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Introduction

The advent of optogenetics allows for temporally precise control of neuronal populations 

with light via targeted expression of light-sensitive proteins, or opsins [5; 12]. Optogenetic 

approaches are extensively applied in the neuroscience community to interrogate the causal 

role of neural circuits in mediating various behaviors [1; 3; 10; 14; 15; 23; 28; 31]. While 
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optogenetics has been widely applied to study brain circuits, its application to studies of 

spinal circuits has been hindered by limitations of currently available modes of light 

delivery. Unlike the brain, where the skull provides a bony anchor point to stabilize optic 

fibers or head stages for wired or battery-powered light sources, the spinal cord presents 

unique engineering challenges. Previous studies involving optogenetic approaches to study 

spinal circuits have relied on epidural optic fiber implants and tethering via fiber optic cables 

to laser or light-emitting diode (LED) light sources [4; 6; 8; 25]. Although this approach is 

valuable, tethered operation impedes movement, which can induce stress leading to altered 

behaviors. The development of a wireless light-delivery system compatible with spinal 

interfacing would allow broad implementation of optogenetic approaches in studies of spinal 

circuits, where many behavioral paradigms are not possible or are severely confounded by 

constraints introduced by tethering.

Recent advances in materials science have allowed for the development of ultraminiaturized 

LEDs, powered and controlled wirelessly and suitable for use as a device implant for 

optogenetic stimulation of the brain, and the spinal cord [7; 18; 22; 27; 32; 34; 36]. The 

original embodiments involved operation in RF (radio frequency) bands that demand 

specialized equipment and expertise, limiting their utility for broad application by the 

neuroscience community, particularly in challenging anatomical regions such as the spinal 

cord. We recently reported the development of a new platform that leverages wireless near-

field communication (NFC) at frequencies (13.56 MHz) commonly found in commoditized 

consumer and industrial wireless electronic devices [21; 39]. The resulting technology offers 

numerous improvements over previous approaches, including increased ease of operation 

and customization of wireless settings to various cage types and environments, with little 

sensitivity to the presence of objects or physical obstructions, including environments 

consisting of metals. The results enable unrestricted wireless activation of the devices, and 

the simple design enables mass manufacturing using methods adapted from the flexible 

printed circuit board industry. Here, we present the development of an optoelectronic system 

that adapts this NFC technology in an optimized flexible form factor designed specifically 

for implantation in a minimally invasive fashion over the mouse spinal cord for wireless and 

battery-free optogenetic interrogation of spinal circuits in freely moving animals.

Methods

Fabrication of implants

The overall device dimensions are 10 mm×5 mm×0.2 mm (L×W×thickness). The 

rectangular coil designated for wireless transmission consists of 7 planar loops with 50 µm 

pitch. The probe, equipped with a micro-inorganic light emitting diode (µ-ILED; TR2227, 

Cree Inc. Raleigh, NC), stems inward from the 5 mm side of the coil, has a width of 400 µm, 

and is positioned centrally within the otherwise open-architecture device. The µ-ILED emits 

470 nm blue light and has dimensions of 220 µm×270 µm×50 µm (L×W×thickness). The 

transmission coil and needle are composed of a copper, polyimide, copper trilayer 

(Cu/PI/Cu, 18/50/18 µm thickness, Paralux, Dupont, Dover, DE). The top and bottom Cu 

layers are bridged through the introduction of 3 laser-drilled holes (50 µm in diameter), 

which are later filled with conductive silver paste. The transmission coil and probe are 
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defined through standard photolithography techniques, followed by utilization of a UV laser 

cutting tool (ProtoLaser U4, LKPF, Germany) to remove excess PI. The electronics that 

support wireless power transfer capabilities include a capacitor (40 pF, 250R05L220GC4T, 

Murata electronics, Japan), and a Schottky diode (CBDQR0130L-HF, Comchip Technology, 

Freemont, CA). The aforementioned components, along with the µ-ILED, are affixed to 

interconnect points through the use of solder paste. Finally, the optoelectronic device is 

encapsulated with poly(isobutylene) (PIB; ca. 30 µm thickness, BASF, Southfield, MI) 

followed by poly(dimethylsiloxane) (PDMS; ca. 10 µm thickness, Sylgard 184, Dow, 

Freeport, TX). Both layers are generally formed by dip-coating (PIB conc. 8% in heptane, 

PDMS mixed at 10:1 ratio) with respective drying or curing at 70 °C.

