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A rewritable optical storage medium of silk
proteins using near-field nano-optics
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Nanoscale lithography and information storage in biocompatible materials offer possibilities for applications such as bioelec-
tronics and degradable electronics for which traditional semiconductor fabrication techniques cannot be used. Silk fibroin, a
natural protein renowned for its strength and biocompatibility, has been widely studied in this context. Here, we present the
use of silk film as a biofunctional medium for nanolithography and data storage. Using tip-enhanced near-field infrared nano-
lithography, we demonstrate versatile manipulation and characterize the topography and conformation of the silk in situ. In
particular, we fabricate greyscale and dual-tone nanopatterns with full-width at half-maximum resolutions of ~35 nm, creating
an erasable 'silk drive' that digital data can be written to or read from. As an optical storage medium, the silk drive can store
digital and biological information with a capacity of ~64 GBinch~2 and exhibits long-term stability under various harsh condi-
tions. As a proof-of-principle demonstration, we show that this silk drive can be biofunctionalized to exhibit chromogenic reac-
tions, resistance to bacterial infection and heat-triggered, enzyme-assisted decomposition.

including those using deep ultraviolet or extreme ultraviolet

light sources’, dual-beam systems” and three-dimensional
storage architectures’, have been developed to increase optical stor-
age density to several hundreds of GBinch. However, to achieve
a high spatial resolution, many of these methods inevitably require
sophisticated fabrication procedures that are inefficient in terms of
both time and cost. Furthermore, conventional optical lithography
suffers from the diffraction limit, which prevents further increase
in storage density beyond the current industry standard. At the
turn of the century, IBM described an atomic force microscope
(AFM)-based data-storage scheme, the ‘Millipede] that had the
potential to achieve multi-TBinch™ capacity at high data writing
and reading rates with 30-40 nm spatial resolution®. Although the
work represented a technological leap and led to further research
on probe-based storage schemes, commercial applications remain
a distant prospect.

Scattering-type scanning near-field optical microscopy
(s-SNOM) offers a promising option for high-resolution nano-
fabrication®, especially on soft materials®, and can achieve
super-resolution imaging beyond the diffraction limit’. The
near-field evanescent wave that s-SNOM generates serves as an
effective tool to induce locally confined high-field optical phe-
nomena. This has enabled fabrication®, manipulation®'' and char-
acterization'>"” of photosensitive structures at the nanoscale. In
particular, evanescent fields have been used in the processing of
nanoscale features on material surfaces'*~'°, for the fabrication of
optical nanodevices'” and for nanolithography of polymeric mate-
rials'®*. Because it is minimally invasive, requires no vacuum
and exhibits sensitivity to protein conformation, mid-infrared

Over the past two decades, many lithographic strategies,

s-SNOM is also suitable for the nanoscale characterization of
biomaterials that can immobilize and interact with biological
entities such as bacteria, viruses, enzymes and biomarkers. By
developing the lithographic capabilities of mid-infrared s-SNOM,
while retaining its imaging capabilities, nanoscale manipulation
and characterization of functional biomaterials can therefore
be integrated into a single platform. This closed-loop lithog-
raphy platform can simplify bionanofabrication and produce
probe-based storage schemes for the storage and manipulation of
biological information.

To increase photolithographic efficiency and subsequent infor-
mation storage in biomaterials, synergies between the medium
material, the incident light and the properties of the scanning head
must be optimized. In this context, silk fibroin—a naturally occur-
ring protein derived from Bombyx mori silkworms—is a perfect
fit. As a biocompatible ‘green’ medium, silk undergoes nanoscale
polymorphic transitions upon exposure to electrons’-*?, ion beams™
or light*-*. Silk has also long been appreciated for its mechanical
strength, biocompatibility, biodegradability, ease of functionaliza-
tion and tunable water-solubility” .

