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Abstract

Control of the interface between biological tissue and high technology materials is paramount for
the development of future applications in biomedicine, especially in the case of implantable
integrated devices for signal transduction.[XI"(31 Such work requires careful materials design to
develop devices that can efficiently perform technological functions while retaining
biocompatibility and biological integration. Silk fibroin protein from the Bombyx mori silkworm
has come of considerable interest in this context, owing to its attractive mechanical,[41-[7]
biological, [81(%] and optical properties.[19[11] Recent work has shown adaptation of common
micro- and nano-fabrication tools to silk films,[12]-[18] as well as silk protein secondary structure
patterning techniques,19] leading to biocompatible and degradable electronic and photonic devices
which can simultaneously act as a carrier and stabilizer for protein pharmaceuticals and other
bioactive reagents.[201-[23] |n particular, silk based nanoscale photonic devices face the challenge
of sub-wavelength resolution fabrication on a soft polymeric substrate.[151(24] Previous work
introduced the possibility of direct, rapid nanoimprinting in silk for the fabrication of photonic
structures by leveraging the material properties of this protein.[25]
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In this context, the glass transition temperature (Tg) of the protein is a parameter of
particular relevance. In a silk film dried under ambient conditions, the water retained by the
film acts as a plasticizer, significantly lowering the glass transition from 178°C to ~78°C.[2¢]
The actual Ty depends inversely on the water content and can be modeled as a function of
the fractions of silk and water in the dried construct.l2”] In imprinting, the application of heat
and pressure to a silk fibroin film layered on a hard mask rapidly pushes the film above Tg,
causing it to transition from a glassy state to a liquid-like rubber, allowing reflow of polymer
on the nanoscale.[2%]
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In this work, we expand upon this technique by exchanging the conventionally fabricated
hard silicon or glass masters with a second silk fibroin film, in a process we term protein-
protein imprinting (or PiP for short). This is accomplished by control of the water content
and beta-sheet crystallinity of each of the two films. Though the heat and pressure
application are similar to the previous technique, using a dry, crystallized fibroin master and
a wet, uncrystallized “blank” film allows for reflow of the template film only and limits the
adhesion between the two layers for easy release. As an improvement to the current
technique, this method significantly increases throughput, reduces dependence on the hard
mask, and, additionally, allows for direct conformal imprinting on curved surfaces due to the
flexibility of the nanoimprinted silk master.

Nanoimprint lithography on nonplanar surfaces has been investigated recently for
applications in spectroscopy,[28] superhydrophobic structures,29] and microlens
arrays,[301131] and has shown resolution on the order of ~100 nm. Here, a wide variety of
approaches have been attempted, ranging from nanoimprint lithography with flexible
materials to chemical vapor deposition assisted methods. Most of these currently available
techniques suffer from complex procedures or destruction of the imprint master.[321-[34] The
required photoresists and imprinted materials are often not biocompatible, limiting their use
in biomedical applications.[34] Furthermore, most of those processes are relatively time
consuming, with a required imprinting duration ranging from a few minutes to several hours.
For example, a common conformal printing technique using thin poly(dimethylsiloxane)
(PDMS) membranes usually requires ~5 min imprint times for a resolution of ~500 nm, and
lacks long term repeatability due to master deformation after repeated heating for the long
imprinting time.[32] Further, none of these prior approaches provides facile modes to
incorporate bioactive components with retention of function, a feature that permits broader
utility in medical devices and other domains.

For the application of PiP to nonplanar surfaces we demonstrate resolution on the order of
currently available nonplanar imprint technologies, with higher throughput and fewer
concerns about master durability. In addition, due to the biocompatibility of silk, nonplanar
PiP can be used to apply nanophotonic structures to curved biological surfaces.[1][3]
Together, this approach provides a versatile and simple fabrication method for biointegrated
silk devices, further expanding the utility of silk fibroin as a bridge between high technology
and biomedical applications.

Method and Mechanism

The PiP process is shown in Figure 1la. A patterned silk master, shown in yellow, was placed
underneath the film to be protein imprinted, shown in blue, on a smooth polished Ni surface
(for uniform thermal distribution) heated to 120°C. About 50 Psi of pressure was applied to
the top and held for between 5 and 60 seconds, during which reflow occurred. This produced
the inverse pattern in the blank film, as shown in the scanning electron microscope (SEM)
images. If crystallization occurs in the imprinted film, this new film could be utilized as a
master for a subsequent generation, which would then have the original pattern, as shown in
step two. Such a methodology could lead to multiplexing the production of films (for
instance two imprints per generation would yield 4 positive and 8 negative imprints of the
master in only three generations).

