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Wireless bioresorbable electronic system
enables sustained nonpharmacological
neuroregenerative therapy
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Peripheral nerve injuries represent a significant problem
in public health, constituting 2-5% of all trauma cases’. For
severe nerve injuries, even advanced forms of clinical inter-
vention often lead to incomplete and unsatisfactory motor
and/or sensory function?. Numerous studies report the poten-
tial of pharmacological approaches (for example, growth fac-
tors, immunosuppressants) to accelerate and enhance nerve
regeneration in rodent models®°. Unfortunately, few have
had a positive impact in clinical practice. Direct intraoperative
electrical stimulation of injured nerve tissue proximal to the
site of repair has been demonstrated to enhance and accel-
erate functional recovery''?, suggesting a novel nonpharma-
cological, bioelectric form of therapy that could complement
existing surgical approaches. A significant limitation of this
technique is that existing protocols are constrained to intra-
operative use and limited therapeutic benefits’. Herein we
introduce (i) a platform for wireless, programmable electri-
cal peripheral nerve stimulation, built with a collection of cir-
cuit elements and substrates that are entirely bioresorbable
and biocompatible, and (ii) the first reported demonstration
of enhanced neuroregeneration and functional recovery in
rodent models as a result of multiple episodes of electrical
stimulation of injured nervous tissue.

To overcome the limitations of existing surgical approaches
to deliver electrical stimulation, we have developed a platform
to enable electrical stimulation of injured nerves that extends
beyond the intraoperative period to facilitate nerve regenera-
tion (Supplementary Figs. 1 and 2). Fig. la highlights the design
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features and key materials of the enabling technology—a biore-
sorbable, implantable wireless stimulator that combines a radio
frequency power harvester (left) and an electrical interface to a
targeted peripheral nerve (right). The harvester consists of a loop
antenna with a bilayer, dual-coil configuration (Mg, ~50 pm thick)
with a poly (lactic-co-glycolic acid) (PLGA) dielectric interlayer,
a radio frequency diode based on a doped silicon nanomembrane
(~320nm thick) with electrodes of Mg (~300nm thick), and a par-
allel plate capacitor that uses Mg conducting planes (~50 pm thick)
above and below a dielectric of silicon dioxide (SiO,, ~600nm
thick). Here, the exposed electrode (1.7 mm?) encircles the nerve
(Fig. 1a, right inset) as part of a tubular structure of hot-pressed
PLGA (~30 pm thick) with a slit along the length of one side to facil-
itate surgical application. A biodegradable metal strip (50 pm thick
of Mg or 10 pm thick of Mo with a 340 pm width) embedded in the
PLGA with an opening at the end serves as an electrical connection,
through a deposited layer of Mg (~2.5 pm thick), to deliver electri-
cal stimuli from the receiver antenna to the tissue. Careful exami-
nation of the nerve and the nerve cuff before and after 8 weeks of
implantation revealed no sign of nerve damage or compressive axo-
nopathy (Supplementary Fig. 3)"*'°. Fig. 1b shows a photograph of
the complete system (width: ~10 mm; length: ~40 mm; thickness:
~200 pm; weight: 150 mg). Fig. 1c presents an outline of the opera-
tional scheme. Modulation of radio frequency power supplied to a
transmission antenna placed near the harvester delivers cathodic,
monophasic electrical impulses (duration: 200 ps; threshold voltage:
100-300mV) to the interfaced region of the nerve. This inductive
coupling power transfer scheme has been employed effectively in

'Center for Bio-Integrated Electronics, Northwestern University, Evanston, IL, USA. ?2Department of Materials Science Engineering, Northwestern
University, Evanston, IL, USA. 3Department of Neurological Surgery, Washington University School of Medicine, St Louis, MO, USA.

“Department of Biomedical Engineering, Washington University, St Louis, MO, USA. *Department of Bio and Brain Engineering, Korea Advanced Institute
of Science & Technology, Daejeon, Republic of Korea. °KAIST Institute for Health Science and Technology, Korea Advanced Institute of Science &
Technology, Daejeon, Republic of Korea. “Frederick Seitz Materials Research Laboratory, University of lllinois at Urbana-Champaign, Urbana, IL, USA.
8Department of Civil and Environmental Engineering, Northwestern University, Evanston, IL, USA. °Department of Electronics Convergence Engineering,
Kwangwoon University, Nowon-gu, Seoul, Republic of Korea. °Department of Materials Science and Engineering, Korea Advanced Institute of Science &
Technology, Daejeon, Republic of Korea. "Departments of Electrical Engineering, Computer Science, Chemistry and Biomedical Engineering, Northwestern
University, Evanston, IL, USA. ?Simpson Querrey Institute for Nano/biotechnology, Northwestern University, Evanston, IL, USA. *McCormick School

of Engineering, Northwestern University, Evanston, IL, USA. “Feinberg School of Medicine, Northwestern University, Evanston, IL, USA. "Department

of Neurological Surgery, Northwestern University, Evanston, IL, USA. ®These authors contributed equally: Jahyun Koo, Matthew R. MacEwan, Seung-

KyunKang. *e-mail: rayz@wudosis.wustl.edu; jrogers@northwestern.edu

1830

NATURE MEDICINE | VOL 24 | DECEMBER 2018 | 1830-1836 | www.nature.com/naturemedicine


mailto:rayz@wudosis.wustl.edu
mailto:jrogers@northwestern.edu
http://orcid.org/0000-0003-1503-0731
http://orcid.org/0000-0002-9195-8606
http://orcid.org/0000-0003-3090-1435
http://orcid.org/0000-0002-2655-4840
http://www.nature.com/naturemedicine

NATURE MEDICINE LETTERS
a Hot-pressed PLGA
N )
roximal
PLGA dielectric nerve Receiver antenna
+ -
Electrode ®__—
= - Exposed
o Mg/SiO,/Mg ! electrode
Mg antehna eapAaitor i \<%\ (cuff) y
|_.< _______ /!

