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Optogenetic methods to modulate cells and signaling pathways
via targeted expression and activation of light-sensitive proteins
have greatly accelerated the process of mapping complex neural
circuits and defining their roles in physiological and pathological
contexts. Recently demonstrated technologies based on injectable,
microscale inorganic light-emitting diodes (μ-ILEDs) with wireless
control and power delivery strategies offer important functional-
ity in such experiments, by eliminating the external tethers asso-
ciated with traditional fiber optic approaches. Existing wireless
μ-ILED embodiments allow, however, illumination only at a single
targeted region of the brain with a single optical wavelength and
over spatial ranges of operation that are constrained by the radio
frequency power transmission hardware. Here we report stretch-
able, multiresonance antennas and battery-free schemes for
multichannel wireless operation of independently addressable,
multicolor μ-ILEDs with fully implantable, miniaturized platforms.
This advance, as demonstrated through in vitro and in vivo studies
using thin, mechanically soft systems that separately control as
many as three different μ-ILEDs, relies on specially designed
stretchable antennas in which parallel capacitive coupling circuits
yield several independent, well-separated operating frequencies,
as verified through experimental and modeling results. When used
in combination with active motion-tracking antenna arrays, these
devices enable multichannel optogenetic research on complex be-
havioral responses in groups of animals over large areas at low
levels of radio frequency power (<1 W). Studies of the regions of
the brain that are involved in sleep arousal (locus coeruleus) and
preference/aversion (nucleus accumbens) demonstrate the unique
capabilities of these technologies.

wireless optogenetics | stretchable electronics | wireless power
transmission | deep brain stimulation | antenna

Optogenetics exploits a toolbox of light-sensitive proteins for
optical manipulation of neural networks as a powerful

means for the study of circuit-level mechanisms that underlie
psychiatric diseases (1–4). Canonical optogenetic experiments in
the brain require cranial insertion of an optical fiber to illumi-
nate a region of interest (5, 6). Although this approach permits
simple behavior modeling, constraints in animal motion and al-
terations in natural behaviors due to fiber tethering and external
fixation complicate use in chronic longitudinal models and in
experiments that assess complex responses. Many of these limi-
tations can be bypassed with optoelectronic technologies and
wireless receivers, as recently demonstrated in optogenetic
stimulation of the brain, the peripheral nerves, and the spinal
cord (4, 7–13). Systems that offer soft, compliant mechanical
properties and thin, fully implantable designs are particularly
advantageous (7). These systems, however, have still not been
optimized to fully take advantage of the power of combining

mouse genetics/optogentics with long-term behavioral manipu-
lation or with multicolor stimulation capacity. Another limitation
of current systems is their inability to wirelessly stimulate mul-
tiple circuits simultaneously by using different channels with
multiple wavelengths of light. Such capabilities would enable
interrogation of complex circuit behaviors in awake animals, a
major goal of modern neuroscience research. To address these
key shortcomings in existing technology, we report a class of
multicolor, long-term–implantable, radio-controlled devices that
enable advanced modes of operation in behavioral studies of
awake, freely moving mice.
The work involves three key advances: (i) devices with designs

for use in the deep brain, with examples in optogenetic control of
sleep/wake transitions via stimulation of the locus coeruleus
(LC) (14); (ii) motion tracking systems for coordinated control
over multiple transmission antennas, to allow ultralow power
radio frequency operation over large areas; and most impor-
tantly, (iii) specialized radio frequency antennas and associated
circuits for independent control over multiple light sources in a
single platform, with examples in optogenetic modulation of
aversion/preference behaviors via dynorphinergic neurons in
nucleus accumbens shell (NAcSh) using two-channel wireless
devices for stimulation of separate regions of the brain individually,
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in a single mouse. This experimental demonstration is significant
because, although activation of the dorsal and ventral regions of
the NAcSh are known to generate preference and aversion be-
haviors, respectively, no other approaches can stimulate both re-
gions in the same animal simultaneously. The results reported
here illustrate this possibility in awake, behaving animals using a
wireless, completely subdermal power and control system. The
ability for independent, wireless power delivery and control over
multiple light sources with emission wavelengths across the visible
range also suggests related opportunities in optogenetic stimula-
tion and inhibition. Such capabilities can be achieved by combining
devices described here with recently developed light-sensitive
proteins for advanced types of in vivo optogenetics and behavioral
experiments (3).

