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Optogenetics

Optogenetic neuromodulation is a promising technology for continuously caring various neurological diseases.
Optogenetic modulating systems were demonstrated by several researchers, but still have critical issues of short
lifetime of conventional or biocompatible batteries. Here, we present an optogenetic stimulating system by
scavenging wasted magnetic field of home appliance. A flash-enhanced magneto-mechano-triboelectric nano-
generator (MMTENG) was fabricated to demonstrate optogenetic neuromodulation by operating a flexible micro-
light-emitting diode (f-pLED). The output performance of MMTENG was enhanced by the flash-induced nano/
microscale surface structure of the triboelectric Nylon film. The flash-stamped MMTENG effectively generated an
open-circuit peak-to-peak voltage (Vpp) of 870 V and a short-circuit current of 145 pA under a gentle alternating
current (AC) magnetic field of 7 Oe. A maximum peak power of 8.1 mW was observed from the flash-induced
harvester, which was 2.6 times higher than the non-treated device. A high-performance f-uLED with low-
resistive ohmic contacts had the improvement of thermal/mechanical stability as well as power efficiency.
The MMTENG generated a rectified output voltage of 134 V by a 60 Hz stray magnetic field of home appliance,
enabling to operate the f-uLED continuously. An optogenetic stimulator composed of MMTENG and f-pLED was
implanted under a living mouse skull without mechanical damage.

1. Introduction

Optogenetics have been recently spotlighted as a strong candidate
for advanced neuromodulation technique due to its less tissue damage,
high reliability, fast neural response, and cellular-level controllability
[1-4]. The genetically-encoded cells rapidly and selectively respond to a
light, enabling to remedy various neurological diseases such as epileptic
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seizure, somnipathy, and Parkinsonism [5-8]. For the optogenetic ap-
plications, flexible microscale light-emitting diode (f-pLED) with high
power efficiency, low-heating, and thermal/humid/chemical stability
could be an excellent light stimulation tool for freely moving animals by
achieving conformal attachment on the brain cortex surface with min-
imal invasion [9-12]. The optogenetic stimulation was demonstrated as
a form of implantable electronic system that contains independent
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power source of conventional battery [13-15]. However, the restricted
lifetime (estimated to ~5 year) of battery could lead to repeated re-
placements of the discharged battery every several years, which is a
medically critical issue especially at an in-vivo state [16,17].

Energy harvesting technology based on stray magnetic field is a
promising candidate for energy-scavenging biomedical systems since we
are ubiquitously surrounded by alternating current (AC) magnetic noise
fields [generally less than 1 mT (= 10 Oe) at a fixed frequency of 50/60
Hz] arising from electrical power cables that are installed everywhere
including houses, hospitals, factories, and infrastructures [18]. Recently
a high-performance magneto-mechano-triboelectric nanogenerator
(MMTENG) was reported for demonstration of self-powered internet of
things (IoTs) [19]. The MMTENG has been fabricated by employing a
magnet-attached cantilever structure and triboelectric materials to
initially transduce an AC magnetic field into mechanical oscillations by
magnetic force, which is subsequently converted to electricity by the
triboelectric effect [19]. With advent of magneto-mechano-triboelectric
conversion, lighting up a biomedical f-uLED under an ambient magnetic
field could be beneficial to realize battery-free phototherapeutic devices
[16,20-23].

Meanwhile, the triboelectrification is represented as a charge
transfer process between two different materials of contrary tribo-
polarities by contact electrification and it has been succesfully intro-
duced into triboelectric nanogenerators (TENGs) for various applica-
tions [24-30]. For the performance enhancement of the TENGs, the
modification of surface morphology into nano-or micro-scale is a
dominant approach since the surface area of the active material strongly
influences the friction electrification and contact-induced charges [31,
32]. In this regard, light-material interaction (LMI) technologies can be
a powerful solution for tuning the surface structure of plastics via their
exclusive capability to excite multi-scale, transient, localized, and
nonequilibrium photon reactions [33-35]. The significant LMI features
can photothermally modify the morphology, surface texture, and
structural pattern of heat-sensitive polymers [36-46]. Laser sources
have been extensively employed to enable immediate tuning of the
surface morphology of plastic films via accurate controllability of pro-
cessing parameters for sophisticated heat transfer including energy
density, wavelength, and pulse duration [47]. Although pulsed lasers
can sharply raise and lower the temperature of polymers within an
extremely confined focal area to facilitate local ablation, patterning, or
shaping of their topmost layer, they have a severe limitation in
achieving mass productivity due to the serial processing flow [48]. From
the viewpoints of a scalable and cost-effective light source, Xenon flash
lamps have attracted extensive attention owing to their instantaneous
and large-area process-ability, high light producing efficiency, and
excellent compatibility with mass production as roll-to-roll process [37,
38,49-52].