Connection to cuff electrode P Substrate

Mg wires

PLGA substrate/top cover

b . _ c
-.Si NM diode
Receiver antenna % )
Receiver
Hot-pressed PLGA
/y -~
AL Cuff N
-~ P
o Cutt ,\ / \
4 - ; Magnetic f|eld
P PrOX|maI Wires (modulanon of RF power)
~— Wires 10 mm nerve
d e f
0 0 —
S 40 8 9 120 o
g e u m 3
-5 14 2 20 6 5 | 90 %
g o - )
2 10 { 28 3 o 45 8 u 60 &
= i ° £ 20 5 g ol | s
b S E 2¢ 73 s B g
-15 —42 5 40| emmmmm——— —~ 0B u 30 &
= (RS - ] o
0 _56 = —60 Or il B o =
0 2 4 6 8 10 0 100 200 300 400 500 0 2 4 6 8 10
Frequency (MHz) Time (ps) Output voltage (V)
g = =
3S @ 37 °C Day 0 yy/ “PayT5 Day 25
- \ : )
g y |
‘
10 mm 10 mm 10 mm

Fig. 1| Bioresorbable, wireless electrical stimulator as an electronic neuroregenerative medical device. a, Schematic illustration of the device design.
The electronic component is a wireless receiver that acts as a radio frequency power harvester, built with an inductor (Mg coil, 50 pm thick), a radio
frequency diode (Si nanomembrane active layer, 320 nm thick; Mg electrodes, 300 nm thick), a Mg/SiO,/Mg capacitor (50 pm/600 nm/50 pm thick),
and a PLGA substrate (30 pm thick) interconnected with Mg deposited by sputtering (2.5 um) (left). Folding the constructed system in half yields a
compact device with a double-coil inductor. The electrode and cuff interface for nerve stimulation is shown on the right. This part of the system includes
metal electrodes (Mo, 10 pm thick, or Mg, 50 pm thick with a 340 pm width) embedded in a PLGA substrate (30 pm thick) with an encapsulating overcoat
of PLGA (30 pm thick). Rolling the end of the system into a cylinder creates a cuff with exposed electrodes at the ends as an interface to the nerve. b,
Image of a completed device. ¢, Schematic of wireless operation, including the nerve interface. d, Radio frequency behavior of the stimulator (red, S;;; blue,
phase). The resonance frequency is ~5 MHz, selected to allow magnetic coupling in a frequency regime with little parasitic absorption by biological tissues
(n=3 independent samples). e, Example output waveform (stimulator, red) wirelessly generated by an alternating current (sine wave) applied to the
transmission coil (transmitter, blue; n=3 independent samples). f, Output voltage as a function of distance between the harvester and transmitter (blue),
and the voltage applied to the transmitter (red). 1kQ load used. n=3 independent samples. g, Images of dissolution of a bioresorbable wireless stimulator

associated with immersion in PBS (pH=7.4) at 37 °C.

the field of cochlear implants across an interposing layer of skin and
subcutaneous tissue'”'.

Fig. 1d,f summarize the electrical performance character-
istics of the bioresorbable wireless stimulator. Radio frequency
power transfer relies on magnetic coupling (Fig. 1d, ~5MHz),
thereby avoiding the losses associated with absorption by bio-
fluids”. Fig. le highlights the monophasic output (1V) gener-
ated by the harvester for continuous and pulsed radio frequency
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power (~11V,, at an 80mm coupling distance) applied to the
transmission antenna. As in Fig. 1f, for distances of up to 80 mm,
voltages of 100-300mV can be generated at the nerve, corre-
sponding to the threshold voltages for inducing nerve activation
(Supplementary Fig. 4 and Supplementary Video 1). Increased
depths of stimulation can be achieved by increasing the power
(Supplementary Fig. 5). These parameters suggest that the device
should operate successfully not only in large animal models® but
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Fig. 2 | Surgical implantation, operation, and acute demonstration of a bioresorbable, wireless electrical stimulator for the sciatic nerve in a rodent
model. a, Surgical procedure for implanting the device. From left to right: the skin is incised; the cuff is secured to the sciatic nerve with bioresorbable

sutures (5-0 VICRYL); the radio frequency harvester unit is subcutaneously implanted to minimize movement; the skin is sutured and the stimulation is
activated with a transmitting coil. b, EMG (rectified) signals measured at the tibialis anterior muscle while stimulating the sciatic nerve with a monophasic
electrical waveform (200 ps single pulse). Independent devices (n=10) in independent animals (n=10). ¢,d, Tetanic and twitch force at the tibialis
anterior (blue) and EDL (red) muscles generated by monophasic stimulation at frequencies of 80 and O Hz, respectively. Independent devices (n=10) in
independent animals (n=10). e, Picture of a bioresorbable stimulator designed for the spinal cord and image of the electrode/cord interface (inset image).
f, Application in spinal cord stimulation. The flat, ribbon-shaped electrodes interface onto the surface of the spine. SSEP induced by electrical stimulation
(monophasic, 10 Hz, 200 ps per pulse) (red, without stimulation; blue, with stimulation). w. ES, with electrical stimulation; w/0. ES, without electrical
stimulation. Independent devices (n=3) in independent animals (n=3). g, Picture of a bioresorbable stimulator designed for use with skeletal muscle and
surgical image of implantation and operation. h, EMG measured during the stimulation of skeletal muscle at various frequencies (red, O Hz; black, 10 Hz;

blue, 50 Hz). (A y axis offset of 10 and 15mV for the data at 10 and 50 Hz, respectively, facilitates visual comparisons.) Independent devices (n=3) in

independent animals (n=3).

also humans?'; in both cases, the receiver unit could be placed just
under the skin.

