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Introduction

Bubble-blowing-inspired sub-micron thick
freestanding silk films for programmable
electronicsf

*@ Fengjiao Bai,® Jing Sun,? Xiaomeng Zhou,? Wei Yuan, & € Jin Lin,2

*® Guanglin Li® and Zhiyuan Liu 2 *2

Qingsong Li,
Ke-Qin Zhang,

Thin film electronics that are capable of deforming and interfacing with nonplanar surfaces have attracted
widespread interest in wearable motion detection or physiological signal recording due to their light
weight, low stiffness, and high conformality. However, it is still a challenge to fabricate freestanding thin
film substrates or matrices with only sub-micron thickness in a simple way, especially for those materials
with metastable conformations, like regenerated silk protein. Herein, we developed a dip-coating method
for the fabrication of sub-micron thick freestanding silk films inspired by blowing soap bubbles. Using a
closed-loop frame to dip-coat in a concentrated silk fibroin aqueous solution, the substrate-free silk films
with a thickness as low as hundreds of nanometres (~150 nm) can be easily obtained after solvent evapor-
ation. The silk films have extremely smooth surfaces (Rq < 3 hm) and can be tailored with different geo-
metric shapes. The naturally dried silk films possess random coil dominated uncrystallized secondary
structures, exhibiting high modulation ability and adaptability, which can be conformally attached on
wrinkled skin or wrapped on human hair. Considering the methodological advantages and the unique
properties of the obtained sub-micron thick silk films, several thin film based programmable electronics
including transient/durable circuits, skin electrodes, transferred skin light-emitting devices and injectable
electronics are successfully demonstrated after being deposited with gold or conducting polymer layers.
This research provides a new avenue for preparing freestanding thin polymer films, showing great promise
for developing thin film electronics in wearable and biomedical applications.

is decreased to several microns or nanometres, conformal
contact with improved interface performance can be

Soft and stretchable electronics have attracted significant inter-
est worldwide due to their facile applications in wearable
motion detection, healthcare monitoring, human-machine
interactions, and implantation." Generally, most of the elec-
tronic devices using plastic or elastic films (like polyethylene
terephthalate, polyurethane, polyimide, silicone, etc.)* are
micron to millimetre thick, and cannot build a reliable device-
tissue interface for high-quality signal recording or intuitive
interaction. It has been reported that when the film thickness
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achieved.>® These ultrathin films are lightweight and exhibit
lower stiffness, higher conformality, and better wearability
compared with conventional rigid and thick films,” having
been used as important building blocks of high-performance
and deformable microelectronics including transistors, elec-
tronic tattoos, and skin electrodes.®** Although several strat-
egies like spin-coating,'* dip-coating,"* physical/chemical
vapor deposition,'>'® interfacial assembly,'”'® electro-
spinning,"® and their combinations*>*' have been utilized to
prepare thin films with low thickness and have truly improved
device performance, they need to be either released from the
rigid substrates via additionally dissolving sacrificial layers or
handled/transferred in liquids, which is not only time consum-
ing but also may affect the shapes and properties of the films.
More importantly, with the demand for better biocompatibility
and functionality of electronic devices (like biosensors, transi-
ent and programmable devices) in recent years, various bioma-
terials (like silk protein) and programmable materials are

emerging.””>>* These novel materials are usually metastable
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and can be easily triggered with conformational transitions/
structural changes under subtle changes of surroundings,> >’
which are not possible by solution processing or complex
multi-step manufacturing. Hence, developing ultrathin free-
standing films using a simple way without additional proces-
sing or releasing steps is of great importance.

Silk is a natural biomaterial with many appealing properties
including high biocompatibility, biodegradability, and
mechanical strength,”® which has been recognised as an excel-
lent candidate for developing bio-integrated electronic
devices.”**> Notably, silk possesses unique conformations
that are critical in determining the performance and function
of silk materials. For example, the random coil dominated
uncrystallized structures are metastable and water soluble,
while the p-sheet dominated crystallized structures are more
thermodynamically stable. With proper conformation modu-
lation, various programmed transient electronics,*® bio-
degradable implants,** or responsive actuators®® based on silk
have been successfully developed. However, the uncrystallized
secondary structures are easily triggered and changed by
simple physical/chemical treatments like methanol soaking,
mechanical drawing, and sonication,®® making silk unsuitable
for additional solution processing or transferring. Under these
circumstances, it is highly desirable to develop freestanding
ultrathin silk films while maintaining the uncrystallized struc-
tures by novel film preparation methods.