These favourable properties led us to investigate silk protein as
a rewritable optical storage medium. We showed that tip-enhanced
near-field infrared nanolithography (TNINL) can induce controlled
topographical and/or phase changes of the silk protein layer with a
full-width at half-maximum (FWHM) spatial resolution of ~35nm.
These patterns have 100 nm spacing, equivalent to a storage capac-
ity of ~64 GBinch™. Repeated writing and erasing are possible in
an ambient environment. Information can be retained under harsh
conditions, including high humidity, high magnetic fields and
clinical-level gamma radiation.
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Fig. 1| Insitu patterning and characterization of the silk drive using TNINL. a, Sample preparation using a silk solution extracted from silkworm cocoons.
b, s-SNOM optical layout. The laser beam emitted from the quantum cascade laser (QCL) was directed onto the beam splitter (BS) of an asymmetric
Michelson interferometer. The transmitted beam was focused onto the probe tip, while reflected beam was directed onto the reference mirror (RM), which
is driven to oscillate at the probe frequency. MCT, mercury-cadmium-telluride. €, Schematics of the working principle behind the tip-based patterning and
characterization. The prepared silk film underwent topological and conformational transitions under tip-enhanced infrared illumination, and these changes
were imaged in situ. CW, continuous wave. d, Real-time monitoring of the silk surface topography during ~5's pulsed laser exposure with wavenumber
1,658cm™. e, AFM topography and near-field phase images collected using three different illumination wavelengths. AZ, topographic modification; E,,

scattered electric field.

Insitu patterning and characterization

To prepare the silk drives, thin films on either a gold or a silicon
substrate were made by spin-coating aqueous silk solution extracted
from silkworm cocoons. This approach also included an optional
functionalization step involving the mixing and application of appro-
priate dopants (Fig. 1a and Supplementary Fig. 1)*°. Nanopatterning
of this prepared silk film was done using s-SNOM with a quan-
tum cascade laser as a monochromatic mid-infrared laser source
(Fig. 1b). The laser frequency was tunable from 1,495 to 1,790 cm™,
covering the amide I and II absorption bands of silk proteins in the
mid-infrared regime. The laser beam was p-polarized and split by
the beam splitter of an asymmetric Michelson interferometer. The
reflected beam served as the reference while the transmitted beam
was focused onto the apex of the oscillating probe of an AFM using
a high numerical aperture parabolic mirror. Tip-enhanced radia-
tive heat transfer under the apex induced local topographic and/or
conformational transitions in the silk film. The near-field light con-
tained local information with subdiffraction-limit resolution and
was scattered back onto the mercury-cadmium-telluride detector
through the beam splitter.

As shown in Fig. ¢, patterning and characterization were per-
formed consecutively within the same s-SNOM system. Patterning
was performed with a pulsed laser with up to 500 mW peak power,
100kHz pulse rate and a 1% duty cycle, while characterization was
performed with continuous-wave illumination with an average out-
put power of ~5mW. Pulsed laser exposure time was controlled
using an aperture beam shutter with an activation time of ~10 ms.
While the topographic modification was being induced by the tip
of the oscillating AFM probe, a piezoelectric actuator was used
to maintain a constant tip-sample distance. The time-dependent
height change on an ~150-nm-thick silk film on the gold substrate
indicated that the patterning was completed in ~10ms (Fig. 1d).
The bottlenecks are likely the shutter speed and the probe oscilla-
tion frequency. Multimodal characterization by s-SNOM simul-
taneously acquires topography and near-field images. The latter
are sensitive to shifts in vibrational fingerprints and thus provide
better chemical sensitivity that can detect conformational shifts in

silk. Figure 1e shows the patterned dot array and the correspond-
ing near-field phase images collected at 1,631, 1,678 and 1,709 cm™.
The near-field phase shift resembles the far-field absorbance spec-
tra with a higher contrast at the infrared absorption peaks’-*.
The image at 1,631 cm™ shows the highest contrast; there was no
notable contrast at 1,709 cm™, indicating the conformational tran-
sition from amorphous (~1,650cm™) to p sheet (~1,631cm™) in
post-exposure silk proteins (Supplementary Figs. 2-4)*.

Patterning mechanisms

To understand the energy transfer of the process, the electric field
distribution of the tip—sample interface was numerically calculated
using a commercial electromagnetic solver. With the conic probe,
plasmonic enhancement occurred in the small gap between the
gold-coated tip and the sample surface. The enhanced field ampli-
tude was up to four orders of magnitude stronger and depended
on both the tip and sample parameters (Fig. 2a). A full-wave elec-
tromagnetic simulation was also conducted to show that a sharper
tip resulted in better field confinement, thereby leading to better
lithographic resolution (Supplementary Fig. 5).