Electromagnetic simulations

Finite element analyses (FEA) was used in the electromagnetic simulations to calculate the 

Q-factor (a parameter that determines the efficiency of wireless power transfer), the resonant 

frequency and voltage induced by wireless coupling. The simulations were performed using 

the commercial software ANSYS HFSS (ANSYS HFSS 13 User’s guide, Ansys Inc. 2011), 

in which tetrahedron elements were used in the solution with adaptive meshing convergence. 

The default adaptive convergence condition, together with a spherical surface (1000 mm in 

radius) as the radiation boundary, ensured computational accuracy. The PIB and PDMS 

device encapsulation layers were ignored due to their negligible influence on the simulation 

results. The material parameters include the relative permittivity (εr), relative permeability 

(µr) and conductivity (σ) of the copper, i.e., εr_Cu = 1, µr_Cu = 0.999991 and σCu = 5.8×107 

S/m.

Spinal cord light attenuation

Adult male mice (8 week old) were anesthetized with ketamine/xylazine and transcardially 

perfused with NMDG-substituted aCSF containing (in mM) 93 NMDG, 2.5 KCl, 1.25 

NaH2PO4, 30 NaHCO3, 20 HEPES, 25 glucose, 5 ascorbic acid, 2 thiourea, 3 Na-pyruvate, 

12 N-acetyl-L-cysteine, 10 MgSO4, 0.5 CaCl2 (pH = 7.3). Lumbar (L3–L5) region of the 

spinal cord was removed. Longitudinal sections of the spinal cord slices at 250–1000 µm 

thickness were cut using a Vibratome VT1000s (Leica). The attenuation of blue light 

through spinal cord slices (250–1000 µm) was measured using an optical power meter (PM 

100D, Thorlabs) at 10, 20 and 50 mW/mm2.

Animals and genetic strategy

Adult (20–25 g) male mice were group housed and maintained on a 12 hr:12 hr light:dark 

cycle (lights on at 7:00 am). All procedures were approved by the Animal Care and Use 

Committee of Washington University and adhered to NIH guidelines. Experiments were 

performed on heterozygous TRPV1-cre male mice [29] crossed to homozygous Ai32 mice 

[26] from Jackson Laboratory carrying floxed stop-ChR2-EGFP gene in the 

Gt(ROSA)26Sor locus to generate TRPV1-ChR2 mouse line. As controls we used littermate 

hetrozygous Ai32 mice (Cre negative).
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Surgical procedure: Epidural device implantation

Mice were anesthetized under isoflurane anesthesia on an isothermal heating pad. The dorsal 

surface above the thoracic and lumbar spine were shaved and cleaned by three alternating 

washes each of 70% (v/v) ethanol and iodine to the skin to reduce the likelihood of 

infection. A 2 cm midline incision was made on the dorsal surface, exposing the 

thoracolumbar vertebral transition. The paraspinal muscles were separated, and the dorsal 

surface of the T13 vertebral bone was scraped clean [13; 17]. Sterile cotton applicators were 

utilized to control bleeding. A partial laminectomy was made at the landmark level, allowing 

for centered placement of the µ-ILEDs over the dorsal horn of the L4-L6 spinal cord 

segment. Prior to implantation of the µ-ILED device, Kwik-Sil silicone elastomer (World 

Precision Instruments) was applied onto the dura. Cyanoacrylate glue was utilized to secure 

the µ-ILED device over the vertebrae. The skin was closed using interrupted sutures and 

mice were treated with buprenorphine for post-operative analgesia. The animals were then 

allowed to recover on an isothermal pad with access to food and water ad libitum.

Spinal nerve ligation (SNL)

Mice were anesthetized under isoflurane anesthesia on an isothermal heating pad. Paraspinal 

muscles were bluntly dissected to expose the L5 transverse process. The L5 transverse 

process was removed to expose the L4 spinal nerve. The L4 spinal nerve was tightly ligated 

with silk suture (6-0, Ethicon; Cornelia, GA) and the nerve was transected distal to the 

ligation. The muscle was closed with 6-0 vicryl suture and the skin was closed with staples. 

The animal was allowed to recover on an isothermal heating pad.