Results
Optoelectronic Design. The device platform enables separate,
wireless operation of a collection of injectable microscale in-
organic light-emitting diodes (μ-ILEDs, based on unpackaged
devices with dimensions of 220 μm width, 270 μm length, and
50 μm thickness) in designs that are also adaptable to other light-
delivery platforms. A radio frequency energy harvester receives
signals from a transmitter, rectifies them, and triples the result-
ing voltage to provide a direct-current output for the μ-ILEDs.
An impedance matching circuit, designed to maximize the re-
ceived power, uses a ceramic chip capacitor (3 pF; 0.20 mm
width, 0.4 mm length, 0.22 mm thickness) and an inductor
(2.7 nH; 0.20 mm width, 0.4 mm length, 0.22 mm thickness)
connected in series. The rectifier incorporates miniaturized Schottky
diodes (1.7 mm width, 1.5 mm length, 0.5 mm thickness) and

ceramic chip capacitors (5 pF; 0.20 mm width, 0.4 mm length,
0.22 mm thickness). The multiplier involves three Schottky
diodes, identical to those in the rectifier, for the purpose of
boosting the voltages provided by the rectifier (∼0.9 V) to values
sufficient to operate the μ-ILEDs (∼2.7 V). To accommodate
anatomical shapes and natural motions inside the targeted bi-
ological environment, the devices exploit principles of stretch-
able electronics in the form of serpentine metal interconnects
passivated by layers of polyimide (40 μm thickness), with the
entire system encapsulated in a low modulus silicone elastomer
(∼0.5 MPa, 100 μm thickness for superstrate and substrate) to
yield soft mechanics at the system level (effective modulus, ∼1.7
MPa) (Fig. 1A) (7). The fabrication procedures, along with de-
tails of the components and the circuit layouts, appear in
Methods and SI Appendix, Fig. S1 and Table S1.
The thin, miniaturized geometry (4.3 mm width, 8 mm length,

and 0.7 mm thickness); ultra-lightweight construction (33 mg);
and mechanical compliance of these devices facilitate full im-
plantation and chronic use in the brain (Fig. 1B). The system
includes two parts: a back-end power harvesting and control unit
and an injectable needle-shaped substrate that allows delivery of
the μ-ILEDs (Fig. 1C, Right Top and Right Bottom) to targeted
structures in the deep brain. Both components offer soft me-
chanics to impose minimal constraints on natural motions of the
surrounding tissue (Fig. 1 C, Left and D), with reliable operation
under levels of deformation that significantly exceed those
expected in freely moving animals (7). Accelerated testing indi-
cates that the soft silicone encapsulation preserves device func-
tionality for 6 d when immersed in PBS (7.4 pH) at 90 °C, and
the devices show no degradation after more than 2 mo in similar

Fig. 1. Multichannel, soft wireless optoelectronic systems for optogenetics. (A) Exploded-view schematic illustration of the multichannel energy harvester
components of the system. (B) Schematic illustration of the anatomy and location of the device relative to the brain. (C) Pictures of a two-channel operating
device on a fingertip, deformed by application of localized force with a pair of tweezers to illustrate the soft mechanics (Left) and wireless operation in the air
(Right Top and Right Bottom). This harvester activates a green μ-ILED at 2.3 GHz (channel 1, right to the top) and a blue μ-ILED at 2.7 GHz (channel 2, right to the
bottom). (D) Images of mice implanted with the two-channel optoelectronic system, operating at a frequency of 2.3 (Top) and 2.7 (Bottom) GHz, respectively.
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solution at 37 °C (SI Appendix, Fig. S2). Arrhenius-based ex-
trapolations of testing at 60 °C and 90 °C suggest lifetimes of
∼6 mo at 37 °C (SI Appendix, Note S1) (15). These soft, flexible
components also reduce brain trauma upon insertion and mini-
mize tissue damage after chronic implantation and activation (9,
10, 16). The high degree of compliance of the injectable part of
the system can, however, confound mechanical penetration into
the brain tissue. Previous approaches exploit releasable injection
needles to overcome this challenge (9, 10). Here, a biodegrad-
able needle made of poly–lactic-coglycolic acid (PLGA) obviates
the need for extraction; this needle provides sufficient stiffness
for injection into regions of the deep brain such as the LC and
nucleus accumbens (NAc) but fully dissolves after exposure to
biological fluids (SI Appendix, Fig. S3A) (17–19). In vitro testing
shows that at 37 °C the needles lose half of their thickness (an
eightfold reduction in their bending stiffness) in 3 d, with com-
plete dissolution within a week (SI Appendix, Fig. S3 B and C).
Heat generation is also a potential concern for long-term im-
plantation and operation of electrical devices in animals. Ex-
perimental studies using implantable thermal sensors show that
optical power densities of 10 mW/mm2 (50% duty cycle; 10 Hz
period; 50 ms pulse width) do not cause any significant, steady
state temperature changes in the surrounding tissue (SI Appen-
dix, Fig. S4). We note that the same concepts in multichannel
antennas and wireless, battery-free operation can be applied to
a broad range of other platforms for light delivery, including
waveguide arrays and other technologies.