Blowing soap bubbles is a fun activity for children all
around the world. When dipping the wand into the bubble
solution, the solution stretches over the hole and forms a thin
liquid film. With continuous blowing, the liquid film bends
outward and forms a bubble.’” The size, thickness and life-
time of the suspended liquid films or formed bubbles are
tunable by varying the additives in the bubble solution.*®
When selecting proper materials, even freestanding dry films
can be obtained after solvent evaporation.*>*° The one-step
film or bubble preparation process is quite simple, providing a
great inspiration for simply and rapidly preparing freestanding
sub-micron thick polymer films.
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Inspired by bubble-blowing, here we developed a sub-
micron thick freestanding silk film by dip-coating a closed-
loop frame in concentrated silk aqueous solution (Fig. 1). The
substrate-free silk films suspended on the frame are only hun-
dreds of nanometres thick after drying, which can be tailored
with different planar and non-planar geometric shapes via
engineering the frames. The silk films have extremely smooth
surfaces and show rainbow-like colours due to the thin film
interference. Additionally, the naturally dried silk films
possess random coil dominated uncrystallized structures, exhi-
biting high modulation ability and topographic adaptability.
The semi-dried or vapor melted silk films can be conformally
attached on fingertips without distorting the fingerprint
ridges, showing high stability even under skin deformation
and rubbing by fingers/textiles. By virtue of the conformational
modulation through ethanol soaking, the sub-micron thick
silk films were programmed as transient or durable electronics
with controlled lifetimes from 0.3 s to 72 h. The merits of our
method and the obtained sub-micron thick silk films have
enabled various applications in thin film electronics including
skin electrodes, transferred skin circuits and injectable elec-
tronics. This research opens a new avenue for preparing high-
quality thin polymer films without the need for substrates and
additional releasing steps, showing great promise for develop-
ing thin film electronics in wearable and biomedical
applications.

Experimental section
Preparation of silk fibroin solution

The regenerated silk fibroin solution was prepared as pre-
viously reported.*" Firstly, degummed Bombyx mori silk fibres
were dissolved in 9.3 mol L™ LiBr solution at 60 °C for 2 h.
Subsequently, the obtained solution was dialyzed in deionized
water using a cellulose dialysis membrane at room tempera-
ture for 3 days to remove LiBr. After that, the dialyzed silk solu-
tion was centrifuged at 8000 rpm for 20 min to remove
impurities.

To get silk fibroin with high concentrations, the purified
silk solution was concentrated through a reverse dialysis
method.*>** In a typical process, 10 wt% polyethylene glycol
(M, = 10000) aqueous solution was prepared at first. Then a
proper amount of silk fibroin solution was filled into a dialysis
membrane (MWCO 3.5 kDa, Spectra/Por, USA). After that, the
filled dialysis membrane was placed into the polyethylene
glycol solution for a certain time according to the desired
fibroin concentration. Finally, the concentrated silk fibroin
solution was collected and stored at 4 °C for use later.

Preparation of sub-micron thick freestanding silk films

The preparation of sub-micron thick freestanding silk films
can be separated into several stages: firstly, a closed-loop
frame made using polyethylene terephthalate or metal wire
was completely immersed in silk fibroin solution (9.6 wt%)
and held for 5 s. Then, the frame was taken out from the solu-
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Fig. 1 Schematic illustration of the preparation process of sub-micron thick silk films on closed-loop frames and the corresponding silk film

electronics.

tion carefully and a liquid film could be seen on the frame.
Excess liquid was removed by filter paper from the lower edge
of the frame. During solvent evaporation, the liquid film
gradually changed from colourless to iridescent. Note that
vibration and air flow are avoided during the film formation
process. After drying for about 15-20 min, a rainbow-like thin
silk film was obtained. To get silk films with different thick-
nesses, silk fibroin solutions with concentrations of 9.6, 13.3,
16.4, 19.8 wt% were used. When using highly concentrated
silk fibroin solutions, no iridescence was observed during the
film preparation due to the increased film thickness. The
ambient temperature and humidity were 20-23 °C and
40-50% during preparation of the silk films.

