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 46 
 47 
SUMMARY: 48 
This is a protocol for the surgical implantation and operation of a wirelessly powered interface 49 
for peripheral nerves. We demonstrate the utility of this approach with examples from nerve 50 
stimulators placed on either the rat sciatic or phrenic nerve. 51 
 52 
ABSTRACT: 53 
Peripheral nerve interfaces are frequently used in experimental neuroscience and regenerative 54 
medicine for a wide variety of applications. Such interfaces can be sensors, actuators, or both. 55 
Traditional methods of peripheral nerve interfacing must either tether to an external system or 56 
rely on battery power that limits the time frame for operation. With recent developments of 57 
wireless, battery-free, and fully implantable peripheral nerve interfaces, a new class of devices 58 
can offer capabilities that match or exceed those of their wired or battery-powered precursors. 59 
This paper describes methods to (i) surgically implant and (ii) wirelessly power and control this 60 
system in adult rats. The sciatic and phrenic nerve models were selected as examples to highlight 61 
the versatility of this approach. The paper shows how the peripheral nerve interface can evoke 62 
compound muscle action potentials (CMAPs), deliver a therapeutic electrical stimulation protocol, 63 
and incorporate a conduit for the repair of peripheral nerve injury. Such devices offer expanded 64 
treatment options for single-dose or repeated dose therapeutic stimulation and can be adapted 65 
to a variety of nerve locations. 66 
 67 
INTRODUCTION: 68 
Traumatic peripheral nerve injuries (PNIs) occur in the US with an annual incidence of 69 
approximately 200,000 per year1. Most patients who suffer PNIs are left with permanent 70 
functional impairments. At its worst, this may result in muscle paralysis and trigger treatment-71 
refractory neuropathic pain so severe that patients are willing to undergo a limb amputation as 72 
treatment2. The biggest obstacle to improve PNI outcomes is that axon regeneration is too slow 73 
relative to the distances they must regrow. For example, an adult human axon grows at 1 mm/day 74 
but may have to regenerate over distances >1000 mm in the case of a lesion in a proximal limb.  75 
 76 
In current clinical practice, ~50% of PNIs require surgical repair3. For successful nerve 77 
regeneration, axons must (i) grow across the lesion site (i.e., gap crossing) and then (ii) regenerate 78 
down the nerve pathway to reach an end-organ target (i.e., distal regrowth) (Figure 1). There are 79 
no FDA-approved drugs proven to accelerate nerve regeneration. The status quo of PNI clinical 80 
management has only changed incrementally over the past several decades and is limited to 81 
technical refinements to surgical methods such as distal motor nerve transfers to reduce the 82 
distance regenerating axons must travel4, or “off the shelf” synthetic nerve conduits for cases 83 
where the proximal nerve retracts and cannot be directly sutured back together5. However, there 84 
have been four randomized clinical trials on therapeutic electrical stimulation applied to nerves 85 
postoperatively, which were single-center studies led by Dr. K. Ming Chan at the University of 86 
Alberta that show significantly improved reinnervation of muscle6-8 or skin9. The foundational 87 
work for this electrical stimulation protocol was performed in rodents10,11, where it has been 88 
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shown that electrical stimulation works specifically by enhancing gap crossing (Figure 1) but not 89 
distal regrowth12-15. 90 
 91 
The surgical placement of transcutaneous wire electrodes used in all four electrical stimulation 92 
randomized clinical trials was necessary because its effects depend on the delivery of sufficient 93 
current to depolarize the neuron cell body at 20 Hz continuously for 1 h11. In clinical practice, this 94 
electrical stimulation protocol is not tolerable for most patients at the intensities required via 95 
surface-stimulating electrodes on the skin due to pain. There are non-trivial risks associated with 96 
running transcutaneous electrodes postoperatively, such as deep wound infection or accidental 97 
displacement of wires from the nerves during patient transport from the operating room (OR). 98 
Additionally, the high cost of OR time itself is a disincentive against attempting it in that setting 99 