In addition, the optical conductivity of the supporting substrate
for the silk film also played an important role in the near-field
enhancement. Figure 2b shows the nanodots patterned on 150 nm
silk films on SiO,, silicon and gold substrates using the same litho-
graphic parameters. Plasmonic coupling between the gold-coated
substrate and the gold-coated probe strongly enhanced the field
amplitude®. This facilitated stronger radiative heat transfer to the
silk and resulted in greater film modification, that is, higher sen-
sitivity and sharper edges, than observed with other substrates.
Unless otherwise noted, all nanostructures described herein were
fabricated on gold substrates. Note that the supporting gold film
also acted as a sacrificial layer; as such, the nanopatterns on the silk
film could be released and transferred to other substrates, including
curved ones, after etching away the supporting/sacrificial gold layer
(Supplementary Fig. 6).

The average molecular weight of silk also regulates the result-
ing feature size: larger molecular weights result in larger features.
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Fig. 2 | Mechanisms of TNINL. a, Numerical simulation of the electric field distribution at the tip-sample interface, where the tip apex was illuminated
with the incident laser beam. The electric field was concentrated near the tip-sample interface. k, wave vector of incident radiation; £, and E,, incident and
tip-enhanced electric fields, respectively. b,c, AFM topography and corresponding feature sizes of patterned nanostructures obtained with three different
substrates (b) and three silk films with different average molecular weights obtained by boiling under different conditions (c). Data are arranged in order
of increasing electrical conductivity and molecular weight, respectively. d, Heights and AFM topography of dots written with different frequencies and
exposure times of the incident laser. e, Heights and AFM topography of one-dimensional lines written by sweeping the laser power.

This effect was examined by preparing batches of silk solutions with
three different degumming conditions. The first two batches had
larger molecular weights and were prepared by boiling silk fibres in
LiBr solutions under atmospheric pressure for 30 min and 120 min.
The third batch had the smallest average protein size and was pre-
pared by boiling it at an elevated temperature and pressure for
120 min (HTP, high temperature and pressure). These three batches
were spin-coated to form 80-nm-thick films and were patterned
using identical parameters (Fig. 2c). The fine-grained HTP silk had
a better spatial resolution, whereas the coarse-grained 30 min silk
yielded larger patterns.

To further explore the control parameters, we investigated how
TNINL depended on laser frequency and power. Figure 2d shows
an array of nanodots patterned using different laser frequencies
with identical laser powers and exposure times. The largest fea-
ture size was observed when patterning with a laser frequency
of 1,656.5cm™!, which corresponds to the absorption peak of the
amide I band of the amorphous silk. As the frequency was tuned
away, the feature sizes gradually decreased until no topographic
modification was observed. This was because amorphous silk
does not absorb strongly at wavenumbers smaller than 1,625cm™!
or greater than 1,686.5cm™'. Next, line patterns were formed
by displacing the sample under the tip during continuous beam
exposure. These patterns were then used to investigate the influ-
ence of laser power. AFM topography of these line patterns is
shown in Fig. 2e and Supplementary Fig. 7; these patterns were
fabricated on a 125-nm-thick silk film using gradually increas-
ing laser power (0.4-4 mW). From 0.4 to 2.8 mW, the feature size
increased in an approximately linear fashion. Above 2.8 mW, the
feature size remained nearly constant. Finally, silk film thickness
also impacted the feature size produced by near-field irradiation
(Supplementary Fig. 8).
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Greyscale nanostructuring and digital information storage
A variety of patterns, including zero-dimensional nanodots,
one-dimensional line patterns, two-dimensional shapes and a ‘UT’
logo, were readily fabricated (Fig. 3a,b). The smallest feature size
produced in this study was ~35nm in nanodots patterned onto HTP
silk film (Fig. 3a, bottom). Since the wavelength of the exposure
laser was 6.02 pum, the 35 nm feature size was two orders of mag-
nitude smaller than the diffraction limit. The probes used in this
study had a measured diameter of ~35nm, which was comparable
in size to the smallest pattern (Fig. 3a). Hence, the probe geometry
appeared to be the limiting factor for the resulting spatial resolution;
this limitation may be improved by using probes with smaller diam-
eters. In addition, TNINL allows a certain degree of control in the
dimension perpendicular to the sample surface because the pattern
heights can be easily controlled by changing the laser power and/
or frequency. This added flexibility allowed for the fabrication of
more complicated nanostructures, as demonstrated by the greyscale
patterning shown in Fig. 3c. The spiral nanostructure exhibited a
‘trapping maze with radially varying height. This was achieved by
setting the laser power to increase every 90° of rotation as the probe
moved from the centre towards the edge of the spiral. The ability
to pattern in greyscale with built-in feedback for height optimiza-
tion has the potential to further improve storage density by using
recording strategies optimized for probe-based devices, such as
mark-length’ and multilevel”” recording schemes.