Fabrication of transient and durable silk film circuits

The transient silk circuits were prepared by sputtering a thin
layer of gold film on the as-prepared uncrystallized silk film by
a direct-current magnetron sputtering system (sputtering
power: 150 W; argon flow rate: 65 sccm; pressure: 3.8 Pa; sput-
tering time: 10 s) via a shadow mask.** A micro-LED was con-
nected using silver paste to indicate the working conditions of
the circuits. To prepare the durable silk circuits, the silk films
were firstly pre-treated using 75% ethanol to increase the crys-
tallinity and make the silk film insoluble. Then, poly(3,4-ethy-
lenedioxythiophene):polystyrene sulfonate = (PEDOT:PSS)
aqueous solution (Clevios PH 1000) with 5 vol% glycerol and
0.5 vol% Triton X-100 were painted on the silk film with
desired circuit patterns. After natural drying, the films were
thermally annealed at 120 °C for 15 min to stabilize the
PEDOT:PSS and improve its conductivity.

Preparation of silk film electrodes and EMG signal recording

Ethanol-treated silk films were dip-coated in PEDOT:PSS solu-
tion which contained 5 vol% glycerol and 0.5 vol% Triton
X-100, followed by air-drying and thermal annealing to obtain
the silk film electrodes. The obtained electrodes were placed
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on the skin surface of flexor carpi ulnaris to record the muscle
activities during making fists. Before EMG measurement, the
interfacial impedance was tested under the calm state using
an electrochemical workstation (CHI760E, CH Instruments,
Inc.). The hand grip at different force levels was recorded by a
home-customized toolkit (sampling frequency = 2 kHz, SNR >
100 dB, common mode rejection ratio > 90 dB). The commonly
used commercial electrodes which are mainly composed of a
Ag/AgCl plate surrounded by a conductive gel (Cathay
Manufacturing Corp., China) were chosen as comparison, as
shown in Fig. S1.t

Characterization

The surface morphology of freestanding silk films and their
thickness were characterized using an atomic force microscope
(AFM) system (Bruker Nano Inc., USA) in tapping mode and a
field emission microscope (S-4800, Hitachi Ltd, Japan). When
measuring the thickness, the sampling points should be kept
away from the edge of the frame at least 4 mm. A Thermo
Nicolet 5700 FTIR spectrometer (Thermo Fisher Scientific Inc.,
USA) was used to analyse the silk fibroin conformation. The
transmission spectrum of silk film was collected by a fibre-
optic spectrometer (PG2000-Pro, Ideaoptics Instruments) with
a wavelength range of 300-1100 nm. The mechanical pro-
perties of the ultrathin untreated and ethanol-treated silk
films (prepared using 9.6 wt% silk solution) were measured
using a mechanical tester (AG-X Plus 100N, Shimadzu, Japan)
with a controlled sample size of 1 x 1 cm and a constant
tension speed of 10 mm min~". The resistance change under
strain of the silk film electrode was measured with a semi-
conductor parameter analyser (Keithley 2000 multimeter,
Tektronix) while strain was applied by the mechanical tester at
a speed of 10 mm min~'. Before tension, the sample was
pasted on a polyurethane tape and the sample size was main-
tained at 1 cm (length) x 0.5 cm (width).

This journal is © The Royal Society of Chemistry 2023
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Results and discussion