rather than during acute postoperative recovery. A new class of wireless, battery-free, and fully 100 
implantable peripheral nerve interfaces is emerging to address this shortcoming of existing 101 
peripheral nerve interfaces.  102 
 103 
This new class of wireless implantable electronic systems is poised to increase the ease and 104 
flexibility for electrical stimulation dosing and break down the barriers that preclude its broader 105 
clinical implementation. This paper describes methods to (i) surgically implant and (ii) wirelessly 106 
power and control this system in adult rat sciatic and phrenic nerve models. It shows how the 107 
peripheral nerve interface can evoke CMAPs, deliver a therapeutic electrical stimulation protocol, 108 
and even act as a conduit for the repair of peripheral nerves. The protocols here can be adapted 109 
for other variants of this technology that can deliver light pulses for optogenetic mediated 110 
neuromodulation16, controlled drug release17, or repeated bouts of electrical stimulation over 111 
time18,19. 112 
 113 
PROTOCOL: 114 
 115 
All procedures described in this protocol are carried out in accordance with the NIH Guide for the 116 
Care and Use of Laboratory Animals and were approved by the Institutional Animal Care and Use 117 
Committee (IACUC) of Northwestern University. This protocol follows the animal care guidelines 118 
of Northwestern University’s Center for Comparative Medicine and IACUC. It is necessary to 119 
consult with IACUC when adapting the protocols. 120 
 121 
1. Wireless electronic stimulator fabrication (Figure 2)  122 
 123 
1.1. Use copper/polyimide/copper (18 µm thick top and bottom copper, 75 µm thick 124 
polyimide) as a substrate for the radio frequency power harvester coil (i.e., wireless receiver 125 
antenna).  126 
 127 
1.2. Use direct laser ablation to pattern holes for the electrodes on the top and bottom copper 128 
layers and shape the device. Electrically connect the top and bottom layers using silver paste 129 
through the holes.  130 
 131 



1.3. Attach the electronic components with commercial packaging, such as diode and 132 
capacitor, via soldering. 133 
 134 
1.4. Use the bioresorbable dynamic covalent polyurethane (b-DCPU; 200 µm thick) 135 
encapsulated molybdenum (Mo; 15 µm thick; serpentine structure) as stretchable extension 136 
electrodes19. 137 
 138 
1.5. Form the cuff electrode for the interface between the device and the nerve using 139 
poly(lactic-co-glycolic acid) (PLGA) film (300 µm thick).  140 
 141 
1.6. After connecting the wireless receiver antenna and stretchable extension electrode, 142 
encapsulate the wireless receiver antenna and the connection with commercialized waterproof 143 
epoxy or polydimethysiloxane (PDMS). See Figure 2 (right) for the fully assembled device.  144 
 145 
1.7. Confirm the wireless operation of the device, using a waveform generator to generate 146 
monophasic electrical impulses via the primary coil (i.e., transmission coil).  147 
 148 
NOTE: Examining the recruitment of peripheral axons and induction of axonal regeneration by 149 
monophasic and biphasic stimuli, prior studies reported a negligible effect due to the differences 150 
in waveform characteristic20, and this group has been able to achieve therapeutic electrical 151 
stimulation enhancement with the same monophasic current parameters in mice21 and rats18. 152 
Furthermore, prior studies examined biocompatibility in vivo and in vitro and did not find any 153 
evidence of tissue damage from heating effects or the materials themselves. Because of these 154 
findings and the limited duration of therapeutic electrical stimulation in the present study, 155 
monophasic, rather than biphasic, stimuli were used in this protocol. 156 
 157 
1.8. Measure the resulting direct current output voltage with an oscilloscope connected to 158 
the cuff electrode.  159 
 160 
2. Device preparation for implantation 161 
 162 
2.1. Place the implant devices into a sterile Petri dish and seal it with parafilm. 163 
 164 
2.2. Irradiate the devices with UV light for 30 min per side.  165 
 166 
3. Surgical procedure of rat right sciatic nerve implantation of wireless, battery-free 167 
peripheral nerve interface for electrical stimulation (Figure 3) 168 
 169 
NOTE: Maintain sterile conditions. Perform surgeries within the designated surgical area of an 170 
animal procedure room. The surgeon will don a facemask, coat, cap, and sterile gloves during 171 
surgery. If more than one surgery is performed, change sterile gloves between animals and use 172 