The silk film can be patterned into high-density nanodot arrays.
Thus, the silk drive is a usable data-storage device, in which digits
1 and 0 are represented by a nanodot or the relatively flat interven-
ing surface, respectively. As a proof of concept, common computer
file formats were selected and encoded to demonstrate the ability to
store arbitrary digital information. As shown in Fig. 3d,e, the files
consisted of a 20 s audio recording of birdsong (MIDI format) and
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Fig. 3 | TNINL-mediated analogue and digital patterning of the silk drive. a, Representative scanning electron microscopy image of an AFM probe

(top) and nanostructure topography with an ~35nm feature size (bottom). b, Periodically arranged zero-dimensional nanodots, one-dimensional

lines, two-dimensional patterns and a ‘UT' logo. ¢, Greyscale nanopattern of a spiral. As the probe scanned the spiral path, the exposure intensity was
incrementally increased every 90° of rotation. This resulted in a linear increase in nanopattern height from the centre to the periphery of the pattern. The
line profile across the pattern is shown at the top. d,e, A MIDI audio (d) and a BMP image (e) stored on the silk drive in binary format; both were readable
with high fidelity. The encoded (blue) and recalled (red) audio record and/or image were processed in false colours.

an image of a silkworm (BMP format). The audio and image files
were converted into binary data (Supplementary Figs. 9 and 10) and
written onto the silk drive according to the aforementioned encod-
ing rule. Topographical images containing the encoding informa-
tion were formed as the probe scanned along the contours of the silk
drive. The newly acquired binary digits were decoded to reconstruct
the original files without distortion (see Supplementary Audios 1
and 2, for the encoded and recalled audio), indicating the reliability
of the silk drive for data storage. The fabrication was conducted on
a lcmx 1cm silk film. The largest scanning area in a single opera-
tion is currently limited by the scan range of the AFM in our setup
(100 pm X 100 pm), but future work could easily increase this size.
The data on the silk drive could be erased and rewritten. Three
pattern types (types I, IT and III) can be induced using different
laser powers (Fig. 4a). The patterns shown in Fig. 4b were created
on an ~70-nm-thick amorphous silk film. Type I patterns were
induced when the laser power was between 0.31 and 0.36 mW;
types II and III patterns were induced when the laser power was
between 0.36 and 2.35mW and above 2.35 mW, respectively. The
type I pattern was postulated to form at the onset of the glass tran-
sition of the protein. As the temperature was increased further,
the type II pattern formed by an attractive interaction between
the tip and the film, yielding a dot-like structure on the silk sur-
face. Finally, the type III pattern formed as a result of the thermal
degradation induced by a larger input power (above 2.35mW) and
was characterized by a decrease in volume. With a relatively high

laser power, the transition to the type III pattern was induced by
increasing the exposure time and therefore the energy input to the
silk. Collectively, these three different processes allowed us to write
and erase existing patterns (Fig. 4c,d, and Supplementary Note 1).

We found two principal ways to erase previously created nanodot
patterns. The first method relies on thermal degradation of the silk
(Fig. 4d), while the second relies on inducing a glass transition in a
small fraction of silk, that is, type I patterning. As shown in Fig. 4e,
the second method was more advantageous because it resulted in no
substantial thermal degradation of the sample and could be repeated
indefinitely (Supplementary Fig. 11). As a proof-of-principle dem-
onstration of the second method, we encoded binary data onto the
silk film using a write-and-erase mode, which spelled out ‘UT’ in
ASCII encoding for the final product (Fig. 4f). Further improve-
ments in the areal density of silk drives should be achievable by
encoding multilevel data onto a single greyscale pattern based on
different heights and conformations.