The typical process inspired by bubble-blowing for fabricating
the freestanding sub-micron thick silk film is shown in Fig. 1.
The used regenerated silk fibroin solution was obtained from
cocoons of the Bombyx mori silkworm after several processing
procedures including degumming, dissolution, dialysis, and
concentration. When a closed-loop frame was completely
immersed in the silk solution and taken out vertically, a liquid
film was suspended on the frame. Due to the influence of
gravity, the liquid film become very thin with a gradient thick-
ness from the top to the bottom of the frame. Notably, silk
fibroin exhibits an amphiphilic characteristic due to the highly
repetitive amino acid sequences with alternating hydrophobic
and hydrophilic blocks along the molecular chains, thus being
capable of absorbing at the air-water interface.*> The hydro-
phobic regions of the fibroin chains lead to an affinity to the
air phase and enable silk fibroin to form stable viscoelastic
films at the air-water interface, which in turn can stabilize the
liquid film.*® Normally, the evaporation of water in a liquid
film decreases the film thickness and leads to the rupture of
film. Considerable intermolecular interactions in the highly
concentrated silk solution are favourable for film formation
and stabilization. After water had evaporated fully, the thin
liquid film became dried, and an iridescent substrate-free silk
film was obtained (Fig. 2a). The film consists of entangled
fibroin chains, showing high robustness and self-supporting
characteristics after removing the frame (Fig. 2b), which pro-
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vides possibilities for further processing or use. The as-pre-
pared thin silk film is highly transparent with optical trans-
mission more than 80% across the visible spectrum (Fig. 2c),
and the printed picture can be clearly seen through the film
(Fig. 2c, inset). Interestingly, there are some ripples in the
transmission spectrum which result from the interference of
light reflected from the top and bottom surfaces of the films,
indicating the film thickness is comparable to the wavelength
of visible light. The cross-sectional view and profile of the iri-
descent silk film on a silicon wafer prepared by semi-dried
liquid film show that their thicknesses are only hundreds of
nanometres (Fig. S21) after drying, which further verifies the
speculation. Like soap bubbles, the thickness of the dried silk
film is highly related to numerous factors including solution
concentration, frame placement, and ambient conditions. By
using silk fibroin solutions with different concentrations, free-
standing silk films with different thicknesses ranging from
hundreds of nanometres to several micrometres are readily
obtained (Fig. S3t), showing high controllability. Although a
lower concentration of silk fibroin solution trends to form
thinner silk films, very low concentration of the solution, ie.,
5-8 wt% or lower, will make the liquid film rupture easily
before drying. A typical thin film with a thickness of only
~150 nm is shown in Fig. 2d. Further optimization can be con-
ducted to more precisely control the film thickness and size
for other purposes. The silk film has an extremely flat surface,
no impurities are observed even in the microscale level
(Fig. 2e), which is favourable for displaying bright colours. The
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Fig. 2 The pictures and morphologies of the prepared sub-micron thick silk films. (a) Optical image of the sub-micron thick silk film with iridescent
colours on a closed-loop frame. (b) The silk film taken off from the frame. (c) Transmission spectrum of the sub-micron thick silk film; inset: photo-
graph of the silk film covered on a printed picture showing the high transparency. (d) Sectional view of the silk film. () SEM image of the silk film
showing high smoothness. (f) AFM image showing the surface morphologies of the silk film.
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surface topography of the silk film was characterized by AFM
in tapping mode, as shown in Fig. 2f. Within a length scale of
20 pm, the root mean square roughness (R,) is less than 3 nm,
which is comparable to that of many other silk films prepared
by the spin-coating process.”” Considering the low thickness
and roughness, the sub-micron thick silk films are ideal sub-
states for microelectronic sensors or optoelectronic devices.
When a closed-loop is dipped into a silk fibroin solution,
the surface of the liquid film that forms represents the
minimum mathematically possible area for the loop.*?
Therefore, using specific closed-loop frames allows the for-
mation of freestanding films with different geometric shapes
like circles, squares, triangles, and even non-planar topologies
(Fig. 3a-d). Similarly, spherical shape can be obtained when
the silk solution bubble is formed due to the minimized
surface energy for a given volume. Once the bubble has
reached the wetted substrate, it adopts a static shape that is
governed by the balance between the surface tension and
buoyancy effects.*® During water evaporation and film drying,
the highly concentrated silk fibroin solution can solidify to
form a polymer film. When the size of the spherical silk
bubble is small, the strength of the dried silk can maintain
the spherical shape of the silk film, and no collapse is
observed (Fig. 3e). This strategy enables the preparation of silk
films with desirable topologies and unique geometries, which
cannot be realized using other methods. The naturally dried
silk is amorphous with random coil dominated structures,
giving the sub-micron thick silk films high modulation ability
and plasticity. Typically, the silk films with thickness of about
hundreds of nanometres exhibit more interesting and unique
properties when compared with thick films. For example,
uncrystallized silk has a strong affinity to water, endowing the
sub-micron thick silk film with high humidity sensitivity with
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an obvious volume expansion when exposed to water vapor
(Video 1%). Furthermore, the semi-dried or water vapor melted
silk film shows low bending stiffness and high shape adapta-
bility, which can be conformally attached on curved skin like
fingertips (Fig. 3f) while keeping the fingerprints visible
(Fig. 3g). The optical image in Fig. 3h shows that the thin silk
film can adhere to soft skin with a snug fit over the micro-
metre-scale topologies and give the film high stability even
during mechanical compression (Fig. 3i). Furthermore, no
detachment or delamination of the silk film on skin is
observed after rubbing by fingers and textiles (Video 27), indi-
cating high robustness during on-skin use. In addition, the
sub-micron thick silk films are lightweight, which can be
wrapped and rolled on human hair (Fig. 3j and k). The confor-
mal capability and lightweight characteristics of the thin silk
films show potential for seamless integration of wearable skin
electronics with curved and dynamic biological substrates.