The unique defining characteristic of this system is that the
constituent materials bioresorb in a controlled manner and
within a defined time frame when exposed to biofluids found
in and around subcutaneous tissue. Fig. 1g shows photographs
of devices at various times following immersion in PBS at 37°C.
Constituent materials dissolve within 3 weeks, while all remaining
residues completely disappear after 25 d'****. Ideally, bioresorp-
tion should commence shortly after the duration of bioelectri-
cal therapy, adjusted by selecting the thicknesses and active
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and passive materials (for example, PLGA, Candelilla wax**-*°)
(Supplementary Fig. 6).

Testing of nerve repair in animal models began with surgical
implantation of the bioresorbable nerve stimulators through a dor-
solateral gluteal-muscle-splitting incision used to expose the sciatic
nerve, as shown in Fig. 2a. Wrapping the cuff around the nerve
and securing the interface with a bioresorbable suture (6-0 Vicryl)
forms a tubular electrode interface with excellent apposition to the
nerve tissue. Inserting the harvester into a subcutaneous pocket cre-
ated on the dorsolateral aspect of the hind limb and securing the
harvester with bioresorbable sutures completes the implantation.
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Fig. 3 | Accelerated regeneration of sciatic nerves injured by transection, treated with the use of biodegradable wireless stimulators. a, Maximum EMG
amplitudes measured from the tibialis anterior muscle after transection/direct repair of the sciatic nerve. Here, Th of monophasic stimulation (200 ps
pulse duration, 20 Hz frequency, over minimum threshold voltage) (blue, n=11for 1-3 weeks and n="5 for 4-8 weeks) relative to the control group

(red, n=5). Data are mean +s.e.m. b, Muscle mass measurements obtained at 8 weeks postoperatively following electrical stimulation in the tibialis
anterior and EDL muscles (n=5 independent animals). ¢,d, Evoked muscle force measurements obtained 8 weeks postoperatively in tibialis anterior and
EDL muscles (w/0, without stimulation (red); w, with stimulation (blue); n=5 independent animals). e, H&E-stained sections obtained at the interface
between the metallic electrodes of the nerve cuff and the sciatic nerve. f, Toluidine blue-stained sections obtained at the interface between the metallic
electrodes of the nerve cuff and the sciatic nerve. Black stars, residual PLGA substrate; black arrow, residual metallic lead; N, rat sciatic nerve. n=5
independent animals. In b-d, The boxplots show the median (center line), the third and first quartiles (upper and lower edge of the box, respectively), and
the largest and smallest value that is <1.5 times the interquartile range (the limits of the upper and lower whiskers, respectively). The Statistica software
(version 6.0) was used for the statistical analysis followed by a t-test (*P<0.05, **P < 0.01, ***P < 0.001).

Passing radio frequency power through a transmission antenna
placed adjacent to the hind limb of the animal delivers electrical
stimulation to the interfaced nerve, with a temporal pattern defined
by modulation of power delivery to the antenna. Electromyograms
(EMGs) obtained from the tibialis anterior muscle in uninjured ani-
mals confirm the ability of the device to stimulate the sciatic nerve
at levels well above threshold. These values, as reported previously”,
correspond to stimulation of all the nerve fibers via the electrodes
placed around the target sciatic nerve. Fig. 2b shows data obtained
on stimulation of the sciatic nerve with monophasic pulses.
Measurements of the evoked muscle force provide additional means
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for assessing the success of nerve recruitment. Fig. 2c,d summarize
the evoked tetanic and twitch responses of the tibialis anterior and
extensor digitorum longus (EDL) muscles elicited by a monophasic
pulse at 80 and 0 Hz, respectively (details outlined in the Methods).

This bioresorbable platform can address a wide range of clini-
cal scenarios and target tissues/organ systems, including the brain
and spinal cord, skeletal muscles, and cardiac tissues with rela-
tively few modifications to the form factor and interfacial electrode
sites. Fig. 2e and Supplementary Fig. 7a show a system configured
to interface to the spinal cord, with an image obtained following
acute implantation. Fig. 2f and Supplementary Fig. 7b illustrate the
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Fig. 4 | Effects of chronic electrical stimulation on functional nerve recovery. a, Time dependence of maximum EMG amplitude measured from tibialis
anterior muscle after a transection injury of the sciatic nerve with electrical stimulation (200 ps pulse, 20 Hz frequency, over a minimum threshold
voltage) for Th per day for 1d (black, n=6 biologically independent animals), 3d (red, data are mean +s.e.m.; n=6 biologically independent animals), and
6 d (blue, data are mean +s.e.m.; n=6 independent animals). b, Tibialis anterior and EDL muscle mass for three types of stimulation periods (1, 3, and
6d). ¢, Evoked force of tibialis anterior and EDL muscle by extended periods of stimulation in tetanic muscle at 10 weeks. d, Evoked force of tibialis anterior
and EDL muscle by extended periods of stimulation in twitch muscle at 10 weeks. n=6 independent animals per stimulation condition (1, 3, 6 d). The
boxplots show the median (center line), the third and first quartiles (upper and lower edges of the box, respectively), and the largest and smallest value
that is <1.5 times the interquartile range (the limits of the upper and lower whiskers, respectively). The Statistica software (version 6.0) was used for the

statistical analysis followed by a t-test (*P<0.05, **P< 0.01, ***P < 0.007).

somatosensory evoked potential (SSEP) and motor evoked poten-
tial responses from stimulation of the spinal cord with monophasic
pulses. Surgical images of the gluteal muscle in Fig. 2g demonstrate
a device designed for muscle stimulation (Supplementary Fig. 7c).
Fig. 2h presents the EMG response evoked from successful stimu-
lation of the gluteal muscle with monophasic pulses at 0, 10, and
50 Hz, respectively.