Biocompatible and biologically functionalized silk drives

Highly cross-linked silk can, in principle, be stored in ambi-
ent conditions for many years without noticeable changes™.
Cross-linking makes silk more resistant to various harsh condi-
tions and hence can be used to tune silk properties to specific
needs; for example, it is possible to control the in vivo degrada-
tion rate. Water-based processing allows a variety of biotic and
abiotic dopants to be easily incorporated into silk matrix, and

NATURE NANOTECHNOLOGY | www.nature.com/naturenanotechnology
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Fig. 4 | Writing and erasing data on the silk drive. a,b, Three different types of patterning (I, Il and ll1) shown schematically (a) and topographically (b).
Types | and Il were formed by tapping-probe-induced glass transition of silk, while type lll was formed by thermal degradation of the silk itself. ¢, Thermal
degradation of the silk under high-intensity laser irradiation. The depth of the hole was proportional to the exposure time. d, Erasing and rewriting a silk
drive using the type | and Il processes, respectively. e, Repeated writing and erasing of a nanodot up to 15 times without substantial loss of silk mass using
type | and Il processes. f, A proof-of-principle demonstration of writing and erasing data on a silk drive to encode ‘UT" in binary ASCII code. Left, before
writing; middle, writing only 1; right, selective thermal degradation. Top, AFM profile; bottom, corresponding AFM topography.

this approach can be used to functionalize and further custom-
ize silk drives. In turn, silk matrix can help stabilize and preserve
the functions of entrapped dopants. These features distinguish
silk drives from existing solid-state devices and make them well
suited for storing digital and biological information (for example,
the activities of embedded biological components).

Figure 5 shows a set of experiments performed in this context.
First, we tested the robustness of the silk drive and its data con-
tent against heat, moisture, high-dose radiation and high-intensity
magnetic fields. We found that the silk drive was able to withstand
a variety of harsh conditions (Fig. 5a and Supplementary Figs.
12-15). The robustness of the silk drive makes it a suitable carrier
for tagged biosamples with nanoscale dimensions. As a demonstra-
tion, silk drives were doped with clinically relevant blood biomark-
ers—haemoglobin, albumin and glucose—and the corresponding
digital tags were written with TNINL. Biomarker activities were
then measured by enzyme-linked immunosorbent assay, which
was repeated following 7 and 14 d of storage in ambient conditions.
The results showed that the biomarker activities and the informa-
tion were preserved despite the absence of refrigeration (Fig. 5b and
Supplementary Fig. 16).

To demonstrate the possibility of functionalizing the silk drive
with other thermolabile biological components, silk films doped
with horseradish peroxidase were prepared and processed. The
films were subsequently exposed to tetramethylbenzidine solu-
tion. The appearance of coloured product indicates that enzymatic
activities were not impaired by the TNINL processes (Fig. 5¢, top).
The silk drive can also be functionalized with ampicillin to make it
resistant to bacterial contamination, which may induce data loss. To
this end, in vitro experiments were conducted to verify the efficacy

NATURE NANOTECHNOLOGY | www.nature.com/naturenanotechnology

of the antifouling/antimicrobial property of our silk drive (Fig. 5c,
middle and Supplementary Fig. 17).

Under certain circumstances, it is necessary to trigger the
immediate degradation of the stored information. Externally trig-
gered enzymatic degradation of a silk drive is a novel, transient
data-storage scheme that is particularly useful in implantable
devices, secure data storage and/or data concealment. To illus-
trate this concept, a message ‘Hello, silk’ was written onto pure and
papain-doped silk substrates, respectively. The word ‘silk’ was then
selectively erased by exposing the message-containing region of the
doped silk to an elevated temperature of ~50°C, thereby activating
the enzymatic activities of papain, which induce rapid degradation
of the silk (Fig. 5¢, bottom and Supplementary Fig. 18).

Finally, we carried out a set of in vivo experiments to evaluate the
feasibility of our protein-based silk drives (encapsulated in a ‘silk
pocket, prepared using a method reported previously”’) for implant-
able device applications (Fig. 5d and Supplementary Fig. 19). Two
types of silk drives were used, cross-linked and uncross-linked, for
lasting and transient data storage, respectively. The message ‘It was
implanted in the rat on Feb. 10, 2020’ encoded in binary ASCII was
inscribed on the implanted devices, which were then individually
placed in the subdermal region of two Sprague Dawley rats. The
implanted devices were then retrieved and examined after one
week. Microscopic images showed that the nanopatterns on the
cross-linked silk substrate remained nearly intact and the stored
information was successfully retrieved. In contrast, the nanopat-
terns on the uncross-linked substrate had largely disappeared due
to degradation of the silk substrate. As a result, there was no useful
or recoverable information, underscoring the effectiveness of the
cross-linked device for implantable data storage with a controlled
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Fig. 5 | High degree of robustness and biologically relevant functionalities of the silk drive. a, The silk drive shows a high degree of robustness
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b, Clinically relevant biomarkers in blood can be immobilized, preserved and tagged on the silk drive. The nanopatterns are digital tags for '‘Haemoglobin’,
‘Albumin’ and ‘Glucose’ in ASCII. The error bars are calculated from the uncertainty on the activities of the biomarkers. Scale bar, Tum. ¢, The silk drive can
also be functionalized with various biologically active dopants, such as horseradish peroxidase (HRP), ampicillin and papain, thereby further customizing
the drive with additional functionalities. The silk matrix can, in turn, help stabilize and preserve dopant activities. Top: color reaction of the nanopatterned
HRP-doped silk drive when it was exposed to TMB solution. Middle: SEM images of the ampicillin-doped and pure silk drives after bacterial contamination.