Optical and Electrical Characteristics.The key feature of these devices is
that they support multichannel operation, thereby overcoming a
critical limitation of the single-channel, single-wavelength capabilities
of previously reported wired and wireless systems (7–11, 13). Here,
an advanced, stretchable antenna structure integrates multiple ca-
pacitive coupling traces to yield nonoverlapping resonances for fre-
quency-selective harvesting and control. Each two-channel antenna
consists of three serpentine lines (Fig. 2A, blue, red, and black line),
where each pair (blue and red line, red and black line) involves
resonant capacitive coupling with its neighbor. In particular, coupling
between the blue and red traces (channel 1, Fig. 2A) and between
the red and black traces (channel 2, Fig. 2A) enables operation at 2.3
(channel 1) and 2.7 (channel 2) GHz, respectively. To illustrate this
operation, computations of electric field magnitudes near the sur-
faces of the serpentine traces at a frequency of 2.3 GHz reveal en-
hanced capacitive coupling (20), and therefore resonant operation,
associated with channel 1 but not channel 2, as featured in black and
red dotted boxes (Fig. 2B, Right). Such coupling can be captured by
the reflection coefficient (S11) for incident electromagnetic waves (7,
20). Reductions in S11 correspond to decreased reflections and
therefore improved power transmission efficiencies. The results ex-
hibit two separate resonances, corresponding to two independently
addressable channels of operation (Fig. 2C). The circuit diagram
in Fig. 2D highlights the nature of signal flows from the antenna to
the corresponding DC voltage output nodes. Images of an oper-
ating device demonstrate that the frequency of the incident rf
radiation can be adjusted to activate the channels independently

Fig. 2. Overview of electrical and optical characteristics of a two-channel stretchable antenna. (A) Schematic illustration of a two-channel stretchable antenna (Left) and
magnified view of two input ports (Right). Here, serpentine lines are highlighted by colors (blue, red, and black), for purposes of clarity. Operation at channel 1 is associated
with capacitive coupling between the blue and red lines; operation at channel 2 is related to the coupling between the red and black lines. (B) Normalized magnitude of
the electric field on the serpentine lines (Left) at a frequency of 2.3 GHz. Magnified views, corresponding to the regions highlighted by the black and red dotted boxes,
show capacitive coupling between adjacent serpentine lines (blue, red, and black). (C) Scattering parameters of the two-channel stretchable antenna. (D) Block diagram of
the two-channel stretchable optoelectronic system. Channels 1 and 2 operate at frequencies of 2.3 and 2.7 GHz, respectively. (E and F) Measurements of the optical
intensity generated in the nontargeted channel as a function of the optical intensity in the targeted channel at a frequency of 2.3 and 2.7 GHz, respectively. The dotted line
identifies the threshold radio frequency power required to activate the nontargeted μ-ILED in each channel. (G) Maximum optical intensity at the targeted channel before
the onset of the operation at the nontargeted channel as a function of channel separation. Here, an operation frequency at the targeted channel is 2.3 GHz, and operation
frequencies at the nontargeted channels vary from 2.7 to 3.1 GHz.
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(Movie S1). The optical intensity generated in the nontargeted
channel as a function of that in the targeted channel appears in Fig.
2 E and F. As indicated by the dotted lines, the intensity can reach
∼12 mW/mm2, which is more than sufficient to activate optogenetic
proteins, before the onset of the operation in the nontargeted
channel (21–23). The direct proximity of the light emitters in these
injectable optoelectronic systems to the regions of interest in the
brain enables activation of light-sensitive proteins with intensities of
∼10 mW/mm2, much lower than those needed at the light source
regions of systems that require delivery of light via use of wave-
guides (∼100 mW/mm2) (24). The designs of the stretchable an-
tennas can be selected to achieve channel separations that can meet
nearly any requirement in cross-coupling, as in SI Appendix, Note
S2. Fig. 2G exhibits the maximum optical intensity at the targeted
channel before the onset of the operation at the nontargeted
channels as a function of channel separation from 0.4 to 0.8 GHz.
Measurement results reveal that multichannel optoelectronic sys-
tems can drive optical intensities over 100 mW/mm2, when the

channel separation is above 0.7 GHz. In this way, cross-coupling
between channels can be designed to negligible levels.
Advanced versions of the antenna design in Fig. 2 can support

independent manipulation of three separate channels. The scat-
tering parameters of such an antenna that consists of four serpen-
tine lines (Fig. 3A, red, black, blue, and green line) where each pair
(red and black line, black and blue line, and blue and green line)
exhibits capacitive coupling to its neighbor at a distinct frequency
indicate operation at 2.3 (channel 1), 2.7 (channel 2), and 3.2
(channel 3) GHz. As before, computations of the electric field
magnitude at 2.3 GHz illustrate selective capacitive coupling asso-
ciated with the pair of traces that defines channel 1. These findings
are confirmed through a set of measurements and images of the
devices (Fig. 3 C–G). As with the two-channel system, there is no
significant cross-coupling for the conditions of interest (Fig. 3 D–F).
For both two- and three-channel systems, the angular variations in
power received at each channel can affect operation (4, 7, 20). Cal-
culations show that the radiation patterns associated with each