Indeed, crystallization of the imprinted films does take place, as is shown in Figure 1c. Here,
Fourier-transform infrared (FTIR) spectra were taken for heated films at 5-second intervals,
and beta-sheet content of the films was quantified using previously established curve-fitting
procedures.[351-[37] At 120°C and ~50 Psi, the kinetics of crystallization occurred rapidly,
with the films reaching a crystalline plateau after only 15 seconds of pressure. This plateau
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was found to be equivalent, if not higher, in crystalline content to conventional silk film
annealing treatments such as exposure to methanol. Additionally, the hydration state of the
films was monitored using Thermal Gravimetric Analysis (TGA), in a similar procedure.
Films dried under ambient conditions were found to have ~10.4% residual water, which
rapidly decreased to ~7% as the crystallinity increased, as shown in Fig. 1c. This
corresponds to little change in the T of the plasticized film, with a glass transition close to
80°C in all cases.

The adhesion of the two layers after imprinting is essential to the success of the process, as
difficulty in separating the two films could cause damage to either nanoscale pattern,
decreasing yield. Investigation of the inter-layer adhesion was examined, by performing
tensile testing (Instron 3360, Instron Inc., Norwood, MA) both for untreated films, and films
crystallized via the PiP method. The figure shows a 6-fold decrease in interfacial strength, to
a value of less than 500 kPa, indicating easy separation of the two layers after PiP, because
of the crystallization of the films. This property is advantageous, as both high and low
adhesion strengths are possible in the same material through the control of the thermal
transition, thus enabling imprinting.

Additionally, the data indicate that the crystallization plateau is responsible for locking the
imprinted pattern into place, as the T4 does not change appreciably with the modest (~3%)
reduction in water content seen here.?”] The kinetics of crystallization, and thus reflow,
occurs rapidly, which means PiP imprints may be possible on an even shorter timescale.
This confirms that it should be possible to directly imprint subsequent generations utilizing
imprinted owing to the high degree of crystallinity imparted by the process.

Characterization

The PiP mechanism suggests the possibility of multi-generation imprinting, which was
confirmed by evaluating the pattern quality (i.e. resolution) with subsequent imprinted
generations. For this, electron beam lithography written periodic photonic crystal structures
of 100 nm tall, 200 nm diameter Cr pillars on Si - which serves as the original (non-silk)
master and a baseline for imprinting quality comparison - was utilized, with lattice constants
varying from 200-700 nm. The optical response under darkfield illumination (Olympus
IX71, Center Valley, PA) as well as the surface profile measured via atomic force
microscopy (AFM)(Veeco Dimension 3100, Plainview, NY) have been collected, as shown
on the right hand side of Figure 2d. The mean cross section of the image is shown on the
left. This master was utilized to create an inverse silk master through the previous rapid
nanoimprinting technique (Figure 2c). The results show good spatial and optical fidelity,
with a slight reduction in pattern depth (57 nm vs. 80 nm), accompanied by sharper features
at the extremes.

The silk master was then utilized in PiP to create a first generation imprint (Figure 2b),
which in turn imprinted the second generation, which then produced the third (Figure 2a).
The results of these imprints show a modest reduction in reproduction of the nanoscale
features with each subsequent generation, marked by rounding of the sharp edges of the
features. No further decrease in feature depth was seen, and more importantly, no
appreciable change in optical response was noted. This indicates that in addition to strong
replication of vertical features, no large-scale distortion in the lattice constant occurred
during imprinting. Some rounding of edges at the feature tips was noted, but is likely due to
the lack of pressure optimization. Based on this the possibility of at least three generations
of imprints via the PiP method seems to be a reasonable assertion. Given this, the number of
possible samples becomes N2+1 negative and N2 + N3 positive imprints, where N is the
number of imprints per generation. As further generations beyond this are produced, the
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quality will degrade, eventually affecting the macroscale properties and efficacy of the
imprinted patterns.

The exploration of the PiP mechanism above also indicates the possibility of optimization of
the PiP procedure for specific applications by altering the temperature and time used for
imprinting. This was assessed via a similar experiment within a broad range of these two
primary imprinting parameters. Here, a silk master of a similar lattice, with optical response
shown in Figure 3c-e, was utilized to imprint a single generation, which was then
investigated via AFM. This master however, was produced to have an initial hole depth of
~500 nm, with a similar diameter of 200 nm and lattice constants varying from 200-700 nm.
The results of the imprinting process are shown in Figure 3a. Once again, a reduction in hole
depth was seen with the first imprint, and rounding of the features was noted, as expected
given consistency in the pressure parameter. Imprints were made at temperatures between 70
and 120°C for times between 5 and 60 seconds.