Fig. 3 illustrates the capability of implantable wireless, biore-
sorbable stimulators to deliver the current standard of care (brief
intraoperative electrical stimulation to injured nerve tissue), with
equivalent outcomes of improved nerve regeneration and func-
tional recovery as compared to existing nonresorbable nerve
stimulators. Here, transecting the sciatic nerve with surgical scis-
sors and performing a direct nerve repair establishes a reference for
the time course and terminal degree of functional recovery with-
out stimulation. In the experimental group, the same transection/
repair injury was performed followed by application of direct elec-
trical stimulation (Supplementary Fig. 8). Fig. 3a presents a series of
EMG recordings from the tibialis anterior muscle at various stages
after initial surgery for the groups with and without stimulation.
Muscle activation in the tibialis anterior is greater in the presence
of stimulation than in its absence for all stages of recovery, particu-
larly 2-4 weeks postoperatively. Therapeutic electrical stimulation
increases the rate of recovery during this time frame, such that mus-
cle activation observed at 2 weeks postoperatively in the presence
of electrical stimulation is equivalent to the results after 3 weeks in
the absence of electrical stimulation. Similarly, muscle activation
observed at 3 weeks postoperatively in the presence of electrical
stimulation is equivalent to the results after 5 weeks in the absence
of electrical stimulation. These results confirm that electrical stimu-
lation delivered via bioresorbable stimulators is comparable in effect
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and magnitude to electrical stimulation delivered by nonresorbable
stimulators (Supplementary Fig. 9), both of which increase the rate
of recovery compared to negative controls®.

Improvement in muscle activation during this critical stage
of recovery suggests that electrical stimulation may support an
increased rate of axonal regeneration and reduce the time to
muscle reinnervation. Reduction in the total time of denervation
positively affects both the time course and total quality of func-
tional recovery in distal musculature. Terminal EMG amplitude
increases to 5.8+0.2mV in the presence of electrical stimulation
from 4.8 + 0.6 mV in the absence of stimulation (Fig. 3a). Fig. 3b-d
shows that tibialis anterior and EDL muscle mass improves in the
presence of electrical stimulation after 8 weeks following the injury.
The amplitude of evoked tetanic and twitch responses in tibialis
anterior and EDL muscles also improves. Supplementary Fig. 10
shows a comparison of myelinated axons in normal nerve, injured
nerve that did not receive electrical stimulation, and injured nerve
that did receive electrical stimulation (1h). Even at this relatively
early time point, the observations confirm an increase in regenerat-
ing axons in the distal nerve site in the case of electrical stimulation.
These findings support previous reports on axonal regeneration
and recovery'*~* and demonstrate the ability of bioresorbable
stimulators to perform in a manner comparable to conventional,
non resorbable implants.

H&E-stained sections obtained at the interface between the
metallic electrodes of the nerve cuff and the sciatic nerve highlight
the intact nature and close apposition of the bioresorbable sub-
strate 8 weeks postimplantation in Fig. 3e. Minimal inflammatory
response and fibrosis are observed in relation to the transient nerve
cuff, and no evidence of axonal injury or damage is observed at the
nerve/cuff interface. Fig. 3e shows that after 8 weeks in vivo, the

NATURE MEDICINE | VOL 24 | DECEMBER 2018 | 1830-1836 | www.nature.com/naturemedicine


http://www.nature.com/naturemedicine

NATURE MEDICINE

LETTERS

bioresorbable substrate is replaced by infiltrating macrophages,
monocytes, lymphocytes, and fibroblasts, consistent with prior
reports of the foreign body response to PLGA materials’*. Metallic
elements on the substrate also undergo dissolution and bioresorp-
tion at 8 weeks postimplantation (resorbing metallic lead indicated
by the arrow in Fig. 3¢ at 8 weeks). As noted with PLGA nerve con-
duits of similar size and thickness to the present devices, residual
particles of PLGA present before complete resorption do not elicit a
cytotoxic response’”. Fig. 3f reveals numerous healthy, myelinated
axons in nerve fascicles directly adjacent to the bioresorbable sub-
strate, metallic electrodes, and sites of electrical stimulation with no
signs of inflammation or injury at either 3 or 8 weeks postimplanta-
tion. Previous studies of individual constituent materials used in the
platforms presented here, such as PLGA*~*, Mg*, Mo, Si nano-
membranes?, and their use in other types of devices", also provide
strong evidence of biocompatibility.

The results summarized in Fig. 4 reveal that repeated 1-h daily
applications of electrical stimulation during the early stages of
recovery offer significant benefits in terms of the rate and degree
of nerve regeneration and recovery of muscle function beyond the
existing standard of care. Fig. 4a demonstrates enhanced thera-
peutic effects associated with multiple days of stimulation. At
10 weeks, tibialis anterior and EDL muscle mass improves with
increasing duration of stimulation time (6 d), as shown in Fig. 4b.
By comparison, stimulation for 1 and 3 d exhibits no appreciable
change. Fig. 4c,d indicate that, as with other quantitative measures
of recovery, evoked muscle force responses in tibialis anterior and
EDL muscles (tetanic and twitch reactions) improve for the lon-
gest duration of electrical stimulation. Tetanic muscle force mea-
surements (Fig. 4c) following 6 d of stimulation, compared with
1 d of stimulation, in tibialis anterior and EDL muscles improve
by 1.02N (t-test, P=0.002) and 0.45N (¢-test, P=0.002), respec-
tively. Twitch muscle force measurements (Fig. 4d) following 6 d of
stimulation, compared with 1 d of stimulation, in tibialis anterior
and EDL muscles improve by 0.05N (¢-test, P=0.408) and 0.23N
(t-test, P=0.001), respectively.

