.

ROYAL SOCIETY
OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue

Transient bioelectrical devices inspired by

i") Check for updates‘
a silkworm moth breaking out of its cocoon

Cite this: RSC Adv., 2019, 9, 14254

Qiaoyun Qi,? Yanru Li,* Wu Qiu,® Wenhai Zhang,® Chenyang Shi,® Chen Hou,?
Wen Yan,? Jiani Huang,? Likun Yang,® Hao Wang,® Wenxi Guo,? Xiang Yang Liu {22
and Naibo Lin@*2

Transient devices have attracted extensive interest because they allow changes in physical form and device
function under the control of external stimuli or related commands and have very broad application
prospects for information security, biomedical care and the environment. Transient bioelectrical devices
were fabricated inspired by a silkworm moth breaking out of its cocoon, which has shown many
advantages, including the use of mild stimulation, biocompatible materials, a simple process, and
a universal strategy. For the fabrication of the transient devices, heat-sensitive microspheres with
a 9.3 mol L™ LiBr solution in wax shells were prepared by microfluidic technology, which were then
assembled into silk fibroin (SF) electronic materials/devices, such as SF conductive film, an LED circuit on
SF film, and a Ag/SF film/Pt/SF film memristor. The contribution from the LiBr/wax microspheres to the

transient time of the SF films upon exposure to heat was quantitatively investigated. This approach was
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Accepted 29th April 2019 applied to transiently dissolve a flexible Ag-nanowire resistance circuit line on a SF substrate. Moreover,
memristors constructed with a functional layer of SF were destroyed by melting the LiBr/wax

DOI: 10.1039/c9ra021479 microspheres. This technique paves the way for realizing transient bioelectrical devices inspired by
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1. Introduction

Transient electronic devices can be chemically and/or physically
triggered by chemical etching," humidity,” heat,® or light,* and
they are applied in various fields, such as biomedical applica-
tions,”” remote environmental sensors,® and multifunctional
devices with temporal functional profiles. In nature, silkworm
pupa become a juvenile moth in the cocoon during the larval
stage, and the cocoon is camouflaged such that predators
cannot see the interior. After the larval stage, the moth secretes
cocoonase on one side of the cocoon to soften and break the
cocoon. In this paper, we will fabricate transient dissolution
electrical devices based on silk fibroin (SF) material inspired by
the natural phenomenon of a silk cocoon protecting a silkworm
pupa and a juvenile moth secreting an enzyme to dissolve silk
sericin and break a silk cocoon. The devices can be destroyed by
heat-sensitive microspheres in a controlled manner.
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biological behavior, which have been well optimized by nature via evolution.

SF materials, medical materials approved by the US Food
and Drug Administration (FDA), have been widely used in
biomedical and tissue engineering applications due to their
good in vitro and in vivo biocompatibility,”** excellent
mechanical properties,” and controllable biodegradation
rate.” Recently, SF materials also emerged in the field of bio-
electronics as a passive supporting materials."**® For instance,
the functional electric circuits can be attached onto the surface
of flexible SF membranes by means of printing and thermal
evaporation, etc.'” Attributed to the great biocompatibility of SF
membranes, these hybrid circuit/SF devices can be implanted
into the human body while still maintaining circuit function-
ality.*®" Additionally, silk proteins can serve an electrical
function in biodevices,**** such as acting as the dielectric layer
in organic field-effect transistors (OFETs)” and a storage layer in
memristors.>

In this paper, we prepared thermal-triggered transient elec-
tronics by assembling heat-sensitive microspheres into SF
conductive film, LED circuit on SF film, Ag/SF film/Pt/SF film
memristor, respectively. Different from traditional electronic
devices, our transient devices have transient behaviour. For
regular applications, these devices maintain their full charac-
teristics and functionalities to ensure reliable performance.
However, upon heating these devices to a critical temperature,
the protective wax shell melts and releases the encapsulated
LiBr solution, which subsequently breaks the hydrogen bonds

This journal is © The Royal Society of Chemistry 2019
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between SF molecules and rapidly destroys the whole SF film.
The associated electronic components will also degrade along
with the SF film in a controllable manner (Fig. 1).

To the best of our knowledge, this study is the first to
fabricate transient electronic devices inspired by the natural
phenomenon, and the fabrication process has the following
advantages: (i) no corrosive chemicals, such as strong acid,
alkali, or organic solvents, are used; (ii) the process is simple
and biologically friendly; and (iii) the process is a universally
applicable strategy for destroying various biodevices on SF-
based substrates.