Fig. 3. Electrical characteristics of a three-channel stretchable antenna. (A) Schematic illustration of a three-channel stretchable antenna with a magnified view. The
antenna consists of four serpentine lines (red, black, blue, and green). Here, the serpentine lines are highlighted by colors (red, black, blue, and green), for purposes of
clarity. Channels 1, 2, and 3 are tuned at a frequency of 2.3, 2.7, and 3.2 GHz, respectively. Operation at channel 1 is associated with capacitive coupling between the
red and black lines, operation at channel 2 is related to the coupling between the black and blue lines, and operation at channel 3 is connected with the coupling
between the blue and green lines. (B) Normalized magnitude of the electric field on the serpentine lines at a frequency of 2.3 GHz. Enlarged views show capacitive
coupling between adjacent serpentine lines. (C) Scattering parameters of the three-channel antenna. Each dotted line indicates the operating frequency of each
channel. (D–F) Measurements of optical intensity generated in the nontargeted channels as a function of the optical intensity in the targeted channel at a frequency
of 2.3 (D), 2.7 (E), and 3.2 (F) GHz, respectively. Dotted lines represent the threshold power required for activation of the nontargeted μ-ILEDs in each channel. Such
results define a maximum single-channel activation threshold. (G) Images of wireless operation of the three-channel stretchable antenna at a frequency of 2.3 (Top;
green), 2.7 (Middle; blue), and 3.2 GHz (Bottom; red), respectively. (H) Angular radiation patterns of the three-channel stretchable antenna at a frequency of 2.3 (Left),
2.7 (Middle), and 3.2 (Right) GHz, respectively. (I) Cross-sectional view ofH at θ = 90°. (J) Variations of center frequencies as a function of strain applied at each channel.
(K) Comparison of the area of one antenna with multichannel design to that of a multiantenna system.
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channel, in all cases, are similar, ensuring that each receives (or
transmits) an equivalent amount of power at a given orientation (Fig.
3H and I). In addition, the serpentine layouts of the antennas and the
soft, elastomeric substrate and superstrate afford linear elastic re-
sponse to strain (7). Tensile strains lead to shifting of the resonant
frequencies to lower values, as expected from previously reported
single-channel antennas (Fig. 3J) (7). This three-channel example
highlights clearly the dramatic reduction in overall size compared
with an otherwise equivalent arrangement of three separate, single-
channel antennas (Fig. 3K). Advanced impedance matching tech-
niques allow for further minimization of cross-coupling, thereby
extending the number of channels that can be independently oper-
ated (SI Appendix, Fig. S6) (20). A practical limit for operation in the
low gigahertz frequency ranges (0.7∼3.5 GHz, corresponding to a
window of transparency for biological tissues) is ∼eight channels,
based on a frequency range/channel margin of 2.8/0.4 (25, 26).

Modeling of the Electromagnetic Properties of Stretchable Antennas with
Serpentine Designs. Multichannel operation relies on the capacitive
coupling that occurs between adjacent serpentine lines. This cou-
pling can be captured analytically with solutions to the 2D Laplace
equation (Fig. 4 and SI Appendix, Note S3) for simple antenna
structures with serpentine geometries approximated by sinusoidal
curves (Fig. 4 A and B). Here the electromagnetic interactions can
be captured as a sum of infinitesimally small capacitors with gaps
defined by the separation between adjacent lines (Fig. 4B). As the
gap increases, the capacitive coupling decreases, with an analytical
dependence that is consistent with numerical simulations (Fig. 4 C

and D). These studies reveal that the total capacitance of a
stretchable antenna is approximately ∼1.5 pF. To achieve resonance
in the low GHz range, inductances of 2∼3 nH are required, which is
feasible within the dimensions of the antennas (20). Similar strate-
gies can be extended to calculations of the inductances to yield the
resonance frequencies. This analytical approach dramatically re-
duces the computational burden of full simulations of the actual
antenna layouts by providing a starting point for the designs.
Moreover, the results confirm that the operation of these types of
antennas relies critically on capacitive effects.
The input impedance of the antenna is also important, as

proper impedance matching can maximize the power trans-
mission efficiency. The designs exploited here use an asymmetric
geometry to increase the impedance over the very low values that
are typically associated with antennas in this small size regime.
Studies of input impedance as a function of the location of the
input port provide insights into the role of this asymmetric ge-
ometry in input impedance and thus radiation efficiency. Moving
the input from port 1 to port 4 breaks the symmetry, thereby
increasing the impedance (Fig. 4 E and F) (20). Using these
concepts to realize impedances of 50 ohms ensures maximum
power transfer (20). The values of the reflection coefficient, S11,
are extremely sensitive to input impedance (Fig. 4G). The re-
flection values at each port, from 1 to 4, are 50%, 5%, 0.3%, and
25%, respectively (Fig. 4H).