Real-time place aversion (RTPA)

Place aversion was tested in a custom designed plexiglass chamber with a layer of corn cob 

bedding [36]. Each arm of the two-arm V-maze is 10 cm wide × 30 cm long×10 cm height 

with a neutral area between the two arms. The signal was generated in one arm only by 

tethering the designated arm with a double loop antenna. The signal was attenuated to allow 

for complete local field coverage and precise control of µ-ILED device power within the 

designated arm. Each mouse was placed in the neutral area of the chamber, and activity was 

continuously recorded through a video camera for a period of 20 min. “Time-in-chamber” 

and heat maps were generated for data analysis using Ethovision software (Noldus, 

Leesburg, VA). The µ-ILED device was instantaneously and automatically switched to the 

“ON” state each time the mouse entered into the double loop antenna equipped arm. 

Similarly, the µ-ILED device was automatically switched to the “OFF” state upon exiting the 

antenna equipped arm. Software and hardware for generating the signal were from 

NeuroLux, Inc (Champaign, IL).

Spontaneous pain behavior

Each mouse was placed in an individual plexiglass behavioral chamber. Mice were allowed 

to acclimate for at least 30 min before testing. White noise generators were used to reduce 

the influence of external noise pollution on testing. To measure spontaneous behaviors, the 

wireless µ-ILED devices were activated using a signal generator antenna (NeuroLux, 

Champaign IL). Behavior was recorded through an HD video camera (Sony) for one minute. 
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Nocifensive behaviors (defined as licking hind paws, vocalizations, or jumping) were 

quantified post-hoc from the video recordings by investigators blinded to genotype.

Open field behavior

Open field activity was assessed using a VersaMax Animal Activity Monitoring System 

(AccuScan Instruments, Inc., Columbus, OH) as previously described [30]. Before testing, 

mice were habituated to the test room in their home cages for 2 h. Sham and implanted mice 

were then placed in the open field during individual trials and allowed to freely explore after 

the experimenter exited the room. Open field locomotor activity was assessed by recording 

photobeam breaks in a chamber (42 cm × 42 cm × 30 cm, L × W × H) for 30 min. Total 

distance traveled was calculated for the entire chamber as well as a perimeter (outer 8 cm 

ring) and center (inner 26 cm × 26 cm square) region.

Rotarod

Locomotor activity was measured on an accelerating Rotarod (Ugo Basile, Italy) to study 

motor coordination and balance after implantation of the epidural stimulators as previously 

described [30]. Five consecutive acceleration trials were performed with 5 min breaks 

separating each acceleration trial in sham mice and mice with spinal implants. Investigators 

were blinded to treatment (sham vs. implant).

Immunohistochemistry

Mice were deeply anesthetized with a ketamine/xylazine and acepromazine cocktail, then 

transcardially perfused with cold 4% paraformaldehyde in PBS. The lumbar spinal cord was 

dissected and placed in 30% sucrose in PBS for overnight cryoprotection, then frozen in 

OCT. Frozen spinal cord was sectioned at 30 µm in a −20 °C cryostat (Leica) and collected 

directly onto frosted glass slides. Immunohistochemistry was conducted as described 

previously [36]. Goat anti-CGRP (1:400, AbD Serotec Cat# 1720-9007), rabbit anti-GFP 

(1:1,000, Life Technologies Cat# A11122), Rabbit Anti-Iba1 (1:300, Wako Chemicals) and 

mouse anti-GFAP (1:500, Cell Signaling Technologies) antibodies were used. IB4+ labeling 

was performed using Alexa Fluor 568-conjugated IB4 (1:400, Life Technologies Cat 

#I21412). Fluorophore-conjugated secondary antibodies (Life Technologies) were used to 

visualize primary immunostaining: donkey anti-goat AF647 (1:500), donkey anti-rabbit 

AF488 (1:500), and goat anti-mouse AF647 (1:500). Slides were sealed overnight with 

Prolong Gold Antifade Mountant with DAPI (Life Technologies). Images from sealed slides 

were obtained using a Leica SPE confocal microscope, with gain and exposure time constant 

throughout image groups. Image acquisition and analysis were performed by an investigator 

blind to the treatment group.