Silk fibroin possesses unique protein conformations that
are capable of being tuned by proper chemical and physical
treatments, giving the silk films diverse properties and per-
formance. For the regenerated silk with uncrystallized struc-
tures, the random coils and/or helixes are metastable, making
the films soluble in water. However, when the uncrystallized
silk films are treated by ethanol soaking, the random coil and/
or helix dominated silk conformation will convert to stable
B-sheet structures. The stabilization process endows the sub-
micron thick silk films with high structure stability, which can
tolerate soaking in various solvents (Fig. 4a). The structure
modification and conformation transition of silk was moni-
tored by Fourier transform infrared spectroscopy (FTIR). As
shown in Fig. 4b, the characteristic amide I absorption band
in the FTIR spectra shifts from 1636 cm™" to 1618 cm™" after
ethanol treatment, representing an increased content of

Hair

4

\
k/

Fig. 3 The controlled geometric shapes and conformality of sub-micron thick silk films. The silk films on the frames with various shapes like (a)
circles, (b) squares, (c) triangles, and (d and e) even non-planar topologies. (f) The sub-micron thick silk film on curved fingertip with (g) clear finger-
prints and (i) high mechanical stability. (h) Optical microscope image of the sub-micron thick silk film on fingertip. Photographs of the silk films (j)

wrapped and (k) rolled on human hair.
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Fig. 4 Modulation of silk films for transient and durable electronics. (a) A schematic illustration showing the mechanism of water stability for the
untreated and ethanol-treated silk films. (b) FTIR spectra of untreated and ethanol-treated silk films. (c) Sequential photographs of water induced
deconstruction of silk film circuits based on untreated silk film and gold layer. (d) Photographs of the durable silk film circuits based on ethanol-

treated silk films and PEDOT:PSS in water for 72 h.

B-sheet. To further quantify the variation of B-sheet content,
deconvolution of the FTIR spectrum in the broadband from
1580 to 1720 cm™ " was performed.>® The contents of p-sheet in
the regenerated silk and ethanol-treated silk are calculated to
be 22.8%, and 47.3%, respectively, indicating that simple
ethanol treatment can effectively tune the crystalline structure
of silk and give it high stability. Besides, the ethanol treatment
also significantly modified the mechanical strength of the thin
silk films. Both the untreated and ethanol-treated ultrathin
silk films exhibit good mechanical properties, ensuring the
self-supporting ability and stability during use (Fig. S47t). After
ethanol soaking, the silk films show higher stiffness due to
the increased f-sheet structures.

Based on these characteristics, the sub-micron thick silk
films are suitable to be engineered as transient or durable elec-
tronics when being deposited with conducting patterns.
Fig. 4c provides a set of images showing the transient beha-
viours of the electronic circuits based on uncrystallized silk
film and thin gold film in response to DI water at room temp-
erature. The uncrystallized fibroin films rapidly dissolve in
water with the deconstruction of the nano gold layer above,
and the operated light-emitting diode (LED) fails to work

This journal is © The Royal Society of Chemistry 2023

within 0.3 s in gently flowing water or 0.5 s when being
totally immersed in water without flowing. It is observed that
the electronic circuits completely disappear in water after only
several seconds (Video 31), demonstrating fast transience,
which is much faster than many other reported transient
electronics.?>"*> However, when the sub-micron thick silk
film is pre-treated with ethanol, the electronic circuit can
maintain the structure integrity and working stability for more
than 72 h in water, showing high durability for long-term use
(Fig. 4d). These results indicate that the sub-micron thick silk
film based electronic devices are highly programmable, which
are potentially suitable for developing disposable devices or
electronics with controllable lifetime and diverse properties
using one material.

By combining the shape adaptability of the semi-dried
uncrystallized silk film and the substrate-free film preparation
process, microelectronics can be easily transferred and confor-
mally adhered on skin, as shown in Fig. 5a. When a closed-
loop frame was dip-coated in the fibroin solution, the floating
circuit was simultaneously taken out and supported by the
liquid film. After semi-drying, the silk film with circuit could
be attached on a finger simply. Owing to the low thickness of

Nanoscale, 2023,15, 3796-3804 | 3801
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Fig. 5 Potential applications of silk film electronics for (a—c) transferring printed circuits, (d) injectable electronics, and (e—h) skin electrodes. (a)
Schematic diagram of the transfer procedures of thin electronic circuits using dip-coating technique and semi-dried silk film. (b) The transferred cir-
cuits on wrinkled skin. (c) The adhesion stability of transferred circuits on skin. (d) Images of thin silk film electronics injected through a tube into
PBS solution. (e) The photograph of silk film electrodes on the arm using PEDOT:PSS coated ethanol-treated silk film. (f) The skin interface impe-
dance of silk film electrodes and commercial gel electrodes. (g) EMG signals recorded by the silk film electrodes and commercial gel electrodes
when making fists with different gripping forces. (h) Amplitudes of the EMG signals recorded by the two electrodes.