Motion-Tracking Arrays of Transmission Antennas. Even with opti-
mized impedance matching and antenna design, as the number of

Fig. 4. Analytical modeling of the capacitive coupling and investigations of the input impedance as a function of input port location. (A) Schematic illustration of
serpentine lines approximated with sinusoidal curves. The top (Bottom) line is biased at V0 (–V0). The red dotted line represents a unit cell of a pair of serpentine
lines. (B) Equivalent circuit model where the serpentine lines are treated as a sum of infinitely small capacitors with top and bottom plate width of dx, separated
by a gap of y. er and e0 are relative permittivity and permittivity of the air, respectively. (C) Magnitude of electric fields (numerical simulations in black; analytical
modeling in red) along the line (Y = h – l). Here, h = 500 μm and l = 380 μm. (D) Unit capacitance (numerical simulations in black; analytical modeling in red) as a
function of gap between adjacent serpentine lines. (E) Schematic illustration of a stretchable antenna. Each number represents the location of an input port.
(F) Impedance as a function of input port location. (G) Scattering coefficients, S11, of a stretchable antenna at each port. (H) Power reflection as a function of input
port. The results indicate the extent to which electromagnetic waves are reflected at each input port, where low values are highly desirable.
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channels increases, corresponding increases in the total trans-
mitted power could be necessary, depending on the nature of the
optogenetic experiment. The upper limits could, with traditional
systems, exceed exposure guidelines (25, 26). An actively managed
array of antennas and a separately controlled transmission system
that tracks the motions of the animals enable overall reductions in
power by confining power delivery only to the relevant regions of
an experimental assay chamber. Here, digital image processing on
data collected with a monitoring camera (SI Appendix, Note S4
and Fig. S7A) locates the animal and then sends control signals to
a multiplexer (MUX) that activates the antenna array in a way that
directs power selectively to the corresponding area (SI Appendix,
Fig. S7 B and C) (27). As such, transmission only occurs in the
immediate environment of the targeted mouse, thereby greatly
enhancing the efficiency of operation, to allow average power
levels as low as 0.5 W (SI Appendix, Fig. S8) for a typical case
(Movie S2). This type of selective activation also lends itself well
to complex behavioral assays such as conditioned place preference
or those that demand coverage over large areas, social interac-
tions, home cage manipulations, or complex environments.

Wireless Optogenetic Activation of the LC Noradrenergic System in a
Home Cage Arousal Paradigm. Multichannel operation that over-
comes a critical limitation of the single-channel, single-wave-
length capabilities introduced here demonstrates their utility for
neural manipulation in native, homecage environments as well as
standard behavioral assays with freely behaving mice. The LC
has previously been implicated as a potent arousal center, such
that activation of LC neurons can lead to sleep/wake transitions
and speed emergence from anesthesia (28, 29). We set out to

determine whether these subdermal devices can optogenetically
drive naturalistic behaviors within the home cage by wireless
photostimulation of LC-NEs. To do so, we used mice that ex-
press Cre recombinase under the promoter for galanin (Gal-
Cre), which is expressed in a majority of noradrenergic LC
neurons (LC-NEs) in combination with virally transduced Cre-
dependent expression of ChR2 (14, 28–30). In these animals, the
μ-ILED was placed directly adjacent to the LC to assess the
ability of LC activation to drive locomotor activity during normal
daily sleep periods in the mouse home cage (Fig. 5 A and B).
Immunohistochemical analyses in Gal-Cre mice injected with
AAV5–DIO–EF1α–ChR2 showed robust ChR2 expression
(yellow) in the LC that overlaps with tyrosine hydroxylase (TH)
expression (red), consistent with expression selectively in the
galaninergic subset of LC-NE neurons (Fig. 5C) and previous
studies (30). We singly housed Cre-expressing (Cre+) and Cre-
negative (Cre–) littermates in home cages mounted on custom-
built adapters that hold rf-emitting antennas in close proximity to
the home cage (∼5 cm from the cage wall and floor) (SI Ap-
pendix, Fig. S7A and Fig. 5D). We followed a normal 12:12 h
light:dark cycle and recorded video footage of the mice during a
period of normal sleep and recorded for three successive 15-min
periods. During the first and third periods, there was no acti-
vation of the implantable system (baseline and poststimulation),
but during the second period, the implanted device was activated
to drive LC neuronal activity by ChR2 (10 Hz, 50 ms pulse
widths) (Fig. 5B) (14). Photostimulation of Galanin-expressing
LC neurons drove increased locomotor activity in Cre+ animals
compared with the pre- and postactivation period (Fig. 5E). In
contrast, photostimulation of LC neurons in littermate Cre– mice