clean, sterile surgical instruments for each surgery. Sterilize tools between surgeries by heat 173 
sterilization (autoclave or glass bead sterilizer). Use adult Sprague-Dawley rats that weighing 174 
200–250 g. 175 



 176 
3.1. Induce anesthesia using isoflurane gas anesthesia in oxygen, with subcutaneous 177 
administration of meloxicam. Cover the eyes of the rats with designated ophthalmic ointment to 178 
prevent desiccation.  179 
 180 
3.2. Place the rats in a prone position on disinfected surgical tables for subsequent 181 
procedures. For the remaining surgical duration, assess breathing rate (should be ~2/s), tissue 182 
color, and depth of anesthesia no less than every 15 min, and maintain isoflurane levels 183 
accordingly. Confirm the appropriate depth of anesthesia by checking pedal reflex (lack of 184 
response to a firm toe pinch). Monitor the mucous membranes, which should remain pink and 185 
moist. 186 
 187 
3.3. Shave the surgical area, including the right leg and lower half of the back. Scrub the 188 
shaved surgical area with a betadine pad, followed by a 70% medical ethanol swab, and repeat 189 
this scrub process three times for skin disinfection. 190 
 191 
3.4. Make an incision in the skin parallel to the right femur bone using tissue scissors, followed 192 
by blunt separation of subcutaneous connective tissue on the back (directly medial to the 193 
incision) to clear a subcutaneous pocket for the receiver coil (Figure 4A). Make a subsequent 194 
incision on the right gluteal muscle parallel to the skin incision. 195 
 196 
3.5. Gently isolate the sciatic nerve with metal dissection probes with blunt ends (Figure 4B).  197 
 198 
NOTE: The sciatic nerve is located deep to the biceps femoris and runs parallel to the femur. A 199 
dissecting scope is suggested. 200 
 201 
3.6. Implant the wireless, battery-free device on the sciatic nerve (Figure 4C) by wrapping the 202 
cuff around the isolated right sciatic nerve, without putting the nerve under tension or distorting 203 
its path18-20. Mark out on the skin where the receiver coil is placed for further electrical 204 
stimulation. 205 
 206 
3.7. Stitch up the gluteal muscle incision using absorbable sutures (Figure 4D).  207 
 208 
NOTE: The upper half of the receiver coil sits above the gluteal muscle and the cuff interface 209 
beneath it. 210 
 211 
3.8. Close the skin incision with wound clips (or buried suture; Figure 4E). Match the skin 212 
edges.   213 
 214 
3.9. Deliver 1 h of continuous postsurgical 20 Hz electrical stimulation with 200 µs pulse width 215 
under anesthesia (Figure 4F). Return animals to their home cages after they have fully recovered 216 
from anesthesia. 217 
 218 



NOTE: The detailed protocol is described below. The receiver coil is shown above the skin in 219 
Figure 4F. 220 
 221 
3.10. Postsurgical treatment 222 
 223 
3.10.1. Place the rat in a recovery cage without bedding, lined with paper towels, with half the 224 
cage placed on an appropriate temperature-regulated heat source (approved heating pad). 225 
 226 
3.10.2. Monitor the rat carefully until it is ambulatory. Once ambulatory and assessed to be 227 
stable, return the rat to the home cage and watch for social reintegration. 228 
 229 
3.10.3. After acute recovery, monitor the rats for incision site infection and for symptoms of 230 
neurogenic pain, including but not limited to guarding, writhing, scratching, and self-mutilation. 231 
Monitor the rats daily for the 5-day postsurgical recovery period, and at least once every three 232 
days after that if the rats are not sacrificed at day 5. 233 
 234 
3.10.4. Administer meloxicam once daily for two to three days after the surgery, depending on 235 
the animal's displayed level of pain/discomfort. If persistent pain is suspected, continue 236 
meloxicam beyond this period postoperatively, and if it proves refractory, euthanize the rat early 237 
in consultation with the veterinary team. 238 
 239 
3.10.5. Remove the skin sutures or wound clips 10–12 days post-surgery. 240 
 241 
4. Surgical procedure of rat left phrenic nerve implantation of wireless stimulators (Figure 242 
5A) 243 
 244 
NOTE: Maintain sterile conditions, as in section 3. Use adult Sprague-Dawley rats weighing 200–245 
250 g. Sterilize all surgical tools before use. 246 
 247 
4.1. Induce anesthesia using isoflurane gas anesthesia in oxygen, with subcutaneous 248 
administration of meloxicam. Cover the rat’s eyes with designated ophthalmic ointment to 249 
