformed regions at the interface. Considering that the PS
features are stiﬀ and much more massive compared to the
thickness of the ﬁlm, a volume increase in the underlying C16
ﬁlm would cause a small expansion, resulting in the ﬁlm
swelling up between the PS structures. This combined with a
quick contraction would then cause a stress buildup at the
edges, causing the transformed regions to buckle in this area.
Interestingly, the raised regions at the interface of the ﬁlms cast
from HFIP are higher than the ones from the C16 ﬁlms cast
from FA. This could be inﬂuenced by the higher stiﬀness of the
ﬁlms cast from FA, but also these ﬁlms have less α-helical
structures to unravel, implying less volumetric change and a
lower stress buildup at the edge of the PS structures.
Micromapping analysis of the square pattern for ﬁlms cast
from HFIP revealed a signiﬁcant contrast in the adhesion of the
two diﬀerent regions. Figure 5 shows the height image (A),
adhesion map (B), and the histogram of adhesive forces
overlaid with a Gaussian ﬁt (D). The data analysis shows that
the AFM adhesion map and the adhesion histogram display an
unusual trimodal distribution of adhesive properties. According

plasticity of C16 ﬁlms cast from HFIP allowing for some
dissipation of stresses through deformation. The asymmetric
tearing seen in the patterned ﬁlms cast from FA occurs most
likely because of their inherently lower ﬂexibility, which due to
the initial β-sheet structures acting as physical cross-links and
not allowing for as much stress relaxation via plastic
deformation as observed in patterned ﬁlms cast from HFIP.46
A similar result is observed for the square pattern for the C16
ﬁlms cast from FA.
A common feature in all of the patterned ﬁlms is the
occurrence of a raised area at the edge of the transformed
regions. Originally, we expected a rather smooth transition
between the two regions, and to some extent this is what we
have gotten, as there is no tearing at the interface as was
observed with SF, suggesting a much stronger interaction
among the monodisperse C16 molecules. On the basis of the
scratch tests, one would expect that a ﬁlm contraction upon
post-treatment with MeOH would result in, if anything, tearing
at the interfacial regions of the patterns. However, simply
looking at the before and after states of the transition can be
somewhat misleading. While it is diﬃcult to directly observe
conformational transitions of protein molecules since they
occur so rapidly,51 many theoretical models suggest that the
metastable intermediate state between the two stable
conformations is that of an unfolded protein.47,52−54 Therefore,
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to the histograms, the untransformed regions have a nominal
adhesion force to the tip of 62 nN, whereas the adhesive forces
are reduced by 15% for transformed regions. This is the
expected result as the exposure to methanol causes hydrophobic β-sheets to separate to the silk−air interface, and the
silicon probe, which has a thin native oxide layer, would adhere
more favorably to the hydrophilic, untransformed regions than
the hydrophobic, transformed regions. The interfacial regions
showed a lower adhesion due to topographical eﬀects (ridges).
By contrast, no signiﬁcant changes in the apparent modulus are
observed between the masked and unmasked regions of the
C16 ﬁlm cast from HFIP. Figure 5C shows the modulus map,
which is complemented by the modulus distribution overlaid
with a Gaussian ﬁt (H). As can be seen, the apparent modulus
of the ﬁlm is just above 2 GPa and appears to be quite uniform,
with some bright regions appearing at the interfacial regions
due to topographical contribution into the contact area. It is
unclear why there is no shift in the elastic modulus of the two
regions, but it may be a result of the data collection method,
wherein force curves are taken at 2 kHz, which may enhance
the apparent stiﬀness of the untransformed region, which
already has an elastic modulus close to that of the transformed
regions.46
Figure 6 shows the height image, modulus map, and
adhesion map, as well as representative cross sections and
modulus and adhesion histograms ﬁtted with a Gaussian curve
for a C16 ﬁlm cast from FA and patterned using the square
lattice. Patterned ﬁlms cast from FA reveal little diﬀerence in
the adhesive forces in masked and unmasked regions. This is a
result of the initial β-sheet content in the as-cast ﬁlm. The ascast ﬁlm most likely has some signiﬁcant content of
hydrophobic β-sheet crystallites at the surface. As a result, the
AFM probe essentially sees the same surface in the two regions.
As can be seen in the adhesion cross-section (Figure 6E), there
is some periodic modulation of adhesive forces; however, it is
hard to say whether this is a true feature of the two diﬀerent
phases because the untransformed regions have a complex
morphology that could easily aﬀect the measurement. No clear
diﬀerences in elastic modulus of the patterned ﬁlms cast from
FA were observed, due to the similar structural features in the
ﬁlm before and after MeOH treatment, and the speed at which
the measurements have been taken.
To create a mold for submicrometer patterns, PDMS was
cast over a substrate fabricated via interference lithography that
contained ridges that are roughly 300 nm wide separated by
300 nm. According to the cross-section of the AFM height
image of the PDMS mold used for SAMIM (provided in the
Supporting Information), after the SAMIM process, one would
expect to see lines with a diameter of 400 nm separated by 350
nm. It is worth noting, however, that because PDMS is a very
compliant material, simply adding additional pressure to the
back of the mold during SAMIM can vary the width of the lines
(or vice versa if pressure on the mold is decreased; Supporting
Information).
Indeed, SAMIM using PS on C16 ﬁlms resulted in large areas
of uniform PS lines with diameters of approximately 400 nm
separated by 300 nm (shown in Figure 7). Figure 7C shows a
three-dimensional (3D) height representation of a patterned
C16 ﬁlm. Here the color does not correspond to height, but
rather to the mechanical energy dissipation of the AFM tip.
Because the PS and C16 have diﬀerent mechanical and
chemical properties, the energy dissipated by the two is
diﬀerent. In Figure 7C there is a clear, sharp interface between