Herein, we developed a flash-enhanced MMTENG with multi-
dimensional triboelectric surface morphology for the demonstration of
optogenetic brain neuromodulation by operating an in-vivo vertical-
structured f-uLED. Light absorbing copper oxide nanoparticles (CuO
NPs) were intermediately introduced on a triboelectric Nylon film as a
heating amplifier and a plastic stamping template upon flash lamp
processing. By irradiating a millisecond flash light, nanoscale bumpy
texture and a microscale wrinkle structure were simultaneously formed
on a Nylon surface via multiscale interface interactions between CuO
NPs and the polymer substrate, which significantly increased the active
friction area. A cantilever-structured MMTENG was fabricated with a
flash-stamped Nylon film and a normal Teflon sheet as triboelectric
counterpart materials. The flash-enhanced MMTENG generated an
open-circuit peak-to-peak voltage (Vpp; the distance from the highest
positive amplitude to the lowest negative amplitude in the voltage
graph) of 870 V and a short-circuit current of 145 pA under a gentle AC
magnetic field of 7 Oe at 133 Hz arising from a Helmholtz coil. The
harvester also shows a maximum peak power of 8.1 mW, which was 2.6
times higher compared to the non-patterned device. For optogenetic
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manipulation by scavenging the wasted energy in home appliance, a
high-performance red f-uLED was realized by low-resistive ohmic con-
tacts and vertical interconnections of electrodes. The f-pLED exhibited
excellent thermal/mechanical/chemical stability under a high irradi-
ating power density of 10 mW/mm?. The MMTENG was located near a
60 Hz magnetic noise field of a common home appliance to generate an
open-circuit rectified voltage of 134 V, which was large enough to turn
on the f-uLED. Finally, the optogenetic f-uLED array was smoothly slid
through a small cranial slit (2.5 x 4 mmz) of a mouse with conformal
covering on the curved and corrugated brain surface. The behavioral
transitions successfully occurred by illuminating red LED light pulses on
the mouse motor cortex.

2. Experimental section
2.1. Characterization of multiscale morphology nylon film

The morphologies and texture of the flash-stamped Nylon film was
characterized by SEM (S-4800, Hitachi), and AFM (XE-100, Park Sys-
tems). The chemical and elemental compositions of the Nylon substrate
treated by flash stamping process was monitored with XPS (Sigma
Probe, Thermo VG Scientific) in an area of 1.5 cm x 1.5 cm.

2.2. Finite element method simulation

Flash-inducted heating simulation was implemented by COMSOL
Multiphysics 5.3 software. The simulation model was constructed to
similar structure with actual experiments (4 layers of CuO NPs on a
nylon substrate). The thermal conductivity, capacity and density of each
materials in the calculations are as in the following: k¢yo: 32.9 W/m'K,
Cp, cuo: 550.5 J/kgK, pcuo: 6310 kg/m3, knyton: 0.26 W/m-K, Cnyion:
1700 J/kgK, and pnyion: 1150 kg/m3. The irradiation condition of the
flash light was pulse width of 3 ms, and energy density of 20 J/cm?.

2.3. Measurement of the output performance of the MMTENG

The output voltage of MMTENG was characterized by a digital
oscilloscope (WaveSurfer 44Mx-A, Teledyne Lecroy) and the current
signal of MMTENG was measured by a multi-sourcemeter (Keithley
2611A).

2.4. Fatigue test of flash-enhanced MMTENG

The fatigue test of flash-enhanced MMTENG was conducted inside
the Helmbholtz coil with inducing AC magnetic field of 7 Oe at 133 Hz.
The open-circuit output voltage of MMTENG was recorded by the
oscilloscope during whole 10° vibration cycles.

2.5. Metallic ohmic contacts between p-AlGalnP and metal layers

Transmission line method was used to accurately measure the con-
tact resistance between p-AlGalnP and metal layers [53]. The contact
resistance was computed by the following equation.

WRy = RL+2WR,

where W, Ry, R, L, and R, is the line width, the total resistance, the sheet
resistance, line gap, and the contact resistance, respectively. Following
contact metals were applied in the measurements: Au (100 nm), Ni/Ge/
Au (10/10/100 nm), Ti/Au (10/100 nm) and Cr/Au (10/100 nm) layers.
All metal layers were patterned with width of 100 pm, and length of 10,
20, 40, 80 and 160 pm. The contact resistivity was redefined by the
following equation.

pc = R(LW

where p, is the contact resistivity between p-AlGalnP and contact metal
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layers.

2.6. Animals

Animal care and experiments were conducted according to the
guidelines of the Animal Care and Use Committee of the Korea Advanced
Institute of Science and Technology (KAIST) and were approved by the
Institutional Animal Care and Use Committee (Protocol No. KA2014-
05). Male C57BL/6J mice, aged 7-8 weeks, were maintained under a
12-h light/dark cycle with ad libitum access to food and water.
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2.7. Stereotactic virus injection and histology

Mice were anesthetized with 2,2,2-tribromoethanol (Avertin 2.5%)
via intraperitoneal injection and placed on a motorized stereotaxic
frame (Neurostar, Gemany). For photostimulation of motor neurons, the
motor cortex (AP, +1.5mm; ML, —1.5mm; DV, -1mm, from bregma) was
injected with AAV8-Syn-ChrimsonR-tdTomato (University of North
Carolina Vector Core, USA) at a rate of 0.05 pl/min using a 33-gauge
blunt needle (World Precision Instruments, USA). A total 3.0 pl of
virus mixture was injected at a titer of 5 x 10'? genome copies [gc]/ml
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Fig. 1. (a) Schematic illustration of the fabrication process for flash-induced MMTENG and its application for optogenetics by energy-scavenging. (b) Plane-view
SEM image of the flash-stamped multiscale Nylon film. Top right inset illustrates the AFM image of the Nylon substrate processed by flash stamping procedure.
The bottom right inset shows the magnified SEM image of the nanoscale bump structure of the flash-treated Nylon surface. (c) XPS results of the flash-induced Nylon
sheet after Cu etching process. (d) FEA simulation result that presents the CuO/Nylon temperature generated by flash light irradiation (energy density of 20 J/cm?,
pulse width of 3 ms). (e) Photograph of the MMTENG inside the Helmholtz coil. The inset presents the cantilever structure with flash-induced Nylon film.
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into the left motor cortex. For microscopic imaging of viral expression
and brain structure, mice were anesthetized with an intraperitoneal
Avertin (2.5%) injection and transcardially perfused with PBS followed
by 4% formaldehyde solution. Their brains were extracted and incu-
bated in 4% formaldehyde solution for an additional 12 h after perfu-
sion. After fixation, the brain samples were sectioned (40 pm thickness)
on a vibratome. Brain imaging was performed on a confocal microscope
(A1 HD25 Confocal Microscope, KAIST Bio Core Center).