Programmed electrical stimulation—up to 6 d beyond the
intraoperative window—enabled by the use of wireless biore-
sorbable electronics represents an effective nonpharmacological
adjunct useful in the management of critical nerve injuries. These
findings establish the engineering foundations for broad classes
of bioresorbable electronic implants that serve as functional
conduits for applying neuroregenerative bioelectronic interven-
tions across a range of clinical applications. Furthermore, these
systems have broad applicability to a variety of targeted tissues
and organ systems.
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Methods

Preparation of bioresorbable components and assembly of wireless nerve
stimulators. A slab of poly(dimethylsiloxane) (PDMS, 9:1) served as a temporary
substrate for a piece of Mg foil (~50 pm; Solution Materials) in a mixture of
acetic acid and deionized water (1:10). Photolithography and wet etching

in diluted hydrochloric acid (HCl:deionized water =1:9) defined the radio
frequency coil structures from this foil. The Mg radio frequency coil soaked

with ethyl acetate (Sigma-Aldrich) was transferred onto a substrate of PLGA
(65:35 (lactide:glycolide); Sigma-Aldrich) to yield the receiving antennas for
radio frequency power harvesting. Depositing SiO, (~600nm) on a piece of Mg
foil patterned using the methods described earlier, laminating two such SiO,/

Mg pieces together, face-to-face, and then embedding them in PLGA completed
the manufacturing of the bioresorbable capacitor. Solid-state diffusion of boron
(tube furnace at 1,000 °C with N, flow) and phosphorus (tube furnace at 1,050°C
with N, flow) through a photolithographically defined hard mask of SiO, formed
by plasma-enhanced chemical vapor deposited yielded a PIN radio frequency
diode with monocrystalline Si nanomembrane derived from an Si-on-insulator
wafer (top silicon ~320 nm thick, p type; Soitec). Removing the buried oxide by
immersion in hydrofluoric acid allowed release and transfer printing of the Si
nanomembranes onto a sacrificial layer of diluted poly(pyromellitic dianhydride-
co-4,4"-oxydianiline) (DPI; ~200nm) on a film of poly(methyl methacrylate)
(~300nm) on a silicon wafer. Photolithographic patterning and reactive ion
etching determined the lateral dimensions of the doped Si nanomembranes for
integration into the diodes. Lift-off procedures applied with Mg deposited by
electron beam evaporation (~300 nm thick; Kurt J. Lesker Company) defined the
electrical contacts. Spin casting an overcoat of DPI and dry etching through the
underlying DPI and poly(methyl methacrylate) to define an open mesh layout,
followed by immersion in acetone, released the PIN diode and allowed its transfer
to the PLGA substrate (~30 pm). Oxygen reactive ion etching removed the DPI
layers during/after the transfer printing. Finally, these bioresorbable components
(radio frequency coil, capacitance, PIN diode) were collected on a PLGA substrate.
The individually transferred components were electrically interconnected with
features of Mg deposited by sputtering (~2.5um) through a shadow mask. Coating
the coils with PLGA and folding the system in half yielded a compact double-
coil structure with openings for interconnections. Finally, laser-cutting the Mg
foil (~50 pm thick) or Mo foil (10 pm thick) into 340-pm-wide electrodes and
embedding them in PLGA yielded electrical wiring and interconnections to the
cuff for the nerve interface.

Electromagnetic simulation. Finite element methods were adopted in
electromagnetic simulations to determine the inductance, Q factor, and scattering
parameters S,, (matching with a 25 pF capacitor) of the bioresorbable, implantable
wireless stimulator. The simulations were performed using the commercial
software ANSYS HFSS (ANSYS), where the lumped port was used to obtain the
scattering parameters S,; (shown in Fig. 1d) and port impedance Z. An adaptive
mesh (tetrahedron elements) was adopted to ensure computational accuracy. The
inductance (L) and Q factor (Q) (shown in Supplementary Fig. 11c), were obtained
from L=Im{Z}/(2nf) and Q=|Im{Z}/Re{Z}|, where Re{Z}, Im{Z}, and f represent
the real and imaginary parts of Z, and the working frequency, respectively. The
self-resonance frequency f,=6.5 MHz was then derived when Q=0. To further
evaluate the device performance, a transmission antenna (80 mm diameter, 3 turns)
was added to obtain the relationship between the power transfer efficiency and
working distance, as shown in Supplementary Fig. 11b.

Experimental setup for the wireless stimulator. Monophasic electrical impulses
(duration: 200 ps; voltage: 200-500 mV,,) generated by a waveform generator
(Agilent 33250A; Agilent Technologies) were amplified with a 201L amplifier
(Electronics & Innovation). The resulting output was delivered to primary
coils consisting of three turns of wire in an 80-mm-diameter loop (Alpha Wire
1560; Allied Electronics) with an adjustable matching capacitor (10-200 pF)
(Supplementary Fig. 12). The receiver Mg coils had 17 turns of two layers (34 turns
coil) in a 10-mm radius connected to an radio frequency diode and Mg/SiO,/
Mg capacitor (10-50 pF). The received radio frequency power was transformed
to a direct current output by this circuit. The direct current output voltage
was measured with an oscilloscope connected to the Mg (Mo) cuff electrode
(Supplementary Fig. 13d).

For the receiver oriented parallel to the transmitter in our system, the
relationship between the distance Z (operating range) between the transmitter and
receiver and the stimulator output voltage V;, can be expressed as*'

5273
7y fNyNpSQVra
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Z=

where g, is the permeability of free space, fis the working frequency, Ny, R, and a are
the turn number, resistance, and radius of the transmission antenna, respectively,
Ni, S, and Q are the turn number, area, and quality factor of the loop antenna,
respectively, and V/ is the transmitting voltage. In our system, fis fixed at ~5 MHz
to avoid the losses associated with absorption by biofluids. Therefore, for the fixed a,
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and required output voltage V;, we need to increase Ny, Ny, S, Q, and V7, but decrease
R to improve the working range Z. Additional experiments appear in Supplementary
Fig. 5. Here, chicken meat served as the medium for observing power transfer
efficiency as a function of distance away from the primary antenna. Increasing the
power to the primary antenna increases the output voltage at the stimulator.