Statistics

Data are expressed as mean ± SEM. The text and figure legends indicate the statistical test 

that was used for each dataset. Analysis was either by unpaired t-test (two groups) or two-

way ANOVA. The criterion for significance was set at p < 0.05 a priori. Researchers were 

blinded to all experimental conditions. Two replicate measurements were performed and 

averaged in all behavioral assays.
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Results

Optoelectronic device layout

The wirelessly powered device presented in this study is simple to operate and can be easily 

employed using off the shelf materials and components, without the need for highly 

specialized equipment. These are critical factors that have been largely absent in previous 

studies of neuronal function within the spinal circuit using wirelessly enabled optogenetic 

devices. The device, when placed within the boundaries of an external double loop antenna 

positioned along the cage perimeter, enables inductively coupled wireless power 

transmission. The Schottky diode, located at the base of the offset probe, efficiently rectifies 

the incoming RF signal to power the µ-ILED. A capacitor (40 pF), also positioned at the 

needle base, provides the necessary impedance matching for efficient device operation (Fig. 

1A). Overall device flexibility, lightweight construction (ca. 20 mg), and open oblong design 

with a single µ-ILED tethered centrally at the probe tip allow for easy manipulation and 

robust operation. During implantation, the optoelectronic system is applied on top of the 

vertebral column in a manner that allows the offset probe to be inserted into the rostral end 

of T13 located above the dorsal horn of the L4-L6 spinal cord segment (Figs. 1B, C & D). A 

representative image of the fully implanted device in the “ON” state in an awake, freely 

moving mouse is provided in Fig. 1E.

Optoelectronic device function

By comparison to previous work on NFC enabled devices for optogenetic studies of the 

brain, robust delivery of light at intensities that are invariant across an experimental 

environment and stability in chronic operation are considerably more challenging for devices 

that interface with spinal circuitry. Specifically, operation must provide highly uniform 

illumination on the target tissue irrespective of the physical location of the animal in xyz-

space, for periods of several weeks. In the present study, both theoretical and experimental 

methods were employed to evaluate the light output power (i.e. µ-ILED illumination 

intensity) at 27 evenly spaced locations within a designated V-maze arm (12 W output power 

operating at 13.56 MHz). Nine devices were placed on a planar platform at three different 

heights within the arm: 2.5 cm, 5 cm, and 7.5 cm. Stable, uniform illumination is achieved 

when the exterior perimeter of the designated arm is fitted with a double loop antenna (12-

gauge Cu wire) such that the lower and upper loops are fixed at 2.5 cm and 7.5 cm from the 

bottom of the cage (Fig. 2A). For measurement consistency, light output power at each of 

the 27 locations is normalized to the power measured at the central location at the 5 cm 

height. Results from Finite Elemental Analysis (FEA) agree well (within 10% error) with 

the experimental findings (Fig. 2B). The overall variation of light output power across the 27 

locations is sufficiently low (less than 10% variation).

Mechanical forces, such as those resulting from vertebral movement in a freely moving 

awake mouse, may induce out of plane bending of the implanted coil. Severe bending could 

attenuate the light output power, thereby resulting in unstable illumination and/or 

irreversible damage to the device. To examine such effects, device stability and wireless 

performance were evaluated under extreme conditions, with the coil bent from a planar state 

to a cylindrically curved geometry with a radius of 5 mm (Fig. 2C-inset). The maximum 
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device strain at a 5 mm radius of curvature was determined using FEA to reach ca. 0.3%, 

significantly less than the 5.0% fracture strain of Cu, the least compliant of the materials in 

the flexible portions of the device platform (Fig. 2C) [11; 32; 36]. Here, wireless 

performance is assessed by examination of two components, the Q-factor and the observed 

resonance frequency. The Q-factor is a unit-less parameter (ratio of induced voltage to 

supply voltage at a given resonance, denoted as the voltage magnification) that determines 

the efficiency for wireless power transfer. In the current study the planar device exhibits a Q-

factor of ca. 18.7. As the bending radius of the device is increased to 5 mm the Q-factor 

decreases by a negligible amount, ca. 0.12. Similarly, the resonance frequency, which 

describes the optimal frequency of operation, also decreased minimally (by only ca. 0.1 

MHz) (Fig. 2D), throughout this range of bending. Jointly, these data suggest that reliable 

operation of the optoelectronic device introduced in this study can be achieved with 

consistent wireless performance within the range of changes in curvature that can be 

expected with normal movement in the mouse.