prevent desiccation.  250 
 251 
4.2. Place the rats in a supine position on disinfected surgical tables for subsequent 252 
procedures. For the remaining surgical duration, assess breathing rate, tissue color, and depth of 253 
anesthesia no less than every 15 min, and maintain isoflurane levels accordingly. Confirm the 254 
appropriate depth of anesthesia by checking pedal reflex (lack of response to a firm toe pinch). 255 
Monitor the mucous membranes, which should remain pink and moist.  256 
 257 
4.3. Shave the surgical area on the ventral aspect of the neck. Scrub the shaved surgical area 258 
with a betadine pad, followed by a 70% medical ethanol swab, and repeat this scrub process 259 
three times for skin disinfection. 260 
 261 



4.4. Administer bupivacaine subcutaneously at midline on the neck, targeting the most 262 
superficial layer. Make a 3 cm midline incision through the skin and superficial cervical fascia to 263 
expose the sternohyoid and sternocleidomastoid muscles (Figure 5B). 264 
 265 
NOTE: A dissecting scope is suggested. 266 
 267 
4.5. Elevate the sternocleidomastoid using gentle blunt dissection with a probe and retract it 268 
laterally using a vessel loop (Figure 5C). Gently free and retract the omohyoid. Next, gently free 269 
and medially retract the vagus nerve and the carotid bundle beneath the omohyoid muscle. 270 
 271 
NOTE: The major discrimination here is between the vagus nerve and the phrenic nerve. 272 
 273 
4.6. Isolate the phrenic nerve (Figure 5D).  274 
 275 
NOTE: The phrenic nerve runs along the surface of the anterior scalene muscle, running as a 276 
notably small longitudinal nerve crossing perpendicularly to the brachial plexus. Unlike the sciatic 277 
nerve, the anatomy around the phrenic nerve at the neck is more complex. Perform 278 
electrophysiological confirmation (step 4.7) before implantation for best results. 279 
 280 
4.7. Place the recording electrode subcutaneously, just caudally to the rib cage, ipsilateral to 281 
the isolated phrenic nerve (Figure 5E). Place the stimulators on the phrenic nerve and confirm 282 
via synchronous signaling (Figure 6).  283 
 284 
NOTE: Evoking a maximal response with a stimulus intensity of ~3–6 mA and stimulus duration 285 
of 0.02 ms is typical. 286 
 287 
4.8. Verify complete transection of the phrenic nerve by showing complete abolishment of 288 
the evoked response when an electrical stimulus is applied on the proximal nerve end relative to 289 
the transection site (Figure 6). 290 
 291 
4.9. Implant a wireless, battery-free device on the phrenic nerve (Figure 5F) by placing the 292 
receiver coil of the implantable device on the sternohyoid, deep relative to the bilateral 293 
sternocleidomastoid muscles, with the cuff around the phrenic nerve and the contact electrodes 294 
positioned perpendicular to the nerve. 295 
 296 
4.10. Close the superficial cervical fascia with simple running absorbable sutures (Figure 5G). 297 
Close the skin with interrupted inverted absorbable sutures in the deep dermis. Return the 298 
animals to their home cages only after they have fully recovered from anesthesia. 299 
 300 
4.11. For postsurgical treatment, follow step 3.10. 301 
 302 
5. Wireless delivery of therapeutic electrical stimulation 303 
 304 



5.1. Apply electrical stimulation for 1 h to the rats under general anesthesia. For the wireless 305 
stimulation, place a waveform/function generator (voltage: 1–15 Vpp) and optional amplifier 306 
above the animal to provide electrical power to an external inductive coil (i.e., transmission coil) 307 
(two-dimensional spiral coil with 5 turns; diameter: 2 cm) to ensure good inductive coupling with 308 
the implanted receiver coil. Deliver monophasic, 200 µs pulses at 20 Hz for 1 h duration.  309 
 310 
5.2. To verify and quantify electrical stimulation delivery, record CMAPs from the tibial 311 
anterior muscle, adjusting the stimulation voltage to deliver supramaximal activation of the 312 
sciatic nerve. Use concentric needle electrodes for all recordings.  313 
 314 
NOTE: If function-generated maximal voltage is insufficient to evoke a maximal response, use an 315 
amplifier. 316 
 317 
6. Euthanasia 318 
 319 
6.1. Primary method 320 
 321 
6.1.1. Place the cage under a CO2 delivery chamber, set to a rate of 8–12 LPM (or appropriate 322 
flow rate based on the chamber size). Monitor the rats for unconsciousness and then for at least 323 
1 min of cessation of breathing. 324 
 325 