Fig. 5. Single-channel optogenetic studies in home cage behavioral responses. (A) Illustration of light illumination to LC in the mouse brain. (B) Experimental
paradigm for testing optogenetic control of arousal. (C) Confocal micrograph of virally induced ChR2 expressions in galanin-expressing neurons in the LC region. TH
immunoreactivity is red, and ChR2-eYFP native fluorescence is yellow. (D) Photograph of hardware setup, six-panel antennas line the bottom and side of the home
cage. (E) Representative heat map of position in home cage during each epoch of the experiment for a Gal-Cre+ animal. Map is only plotted where the animal
explored in the home cage (i.e., the animal was stationary in the baseline and poststimulation epochs) but freely explored during stimulation. (F) Analysis of the total
distance traveled during each epoch in a home cage (n = 3–5 per group) (****P < 0.0001 two-way repeated-measures ANOVA with Bonferroni post hoc test).
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did not alter the locomotor activity (Fig. 5F) (****P < 0.0001
two-way repeated-measures ANOVA with Bonferroni post hoc
test). Taken together, these data demonstrate that selective
photoactivation of galanergic LC neurons produces arousal and
furthermore that these wireless devices can be easily used to
perform behavioral experiments within the native home cage
environment, which include studies of sleep or resting states that
would otherwise be difficult with tethered cables.

Multichannel, Bidirectional Wireless Control of Reward and Aversion.
Wireless subdermal optogenetic probes that offer multichannel in-
tegration with discrete neuronal subpopulations are needed to ex-
tend our knowledge of complex neural circuitry in more ethologically,
naturalistic environments and behaviors. For example, multi-
channel capabilities are valuable in the context of experiments
where multiple neuronal subpopulations need to be indepen-
dently engaged. Recent efforts have shown that photostimulation
of dynorphinergic neurons in the NAcSh is sufficient to induce
both aversive and preference behaviors (12). Photostimulation of
dynorphinergic cells in the ventral NAcSh (vNAcSh) shell
through activation of the kappa opioid receptor (KOR) elicits
aversive behavior. Activation of nearby dorsal NAcSh (dNAcSh)
dynorphin cells, however, in another KOR-mediated process
elicits preference behavior. Characterization of nearby neuronal
circuits previously required separate animals, with separate fiber
optic implants within each subregion for optogenetic stimulation.
The multichannel devices introduced here can define and mod-
ulate this spatially compact circuit with a single group of animals.
Multichannel devices implanted in preprodynorphin–IRES–cre-
positive mice that were infected with an AAV5–DIO–ChR2–
eYFP virus to selectively express ChR2 in dynorphinergic neurons
in the NAcSh demonstrate this capability (Fig. 6A–C) (12). Here, the
vNAcSh targets one μ-ILED (channel 1) and the nearby dNAcSh
targets the other μ-ILED (channel 2), separated by a distance of
1 mm (Fig. 6A). A custom-made unbiased, balanced two-compart-
ment conditioning apparatus (52.5 × 25.5 × 25.5 cm3; Fig. 6D) allows

assessment of preference or aversion behavior by comparing the
amount of time spent in the μ-ILED–on (rf-on) side to the time spent
in the μ-ILED–off side. Isolated photostimulation of the vNAcSh
through activation of channel 1 produces aversive behavior (Fig. 6 E
and F, ventral and SI Appendix, Fig. S9), whereas in the same animal
illumination of the dNAcSh through activation of channel 2 produces
a real-time preference behavior (Fig. 6 E and F, dorsal, and SI Ap-
pendix, Fig. S9; one-way ANOVA Bonferroni post hoc; ****P <
0.0001 rf-off vs. vNAcSh and dNAcSh vs. vNAcSh and **P < 0.01
dNAcSh vs. both and vNAcSh vs. both). Here we show the sub-
dermal multichannel operation can photostimulate two discrete
subregions in the NAcSh in a single animal using a fully subdermal
implantable tether-free mode. These devices expand the range of
complexity for in vivo optogenetic experiments that can be performed
and provide a flexible solution for multichannel functionality for
neural circuit dissection.

Discussion
The development of soft, fully implanted devices with battery-free
operation and independently controlled channels for multicolor il-
lumination represents a significant technology advance for opto-
genetic studies. A key component of the hardware is a miniaturized
multichannel antenna that harvests rf power through multiple, ca-
pacitive metallic traces, thereby providing nonoverlapping resonance
frequencies. Although existing technologies can, in principle, provide
operation over multiple light sources, they enable only single-wave-
length illumination. When a rectifying circuit delivers DC output to
light sources with different colors, electrically connected in parallel,
those source with low turn-on voltages illuminate preferentially (20).
Multiple, separate electrical systems with different resonance fre-
quencies avoid this problem but are not well suited for levels of
miniaturization needed for full implantation. The designs reported
here overcome this limitation, for simultaneous, wireless control of
multiple circuits, in wireless schemes that are compatible with ani-
mals in complex environments, including the potential for manip-
ulation of social interactions.