2.8. Optogenetic stimulation of the motor cortex

Cranial windows (2.5 x 4 mm?) were made on the left hemisphere,
1.0 mm posterior from bregma, 3 weeks after viral injections. The
optogenetic f-pLED was implanted beneath the skull by sliding the de-
vice through the cranial window to contact the cortical surface. To
monitor whisker movements, imagery analysis system was utilized
while the motor cortical areas were stimulated by the f-uLED array. To
measure the movement of the whiskers, video recordings were analyzed
using ImageJ software (MTrack2 plugin).

3. Result and discussion

Fig. 1a schematically illustrates the device fabrication process of the
flash-enhanced MMTENG and its application to turn on the vertical-
structured f-uyLED. The following is a detailed explanation: i) CuO
nano ink (Novacentrix, ICI-002HV) as an intermediate heating amplifier
and a polymer-imprinting layer was spin-coated onto a Nylon film
(thickness of 50 pm). The light absorptive CuO NPs (band gap of 1.2 eV,
particle diameter of ~100 nm) effectively converted the photon energy
of a broad flash spectrum from 200 nm to 1pm into thermal energy,
which caused a drastic photothermal interaction at the Cu (photo-
reduced) and plastic interface that created a rough polymer surface. ii)
The morphology of the Nylon substrate emerged after etching the flash-
induced Cu layer, showing greatly increased surface area by the
microscale wrinkle structure and nanoscale bumpy texture. iii) To
fabricate a cantilever-type flash-enhanced MMTENG (see Fig. S1 in the
Supporting Information), the backside of the flash-stamped Nylon film
was sputtered with the Au electrode, and adhered on a Ti plate (thick-
ness of 300 pm) by adhesive. Next, several NdFeB magnets were fixed at
the end of the Ti cantilever structure as tip masses, facilitating induction
of repeated up and down second harmonic resonant vibrations of the
cantilever under an AC magnetic field. The Au coated Teflon sheet
(thickness of 100 pm) was placed on the overhead area of the Nylon
surface as a negative triboelectric part. The combination of Nylon and
Teflon layers enabled high performance triboelectric power generation
owing to their positive and negative charge affinities. As a result, the
MMTENG could convert the ambient AC magnetic field to electric en-
ergy to turn on the optogenetic f-uyLED. iv) The high performance f-
PLEDs were implanted between the mouse skull and brain. The
MMTENG-connected f-yLEDs radiated the pulsed red light to the pri-
mary and secondary motor cortices for artificial behavior controls.

Fig. 1b presents a scanning electron microscope (SEM) image of the
Nylon surface demonstrated by the flash stamping process. The flash
light with a pulse width of 3 ms and an energy density of 20 J/cm? was
irradiated to the introduced light absorbing CuO layer to generate
intense photothermal energy, which was indirectly transferred into the
CuO NP/polymer interface. The rapid interfacial heat with optimized
flash-power successfully induced localized tuning of the Nylon surface
rather than causing global polymer damage. After the flash lamp pro-
cessing, a Cu etching procedure was performed to completely remove
the photo-reduced Cu template and sequentially expose the polymer
surfaces (Figs. 1b and S2). A microscale wrinkled structure could be
formed on a Nylon surface by flash-induced heating and quenching
interaction occurred at the interface between the polymer and CuO NPs.
As a first stage, the flash-induced photothermal energy was diffused into
the Nylon, extending the polymer surface by thermal expansion. After
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the irradiation of a single pulsed millisecond flash, the expanded Nylon
was subsequently cooled down and contracted, producing compressive
strain at the polymer interface. This flash-induced uniform stress caused
the bucking of the Nylon surface, creating a regularly wrinkled structure
on the polymer film [36]. As shown in the right top inset of Fig. 1b, the
wavelength and the amplitude of the polymer wrinkles were measured
as 5 pm and 200 nm, respectively, by an atomic force microscope (AFM).
Simultaneously, flash-activated instant melting and solidifying reaction
of the Nylon surface created interfacial interlocking structure based on
the convoluted CuO stamp framework, resulting in polymer film with
nanoscale bump morphology (right bottom inset of Fig. 1b). Our flash
lamp system equipped with a parabolic reflector evenly distributed the
flash light intensity onto the CuO-coated Nylon sample, leading to a
homogeneous heating over a large area without generating significant
thermal gradient. This uniform heat energy identically induced photo-
thermal interaction (e.g., microscale wrinkling and nanoscale inter-
locking) at the CuO and Nylon interface, which enabled the nylon with
evenly rough surface throughout the entire light irradiated region. The
demonstrated multidimensional texture of the polymer top layer pre-
sented huge surface area, exhibiting ~31 times higher average rough-
ness (Ry: 90 nm) than the pristine Nylon sheet (R,: 2.849 nm) in Fig. S3
(see the Supporting Information). Note that the nano-and micro--
polymer structure via the flash-induced stamping process could signifi-
cantly increase triboelectric contact area and frictional force, which
enabled abundant surface charges compared to the flat plastic substrate
[31]. We believe that the surface area and resulting triboelectric prop-
erties of the flash-enhanced multiscale Nylon surface can be further
improved by optimizing the various processing factors, including
modulus of the applied materials, film thickness, and photothermal
temperature. Fig. S4 in the Supporting Information presents a top SEM
image of the polymer film treated by flash light in the absence of CuO
nanomaterial. Since most of the photon energy was not absorbed by the
CuO NPs but instead transmitted through the transparent plastic sub-
strate, the morphology of the Nylon surface could not be changed via
flash lamp processing. Fig. 1c shows X-ray photoelectron spectroscopy
(XPS) data of the flash-stamped Nylon sheet to confirm the clean poly-
mer surface. Normal XPS peaks of Nylon, including C1s, N1s, and Ols,
were distinctly observed, whereas the Cu2p peak was not identified.
Therefore, we could conclude that the Cu etching procedure thoroughly
eliminated the flash-induced Cu residue, which may deteriorate the
performance of the triboelectric energy harvester due to its negative
charge affinity. In addition, the XPS data of the flash-induced Nylon
exhibited similar peak intensity and position compared to that of the
pristine Nylon film (Fig. S5), which showed that the chemical compo-
sition of the both Nylon sheets are nearly identical. We believe that the
ultrafast flash-induced heating and cooling effect successfully induced
photothermal imprinting process without altering the chemical struc-
ture of the Nylon.