An interpolated contour plot of the results is shown in Figure 3b. The results show a
maximum depth of above 400 nm, reached at ~20 seconds for 120°C. and ~30 seconds near
100°C. the depth then rapidly decreased, with no imprints made below 80°C. This response
makes sense given the PiP mechanism, where no reflow occurs below Tg. The kinetics of
crystallization, determined by the temperature used, would be slower at lower temperatures
leading to the slower reflow response noted here.[38] This broad parameter space for
imprinting allows the PiP parameters to be tailored to the application.

The same master was used though the course of this experiment, and was analyzed before
and after use. The results are shown in Figure 3c-e, with 3c and 3e representing the same
master before and after being used for 18 imprints, and 3d showing a characteristic image of
one of those imprints. As before, the imprint showed rounding of the features, with little
measured variation in depth. The master, however, shows little to no change after 18 uses,
specifically on the nanoscale, as the cross sections show. The consistent colorimetric
responses show again a lack of distortion in the horizontal, across the entire imprinted
region. This indicates that 18 imprints is a reasonable expectation for each generation, which
would yield a maximum of N2+1 = 325 negative and N2 + N3 = 6,156 positive imprints
from a single use of the original master. With each of these imprints occurring in as little as
20 seconds, and accounting for the possibility of multiplexing (Figure 1a(2)), PiP is a viable
option for high-throughput nanofabrication on silk fibroin films.

Conformal Imprinting and Extensions

In addition to increasing throughput, the relative flexibility of the silk fibroin masters as
compared to a hard silicon or metal mask was leveraged to directly achieve conformal
imprinting. The modified scheme for this method is shown in Figure 4a, and is nearly
identical to the previous method, with the inclusion of a machined aluminum tool for
homogenous pressure distribution normal to the imprinted surface. PiP was used to imprint
directly on a plano-convex lens with diameter of 15 mm and radius of curvature of 9.8 mm,
whose surface was coated with a thin layer of silk (Figure 4b). After PiP at 120°C for 60 sec,
the surface was evaluated with AFM (Figure 4d,e). The results showed good reproduction of
the master pattern on the microscale of features on the order of 200 nm, which is comparable
to currently available options,[32-[34] while the optical response (Figure 4b, inset) shows
coverage over the entire curved lens surface. The combination of this technique with
previously reported silk transfer techniques for arbitrary surface transfer [391111(2] can yield
conformal contact on curved tissue surfaces, as is demonstrated in Figure 4c. Here, the film
was removed from the lens and transferred and adhered to the skin. By this method, PiP can
be used to manufacture molded curvilinear silk protein based sensing devices that could
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integrate with the human body. The possibility of a skin-skin mounted sensor fabricated
using PiP was explored as a proof of concept demonstration by monitoring the shift in the
colorimetric response of the device with the addition of a thin coat of ethanol (Figure 4c,
inset).

Conclusions

PiP is introduced as a rapid, high-throughput method for the fabrication of nanoscale
structures in silk films. The possibility of at least 3 generations of imprints with at least 18
imprints per generation was demonstrated, making this a truly high throughput technique.
Application to conformal surfaces is possible with minor adjustments to the system, at
resolutions comparable to other currently available non-planar nanoimprint lithography
techniques. The addition of PiP to the silk materials fabrication toolbox opens new avenues
for biocompatible device fabrication, which will further expand the utility of silk as a bridge
between high technology and biomedical applications.

Experimental

Silk Processing—Adqueous silk solution was produced by regeneration from Bombyx
mori cocoons according to established procedures.l®] Briefly, the cocoons were boiled for 30
min in sodium carbonate (0.2M) to remove sericin, glue like protein holding the cocoon
together. The fibers were dried overnight, and then dissolved in lithium bromide (9M).
Dialysis against Milli-Q for ~72h yielded a roughly 6% aqueous solution of silk fibroin. All
casting work was carried out on a PDMS surface or directly on a patterned silicon master.
The films were dried at ambient conditions (~25°C, ~40% RH) and resulted in films that
were ~100 um thick.

Silk masters were produced using these films, and applying the existing silk nanoimprint
lithography technique,[101[25] by heating to ~120°C for 60 sec against a metal master. Heat
treatment has been previously reported to be able to tune the p-sheet crystallinity of silk
fibroin without causing the microscale fractures that can occur with methanol treatment, and
were used to crystallize the master in this work.

FTIR spectroscopy—FTIR scans were taken on a (Jasco FTIR 6200, Easton, MD)
spectrometer with attached ATR detector. A total of 64 scans at a resolution of 4.0 cm?
were co-added to produce spectra ranging from 400 — 4000 cm™L. A cosine apodization was
simultaneously applied by the software. From these scans, the amide I11 region (1200 — 1350
cm1) was selected for its sensitivity to protein secondary structure and lack of sensitive to
water content. Amide 111 curves were normalized and baseline corrected, and then fit to 12
Gaussian curves, according to the work of Wei et al.[37] Bands corresponding to p-sheet
secondary structure motifs were then added to give a relative value for the p-sheet
crystalline content of the films.