2. Experimental section
2.1 Materials

Sodium carbonate anhydrous (analytically pure, Xilong Scien-
tific Co., Ltd.), lithium bromide (99%, Shanghai Aladdin
Biochemical Technology Co., Ltd.), lissamine rhodamine B
(98%, Shanghai Aladdin Biochemical Technology Co., Ltd.),
glycerol (HOCH,CHOHCH,OH, Xilong Scientific Co., Ltd.),
biological glue (ELASTOSIL® E41), poly(vinyl alcohol) (PVA, M,
13 000-23 000 g mol ™', 88% hydrolyzed, Shang Hai Yingjia
Industrial Development Co., Ltd.), wax (C,Hy,+2, mp 40 °C),
deionized water, ultra-pure water, Span 80 (sorbitan mono-
oleate, MACKLIN, C,,H,,0¢, 428.61 M,,), polyvinylpyrrolidone
(molecular weight 1 300 000, Shanghai Aladdin Biochemical
Technology Co., Ltd.), copper nitrate trihydrate (purity 99%,
Beijing Yinuokai Technology Co., Ltd.), ethylene glycol (purity
greater than 99%, Shanghai Aladdin Biochemical Technology
Co., Ltd.), silver nitrate (analytically pure, Xilong Scientific Co.,
Ltd.), acetone (analytically pure, Sinopharm Chemical Reagent
Co., Ltd.), ethanol (analytically pure, Sinopharm Chemical
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Fig. 1 Inspired by the natural phenomenon that a silk cocoon pro-
tecting silkworm pupa, and a juvenile silkworm moth secreting an
enzyme to dissolve silk sericin and break a silk cocoon. Heat-trigger-
able transient electronics were assembled with wax microspheres
containing LiBr solution. The LiBr solution can be released by melting
the wax coating, leading to rapid electronic destruction.
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Reagent Co., Ltd.), borosilicate glass (SUTTER INSTRUMENT),
SPI conductive silver paint (12 milliQ per square, USA, SPI
COMPANY), glass slides (microscope slides, China), square
tubes (internal diameter: 1.0 mm, exterior diameter: 1.65 mm),
in-line light-emitting diode (LED, Keyun Electronics), plastic
needles (internal diameter: 1.30 mm, exterior diameter: 1.60
mm), and polytetrafluoroethylene tubes (internal diameter: 1.65
mm).

2.2 Preparation of microcapsules

In this paper, the preparing process of the heat-sensitive
microspheres with a 9.3 mol L™ " LiBr solution in wax shells is
similar to that of the double emulsions based on microfluidic
technology.”**® The capillary microfluidic device was assembled
by coaxially aligning two cylindrical capillaries inside a square
capillary, as shown in Fig. 2. The fluid of the inner phase was
pumped through the first cylindrical capillary or injection tube,
and the middle phase flowed through the interstices between
the outer square capillary and the capillary through which the
inner fluid was injected. The outer phase flowed into the square
capillary from the opposite end. To keep the middle phase
molten, the entire device was kept at 50 °C. The hydrodynamical
flow of the outer phase focuses the inner and middle phases
when they meet at the entrance of the second cylindrical
capillary or collection tube. The molten middle phase (wax) is
immiscible with both the inner and outer fluids, and double
emulsions were formed inside the collection tube. The double
emulsions were then quickly cooled below the melting
temperature of the shell phase to form solid capsules. The
encapsulated LiBr solution can be released on-demand by
heating the capsules. Herein, the LiBr solution is selected due to
its nontoxicity and high efficiency for dissolving SF. The
continuous phase was a one-to-one weight ratio mixture of
water and glycerol with 5 wt% PVA. The middle phase was wax
with 6% surfactant (Span 80). The inner phase was a 9.3 mol L ™"
LiBr solution with 0.06 wt% rhodamine B for visual observation.
The flow rates of the outer, middle and inner phases were
25 000, 4000, and 4000 pL h™*, respectively.

All fluids were pumped into the capillary microfluidic device
using syringe pumps. We controlled the temperature of the
molten phase by placing all syringe pumps into a 50 °C oven,
which enabled temperature-controlled dispensal of the fluid
with 1 °C precision.