Bottom: AFM images of the papain-doped and pure silk drives after a water bath (50 °) for 10 min. The nanopatterns are digital tags for ‘Hello, silk’ and
‘Hello," in ASCIIl. TMB, tetramethylbenzidine. Scale bars, Tum. d, The rate of degradation of the silk drive in vivo can be fine-tuned by cross-linking it to
different degrees. The silk drive in stable mode is highly cross-linked and degrades much more slowly than the amorphous silk drive in transient mode.
The nanopatterns are digital tags for ‘it was implanted in the rat on Feb. 10, 2020" in ASCII. Scale bars, 1pm.

lifetime. Histological sections also showed that the surrounding tis-
sues near the implantation sites for both devices were undisturbed
by the implantation and there were no adverse inflammatory
responses (Supplementary Fig. 20).

Conclusions

TNINL, described herein, is a versatile nanopatterning approach
capable of manipulating the topography and conformation of silk.
Using a scanning probe coupled to a mid-infrared laser, which is
tuned to the molecular fingerprint of silk (A= 6 um), TNINL dem-
onstrated the capability to pattern subdiffractional nanopillars
(FWHM =~ A/170um) and arbitrarily shaped greyscale nanostruc-
tures. We showed that the same system can be used for near-field
spectroscopic characterization of the patterned structures.

We also introduced silk drives as a biofunctional optical stor-
age medium capable of storing digital and biological informa-
tion. Digital data were written onto, and read and erased from, a
silk drive using TNINL, demonstrating a storage capacity over
an order of magnitude better than those of conventional optical
storage devices, such as double-layer Blu-ray discs. Compatibility
with biointerfaces and soft surfaces is one of the strengths of these
drives, and their in vivo degradation rate can be controlled by tak-
ing advantage of the polymorphism of silk. We also demonstrated

that silk drives exhibit robustness under a range of harsh conditions
and can immobilize and preserve various biological dopants, such
as enzymes and blood biomarkers. Finally, we demonstrated that
silk drives can be biofunctionalized to be thermolabile or resistant
to bacterial contaminations.

Substantial improvements in the speed and storage capacity of
silk drives are expected with further optimization and utilization
of recent advances in scanning probe lithography. These advances
include incorporation of a probe array for parallel operations, use of
writing strategies optimized for scanning probes and integration of
silk drives into on-chip devices. Synchronization of the laser pulse
rate and the probe frequency can further improve speed and energy
efficiency, while using sharper probes can further enhance the spa-
tial resolution. Silk drives are unlikely in the foreseeable future to
match the speed and storage capacity of state-of-the-art solid-state
devices at a competitive cost. Nevertheless, the unique set of fea-
tures of the silk drive outlined here presents new opportunities for
biointegrated electronics and nanofabrication.
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Methods

Silk drive preparation. Silk solution was prepared using an established
purification protocol™. B. mori cocoons were boiled for several minutes in aqueous
0.02 M Na,CO, (Sigma-Aldrich) to remove sericin. The degummed cocoons were
then allowed to dry for more than 2 d, after which they were dissolved in a 9.3M
LiBr solution (Sigma-Aldrich) at 60°C for 4h. The solution was dialysed for 2d

in ultrapure water using Slide-a-Lyzer dialysis cassettes (molecular weight cut-off
3,500; Pierce), after which it was centrifuged for 2 X 20 min at 18,000 r.p.m. The
prepared silk solution was then spin coated onto a polished silicon substrate coated
with a thin gold layer to form the silk drive.