Thermal gravimetric analysis (TGA)—Water content of the silk films was assessed
through TGA (TA Instruments Q500, New Castle, DE). Films were heated to 200°C at a rate
of 10°C min-1 with a constant mass measurement. All of the mass lost during this procedure
was determined to be water evaporation, according to published results. All water is
remov[(zeg] by 187°C, and total water removal is independent of heating rate for silk fibroin
films.

Tensile Testing—Tensile testing (Instron 3360, Instron Inc.) of the interface between the

two films was performed for mode 2 failure via a conventional lap shear configuration. This
process was similar to ASTM D3163, with modified geometry due to specimen limitations
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Conformal-PiP Die Fabrication—An aluminum piece was machined on a lathe to the
inverse specifications of the surface to be imprinted, in order to ensure pressure was normal
to the surface in all locations. Aluminum was selected as the material for this piece due to its
high thermal conductivity (~230 W m-1 K1), to ensure that the heat transfer properties of
the system were minimally affected.

Silk film transfer—Silk films were transferred onto skin via a previously established
transfer procedure.[3% Briefly, the side of the film to be attached was exposed to a high
(~90%) relative humidity environment for a few seconds to partially solubilize the film. The
film was then applied to the transfer surface with light pressure and allowed to dry, thereby
attaching it to the surface of the skin.
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Figure 1. Schematics of the PiP process, and replication mechanism

(a) Each imprint was made by layering an untreated, unpatterned (blue) film on top of a
crystallized, patterned silk fibroin master (yellow). These samples were placed on a heated
substrate at 120°C for 60 seconds, with ~50 Psi pressure. Reflow of the untreated films, to
generate an inverse pattern in the untreated film (SEM micrographs, inset) complete the
pattern transfer. Duplication can be carried out by using each generation to imprint the next,
as shown with red representing patterns on the blue films, making the technique truly high-
throughput. (b) Lap shear bond strength for two overlapped, PiP- pressed films of untreated
and 120°C 60 seconds pretreatment. A 6-fold decrease in bond strength was seen with the
crystallized films. (c) Crystallization rates (red points) as measured through quantified FTIR
(see methods), and residual water content (blue points), as quantified through TGA, for
films throughout the PiP process. A crystallized plateau was reached after 15 seconds of
pressing. Water loss follows the inverse pattern of crystallization, rapidly decreasing from
~10.5% to ~7.25% with treatment.
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Figure2.

Characterization of multi-generation PiP imprint, showing mean AFM cross section, AFM
topology, and darkfield optical response of 200 nm diameter nanopillar lattice. Scale bars 1
pwm. (&) Third generation imprint. (b) First generation PiP imprint. (c) Silk master generated
through nanoimprint lithography. (d) Silicon master fabricated through electron beam
lithography. Results show consistent replication of dimensions, with some rounding of
feature “tips”, and consistent optical response, indicating strong large scale reproduction of
both horizontal and vertical dimensions.
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Figure 3. Characterization of PiP parameter space

(a) Three dimensional image of AFM measured topography of PiP imprint process for
parameter space characterization, showing the master on top, and a representative image of
an imprint below. (b) Interpolated contour plot of imprint quality as measured by hole depth
over PiP parameter space. Differences in kinetics with temperature are clearly seen, with
broad possible parameter space for good replication. No response seen below 80°C,
corresponding to the expected glass transition of the polymer. (c) Darkfield optical response
and AFM cross-section of silk master, indicating good large-scale replication, and consistent
lattice constant (€) Characteristic optical response and AFM section of PiP imprints.
Imprinted at 110°C for 30 seconds, indicating good large scale replication, and consistent
lattice constant (€) Darkfield optical response and AFM cross-section of silk master after 18
uses, corresponding well to the results of Figures 3b, and 3c. Little horizontal distortion seen
in pattern.
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Figure4. Conformal PiP and surfacetransfer
(a) Modification to the PiP process for conformal imprint, showing the addition of non-

planar aluminum tool (gray) for homogenous pressure application normal to the imprinting
surface. (b) Lens characteristics, 9.8 mm radius of curvature, 15 mm diameter. Inset:
Imprinted lens, using optimized PiP method. (c) Transfer of film imprinted on lens to skin as
example curved biological surface (scale bar 4 mm). Inset: change in colorimetric response
of the imprinted film with the addition of ethanol to the surface (scale bars 1 mm). (d) AFM
topology of conformal PiP imprint, with dashed line corresponding to cross-section Scale
bar 5um. () AFM cross-section of conformal imprint, showing good pattern replication
across all dimensions.
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