2.3 Preparation of SF films

Bombyx mori cocoons were boiled in 0.02 M Na,CO; for 30 min
three times and rinsed with water. The degummed silk was
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Fig. 2 Schematic illustration of the LiBr@Wax microspheres prepa-
ration process by glass capillary-based microfluidic devices.
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dissolved in 9.3 mol L' aqueous LiBr at 60 °C for 4 h and then
dialyzed with distilled water using dialysis cassettes for a couple
of days to remove LiBr. After centrifugation and filtration to
remove insoluble remnants, the resulting aqueous solutions
were 6-10% (w/v) SF and preserved by storage at 5 °C. Then, 300
uL of SF solution with 20 wt% glycerin was dropped onto 2.5 x
2.5 cm glass slides and placed in an oven at 25 °C to dry and
form a film.

2.4 Preparation of SF conductive film

A 100 pL aliquot of 4 mg mL ™" silver nanowires was dropped on
2.5 x 2.5 cm glass slides and dried in an oven at 60 °C. Then,
300 uL of SF solution with 20 wt% glycerin was applied dropwise
to the slides, and the slides were placed in an oven at 25 °C to
dry and form a film. The obtained film was torn off the slides,
and silver nanowires were transferred to the free-standing SF
film. The film was cut into 1 x 1 cm pieces, and the resistance of
the film was measured to be approximately 20 ohms.

2.5 Fabrication of LED circuit

Alayer of SF film is spin-coated on a glass substrate, and then Ag
electric circuit (=300 nm thick) for LED were deposited with e-
beam evaporation with a high resolution stencil mask and
conductive wires were attached with conductive silver epoxy.

2.6 Fabrication of SF memristor

SF solution was coated on glass slides and dried at 60 °C to form
a SF film. A layer of platinum was deposited on the surface of
the SF film, and then, SF was spun cast for 30 s at 1000 rpm to
form a thin, 14 pm film. A silver electrode array was sputtered
on the surface of a SF film through a mask plate. All the coated
layers were peeled off the glass substrate to obtain a free-
standing, flexible SF memristor.

2.7 Cytotoxicity assay

In order to test the cytotoxicity of the materials, the rMSC cells
were seeded in 24-well plate with a density of 40 000 cells per
well and incubated overnight at 37 °C. And then the materials
were added into wells respectively and incubated with cells for
8 h at 37 °C. Then adding WST-1 to the culture medium of each
sample and continue to incubate for 16 hours. To determine the
cell viability, the absorbance near the wavelength of 570 nm was
measured by a microplate reader (SpectraMax M2).

3. Results and discussion

Microfluidic technology was applied to synthesize our heat-
sensitive microspheres, and a 9.3 mol L' LiBr solution was
encapsulated in wax shells using glass capillary-based micro-
fluidic devices (Fig. 2 and S1-S3%).>”?® The resulting mono-
dispersed water-in-oil-in-water double emulsions were
characterized by optical microscopy. A core-shell structure was
clearly observed, and the statistical results revealed an average
diameter of 350 um (Fig. 3). For visual observation, the LiBr
solution was mixed with rhodamine B (0.5 wt%).
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To quantify the dissolution ability of LiBr@Wax micro-
spheres on SF films, a transient device with a sandwiched
structure was designed. The top and bottom layers were two SF
films with the same size of 1 x 1 cm and a thickness of 100 um
(Experimental section); the middle layer consisted of micro-
spheres flatted on the SF films. After biological glue
(ELASTOSIL® E41, Wacker) was applied to adhere the two films,
a transient SF device was obtained.

The melting process of our device is not instant but tran-
sient, melting begins at several pores in the middle area of the
device and is then followed by the collapse of the whole SF film.
To study the influence of the microsphere content on the
disintegration ability, we fabricated a series of transient SF
devices incorporating varying microsphere quantities (ie.,
40 wt%, 50 wt%, 60 wt%, 70 wt%, and 80 wt%, Fig. 4A). The
degree of disintegration can be simply measured by calculating
the portion of the dissolved area. To precisely calculate the areas
of the SF films, the analytical software Image]J was applied. The
transient time is defined as the time at which the degree of
disintegration reaches 20%.

When the transient SF devices were maintained at 60 °C for
7 min, the degree of disintegration increased from 7.8% to
45.3% as the mass fraction of the LiBr@Wax microspheres
increased from 50 wt% to 80 wt% (Fig. 4A and B).