Figure 7. (A) AFM height image of a C16 ﬁlm cast from FA and
patterned using the SAMIM method. (B) Cross-sectional proﬁle of the
line indicated in A. (C) 3D height image of the pattern with the color
representing energy dissipation.

the PS lines and the C16 ﬁlm, suggesting that the SAMIM
method did in fact produce a true chemical pattern, rather than
a physical pattern.
Figure 8 shows the C16 ﬁlms patterned using the SAMIM
technique. Here, ﬁlms cast from HFIP and ﬁlms cast from FA
look strikingly similar. In each, there is a raised region of
approximately 20 nm, with the edges of these regions typically
ﬂaring up several nanometers higher than the center. We
postulate that the raised regions are the transformed regions.
This would agree with the suggestions put forth earlier in this
article about the behavior of these ﬁlms. However, since the
patterned lines in this case are much smaller than the 7 and 1.5
μm regions presented above, it appears as though we have
unintentionally pushed the edges of the raised regions together.
Cross-sectional analysis (Figure 4S, Supporting Information)
also reveals that the untransformed areas (originally masked by
PS with a diameter of 400 nm) have decreased to a width of
approximately 210 nm, while the transformed regions
(originally the 300 nm space) have increased to approximately
480 nm. This diﬀerence could easily be a result of the more
signiﬁcant role solvent undercutting would play in the smaller
features sizes, and the size of the PS mask itself, with the
smaller lines being more easily deformed by the stress buildup
due to swelling. Whereas the PS features in the larger, CTL
patterns are massive (roughly 1−1.5 μm in height) compared
to the ﬁlm thickness, the PS lines created by SAMIM begin to
approach the thickness of the as-cast ﬁlm (∼300 nm wide and
∼100 nm height). In this case it may be possible that the stress
buildups associated with the conformational changes are
enough to deform and move the smaller PS lines. In fact, if a
volumetric increase does occur during transformation, then the
reduced area for it to occur through (300 nm spaces) would
result in higher stress buildup in general. This may explain why
the raised region for both ﬁlms cast from HFIP and FA appear
to be approximately the same height as for the SAMIM pattern,
whereas the larger area for expansion, contraction, and
relaxation in the CTL patterns resulted in a smaller interfacial
bump in ﬁlms cast from FA in comparison to those cast from
HFIP.
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Figure 8. Sub-micrometer line pattern created via SAMIM of C16 ﬁlms. AFM height (A) and representative cross-sectional proﬁle (B) of SAMIM
on C16 cast from HFIP. AFM height (C) and representative cross-sectional proﬁle (D) of SAMIM on C16 cast from FA. Z scale: 60 nm.