Therapeutic stimulation of injured nerve. Animals underwent surgical
transection and repair of the sciatic nerve 5mm proximal to the trifurcation

to evaluate the therapeutic effects of electrical stimulation delivered using the
wireless, biodegradable devices. Following anesthetization, the sciatic nerve

was transected using fine iris scissors and microsurgically repaired in a direct
fashion using 10-0 nylon suture (SharpointTM; Surgical Specialties Corporation).
Immediately following nerve transection and repair, a biodegradable stimulator
was implanted and interfaced to the sciatic nerve proximal to the site of coaptation.
The surgical site was then closed as described earlier. Implanted stimulators were
wirelessly activated to deliver therapeutic electrical stimulation (monophasic, 200 ps
pulse, 20 Hz frequency, minimum amplitude over threshold) to the injured nerve
for 1h per day for 1, 3, or 6 consecutive days postoperatively.

Monophasic and biphasic therapeutic stimulation. In terms of the ability of
monophasic and biphasic stimuli to recruit peripheral axons and induce axonal
regeneration, prior studies have reported that the differences in waveform
characteristic had a negligible effect. In addition, there was no significant
difference in pain threshold and tolerance between monophasic and asymmetric
biphasic waveform®. Patel et al.* also reported that monophasic (pulsed direct
current) stimulation evoked significant neurite outgrowth. Moreover, this growth is
consistently oriented to the cathode*"**. Given these prior findings, and the limited
duration of therapeutic electrical stimulation in the present study, monophasic,
rather than biphasic, stimuli were used. Yet, modification of the transient electrical
circuitry on the device enables generation of several biphasic waveforms, as shown
in Supplementary Fig. 14. These results highlight the ability of the present device
to support biphasic electrical stimuli suitable for use in future long-term in vivo
studies. To that end, the authors believe that the fully resorbable nerve stimulator
has immense flexibility of circuit design, and that the present dataset provides
ample proof of the concepts of wireless interfacing and therapeutic electrical
stimulation of injured nerve tissue.

Functional lifetime of stimulator with PLGA or biodegradable wax
encapsulation. Mg radio frequency coils with PLGA encapsulation (30 pm) have
operational lifetimes of 9h in vitro (PBS at 37 °C, Supplementary Fig. 6). There, the
addition of wax encapsulation can significantly extend the lifetime. Dip-coating

in melted wax (Candelilla wax, ~70°C) yielded a conformal film with a thickness
of approximately 300 pm (Supplementary Fig. 6b). Soak testing in PBS at 37°C

for 14 d demonstrated stable operation throughout, due likely to the beneficial
effects of the hydrocarbon chains of the wax as a water barrier **-*. Bioresorption
of wax was slow compared with PLGA, from a few weeks to several months. To
demonstrate functionality in vivo, encapsulated devices were implanted into

male Lewis rats with the bioresorbable nerve cuff on the sciatic nerve. Implanted
devices were then activated daily. Supplementary Fig. 6¢ provides a series of EMG
recordings (10 Hz) from tibialis anterior muscles obtained from an uninjured
animal to verify stable in vivo operation (200 ps, 100-300mV, 1 h per day) for 1, 3,
and 6 d, respectively. The maximum EMG amplitude, presented in Supplementary
Fig. 6d, remains largely unchanged for 7 d. These results confirm the capability of
bioresorbable nerve stimulators to successfully deliver multiple days of therapeutic
electrical stimulation to injured nerve tissue.

In vitro tests for longevity of the stimulator electrode. Application of an
electrical potential to metallic simulating electrodes causes accelerated dissolution
by electrochemical reactions with surrounding fluids. Supplementary Fig. 15
shows the change of resistance of Mg (50 pm thick) and Mo (10 pm thick) metal
wires in bovine serum at 37 °C. At high voltages (for example, 5V), the Mg and
Mo electrodes dissolved within 30 and 120 min, respectively. However, both types
of electrodes were stable at 0.5V (blue line) for up to 300 min, corresponding to 2
weeks of anticipated operating conditions (200 ps per pulse, 500mV, 1 h per day).
The therapeutic stimulation mode with the monophasic step pulses used in this
study (200 ps per pulse, 20 Hz frequency, 1h) corresponds to the application of a
continuous potential for 15min. The direct current resistance of the Mg electrode
(50 pm thick) in bovine serum (37 °C) was increased 6, 7.5, 18.4, and 39.5 Q for
5,6, 7, and 8 d, respectively (Supplementary Fig. 15a). For long-term operation,
Mo electrodes (10 pm thick) can be candidates because the impedance of Mo

will not increase for up to 15 d (Supplementary Fig. 15b). Extended evaluations
(Supplementary Fig. 15¢,d) demonstrate that these wires survive for 6 d under

the desired pulsed electrical stimulation (200 pis, 100-300mV, 1 h per day). The
design of durable nerve cuff interfaces and optimized procedures for surgical
implantation, as described in the Supplementary Note, are also critical to achieving
sufficient durations of electrical operation in vivo.