Obviously, the disintegration of the SF devices requires
a critical concentration of microspheres. We noted that when
the microsphere content decreased to 40 wt%, the SF devices
did not show any dissolution, even after 70 min (Fig. S4T). When
the mass fraction of microspheres was increased to 80 wt%, the
devices were completely dissolved except for the area with bio-
logical glue, which indicated more LiBr solution was released
from the wax microspheres (Fig. 4A). The correlation curve for
the transient time and the microsphere content (Fig. 4B) indi-
cates that as the microsphere content increases, the transient
time decreases. A high content of microspheres will result in
avery short transient time (2.25 min). In this article, we selected
a microsphere mass fraction of 70 wt% for further investigation.

For a transient SF device with 70 wt% of LiBr@Wax micro-
spheres, the degree of disintegration increases from 0% to
31.4% (Fig. 4C) from 1 to 9 min at 60 °C, and the transient time
is 5.33 min. We also investigated the correlation between the
degree of disintegration and the operation temperature and
found that higher temperatures accelerated the disintegration
process. For instance, after heating for 5 min, the degrees of
disintegration are 0% and 32.8% at 40 °C and 80 °C, respectively

400
Sphere diameter (um)

Fig. 3 (A) Optical microscopy imaging of the microspheres. (B) The
size distribution of the LiBr@Wax microspheres.
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Fig. 4 (A) Images of SF films with different contents of LiBr/wax
microspheres before heat triggering and after 7 min of heating. (B)
Correlation between the microsphere contents in the SF film and
transient time/the degree of destruction after 7 min of heating. (C) The
dissolution process of a silk film with 70% LiBr@Wax microspheres at
60 °C. (D) Degradation of silk films with 70% LiBr@Wax microspheres at
different temperatures after 5 min. (E) Effect of temperature on tran-
sient time and degree of destruction of silk films with 70% LiBr@Wax
microspheres.

(Fig. 4D). The transient time increases from 28.8 s to 3 min as
the temperature increases from 40 °C to 70 °C, and higher
temperatures (i.e., 80 °C) did not affect the transient time due to
the fixed melting point of the wax shell (Fig. 4E).

Heat-triggered degradation was further demonstrated on
a transient SF device with the same structure mentioned above
except one side of the SF film substrate was coated with Ag
nanowires (thickness ca. 300 nm, Fig. S61 and 5A). The resis-
tance of the 1 x 1 cm flexible conducting films was measured to
be approximately 20 ohms. Device failure (i.e., transient time)
was defined as a 500% increase in resistance to standardize our
analysis. Prior to thermal triggering, the SF films coated by
70 wt% LiBr/wax microspheres showed a highly stable response
(negligible resistance change) for one month at room temper-
ature (Fig. S7T). Once the transient SF device was powered and
heated by a digital meter at 2 V, the resistance of the monitored
film quickly increased and caused resistor failure within 2 min
(Fig. 5B and C). The thermal images showed that the tempera-
ture reached 70 °C in the center of the device. SF film degra-
dation revealed the melting of the LiBr/wax microspheres
released the LiBr solution, and the LiBr solution dissolved the
SF protein and subsequently destroyed the Ag nanowires. In
contrast, the resistance change in the device with a middle layer
of pure wax was negligible under the same bias voltage of 2 V,
and the SF film did not degrade (Fig. S87).

Programmed degradation of selected electronic components
can allow changes in the device geometry or direction of current
flow in a circuit, altering or transforming the functionality of
the electronic device. Previously reported transient systems that
rely on the dissolution of components are difficult to design
with selective or programmed transience.”® Selective heat-
triggered disintegration of an electronic device was achieved
by selectively coating LiBr@Wax microspheres on a SF
substrate. The device was composed of two LEDs connected in
parallel with an Ag electrode. The Ag traces connected to the red
LEDs were partially coated with LiBr/wax microspheres. The Ag
trace to the blue LED was uncoated (Fig. 6A). Heat was applied
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Fig. 5 (A) Schematics of the structure and operational principle of
a transient device with a Ag nanowire resistor on a silk film substrate. (i)
The Ag resistor on a silk film substrate coated with 70% LiBr@Wax
microspheres. (ii) Heat-triggered disintegration of the device at 70 °C.
(iii) Disintegration of the silk film substrate. (iv) Further disintegration.
(B) Image of heat-triggered degradation of the device at 70 °C. (ii)
Thermal infrared imaging of the transient device. (C) The resistance
transient change of the device trigger by heat at 70 °C.

to the circuit (70 °C) to activate the trigger, and the red LED
dimmed as the Ag interconnection was destroyed by the LiBr
solution in the coated area within approximately 5 min. After
heating, only the blue LED continued to operate and was
unaffected by the thermal treatment.