Heat production from the circuitry or LED is a critical concern as significant increases in 

tissue temperature could lead to alterations in neuronal function or result in cell damage. In 

our previous studies, we described studies of thermal effects with similar µ-ILED 

components in related platforms [37]. Here, we performed additional modeling and 

extensive testing to ensure that heat production by the designs introduced here are 

reasonable. Infrared imaging (IR; FLIR A655sc) of the device surface is shown in Fig. 2E 

before and during wireless operation. At an extreme condition, with continuous operation at 

an output power of 50 mW/mm2 in air, the maximum temperature increment from baseline 

was 1.7 °C. To determine heat generation under conditions more relevant to those in the 

animal, we measured the temperature at the surface of the µ-ILED in the mouse as a function 

of pulse width of operation at different power levels (10, 20, and 50 mW/mm2). Measured 

values are in good agreement with three-dimensional thermal model simulations, as shown 

in Fig. 2F. Across a relevant range of conditions, the temperature increases are < 0.5 °C, 

even at 50 mW/mm2, 20 Hz, with 5–10 msec pulse widths (i.e. maximum conditions). To 

understand light penetration through the spinal cord, we measured blue light attenuation 

through longitudinal spinal cord slices (250–1000 µm) at 10, 20 and 50 mW/mm2. We 

delivered these varying intensities of light from the dorsal surface, and observed 

approximately 70% attenuation at depths of 250 µm, ~95% attenuation at 500 µm, and 100% 

attenuation of light intensity at depths of 750 µm (Fig. 2G).

A key limitation of previously reported RF-powered wireless devices for studies in the 

spinal cord was short lifetimes (a few days) associated with mechanical damage from forces 

introduced by implantation into the epidural space and subsequent mechanical deformations 

due to motions of the animal. Our present design eliminates the need to insert the µ-ILED 

into the epidural space, eliminating mechanical strain that could contribute to device failure. 

The bilayer encapsulation, involving polyisobutylene (PIB) and PDMS, is another critically 

important modification. Specifically, the additional PIB encapsulation resulted in robust 

operation of devices over more than four weeks, without power degradation. The average in-
vivo device survival rate was increased from a period of 1–2 days to nearly 3 weeks (n = 8) 

by the addition of an underlying PIB barrier coating compared to a single outer PDMS layer 
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(Fig. 2H). An illustration and images of the implantation process for this optoelectronic 

system are shown in Figs. 1B, 1C.

Optogenetic studies

To demonstrate the applicability of these optoelectronic spinal devices, we implanted the 

devices above the dura of the lumbar spinal cord of TRPV1-Chr2 mice. Histological studies 

demonstrate the presence of robust ChR2+ (green) expression in the central terminals of 

primary afferent neurons in lamina I and lamina II of the spinal cord dorsal horn as 

evidenced by overlap with CGRP and IB4 (Figs. 3A, 3B). To determine whether the 

implanted optoelectronic spinal devices caused injury or a neuroinflammatory response in 

the spinal cord, we stained spinal cord sections for GFAP (Glial fibrillary acidic protein), a 

marker for astrocyte activation and Iba1, a marker for activated microglia. We did not 

observe activated microglia or proliferating astrocytes in spinal cord sections from implanted 

mice. In contrast, spinal cord sections from mice with L4 spinal nerve ligation (SNL, as a 

positive control) showed robust activation of microglia and astrocytes (Figs. 3C-F), 

consistent with prior reports [20; 35; 44].

We next examined the functionality and tolerability of these devices in freely moving 

animals. Implanted devices maintained function over several weeks. Mice with implanted 

spinal devices exhibited no significant difference in locomotor function or coordination in 

the rotarod test compared to sham-operated controls (Fig. 4A), and did not result in any 

change in motor activity in the open field (Fig. 4B). Additionally, chronic implantation of 

devices did not produce any anxiety-like behavior in the open field test (Fig. 4C), an 

indication that the devices do not cause significant stress in the mice.