Enzyme-assisted degradable silk drive preparation. Papain-doped (0.3 mgmL™"
in ~6.7 wt%) silk solution and then pure silk solution (~6.7 wt%) were spin
coated on the same 1cm X 1 cm substrate to form a heterogeneous silk drive.

The heterogeneous silk drive was then annealed using a facile water vapour
annealing process.

Freestanding silk drive preparation. Silicon substrate was spin coated with
photoresist; gold film was then evaporated on top of the photoresist. A cross-linked
silk drive was fabricated onto the gold layer. The silk drive was then released from
the silicon substrate by acetone immersion. The gold film under the silk was then
wet etched with KI gold etchant (1:4:40 I,/KI/H,0). The cross-linked silk film was
resistant to this gold etchant.

s-SNOM. A commercially available s-SNOM (Neaspec) with a mid-infrared
quantum cascade laser (MIRCat, Daylight Solutions), tunable between 1,495
and 1,790 cm™, was used in this study. The AFM was operated in tapping
mode. Gold-coated AFM tips with ~250 kHz resonance (Tap300GB-G, Budget
Sensors) were used to achieve a satisfactory infrared near-field signal. The
infrared near-field signal was detected simultaneously with AFM signals, using
a pseudoheterodyne technique and a lock-in amplifier. The lock-in frequency
was set at the second or third harmonics of the tip tapping frequency to yield
background-free, near-field amplitude and phase information with a spatial
resolution of up to 10 nm.

File coding and decoding. Binary data from audio and image files were created
using a custom script to first open and read the binary digits. Each digit was given
a pixel code by a binary-to-topography conversion and written onto the silk drive.
The stored data in the silk drive were read out by the AFM and then translated into
a recognizable file using a custom script.

In vitro antibiotic activity characterization. Staphylococcus aureus culture
was plated on tryptic soy agar plates. Cross-linked silk drives fabricated from
ampicillin-doped (20 mgmL~" in ~6.7 wt% silk solution) and pure silk solution
(~6.7 wt%) were embedded into these S. aureus plates. After embedding, plates
were incubated overnight at 37 °C to allow lawn growth. After 24 h, the zone of
inhibition was measured.

Microscopic evaluation of antibacterial efficiency. After incubation, samples
were washed with 10mM PBS and fixed in 2.5% glutaraldehyde for 3 h, then gently
washed with 10mM PBS and progressively dehydrated in graded ethanol solutions
(50%, 75% and 95% v/v). A Hitachi S4800 field-emission scanning electron
microscope, operated at 1kV, was used to determine bacterial attachment and
proliferation on the silk drives.

Evaluation of biomarkers preservation efficiency. Silk solutions containing
albumin, glucose and haemoglobin (a mixture of albumin 14.33 mgmL™', glucose
0.33mgmL"" and haemoglobin 26.67 mgmL~') were prepared to fabricate the silk
drives. The remaining activities of the biospecimens were assessed on days 1, 7
and 14. Albumin and glucose levels were measured using a commercially available
albumin assay kit by the bromocresol green method (Kwork number 191015) and
a commercially available glucose assay kit by the hexose kinase method (Kwork

number 190830). All kits were used according to the manufacturer’s instructions.
Haemoglobin levels were measured using a commercially available haemoglobin

enzyme-linked immunosorbent assay kit (Mlbio number ml016122) according to
the manufacturer’s guidelines.

Animal experiments. All animal experiments were conducted in accordance
with approved Institutional Animal Care and Use Committee protocols at
Huashan Hospital of Fudan University. Sprague Dawley rats (6-8 weeks old)
were anaesthetized with an intraperitoneal injection of ketamine and xylazine.
Depth of anaesthesia was monitored by palpebral and withdrawal reflexes to
confirm that the animal had reached stage 3 of anaesthesia. Once the animal
was lightly anaesthetized, its back was shaved and the incision site cleaned
with 70% ethanol, followed by a betadine surgical scrub. Once stage 3 was
confirmed, a small longitudinal incision was made through the skin and

the ethylene-oxide-sterilized implants were then inserted. The incision was
closed with a Dexon 5-0 suture. The animal was given a dose of analgesia
(subcutaneous buprenorphine) as soon as the surgery was completed and
was monitored until it was ambulatory.

Data availability

The data that support the findings of this study are available online at figshare
(https://doi.org/10.6084/m9.figshare.12466034) and from the corresponding
authors upon reasonable request.
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