The memristor, the fourth fundamental electric element,
was conceptually proposed by L. Chua in 1971 and created in
alaboratory in late 2008; a memristor can mimic the behavior of
neural synapses.'” Base on the ability to retain data by
“remembering” the amount of charge that has passed through
them, ie. resistive switching behaviour, the new memristor
technology can store up to 128 discernible memory states per
switch, which is almost four times higher than the traditional
memory transistor.” The resistive switching behaviour is
mostly attributed to the formation or rupture of nanoscale
conductive filaments embedded in the insulating matrix. SF is
among the most representative of proteins that have shown
resistive switching effect,**** and due to its advantageous
properties, such as mechanical robustness, flexibility in thin-
film form, optical transparency, and compatibility with
aqueous processing, SF was selected as the functional material
in our switching behaviour devices.

A SF-based memristor was fabricated, and LiBr/wax micro-
spheres were placed on the surface of the SF substrate (Exper-
imental section). Here, we employed a metal-insulator-metal
structure to demonstrate a resistive memory device, in which Pt
and Ag serve as inert and active electrodes, respectively (Fig. 6B).

RSC Adv., 2019, 9, 14254-14259 | 14257
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coated area at the desired temperature. (B) Illustration of transient
dissolution of the silk-based memristor device. (i) The structure of the
Ag/SF film/Pt memristor. (i) Ag/SF film/Pt memristor on a flexible silk
substrate with LiBr@Wax microspheres. (iii) Heat-triggered disinte-
gration of the device at 70 °C. (iv) Further disintegration. (C) Typical
current versus voltage (//V) curves of the Ag/SF film/Pt memristor in
voltage sweeping mode at ambient condition. (D) Images of the
disintegration process of the Ag/SF film/Pt memristor.
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Fig. 7 The absorbance of each sample A-E.

Fig. 6Cshows typical I-V curves of the silk fibroin/Pt/silk
fibroin/Ag devices with an area of 500 x 500 pum?® structure
under the voltage bias0 — 1 — 0 — —1 — 0 V applied to Ag
electrode, while Pt electrode was grounded. The as-fabricated
device is in a high-resistance state. For positive bias sweep,
the current maintains low under low electric field range. When
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the voltage reaches a certain value of 0.9 V (set voltage), the total
current passes through the device increased abruptly, indi-
cating high-to-low resistive switching (set process). A compli-
ance current of 1 mA is set as the maximum current during set
operation to prevent the device from breakdown. For the
negative bias sweep, the initial state is a low-resistance state.
When a certain negative voltage of —0.75 V (reset voltage) is
reached, the resistance switches to a high-resistance state
abruptly, indicating reset process. The I-V characteristic
exhibits a typical bipolar resistive switching behavior.

After heat triggering at 70 °C, the memristor was mostly
destroyed within 5 min, and complete disintegration of the
device was achieved within 10 min (Fig. 6B and C).

The cytotoxicity of five samples were tested. Sample A:
a transient device has a transient device with a sandwiched
structure, a size of 1 x 1 cm SF film and a thickness of 100 pm
as mentioned before consisted of 70% of LiBr@Wax micro-
spheres. Sample B: Sample A was placed on a heating table to
heat up to 70 °C, the microspheres were released and the SF was
dissolved. Sample C, similar with Sample A except LiBr@Wax
microspheres was replaced by the same weight wax. Sample D,
similar with Sample A except it has no LiBr@Wax microspheres.
Sample E, blank sample. From Fig. 7, all samples show no
obvious distinguish. It means that the cytotoxicity of LiBr@Wax
microspheres and SF materials is low.

4. Conclusions

These thermally transient bioelectrical devices that biomimic
a SF moth breaking out of its cocoon can isolate and release
a degradation agent (the LiBr solution), and the transient
response is fast and adjustable. The content of LiBr@Wax
microspheres in the SF and the temperature have a significant
impact on the transient time. The transient dissolution of SF-
based Ag-nanowire resistance circuit lines and memristors
indicates that this approach is feasible and effective. This
approach provides a simple and versatile platform for not only
controllable dissolution of SF matrix bioelectronic devices but
also the disintegration of other biomaterial devices, such as
those created with cellulose, protein or artificial polymer, which
will play important roles in biomedicine (such as sensors®**?),
information storage (such as memristors®) and other fields.
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