Due to the difficulties of direct measurement of the surface temper-
ature of the Nylon film during flash light processing, a finite element
analysis (FEA) simulation was carried out to verify the surface modifi-
cation capability of the polymer substrate via intensive photothermal
interaction between flash light and CuO NPs/Nylon, as described in
Fig. 1d. The temperature of the CuO NPs and plastic film after the flash
light irradiation process was calculated by the heat flux equation (1)
[54]:

Q:pCaa—erpC-VTf V-(kVT) @

Here, Q is the thermal energy induced by the flash light annealing
and C, p, and k are the heat capacity, density, and thermal conductivity
of the CuO NPs and Nylon, respectively (detailed information is pro-
vided in the experimental section). Intense photon energy absorbed by
CuO nanomaterials could be efficiently converted to thermal energy and
subsequently transferred to the Nylon sheet, increasing the temperature

of the polymer surface up to 750 K in 3 ms. This instantaneous heating
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and cooling interaction at the CuO/polymer interface could sufficiently
cause surface texturing of the Nylon with a low melting temperature of
250 °C.

Fig. 1e presents the experimental measurement setup for the flash-
enhanced MMTENG under the AC magnetic field arising from the
Helmholtz coil. The clamped cantilever structure composed of a flash-
stamped Nylon sheet, Ti substrate, and permanent magnets is shown
in the inset of Fig. le. The Teflon film was placed above the vibrating
cantilever body with the optimizing gap distance about 1 mm to acquire
maximum output (see Fig. S6 in the Supporting Information) [19]. The
Helmbholtz coil facilitated the generation of an AC magnetic field around

(@) 0

(b)
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the cantilever beam, and the amount of magnetic field was adjusted by
modulation of the input AC current on the coil. The attached magnets on
the MMTENG enabled continuous up and down bending resonant os-
cillations of the cantilever by interactive attraction and repulsion with
the surrounding magnetic field. The detailed working mechanism for the
MMTENG under the second harmonic bending resonance mode is pro-
vided in Figs. S7 and S8 (see the Supporting Information). To check the
effect of flash structures on Nylon film on the triboelectric potential, we
carried out an analytical simulation compared to the normal flat Nylon
surface, which is presented in Fig. S9 (see the Supporting Information).

We measured the electric output signals of the MMTENG in the
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Fig. 2. (a) The open-circuit voltage signals without and with flash-enhanced MMTENG. (b) The short-circuit current signals without and with flash stamping
MMTENG. (c) The absolute peak voltages with various external resistances between 1 kQ and 1 GQ from the MMTENG without and with flash stamping. (d) The peak
powers according to dependence of load resistance for MMTENG without and with flash stamping. (e) The harvesting stability test of flash-enhanced MMTENG

during 1 million (over 2 h) vibration cycles.
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Helmbholtz coil. The whole area of the cantilever structure was 60 x 20
mm?, and the area of the attached Nylon sheet for triboelectric energy
harvesting was 50 x 20 mm?2. The second harmonic resonance frequency
of the MMTENG device was about 133 Hz by attaching eight permanent
magnets (a total weight of 12 g) at the end of the cantilever structure.
The vibration displacements of cantilever structure as a dependence of
the magnet numbers are presented in Fig. S10 (see the Supporting In-
formation). To confirm the effect of flash-induced multiscale stamping
on the Nylon surface for the triboelectric harvesting performance, the
output signals of flash-enhanced and pristine (flat nylon; control) sam-
ples were compared at a same AC magnetic field of 7 Oe. For the Nylon
film with the nano-and micro-morphology, the MMTENG generated an
open-circuit Vj,, of 870 V (see Video S1) and a short-circuit current up to
145 pA, whereas the control sample generated only an open-circuit Vy,
of 638 V and a short-circuit current of 100 pA, as presented in Fig. 2a and
b.

Supplementary video related to this article can be found at https
://doi.org/10.1016/j.nanoen.2020.104951