Surgical procedures for bioresorbable electrodes designed to stimulate the
spinal cord and muscle tissue. Male Lewis rats (275-300g, aged 10-11 weeks;
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Charles River Laboratories) were anesthetized before undergoing a dorsal
laminectomy at T10-T12 to evaluate the ability of bioresorbable electrodes
to recruit spinal motor/sensory tracts in the spinal cord. Following surgical
exposure, a bioresorbable electrode was inserted into the spinal canal rostral to
the surgical site (T9-T9) such that the electrode was in contact with the dorsal
surface of the spinal cord. Wireless activation resulted in delivery of monophasic
pulses (duration: 200 ps; threshold voltage: 100-300mV) to the interfaced spinal
tissue. Needle electrodes placed in the distal musculature of the right leg (tibialis
anterior muscle) facilitated collection of motor evoked potential recordings. SSEP
recordings were also collected using transcranial screw electrodes implanted
over sensory cortical regions. Both motor evoked potential and SSEP recordings
served to validate the ability of the bioresorbable device to electrically activate both
sensory and motor spinal tracts postoperatively.

In the case of muscle stimulation, the right gluteal muscle was
exposed following anesthetization and preparation of the lateral aspect
of the right leg. A bioresorbable electrode placed on the surface of
the gluteal muscle facilitated electrical stimulation of the interfaced muscle
employing 0, 10, and 50 Hz monophasic pulses with a duration of 200 ps. Needle
electrodes placed into the gluteal muscle were used to record evoked EMGs
within the muscle.

Manufacturing of nonresorbable wireless nerve stimulators. Implantable,
nonresorbable wireless nerve stimulators were designed and built in collaboration
with Red Rock Laboratories to provide a stable, low-profile, noninvasive means

of facilitating chronic nerve stimulation”. The devices consisted of three
components: (1) the receiver coil and demodulating circuit; (2) microwire leads;
and (3) Si nerve cuff. Receiver coils comprising a spiral antenna and demodulating
circuitry were constructed on flexible polyimide substrates (diameter =12 mm,
thickness =0.2 mm) (Supplementary Fig. 8b); 0603 surface mount components
were soldered to the flexible printed circuit board to tune the receivers to a 5 MHz
carrier frequency and to demodulate incoming signals. Two multiconductor
polytetrafluoroethylene-insulated Pt/Ir microwire leads (medwire; Sigmund Cohn
Corp) were soldered on to the contact pads of the flexible polyimide printed circuit
board to provide an electrical conduit between the receiver coil and interfaced
peripheral nerves (Supplementary Fig. 8c). Bared ends of the Pt/Ir microwire
leads were then integrated into Si nerve cuffs optimized for the rodent sciatic
nerve (inner diameter =2 mm, outer diameter =4 mm, length =8 mm). Si nerve
cuffs were constructed of Si nerve guidance conduit and designed to maintain
close approximation of the active Pt/It leads to interfaced peripheral nerve tissue.
Following construction, flexible receiver coils were potted in medical grade Si
elastomer (type A; Dow Corning). Completed wireless implants were gas-sterilized
with ethylene oxide before use in vivo. On ex vivo/in vivo testing, modified

class E oscillator circuits tuned to a 5 MHz carrier frequency were used to power
and activate the constructed wireless nerve stimulators. Oscillator circuits were
connected to circular transmitting coils/antenna placed near the wireless nerve
stimulators. Inductive coupling between transmitter and receiver coils thereby
facilitated wireless power delivery and activation of implantable wireless devices
suitable for peripheral nerve stimulation.

Therapeutic electrical stimulation of nerve tissue using permanent wireless
stimulators following nerve crush and nerve transection injuries. Twenty-

five adult male Lewis rats (275-300g, aged 10-11 weeks) were divided into five
groups (I-V) of five animals each (n=5). Group I, the positive control, underwent
sham surgical exposure of the right sciatic nerve (no nerve injury) followed by
surgical implantation of a permanent wireless nerve stimulator. Groups II and IV,
the experimental groups, underwent surgical exposure and either crush injury

or transection injury of the right sciatic nerve, respectively, followed by surgical
implantation of a permanent wireless nerve stimulator, yet no therapeutic electrical
stimulation. Groups III and V, also experimental groups, underwent crush injury
and transection injury of the right sciatic nerve, respectively, followed by surgical
implantation of a permanent wireless nerve stimulator and 1h of electrical
stimulation delivered immediately postoperatively.

Weekly assessment of functional recovery was measured through electrical
stimulation of the sciatic nerve by the non-bioresorbable nerve stimulator and
measurement of resulting EMG signals in the distal musculature. Thirteen weeks
postoperatively, animals from each group (I-V) were re-anesthetized before
undergoing terminal assessment of functional nerve regeneration as measured via
evoked muscle force measurement. At the terminal time point, all animals were
killed and their distal musculature was harvested to measure wet muscle mass. All
animal procedures were performed in strict accordance with the Animal Studies
Committee and the Division of Comparative Medicine at Washington University
School of Medicine.

Supplementary Fig. 16a—c summarize the outcomes of studies that use
permanent nonresorbable wireless stimulators to deliver electrical stimulation
(1h at 20 Hz) to nerve tissue following nerve transection injury. These permanent
platforms allow studies of EMG responses throughout the recovery period
following 1h of therapeutic stimulation delivered immediately postoperatively.
Supplementary Fig. 16d-f show identical results on the delivery of therapeutic
electrical stimulation to nerve tissue following nerve crush injury. Recovery of
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muscle function is observed 2-4 weeks after injury in the presence of electrical
stimulation, as the maximum EMG amplitudes of tibialis anterior, gastrocnemius,
and plantaris muscles are significantly improved in the presence of electrical
stimulation compared to responses in the absence of stimulation.

Assessment of biocompatibility. Rat sciatic nerve tissue and transient nerve cuffs
were explanted and fixed in cold 3% glutaraldehyde in 0.1 M phosphate buffer
(pH=7.2). Nerve tissue was dissected and divided into segments, dehydrated

in ethanol, postfixed with 1% osmium tetroxide, and embedded in Araldite 502
epoxy resin (Polysciences). Cross sections < 1 pm thick were cut with an LKB

III Ultramicrotome (LKB-Produkter AB) at the site of the nerve/cuff interface
and stained with H&E and toluidine blue, respectively. Qualitative analysis was
performed on H&E- and toluidine blue-stained sections using a semiautomated
digital image analysis system, linked to software (LECO Corporation), as
previously described*.