Fig. 6. Multichannel optogenetic activation of reward and aversion. (A) Cartoon of directionally controlled light spread of μ-ILED devices for isolating subregions of
NAcSh. (B) Experimental paradigm for testing optogenetic control of reward and aversion. (C) Confocal micrograph of virally induced ChR2 expression in dynorphin-
expressing neurons in the NAcSh. Nissl cell body stain is blue, and ChR2-eYFP native fluorescence is green. (D) Photo of the real-time place testing assay. (E) Representative
heat map of time spent in the stimulation (rf-on) side following no stimulation, dorsal or ventral wireless photostimulation, and dorsal and ventral photostimulation
together. (F) Stimulation with dorsal μ-ILED drives a real-time place preference, but stimulation with ventral μ-ILED drives an aversion, measured as a significant increase or
decrease in time spent in the stimulation side (%), respectively. Stimulating both ventral and dorsal μ-ILEDs has no significant effect on behavior. Data are represented as
mean ± SEM, n = 6. One-way ANOVA, Bonferroni post hoc; ****P < 0.0001 rf-off vs. ventral and dorsal vs. ventral; **P < 0.01 dorsal vs. both and ventral vs. both.
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We provide evidence of simultaneous but separate optogenetic
manipulation of multiple parts of the nervous system as an example
of the possibilities for this device design. Our multichannel devices
allow the direct interrogation of specific, discrete circuits within the
brain in individual behaving animals at the same time. Importantly,
we show that these devices are capable of differentially activating
brain regions as close together as 1 mm. Given the small size of the
mouse brain and the numerous examples of brain regions with closely
neighboring neuronal populations providing disparate functions (as
shown here in the NAcSh but also found in other brain regions such
as the central vs. basolateral amygdala and the tightly packed hypo-
thalamus), the ability to dissect circuit functions on a millimeter level
can allow for the increased understanding of how these complicated
circuits influence brain function. Studies to verify interactions be-
tween brain circuits have largely been assumed or inferred through
anatomical, multielectrode array recording or fMRI studies that are
limited in their ability to stimulate multiple areas or record activity
simultaneously with behavior. This can now be achieved using these
multichannel platforms to stimulate, inhibit, or modulate multiple
circuits in the brain simultaneously while recording behavioral re-
sponses without the encumbrance of tethered wires. When combined
with recently developed light-sensitive proteins for advanced types of
in vivo optogenetics and behavioral experiments (3), such integration
can provide clearer evidence for integrated function of targeted
neural circuits in a host of animals via stimulation and/or inhibition of
circuits or even signaling pathways (31).
Adaptive power delivery systems are essential in this context, not

only for the practical use of such multichannel approaches in
traditional experimental assays but also in long-range operation or
multiplexed use across collections of animals, all with low-cost rf
transmission hardware. Although the immediate benefits of these
advances on behavioral experiments are clear, they also enable the
development of additional useful features such as wirelessly pow-
ered, fully implantable rf-controlled optofluidic systems (32) and
wireless closed-loop optogenetic devices where one channel con-
trols data transmission and the other channel offers power man-
agement. Straightforward extensions of this platform will allow
simultaneous closed-loop sensing modalities and electrical
stimulation where each function is assigned to each channel and
controlled independently.

Methods
Fabrication of Multichannel Devices. Fabricationwas conducted on a clean glass
slide (75 mm length, 50 mm width, and 1 mm thickness). Spin-casting poly-
methyl methacrylate (PMMA; 495 PMMA A8, Microchem) at 0.177 × g for 30 s
and curing at 70 °C for 6 h formed a coating with thickness of 200 nm. Sub-
sequently, spin-casting a precursor to polydimethylsiloxane (PDMS; Sylgard
184) at 1,000 rpm for 30 s and curing at 70 °C for 6 h yielded an overcoat with
a thickness of 100 μm. An 18 μm-thick copper foil (Dupont) laminated onto the
PDMS, patterned by photolithography (AZ 5214E, AZ Electronic Materials) and
copper etching, defined the antenna and interconnects. Small amounts of
lead-free solder paste (SMD290SNL250T5, Chipquik) applied to the surface
mount devices and the μ-ILEDs (Cree Inc.) and baked at 285 °C in a vacuum
oven for 10 min bonded the components to the patterned interconnects. An
epoxy adhesive (200 nm), cured at 20 °C for 5 min, bonded this platform to the
needle. Spin-casting PDMS at 1,000 rpm for 30 s and curing at 70 °C for 6 h
formed a final overcoat to complete the fabrication.

Fabrication of a Biodegradable Needle. Hot pressing the PLGA (65:35, Sigma-
Aldrich Inc.) thin film at 100 °C for 5 min, followed by laser-cutting, formed
thin PLGA (∼75 μm thick) needle-shaped substrates.