6.2. Secondary method 326 
 327 
6.2.1. Perform cervical dislocation or bilateral thoracotomy.  328 
 329 
Representative Results 330 
In the sciatic nerve injury model, the implant is placed around the right sciatic nerve prior to end-331 
to-end repair of the tibial nerve branch (Figure 3, Figure 4A, and Figure 7A). A 30 G concentric 332 
needle electrode is placed in the right tibialis anterior muscle to define the stimulus parameters 333 
needed for maximal intensity electrical stimulation. These experiments include elevating the 334 
stimulation intensity until the response magnitude plateaus at the maximum. As the tibialis 335 
anterior is innervated by the fibular branch of the sciatic nerve, it is spared in the tibial nerve 336 
transection injury. Thus, recording from tibialis anterior enables continuous monitoring of the 337 
electrical stimulation treatment. 338 
 339 
For a single-stimulus pulse delivered by a wire electrode to the right sciatic nerve (5 mA, 0.02 ms), 340 
a maximal CMAP response is elicited with a 5.4 mV negative peak amplitude recorded on 341 
ipsilateral tibialis anterior (Figure 7B; black trace). For a comparable stimulus pulse delivered by 342 
the wireless, battery-free implant, a comparable CMAP response is elicited with a 4.6 mV 343 
negative peak amplitude (Figure 7B; orange trace). This is consistent with a recent report that 344 
wireless nerve stimulation achieves on average 88% of the CMAP from wire-based nerve 345 
stimulation21, well above the threshold required for therapeutic effects in clinical studies6-9. In 346 
the example shown, the longer latency of the wireless stimulator vs. wired stimulator was due to 347 
its greater distance from the recorded muscle. 348 



 349 
In the phrenic nerve model, the implant is placed around the right phrenic nerve prior to 350 
transection (Figure 5). To define the stimulus parameters needed for maximal intensity electrical 351 
stimulation, a 30 G concentric needle electrode is placed subcutaneously at the right (ipsilateral) 352 
anterior costal margin to record from the right hemidiaphragm. The experiments involve 353 
elevating the stimulation voltage till the response magnitude plateaus at its maximum. As the 354 
phrenic nerve can be challenging to isolate from surrounding neurovascular structures, its 355 
identity can be confirmed by evoking a twitch response (Figure 6; orange trace). The specificity 356 
of stimulation can be further verified by transection of the phrenic nerve distal to the nerve 357 
electrode cuff with subsequent abolishment of the twitch response (Figure 6; black trace).  358 
 359 
Repetitive, low-frequency electrical stimulation therapy can be delivered to the sciatic nerve for 360 
1 h using an established protocol that enhances axon regeneration (6-11; Figure 8). The cuff 361 
interface of the wireless implant was placed on the right sciatic nerve, and the 30 G concentric 362 
needle electrode was placed on the right tibialis anterior muscle to monitor the treatment. Figure 363 
8A shows four sequential spikes in the recorded electromyography at the beginning (0 min) of 364 
the 1 h 20 Hz electrical stimulation. Figure 8B shows four other spikes recorded at the 40 min of 365 
the 1 h electrical stimulation with a slight decrease in peak amplitude, which is consistent with 366 
the fatigue pattern noted with wire-based electrical stimulation therapy15,21. 367 
 368 
The degree of peripheral nerve regeneration can be assessed using retrograde tracers applied 369 
distally to the nerve lesion site. Because peripheral axons sprout multiple collateral sprouts, 370 
retrograde tracing and counts of the motor neuron soma in the spinal cord allow a more accurate 371 
assessment of the number of regenerating neurons than counting regenerating axons within the 372 
nerve itself31. To demonstrate this, the sciatic nerve trunk was transected by a crush injury. After 373 
3 weeks of recovery, two different fluorescent retrograde dyes were administered on two 374 
branches of the sciatic nerve: fibular nerve (green) and tibial nerve (red), respectively (Figure 9A). 375 
Figure 9B–D show lit-up subgroups of lower motoneurons in the lumbar spinal cord anterior horn 376 
that form either the tibial nerve (Figure 9B) or the fibular nerve (Figure 9C). The overlay image 377 
shows two distinct columns of labeled neurons in the anterior horn of the spinal cord, which can 378 
be quantified in terms of spatial distribution and the count of motor neurons that have 379 