To test whether these devices are effective at manipulating activity of spinal circuitry, we 

implanted spinal devices in TRPV1-ChR2 and control (Cre-negative) littermate mice, and 

tested whether optically activing TRPV1 afferents in mice would produce nocifensive 

behaviors. The TRPV1-ChR2 mice harbor both TRPV1-Cre and Ai32 alleles, which results 

in the expression of ChR2 in TRPV1-lineage neurons, including the vast majority of 

unmyelinated fibers [29]. Wireless activation of the spinal µ-ILED at 20 Hz (10 ms pulse 

width) caused increased nocifensive behaviors in TRPV1-ChR2 mice but not in control mice 

(Fig. 4D). Optical activation of TRPV1-ChR2 spinal afferents consistently produced 

reversible flinching, hind paw licking, jumping, and vocalization behaviors. To evaluate 

whether optical activation of TRPV1-ChR2 spinal afferents produced an aversive state, we 

placed mice in a custom V-maze apparatus where one arm delivered signal to activate the 

devices (LED-ON) and one arm was inactive (LED-OFF). TRPV1-ChR2+ve mice showed 

dramatic aversion to the LED-ON arm, whereas control mice did not show any significant 

preference for either arm, indicating that optogenetically activating TRPV1-ChR2 spinal 

afferents causes aversion (Figs. 4E, 4F).

Discussion

We report here a fully implantable optoelectronic system based on wireless, near-field power 

transfer, with a thin and flexible open-architecture designed specifically for optical 

stimulation of the spinal cord. Compared to previously reported wireless µ-ILED devices, 
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these systems offer greatly increased versatility and improved durability, which together 

allow their broad implementation in even long-term studies [32; 36]. The current 

optoelectronic system is customized with a rectangular shape that allows direct anchoring of 

the device over the spinal cord rather than implanting into the epidural space, thereby 

significantly decreasing mechanical stresses on the device compared to previous platforms 

[36]. The light weight, battery–free operation, small size with open architecture, and offset 

needle to minimize light dispersion represent the key technical improvements in this system 

that allow for effective stimulation of spinal circuits. In addition, a new encapsulation 

material, i.e. PIB, enables survivability in long-term studies.

The low frequency magnetic inductive coupling scheme can be configured for operation at 

any optical wavelength by proper selection of µ-ILEDs (UV, blue, green, yellow and red), 

and widely controlled optical output powers to perform optogenetic stimulation and/or 

inhibition experiments in the spinal cord. For inhibition studies using green µ-ILEDs, where 

the operational efficiency is comparatively low, continuous illumination could lead to 

excessive temperature increases at the device/tissue interface. These effects can be 

minimized through the addition of an encapsulated copper layer at the needle interface to 

enhance thermal spreading rate along the needle.

Advanced antenna layouts and electronic component configurations can support significant 

increases in the operating range. Further, due to the versatility in the fabrication procedures, 

devices may also be customized for application in larger rodent species. The architecture of 

this current design can be adapted for capabilities in sensing and wireless data transmission 

by integrating additional recording electrodes or bio-sensors [22], and wireless drug delivery 

systems [19].

The proof of concept studies we provide here target stimulation of the central terminals of 

primary afferents as they enter the superficial dorsal horn, and as such require only minimal 

light penetration. Our light attenuation results suggest that light intensity falls off quickly, 

reducing by ~70% at 250 µm, ~95% at 500 µm and 100% attenuation of light intensity at 

depths of 750 µm in the spinal cord. Although light intensity falls off rapidly as it penetrates 

the spinal cord, prior publications demonstrate that ChR2-dependent photocurrents can be 

elicited at very low light intensities (e.g. ~0.1 mW/mm2) [16; 33; 40; 41]. If one assumes 

95% light attenuation at 500 µm as we demonstrate here, a light intensity of 2 mW/mm2 

should be adequate to elicit a minimal photocurrent. The devices described here can be set to 

generate light intensities of 50 mW/mm2 or more, and thus induction of photocurrents in 

neurons deep into the dorsal horn should be easily achieved. Of course, the ability to control 

neuronal firing with such a photocurrent is dependent on a number of factors including the 

level of opsin expression and the intrinsic properties such as input resistance, resting 

membrane potential, etc. of any given cell population. Further improvements in light-

dependent modulation of cells or circuits deeper in the spinal cord could be achieved using 

longer wavelength light in combination with red-shifted opsins [9; 24; 43]. The devices we 

describe here are capable of powerful illumination of ≥ 50 mW/mm2, and can be fitted with 

red µ-ILEDs [39]. With these options, and with the added use of newer generation opsins 

with increased light sensitivity [2; 9; 24; 38; 42; 43], activation of even neurons deep in the 

dorsal horn should be possible.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Overall design of the flexible wireless optoelectronic system and the anatomy of the 
system on the spinal cord
(A) Schematic illustration of the overall system design with open architecture and µ-ILED 