The output current signal shows relatively large fluctuation
compared to the voltage output since the sourcemeter system does not
offer high-resolution time-domain measurement of current output. It
would randomly measure the current signal of MMTENG, thus deriving
non-stable output current value. The open-circuit output voltage was
increased with the improvement of the magnetic field and nearly satu-
rated from the point of 7 Oe since the increment of the output was
noticeably decreased between 7 Oe and 11 Oe compared to the region of
3 Oe to 7 Oe (Fig. S11 in the Supporting Information). Note that the
vibration displacement of cantilever structure was gradually increased
with enhancement of AC magnetic field. For the triboelectric contact
and separation mode, the output voltage is related to the amount of
transferred charges (/\c) between opposite two electrodes of counter-
part triboelectric materials. The Ao is directly determined by the sep-
aration distance of the two triboelectric plates. When the separation
distance starts to increase from a contact state, the /\c is rapidly
increased, and then the slope of Ao curve starts to decrease until
reaching at a saturation point (; the slope of /Ao becomes nearly zero).
By this reason, the open-circuit output voltage of contact and separation
TENG could be saturated above an optimum separation distance be-
tween two triboelectric materials [55]. The flash lamp annealing process
for the multi-scale triboelectric polymer surface derived noticeable
enhancement of the output voltage and current signals, by 36% and
45%, respectively, during the harvesting operation. To verify the peak
output power between flash-stamped and non-stamped MMTENG de-
vices, the peak voltage (A\V; the maximum voltage value at the AC
voltage signal) was measured with external load resistances ranging
from 1 kQ to 1 GQ under an AC magnetic field of 7 Oe at 133 Hz as
shown in Fig. 2¢ and d (corresponding output current signals are pre-
sented in Fig. S12 of the Supporting Information). The AV signals
gradually built up as the resistance increased and became saturated at a
high load resistance. To calculate the peak power of the MMTENG, we
divided the value of AV? into the external resistance (P = AVZ/R,
where P is the peak power and R is the resistance). From the result, a
maximum peak power of 8.1 mW at a resistance of 2 MQ was obtained
from the surface modified device, which was 2.6 times higher compared
to the control sample with the maximum peak power of 3.1 mW at a
resistance of 3 MQ. Since the power of MMTENG is proportional to the
square of voltage value at a resistance, the flash process has derived
noticeable enhancement of output power, which would be beneficial to
demonstrate broad application field [19]. This is enabled by effective
friction between two counterpart materials and larger contact area, thus
resulting in more surface charges compared to the flat polymer film
[31]. The optimum external resistance to derive maximum output power
of contact-mode triboelectric nanogenerator is reversely proportional to
the surface area of triboelectric material. The equation for optimum
resistance (Ropy) is given by Rope = (do + Xmax)>/S-V-€0, where dg is the
effective thickness constant (given by d, = d1/¢1 + da/e2, where d; and
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£1 are the thickness and relative dielectric constant of triboelectric ma-
terial #1, d; and €5 are the thickness and relative dielectric constant of
triboelectric material #2), Xy ay is the optimum separation distance be-
tween two triboelectric materials, S is the area size of triboelectric ma-
terials, v is the constant velocity during contact-mode, and ¢ is the
permittivity of free space [56]. Future integration of electromagnetic
generator or piezoelectric nanogenerator into MMTENG to suggest new
hybrid-type magneto-electric (ME) generator would be required to
improve the performance of ME harvester to demonstrate various
self-powered applications [27,57-63].

A fatigue test was also conducted to survey the output stability and
mechanical durability of the flash-enhanced MMTENG. As shown
Fig. 2e, the output voltage signals were consistently recorded without
notable degradation during 1 million cycles (over 2 h). The insets of
Fig. 2e present the time-dependent open-circuit Vp, values at the initial
stage (866 V) and 1 million cycles (850 V). The outstanding durability of
the MMTENG was attributed to the robust wear resistance properties of
the Nylon and Teflon films under the significant repeated frictions. In
addition, our MMTENG device could generate considerable power
through the mild contact between the freestanding Teflon and gently
oscillating Nylon that attached on a thin (300 pm in thickness) Ti
cantilever. Thus, the significantly reduced physical force was applied
between the triboelectric layers during the repeated mechanical loading,
resulting in high durability of the MMTENG. To experimentally confirm
the robustness of our MMTENG device, we observed the morphologies of
the nano/microscale Nylon film after long-term fatigue test by SEM
characterization. As shown in the SEM images in Fig. S13, the flash-
induced multiscale surface structures exhibited no severe abrasion in
spite of the 1 million vibration cycles. Meanwhile, the conventional
wireless energy transmission system (e.g., inductive power transfer) in
biomedical devices may produce excessive heating inside the body, thus
severely threatening the safety of biological tissue [64]. To confirm the
thermal stability of our device, the temperature of the triboelectric
Nylon surface (before and after durability test) was checked by an
infrared thermal imaging camera as shown in Fig. S14 (see the Sup-
porting Information). From the images, notable thermal change was not
found through the mechanical durability test, which could be an
advantage for demonstrating a sustainable energy-scavenging biomed-
ical system [65].

Fig. 3a shows an optical image of the vertical-structured f-pLED array
in the bent state (bending curvature radius of 2 cm). To fabricate the f-
pLED brain stimulator, AlGalnP-based LED layers were deposited by
metalorganic chemical vapor deposition on a mother GaAs substrate.
After metal thin-film deposition and an annealing process, low-resistive
ohmic contacts were made on the p-AlGalnP layer. The pLED chips were
formed by Ar/Cl, gas-based dry etching, and isolated by an ultraviolet
(UV)-cured polymer layer. After p-electrode deposition on pLED chips, a
biocompatible polymer was covered to protect the device from me-
chanical and chemical damages. The rigid GaAs wafer was selectively
eliminated by wet-etchant for device flexibility, and then metallic n-
electrodes were formed on the flipped device for vertical interconnec-
tion (see Fig. S15 in the Supporting Information for the detailed pro-
cedure). As shown in the lower inset of Fig. 3a, the fabricated f-pLED had
a sharp peak wavelength of 650 nm, which was a suitable wavelength
for stimulating a red-shifted channelrhodopsin (chrimson, CnChR1) for
the optogenetic stimulation [9,66].