Evoked muscle force measurement. Thirteen weeks postoperatively, sciatic nerve
function was terminally evaluated by examining force production in reinnervated
musculature on electrical stimulation of the sciatic nerve. Following surgical
exposure, distal tendons of the EDL and tibialis anterior muscles were fashioned
into a loop and secured to a stainless steel S-hook at the musculotendinous
junction using 5-0 nylon suture. Animals were subsequently placed in a designed
functional assessment station (FAST System, version 2.0; Red Rock Laboratories)
wherein the right leg was immobilized at the femoral condyles. The stainless steel
S-hook was then connected to a 5N thin-film load cell (S100; Strain Measurement
Devices) supported on an adjustable mount. Cathodic, monophasic electrical
impulses (duration =200 ps, frequency =single 200 Hz, amplitude=0-5mA)
generated by implanted wireless nerve stimulators were delivered to the sciatic
nerve proximal to the injury site. Resulting force production in the isolated EDL
and tibialis anterior muscles was transduced via the load cell and recorded on

a desktop PC equipped with data acquisition software (version 2.0; Red Rock
Laboratories).

Evoked twitch responses were used to determine the optimal stimulus
amplitude (V,) and optimal muscle length (L,) for isometric force production
in the EDL muscle, as previously described””~*. On determining L,, a single
train of impulses (burst width =300 ms, frequency =80 Hz) was delivered to the
sciatic nerve, and muscle length was reevaluated. All subsequent isometric force
measurements were made at V, and L,. Single twitch contractions were recorded
and peak twitch force (F,) was calculated. Tetanic contractions were recorded at
increasing frequencies of stimulation (burst width =300 ms, frequency =5-200 Hz),
allowing 2 min intervals between stimuli for muscle recovery. Maximum isometric
tetanic force (F,) was automatically calculated from the resulting sets of recorded
force traces. Following functional assessment, EDL and tibialis anterior muscles
were harvested and weighed.

Evoked EMG responses were collected using Red Rock Laboratories data
acquisition software (version 2.0) and analyzed using the MATLAB software,
version 2009B (MathWorks). Supplementary Fig. 17 describes the conceptual
procedure behind collecting the maximum EMG value. First, the instrumentation
was calibrated. Second, raw EMG data were rectified to a single polarity. Then, the
single maximum EMG peak was collected at each dataset. Finally, the maximum
EMG values were averaged.

Statistical analysis. Results are reported as mean + 6s.d., unless otherwise noted.
Statistical analyses were performed using the Statistica software (version 6.0;
StatSoft) followed by a t-test (*P<0.05, **P<0.01, ***P < 0.001).

Reporting Summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this article.

Data availability
The data that support the findings of this study are available from the
corresponding author on reasonable request.
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For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Clearly defined error bars
State explicitly what error bars represent (e.g. SD, SE, Cl)
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Our web collection on statistics for biologists may be useful.

Software and code

Policy information about availability of computer code

Data collection Evoked EMG and muscle force responses were collected using Red Rock Laboratories Data Acquisition Software (Red Rock Laboratories,
Version 2.0, St. Louis, MO).

Data analysis Evoked EMG and muscle force responses were analyzed using MATLAB software (MathWorks, Version 20098B, Natick, MA, USA).
Statistical analyses were performed using Statistica software (Version 6.0, Statsoft, Tulsa, Oklahoma).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers
upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

The authors declare that data supporting the findings of this study are available within the paper and its supplementary information files.
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Field-specific reporting

Please select the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

[X] Life sciences [ ] Behavioural & social sciences [ | Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/authors/policies/ReportingSummary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Power analysis was performed to determine the minimum sample size for a = 0.05, with a two-tailed t-test and at a statistical power level of
80%, as utilized in prior studies [Gamble et al., 2016]. A minimum number of n=5 rats per group were utilized. For some key experiments,
sample size was increased from n=5 rats per group to n=11 rats per group.
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Data exclusions  No data points were excluded from analysis.

Replication Experiments examining the efficacy of electrical stimulation in improving nerve regeneration and functional recovery were replicated in
multiple groups of laboratory animals and multiple nerve injury models utilizing both permanent and bioresorbable nerve stimulators.

Randomization  All animals were randomized into experimental groups. Groups were counterbalanced for animal sex and group average body weight.
Additional information is provided in the Online Methods section.

Blinding All assessments of functional recovery (evoked muscle force, muscle mass, EMG amplitude, etc.) were performed in a blinded manner.

Reporting for specific materials, systems and methods

Materials & experimental systems Methods
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Unigue biological materials

Policy information about availability of materials

Obtaining unique materials  All the chemicals to fabricate biological polymers can be provided commercial bender (Sigma-Aldrich, Inc. USA). All the bio-
metals (Mg, Mo) can be purchased through bender (Goodfellow Corporation, PA, USA).

8102 dy




	Wireless bioresorbable electronic system enables sustained nonpharmacological neuroregenerative therapy

	Online content

	Acknowledgements

	Fig. 1 Bioresorbable, wireless electrical stimulator as an electronic neuroregenerative medical device.
	Fig. 2 Surgical implantation, operation, and acute demonstration of a bioresorbable, wireless electrical stimulator for the sciatic nerve in a rodent model.
	Fig. 3 Accelerated regeneration of sciatic nerves injured by transection, treated with the use of biodegradable wireless stimulators.
	Fig. 4 Effects of chronic electrical stimulation on functional nerve recovery.