positioned at the end of the probe stem. (B) Diagram demonstrating the anatomy and 

location of the optoelectronic system as implanted above the spinal cord. (C) Images of 

intermittent steps during implantation of the optoelectronic system in the mouse before (left) 

and after (right) the implantation. (D) Representative image of a device in the ‘ON’ state 

while resting atop an index finger. (E) Representative image of an awake, freely moving 

mouse with the optoelectronic system implanted on the spinal cord.
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Figure 2. Consistency of power transmission throughout a behavior arena and with mechanical 
deformation, thermal management, and in vivo robustness of the wireless optoelectronic systems
(A) Image of wireless operation of 12 devices in each arm of a V-maze preference arena 

with the double loop antennas. (B) Simulation (top) and experimental measurement (bottom) 

of relative output voltage distribution for 27 devices distributed at heights of 2.5 cm, 5 cm, 

and 7.5 cm from the arena floor. (C) The distribution of the effective strain in the copper 

coils for the radius of curvatures R = 5 mm. The inset shows a picture of a bent device with a 

bending radius of 5 mm. (D) The Q factor and resonance frequency obtained by EM 

simulation for deformed devices with different radii of curvature, from planar to 5 mm. (E) 

Infrared image of the device surface before and during continuous wireless operation with a 
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power of 50 mW/mm2. (F) Temperature change of µ-ILEDs as a function of pulse width of 

operation at different output powers of 10, 20, and 50 mW/mm2. (Lines: calculated 

theoretical values, Symbols: measured experimental values). (G) Blue light attenuation 

through longitudinal spinal cord slices (250–1000 µm) at 10, 20, and 50 mW/mm2. (H) 

Mean (± SEM) days of in vivo device survival when encapsulated with a monolayer of 

PDMS alone (white column) or a bilayer of PIB and PDMS (blue column).
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Figure 3. Anatomical and histological characterization of the spinal cord in TRPV1-ChR2 mice
Transverse sections of spinal cord from TRPV1-ChR2 mice at low (A) and high (B) 

magnification showing ChR2+ (green) terminals in the dorsal horn overlapping with CGRP 

(red) in lamina I and IB4 (magenta) in lamina II. Low magnification and high magnification 

confocal images of a transverse section of the lumbar spinal cord from a mouse with spinal 

nerve ligation. Scale bar is 350 µm for low magnification images and 125 µm for high 

magnification images. (C, D) and from a mouse implanted with the optoelectronic device (E, 

F) for three weeks. DAPI (blue), GFAP (green) marks reactive astrocytes and Iba1 (red) 

marks activated microglia. Scale bar is 125 µm for low magnification images and 80 µm for 

high magnification images.
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Figure 4. Wireless optical activation of ChR2+ TRPV1 spinal afferents induces pain behaviors 
and place aversion
(A) Implantation of the spinal optoelectronic device has no effect on motor behavior vs. 

sham animals in the rotarod test (P = 0.64, n = 6 sham, n = 6 device). (B) Mice with spinal 

implants did not exhibit any difference in total distance travelled in open field test compared 

to sham mice (P = 0.56, n = 5 sham, n = 5 device). (C) Implanted mice did not exhibit any 

difference in time spent in center compared to sham implanted mice in open field test (P = 

0.71, n = 5 sham, n = 5 device). (D) Wireless activation of the spinal µ-ILED causes 

increased nocifensive behaviors (flinching, hind paw licking, jumping and vocalization) in 

TRPV1-ChR2 mice but not in control (88 vs. 0.25 flinches, P < 0.0001 vs. without 

illumination n = 6 per group). No other statistical comparisons reach significance. (E) 

Representative heat maps displaying time spent in a V-maze over a 20 min trial with optical 

stimulation in the “LED On” arm only for control (top) and TRPV1-ChR2 mice (bottom). 

(F) TRPV1-ChR2 mice spent significantly less time in stimulation-paired chamber 

compared with the nonstimulation-paired chamber (54.7 vs. 882.2 s; P < 0.0001, n = 6), 

whereas control mice did not show any preference (504 vs. 548.3 s; P = 0.665, n = 6). Data 
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are presented as mean ± SEM. Statistical comparisons were made using two-way ANOVA. 

***P < 0.0001.
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