Enhancement of power efficiency is the most important factor of the
HLED for the effective neural stimulation during biomedical applica-
tions. The pLED efficiency is closely related with the contact resistivity
between semiconductor and metal layers. In order to reduce the contact
resistivity of the pLED array, metallic ohmic contacts were optimized by
adjusting the annealing temperature and contact materials [67-69].
Fig. 3b presents the contact resistivity between LED layers and four
different contact metals (Au, Ni/Ge/Au, Ti/Au, and Cr/Au) as a function
of annealing temperature. A minimum contact resistivity among several
conditions was 4.18 x 107% Q cm? from 300 °C-annealed Cr/Au layers
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Fig. 3. (a) A photograph of the vertical-structured f-pLED under a bending condition. The upper inset is a top view of AlGaInP-based flexible red pLED. The lower
inset is electroluminescence spectra of the red pLED. (b) Contact resistivity graphs between LED layer and four different metal layers. (¢) Luminance-current-voltage
(L-I-V) graphs of f-uLED with various metal contacts. The inset is a magnified image of a 50 x 50 pmZ>-sized red LED chip. (d) LED temperature during constant light
emission (bending curvature radius of 1 cm). (e) Electrical/optical characteristics of red f-uLED under nine different bending radiuses. (f) Results of reliability test
during 100,000 periodic bending motions. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

on a p-AlGalnP, which was 50 times lower than that of the Ti/Au con-
tacts. As the heating temperature increased, the contact resistivity of
HLED gradually decreased regardless of the contact materials. Above the
specific annealing temperature, however, the contact resistivity built up
due to the exfoliation of metal layers, as shown in Fig. S16 (see the
Supporting Information). Optimization effects of the metallic ohmic
contacts are revealed in the luminance-current-voltage (L-I-V) graph of
Fig. 3c. The inset of Fig. 3c exhibits a magnified optical image of 50 x 50
pm?>-sized f-uLED with metallic contacts. The turn-on voltage of the
optimized f-pLED was measured to be about 2 V, which was 0.5-2 V
lower than other contact materials. Furthermore, the f-uLED with 300
°C-annealed Cr/Au contacts had outstanding irradiance of 44.78
mW,/mm? at injection current of 1 mA. We chose this 300 °C-annealed
Cr/Au ohmic contacts for f-uLED-based photo-stimulator, due to its high
optical power and low energy consumption.

The thermal stability of f-pLED is a significant issue for wearable and
optogenetic devices for in-vivo brain photostimulation without thermal
tissue damages. To verify the thermal advantage of the optimized f-
HLED, the device temperature was experimentally measured for 10 min.

Fig. 3d shows the temperature changes of f-uLED at five different light
irradiance conditions (0.1, 1, 5, 10, and 15 mW/mm?). The tempera-
tures of the f-pLED proportionally increased as time passed, and were
finally saturated at 44, 36, 31, 29, and 28 °C for 15, 10, 5, 1, and 0.1
mW,/mm?, respectively. The inset of Fig. 4d displays the bent f-uLED
with illuminating power density of 10 mW/mm? on a half-cylindrical
polymer mold. The temperature of the f-pLED was stably maintained
under 37 °C during light emission of the irradiance from 1 to 10 mW/
mm?, which is the threshold energy for optogenetic activation [70,71].
According to these results, the red f-pLED was suitable to activate the
chrimson-expressed neurons on optogenetics without thermal tissue
damage because the device temperature did not exceed the mammalian
body temperature [72,73]. Chemical strength is an important factor of
the f-pLED for in-vivo optogenetic stimulation. To verify that, soaking
test was fulfilled in 1x phosphate-buffered saline (PBS) solution. As
shown in Fig. S17 (see the Supporting Information), the f-uLED in PBS
exhibited negligible irradiance decrease of ~0.2 mW/mm? for 26 h.
Mechanical flexibility of the f-uLED is essential for application of the
brain-attached photostimulation due to the curved and corrugated
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Fig. 4. (a) A photograph of the MMTENG near an electric wire linked to a dryer. (b) Open-circuit voltage and short-circuit current values from the MMTENG near a
stray magnetic field. (c) Rectified output voltage measured from the MMTENG near the power cable. The inset shows a circuit diagram of the rectifying process. (d) A

photograph of the f-uLED lighted up by the rectified signal of the MMTENG.

structure of the mammalian brain. Bending stability tests were carried
out at different bending radii (1, 2, 3, 4, 5, 10, 20, and 30 mm), as shown
in Fig. 3e. In spite of the bending radius decrement, the red f-uLED
presented negligible degradations in their irradiance (1.27 mW/mm?)
and forward voltage (0.25 V). Fig. 3f displays the fatigue test results of
f-uLED at a bending radius of 2 mm. After severe bending/unbending
motions of 100,000 cycles, the forward voltage increased by 6.67%
(0.31 V), and the optical power density decreased by 4.53% (0.68
mW/mmZ).

Powering of the f-uLED was investigated using the MMTENG under a
stray 60 Hz AC magnetic field generated from an electric power cable of
a household appliance. Fig. 4a shows the experimental setup consisting
of the MMTENG, an electric wire connected to a hairdryer, and an
oscilloscope. For this experiment, we utilized a Ti cantilever (size of 65 x
20 x 0.2 mmz), a flash-enhanced Nylon film (size of 50 x 20 mmz), and
eight mass magnets (a total weight of 12 g) to tune the resonance fre-
quency of the MMTENG to 60 Hz. The electric wire was located under
the magnets of the cantilever structure with a distance about 1mm to
arouse a strong magnetic response between the tip mass magnets and the
magnetic field. By turning on the hairdryer, root mean square (RMS)
current of 9.5 A was flowed through the electric cable as shown in
Fig. S18 (see the Supporting Information). The induced AC magnetic
field at the end of triboelectric cantilever may be 2.1 Oe, which was
calculated by Ampere’s law on the electric wire (B = yg-I/2-x-r, where B:
magnetic field, uo: permeability of free space, I: flowing current on the
power cable, r: radius or distance from the center of power cable). The
MMTENG device generated a 60 Hz open-circuit Vp,, of 237 V and a
short-circuit current of 33 pA, as presented in Fig. 4b (see Video S2).
During the vibration, the magnets made repeated gentle touching with
electric wire (see Fig. S19 in the Supporting Information), which could
generate secondary vibration, thus causing additional regular peaks
following the normal voltage signals. For successful lighting of the f-
HLED, the AC-type output signal of MMTENG should be converted into
the direct current (DC) value using a full bridge-rectifying circuit. Fig. 4c
shows the output voltage (maximum value of 134 V) of the MMTENG
connected to a commercial rectifier, and the inset presents the circuit
diagram of the rectifying process. The f-uLED device was continuously