Electromagnetic Simulations of Multichannel Stretchable Antennas. We used a
commercially available finite element method tool, high frequency structural
simulator (HFSS), to calculate the S11 values, the normalized electric field
magnitudes, and angular radiation patterns with a mouse mesh model
where layers corresponding to biological tissues are modeled as Cole-cole
relaxation models (25). Simulations revealed the following parameter val-
ues: 4.84 dBd antenna gain, 97% antenna efficiency, 95% rectifying effi-
ciency, and 30% led efficiency.

Measurements of Thermal Characteristics. We submerged multichannel op-
toelectronic systems in saline solution and monitored optical intensities as a
function of time at various temperatures from 37 °C to 90 °C. Here, a hotplate
was used to control the temperature of saline solution. For measurements of
LED output, we used an optical measurement system (Extech LT300 Precision
Digital Light Meter).

Measurements of Optical Intensities. We used an optical measurement system
(Extech LT300 Precision Digital LightMeter) tomeasure output of the LEDs. For
accuratemeasurements of each individual channel, we prepared three types of
samples, each with a different color LED, to facilitate spectrally separate
measurements of each channel.

Long-Term Implantation. Of 15 devices implanted for animal studies, all
remained functional, without significant change in operation, for more than
2 mo. Movie S2 shows a representative device during operation.

Animals. Adult (25∼35 g) male mice were group-housed, given access to food
pellets and water ad libitum, and maintained on a 12:12-h light/dark cycle
(lights on at 7:00 AM). The Animal Care and Use Committee of Washington
University approved all procedures, which conformed to NIH guidelines.

Stereotaxic Surgery. For the arousal experiments, we used mice expressing Cre
recombinase under the promoter for galanin (Gal-Cre) or littermate controls in
combination with virally transduced Cre-dependent expression of ChR2 to target
galaninergic neurons in the LC (33, 34). For surgery, we anesthetized the mice with
isoflurane in an induction chamber and placed the animals in a stereotaxic frame
that maintained anesthesia with 1∼2% isoflurane through a nose cone. We in-
jected AAV5–DIO–ChR2 unilaterally into the LC [coordinates from bregma: –5.45
anterior–posterior (AP), ±1.25 medial–lateral (ML), and –.00 mm dorsal–ventral
(DV)] in mice (Cre+ or Cre–) (30). For multichannel control of neuronal subpopu-
lations experiments, we injected AAV5–DIO–ChR2–eYFP into the dNAcSh of pre-
prodynorphin–IRES–cre-positive mice with targets of stereotaxic coordinates from
bregma (+1.30 AP, ±0.5 ML, –4.25 mmDV) or vNAcSh stereotaxic coordinates from
bregma (+1.30 AP, ±0.5 ML, –4.75 mm DV) (12). A minimum of 2 wk after the viral
injections, we stereotactically implanted the devices in mice using the same coor-
dinates as above for AP and DV but at±0.3ML. Then, we secured the device to the
skull with tissue glue and sutured the skin.

Behavioral Assays. For the home cage arousal experiments, we performed all
behavioral experiments in a sound-attenuated room maintained at 23 °C at
least 1 wk following the final surgery. At 10:00 AM, during a period of normal
sleep and less activity, we recorded the activity of the mice for three successive
15-min periods by using Ethovision 8.5 (Noldus Information Technologies,
RRID: rid_000100). During the first and last period, there was no activation of
the implantable system. During the second period, the implanted system il-
luminated the LC under stimulation conditions (10 Hz, 50 ms pulse widths),
which were previously shown to drive LC activation by ChR2 (14, 30).

For multichannel control of neuronal subpopulation experiments, we
placed mice in a custom-made unbiased, balanced two-compartment con-
ditioning apparatus (52.5 × 25.5 × 25.5 cm3) as described previously (12).
During a 20-min trial, entry into one compartment led to activation of the
devices and provided photostimulation to the NAcSh (rf-on) (10 Hz, 50 ms
pulse widths), whereas the animal remained in the light-paired chamber and
entry into the other chamber ended photostimulation (rf-off). Arrangement
of the transmitting antennas targeting only one side of the real-time place
preference assay led to the unilateral rf transmission. With this configura-
tion, the active side of the assay always received rf transmission (rf-on). The
rf signal generator power output ranged from –10 to 0 dBm at 2.3, 2.5, and
2.7 GHz for each LED device.

Statistics/Data Analysis. We showed all grouped data as mean ± SEM. Data
were normally distributed, and independent Student’s two-tailed, unpaired
or paired, t tests determined differences between two groups. One-way or
two-way analysis of variances (ANOVAs) followed by post hoc Bonferroni or
Dunnett’s multiple comparisons, if the main effect was significant at P <
0.05, determined differences between multiple groups. We took statistical
significance as *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 and
conducted all analyses using Prism 5.0 (GraphPad).
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