regenerated an axon distal to the lesion site (Figure 9D).  380 
 381 
FIGURE AND TABLE LEGENDS: 382 
 383 
Figure 1: Nerve regeneration model. (A) Gap crossing occurs early after nerve repair when axons 384 
grow from proximal to distal nerve end after repair. (B) The duration of distal regrowth is related 385 
to the distance to the target end-organ (e.g., skin, muscle) and the rate of axon regrowth. Most 386 
therapies for improving nerve repair target one or both of these processes. 387 
 388 
Figure 2: Illustration of a wireless electronic stimulator fabrication. Left, detailed layers of the 389 
structure of the device, including a circular radio frequency power harvester coil, a stretchable 390 
extension electrode, and a nerve cuff wrapping around a nerve of interest. Right, a simplified 391 



illustration showing three parts of the device. Abbreviations: PLGA = poly(lactic-co-glycolic acid); 392 
b-DCPU = bioresorbable dynamic covalent polyurethane. 393 
 394 
Figure 3: Implantation of wireless, battery-free nerve interface in the rat sciatic nerve model. 395 
(A) The illustration depicts a fully implantable system in the right sciatic nerve of a rat. (B) The 396 
top panel shows an electrode interface positioned on the sciatic nerve just proximal to the end-397 
to-end repair of the right tibial nerve. The bottom panel shows an electrode interface with an 398 
extended nerve cuff bridging gap repair between the proximal end and the distal nerve stump. 399 
Abbreviation: PLGA = poly(lactic-co-glycolic acid). 400 
 401 
Figure 4: Sciatic nerve implantation procedure. (A) Incision on the skin, subcutaneous 402 
connective tissue, and the gluteal muscle to expose the hamstring. (B) Isolated sciatic nerve 403 
(black arrow). (C) Device post-implantation with nerve cuff, wires (white asterisk), and implant 404 
visible (star). (D) Closure of the connective tissue by suture. (E) Closure of the incision by wound 405 
clips. (F) Wireless electrical stimulation generated by a coil above the skin. 406 
 407 
Figure 5: Phrenic nerve implantation procedure. (A) Ventral view of the neck in the supine 408 
position. (B) Incision on the skin and subcutaneous connective tissue to expose sternohyoid 409 
muscle. (C) Dissecting through the potential space between the omohyoid muscle and the 410 
sternocleidomastoid muscle. (D) Phrenic nerve (arrow), isolated from the brachial plexus. (E) 411 
Diaphragmatic electromyographic confirmation of the phrenic nerve. Black arrow, recording 412 
electrode. Red arrow, stimulators. (F) Implantation. (G) Closure of the skin with deep dermal 413 
stitches.  414 
 415 
Figure 6: Confirmation of complete phrenic nerve transection injury by evoked compound 416 
muscle action potentials from the diaphragm. Before phrenic nerve transection (ORANGE), 417 
electrical stimulation of the phrenic nerve evoked compound muscle action potentials on the 418 
ipsilateral diaphragm, which was abolished by phrenic nerve transection (BLACK). 419 
 420 
Figure 7: Representative nerve conduction studies comparing wireless to wire-based electrical 421 
stimulation. (A) Illustration of wireless (BLACK) and wired (ORANGE) devices placements on the 422 
sciatic nerve. The recording electrode was placed in the tibialis anterior. (B) Compound muscle 423 
action potentials evoked by wired implant (ORANGE) vs. wireless implant (BLACK).  424 
 425 
Figure 8: EMG recording from TA muscle with 20 Hz repetitive electrical stimulation for 1 h from 426 
implants. (A) Trace of EMG at min 1 of e-stim. (B) Trace of EMG at min 40 of e-stim. Abbreviations: 427 
EMG = electromyography; TA = tibialis anterior; e-stim = electrical stimulation; min = minute.  428 
 429 
Figure 9: Representative images of sciatic nerve regeneration. (A) Illustration of sciatic nerve 430 
injury and fluorescent retrograde labeling. The sciatic nerve axons were transected by crush 431 
injury. After 3 weeks of recovery, its distal branches–the fibular nerve (in green) and tibial nerve 432 
(in red)–were retrogradely labeled. (B–D) Images of a lumbar spinal cord showing neuronal soma 433 
within the ipsilesional anterior horn. Scale bars = 30 µm. 434 
 435 



DISCUSSION: 436 
This paper describes the steps in the surgical implantation and operation of a wireless, battery-437 
free, and fully implantable peripheral nerve interfaces in the rat sciatic and phrenic nerve model. 438 
We demonstrate how this novel class of biomedical implants can be used to deliver a therapeutic 439 