operated on using the rectified 60 Hz electric output of the MMTENG
under the stray AC magnetic field (see Video S3), as shown in Fig. 4d.
During the energy harvesting of MMTENG, the maximum input voltage
and current signals for f-yLED were 9.5 V and 41.8 pA, respectively as
shown in Fig. S20 (see the Supporting Information). From this result, we
estimate that the peak input power of 0.4 mW (from the equation of
P—VI, where P is the power, V is the voltage, and I is the current) was
supplied into f-uLED from the MMTENG. By using a suitable degree of a
power generated by MMTENG, f-pLED emitted a light with irradiance of
~2.14 mW/mm?. The red light with ~2.14 mW/mm? is sufficient power
for activating light sensitive protein [74,75].

Supplementary video related to this article can be found at https
://doi.org/10.1016/j.nanoen.2020.104951

The magnetic field is proportionally decreased with the increment of
distance from the current flowing cable, thus the output performance of
MMTENG is severely influenced by distance of electric wire. However, if
we introduce a very big Helmholtz coil at a room as a biomedical
application in the future, this problem could be simply solved. The
Helmholtz coils can make uniform and stable magnetic field inside the
active area, thus able to minimize the spatial restriction of MMTENG.
Moreover, the guideline of limiting exposure for magnetic field [estab-
lished by the International Commission on Non-Ionizing Radiation
Protection (ICNIRP)], recommends 2 Oe (at 60 Hz) for general public
places and 10 Oe (at 60 Hz) for occupational places [76]. Based on these
facts, we performed a new experiment to turn on the f-pLED using
MMTENG located at different (bottom and upper) regions inside the
Helmholtz coil with inducing AC magnetic field of 2 Oe as shown in
Fig. S21 (see the Supporting Information). With these operations of
MMTENG, the f-pLED was sucessfully lit up by electric energy generated
from the tiny 2 Oe of magnetic field, which was a good example against
the spatial restriction of MMTENG in the application field. To confirm
the working stability of f-uLED, the MMTENG supplied the electric en-
ergy into f-pLED for 20 h under AC magnetic field of 2 Oe induced by the
Helmholtz coil (for long-term operation), and the f-uLED succesfully
irradiated the red light during 20 h (see Fig. S22 in the Supporting In-
formation). In general, the pLEDs with a pulse operation have 2—4 times
longer lifetime than a constant operation due to its small heat
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accumulation in the device. Based on our experimental results of a
constant (Fig. S17 in the Supporting Information) and pulse operation
(Fig. S22 in the Supporting Information), it is estimated that our f-pnLED
can be used to optogenetic brain stimulation for minimum several days
by using MMTENG as the pulsed-power source [77,78]. This estimated
usage time is enough to realize brain stimulation, considering that re-
searchers irradiated light to brain for several minutes to hours in the
recent papers [79-81]. This energy-scavenging demonstration verified
that the MMTENG could constantly supply electric energy to the f-pyLED
without a battery or an external power source. Although the MMTENG
can light up the f-pLED with a simple diode bridge to rectify the AC
signal into DC signal in this work, a high conversion efficiency circuit for
TENG is strongly required to effectively operate other internet of thing
(IoT) devices and charge secondary batteries, which could increase
applicability and universality of MMTENG technology [82].

To directly test whether the MMTENG is sufficient to stably provide
electricity to the vertical-structured f-pLED in-vivo, a brain stimulation
with a pulsed light (pulse duration of ~10 ms) was demonstrated to
activate cortical neurons of living mouse [83]. Before the experiment,
AAV-Syn-ChrimsonR-tdTomato was injected into the mouse brain as an
AAV viral vector, which harbored Chrimson into the frontal motor
cortical area. As a red light-activated channelrhodopsin variant,
Chrimson was expressed in the primary motor cortex (M1). When the
red light from the f-pyLED is irradiated into the Chrimson-modified
neural cells of M1, permeation of cations across the cell membrane
occurred, thus enabling neural excitation to deliver a motor command to
the brainstem circuitry for whisker retraction [84-88]. Fig. 5a shows an
experimental illustration of the energy-scavenging optogenetic modu-
lation using a living mouse, f-pLED array operated by the MMTENG, and
a simplified neural pathway corresponding to the whisker movement.
Fig. 5b presents an image of an anesthetized mouse located on a ste-
reotaxic fixture with the in-vivo f-pLED to stimulate the M1. The f-pLED
device was inserted over the mouse brain surface under the skull in a less
invasive manner as shown in Fig. S23 (see the Supporting information).
And, the f-uLEDs were exactly located on the specific region of M1
surface which is a whisker movement-related area, as a previous work
[91.