Figure 9. C16 cast from HFIP patterned via SAMIM. (A) Topography, (B) adhesion map, (C) modulus map. Representative cross sections: height
(D), adhesion (E), and modulus (F). Histograms depicting the distribution of adhesion (G) and modulus (H) overlaid with Gaussian ﬁts. Z scales:
60 nm, 90 nN, 9 GPa.
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Figure 10. C16 cast from FA patterned via SAMIM. (A) Topography, (B) adhesion map, (C) modulus map. Representative cross sections: height
(D), adhesion (E), and modulus (F). Histograms depicting the distribution of adhesion (G) and modulus (H) overlaid with Gaussian ﬁts. Z scales:
60 nm, 4 nN, 9 GPa.

Micromapping of the SAMIM-patterned C16 ﬁlm cast from
HFIP shows the same contrast in surface adhesion as seen in
the larger, square pattern (Figure 9), further conﬁrming that
the raised areas have been exposed to methanol, while the
lower areas have not. The trimodal distribution is not as readily
apparent in the histogram here, due to the smaller amount of
untransformed regions, but deconvolution using three Gaussian
curves resulted in peak centers located at 64 nN, 56 nN, and 10
nN, agreeing very well with the results presented above.
Also presented in Figure 9 is a surface distribution of the
modulus data. Similar to the square pattern, there is no
signiﬁcant, regular contrast between the transformed and
untransformed regions of the pattern. The modulus distribution
proﬁle shows an average modulus of 4.7 GPa, 2 times the
average value of the square pattern. This apparent increase
most likely is due to both the topographical contributions of
the uneven sample surface as well as the diﬀerent deformational
levels in one force−distance cycle with identical parameters.
Figure 10 shows the adhesion and modulus data for C16
ﬁlms cast from FA and patterned with sub-micrometer lines via
SAMIM. According to the adhesion distribution shown in
Figure 10G, the patterned ﬁlm has an average adhesional
attraction to the AFM tip of 6.7 nN, and lacks any signiﬁcant
contrast between the two regions. According to Figure 10H, the
ﬁlm has an average modulus of 4.6 GPa. Both of these values
agree well with the data recorded from the square pattern of

C16 cast from FA. Also, the modulus of 4.6 GPa agrees well
with the modulus of 4.7 GPa observed in the SAMIM pattern
of C16 cast from HFIP.

■

CONCLUSIONS
In conclusion, we have demonstrated directed self-assembly to
selectively pattern thin ﬁlms of recombinant spider silk
proteins. In comparison to our previous studies utilizing
secondary structural features to pattern SF ﬁlms, these
patterned C16 ﬁlms displayed much more complex behavior.
As a result of the diﬀerent mechanical properties intrinsic to the
initial structure elements present in each ﬁlm, which are
inﬂuenced by the solvent from which the C16 thin ﬁlms are
cast, drastically diﬀerent morphologies were observed. While a
prominent feature in each pattern was tearing in unmasked
regions of the C16 ﬁlms, we did observe a strong interface
between the transformed and untransformed regions without
apparent crack propagation, which was a very common feature
with regular patterned SF thin ﬁlms. Finally, adding some
complexity to our patterned ﬁlms, we demonstrated using a
diﬀerent patterning technique, namely SAMIM, a successful
increase of the resolution of our pattern feature sizes. More
speciﬁcally, we have achieved precise patterning of protein
secondary structure with modest vapor-based treatment that
has submicrometer periodicity, a feature that to our knowledge
has not yet been shown in the literature.
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