the silk film, the circuit conforms well with the wrinkles and
no disturbance of the circuit deformation is observed (Fig. 5b).
Furthermore, silk fibroin has been reported to have adhesive
properties to various substates like biological tissues,”*”* thus
the semi-dried silk film also acts as a binder layer and gives
the electronic circuit high stability on skin, which can with-
stand cyclic skin deformation and mechanical stretching
(Fig. 5¢).

Benefiting from the high stability of the ethanol-treated
sub-micron thick silk film in water, it can be potentially used
as foldable and injectable bioelectronics without designing
complex structures when combing with the feature of low
thickness. It is notable that water molecules can significantly
decrease the modulus of silk down to kilopascals;*>”° thus,
the sub-micron thick silk film shows low bending stiffness in
aqueous environments. When a 1 x 2 cm silk film circuit that
based on crystallized sub-micron thick silk film and nano
gold is immersed in phosphate buffered saline (PBS) solu-
tion, it can be freely loaded into a syringe and injected
through the tube with an inner diameter of 2 mm (Fig. 5d),
which is similar to the reported injectable mesh electronics.””
During this process, the silk film circuit maintains high
structural integrity after compressing and unfolding multiple
times (Video 47%). These results demonstrate the possibilities
of delivering flexible electronics into internal cavities,
showing great promise for developing noninvasive implanted
bioelectronics.
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As a natural protein, silk fibroin is biocompatible and
has been widely used in biosignal measurement for poten-
tial clinical diagnosis and motion monitoring. By virtue of
the low thickness and stiffness, the sub-micron thick silk
film is suitable to be used as conformal skin electrodes for
recording electrophysiological signals when incorporating
with conducting polymer PEDOT:PSS by surface coating.’®
The silk film electrodes show high stretchability up to >
120% (Fig. S5t) due to the plasticization of doped glycerol in
aqueous PEDOT:PSS,*® ensuring the mechanical reliability
when being used on stretchable and moving skin. The silk
film electrodes are highly conformal on skin (Fig. 5e), exhi-
biting as low interfacial impedance with skin as the com-
mercial gel electrodes (Fig. 5f), which is crucial for the
signal integrity during use. As shown in Fig. 5g, the electro-
myography (EMG) signals generated from the muscle activi-
ties were detected via applying 10, 30, 50, and 70 LB of grip-
ping force to the gripper, and a steady increase in signal
intensity can be observed with the increase of the gripping
forces. Furthermore, the EMG signals collected by the silk
electrodes show comparable amplitude to the commercial
gel electrodes under the same gripping force (Fig. 5h).
Besides, the silk film electrodes lead to no remarkable skin
irritation after wearing for 12 h, while commercial gel elec-
trodes cause skin discomfort and over-soaking (Fig. S6t),
which means the silk film electrodes are suitable for long-
term use.

This journal is © The Royal Society of Chemistry 2023
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Conclusions

In summary, we demonstrate a facile method for the fabrica-
tion of sub-micron thick freestanding silk films inspired by
bubble-blowing. By dip-coating a closed-loop frame in concen-
trated silk fibroin aqueous solution, substrate-free silk films
with bright rainbow-like colours can be easily produced after
drying. These films show high surface smoothness and have
thickness down to hundreds of nanometres, which can be con-
formally attached on curved fingertips without distorting the
fingerprint structures. The conformations determine the
diverse properties of silk, giving the naturally dried silk film
high modulation ability, which can be programmed as transi-
ent circuits with water-triggered rapid decomposition or
durable electronic circuits for long-term use. The simple film
preparation method, combined with the intrinsic adhesion of
uncrystallized silk, was successfully utilized to transfer printed
microelectronics to skin and give it high adhesion.
Furthermore, the ethanol-treated silk films exhibit high struc-
tural stability which can tolerate solution processing, enabling
applications for wearable skin electrodes and injectable ultra-
thin electronic circuits. In particular, the silk film electrodes
are able to record EMG signals with high quality comparable
to commercial gel electrodes, and do not lead to discomfort
during long-term use. These results prove that our method
and obtained sub-micron thick silk films possess superior
advantages to many other strategies and thin films, showing
great promise for developing versatile films and related elec-
tronic devices.
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