To trigger whisker movement of the mouse, the f-uLED was powered
by the MMTENG (the same device as shown in Fig. 4, operated by the
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noise magnetic field) with induction of a tiny AC magnetic field of 2.1
Oe at 60 Hz (see experiment setup in Fig. S24 of the Supporting Infor-
mation). As a result, the energy-scavenging optogenetic system could
produce red LED light with ~10 ms duration by the rectified MMTENG
output signal. During the optogenetic stimulation, the vibration of the
whisker was tracked utilizing video capture and image analysis as shown
in Fig. 5c-i (see Video S4). Fig. 5c-ii presents the whisker movement
triggered via the optogenetic procedure for 2 s (120 frames), and the tip
position of the whisker was changed with a noticeable alternation dur-
ing the recoding frames of a 1/60 s interval, which is obviously
compared to the control test (see Fig. S25 in the Supporting Informa-
tion). This result indicates that our MMTENG device under a gentle
magnetic field could be used as an efficient energy-scavenging deivce for
the optogenetic f-uLED to define the functions of mammalian cortical
areas.

After the optogenetic neuromodulation on the mouse brain, a post-
mortem histological analysis was performed to verify the expression of
Chrimson in the M1 region. With settlement of Chrimson into the M1
neurons, the movement of mouse whisker utilizing the in-vivo f-uLED
could be practical evidence of successful optogenetic manipulation [66,
84-89]. The top of Fig. 5d shows a confocal fluorescent image of the
cortex to investigate the Chrimson injection site, and an intensive
fluorescent red color signal (normally generated by tdTomato; a maker
of Chrimson) is observed at the stimulation site of M1. Since the auto-
fluorescence backgrounds (fixative-generated fluorescence and fluores-
cence of inherent tissue elements) of tdTomato overlapped on both the
neural cells and brain tissue, the nuclei of the M1 neurons were dyed
using 4’ 6-diamidino-2-phenylindole (DAPI) to confirm whether the
Chrimson was expressed from neuronal cells [90,91]. If the Chrimson
(red signal) and DAPI (blue signal) appeared at the same points, it means
that these locations are Chrimson-modified neurons. The bottom images
of Fig. 5d show magnified views of the stimulated M1 region. Even
though the Chrimson and DAPI signals were widely distributed in the
observed area, several red/blue superimposed signals (pointed by white
arrows) were discovered on the ‘Merged’ image, thus demonstrating the
successful optogenetic stimulation with the f-pyLED array. In addition,
identical brain morphology (see Fig. S26 in the Supporting information)
confirmed that minimal damage occurred in the frontal motor cortex
after f-uLED implantation through DAPI staining.

Fig. 5. (a) Schematic depiction of experimental pro-
cedures for energy-scavenging optogenetic brain
stimulation. (b) Implantation of f-pLED array under-
neath the mouse skull for stimulation of M1. (c¢) i)
Video tracking of the whisker movements. The yellow
. circle is the tracking point. ii) Relative whisker
\ movements via f-uLED stimulation with MMTENG
operation. (d) Confocal fluorescent images of mouse
brain. The top is the expression of Chrimson and the
stimulation site in the motor cortex. The bottom is a
magnified image for the stimulated M1 site. Red color
signals indicate the expression of tdTomato (a maker
of Chrimson), and the blue signals represent the DAPI
(a maker of neural cells). (For interpretation of the
references to color in this figure legend, the reader is
referred to the Web version of this article.)

Whisker
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Supplementary video related to this article can be found at https
://doi.org/10.1016/j.nanoen.2020.104951

4. Conclusion

In summary, we report a flash-stamped MMTENG operated under a
gentle AC magnetic field to induce an optogenetic behavioral change of
a live animal. The flash light with a pulse width of 3 ms and an energy
density of 20 J/cm? successfully demonstrated a multiscale (micro-
wrinkle and nano-bump) Nylon structure via photothermal interactions
at the CuO NPs/polymer interface, significantly increasing the tribo-
electric surface roughness by ~310%. We believe that this flash-induced
surface texturing method can be extensively applied to provide simple
ways for demonstrating numerous multidimensional polymer surface
structure for high-performance TENG device. With an AC magnetic field
of 7 Oe, the MMTENG generated open-circuit Vp, and short-circuit
current signals of 870 V and 145 pA, respectively. A maximum peak
power of 8.1 mW was obtained from the flash-enhanced MMTENG at an
external load resistance of 2 MQ. This superior output performance of
the triboelectric device originated from the multidimensional
morphology of the flash-treated Nylon film, which derived improve-
ments of contact tribo-electrification as well as electrostatic induction
with noticeable operation durability during 1 million operating cycles.
The vertical-structured red f-yLED with low-resistive metal contacts
exhibits outstanding electrical efficiency, showing an irradiance of
44.78 mW/mm? at 1 mA. The f-uLED temperature was stably main-
tained under normal body temperature during high-powered irradiation
of 10 mW/mm? The MMTENG was introduced near a 60 Hz electric
wire connected to a dryer to generate an open-circuit Vp, and a short-
circuit current of 237 V and 33 pA, respectively, and then the signal
was rectified to light the f-uLED. Finally, our energy-scavenging opto-
genetic stimulator was smoothly inserted under the mouse skull to
radiate red light into the intended brain region. We verified that the
whisker movements of a living mouse were caused by the precise
Chrimson activation in the light-emitted motor cortex. These results
indicate that the energy-scavenging brain photostimulator is powerful
tool for investigating the neuro-muscular interactions and the etholog-
ical modulations of mammalians. The continuous optogenetic manipu-
lation by using the wasted magnetic field around us including home,
hospital, factory, and infrastructure could be used as a novel therapeutic
protocol to derive behavior change or even treat life-threatening neu-
rodiseases. We currently have a future plan to develop a long-term
optogenetic stimulation using a small-scale and high-performance
MMTENG with a biocompatible passivation, which can be implanted
in large mammalians (e.g., canine and porcine) [92-95]. This procedure
would require a complete packaging technique such as conventional
non-magnetic titanium case or biocompatible polymer coating for
MMTENG to prevent permeation of body fluid into triboelectric friction
surface since the moisture on the active area could cause severe har-
vesting performance degradation by discharging behavior of surface
charges [96].
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