electrical stimulation paradigm shown to enhance axon regeneration in preclinical and clinical 440 
studies (for review, see 22). This protocol is uncomplicated and can be extrapolated to smaller 441 
animal models, such as mice21, as well as other wireless, battery-free, and fully implantable 442 
devices with functionality that includes optoelectronic and microfluidic peripheral nerve 443 
interfaces18,23-30. Also demonstrated is the approach using the rodent sciatic nerve, which is the 444 
most common experimental model31.  445 
 446 
The versatility of this approach has been shown when it is adapted to interface with the phrenic 447 
nerve, which is rarely employed as a model of peripheral nerve injury32, perhaps because it is a 448 
vastly under-recognized clinical issue33-35. Phrenic nerve injury diagnosis and rehabilitation have 449 
become an important issue during the COVID-19 pandemic36-38. It is currently unknown whether 450 
regeneration of phrenic axons and recovery from diaphragm paralysis can be augmented by this 451 
brief, low-frequency electrical stimulation paradigm. However, phrenic nerve electrical 452 
stimulation for diaphragm muscle pacing is an established option for respiratory failure in 453 
patients with tetraplegia from high cervical spinal cord injury39-43. Other indications are being 454 
explored, including ventilator weaning after critical illness44. 455 
 456 
Several critical steps should be emphasized to ensure good operation of the implanted system. 457 
First, it is important to avoid applying too much force on the thin electronic components of the 458 
devices when handling them to prevent lead de-insulation, kinking, or breakage. Next, it is 459 
important to accurately mark the location of the radio frequency power harvester coil on the 460 
overlying skin. Third, careful alignment of the transmission coil of the external radio frequency 461 
power supply over the power harvester coil of the implanted device with a gooseneck clamp 462 
allows for stable operation. Finally, to confirm electrical stimulation in addition to visual 463 
observation of muscle twitching, periodic neurophysiological monitoring is recommended. In the 464 
case of the more complex anatomy of the phrenic nerve in the neck, electrophysiological 465 
confirmation helps demonstrate that the correct nerve has been isolated (Figure 6).  466 
 467 
Besides the wireless, battery-free electrical stimulators shown in this paper18,19,21, many other 468 
devices potentially share the same procedures. For instance, because electrodes designed to 469 
implant to the glossopharyngeal and vagus nerves to chronically record signals from sympathetic 470 
and parasympathetic nervous systems30,45,46 share a similar surgical area with the phrenic nerve, 471 
this protocol can be adapted for their implantation. Wireless long-term biocompatible 472 
stimulators for peripheral nerves, such as ReStore, are great tools to remain in place and 473 
stimulate nerves as needed25,47-50. Relevant multi-channel wireless recording implants have also 474 
been reported51. Overall, we believe these surgical and electrical stimulation protocols can be 475 
adapted as a standard for all wireless peripheral nerve interfacing related to electrical stimulation 476 
or recording. 477 
 478 
ACKNOWLEDGMENT: 479 



This work used the NUFAB facility of Northwestern University's NUANCE Center, which has 480 
received support from the SHyNE Resource (NSF ECCS-1542205), the IIN, and Northwestern's 481 
MRSEC program (NSF DMR-1720139). This work made use of the MatCI Facility supported by the 482 
MRSEC program of the National Science Foundation (DMR-1720139) at the Materials Research 483 
Center of Northwestern University. C.K.F. acknowledges support from Eunice Kennedy Shriver 484 
National Institute of Child Health and Human Development of the NIH (grant no. R03HD101090). 485 
Y.H. acknowledges support from NSF (grant no. CMMI1635443). This work was supported by the 486 
Querrey Simpson Institute for Bioelectronics at Northwestern University. 487 
 488 
DISCLOSURES: 489 
The authors have no conflicts of interest. 490 
 491 
REFERENCES: 492 
1. Scholz, T. et al. Peripheral nerve injuries: an international survey of current treatments 493 
and future perspectives. Journal of Reconstructive Microsurgery. 25 (6), 339–344 (2009). 494 
2. Ayyaswamy, B. et al. Quality of life after amputation in patients with advanced complex 495 
regional pain syndrome: a systematic review. EFORT Open Reviews. 4 (9), 533–540 (2019). 496 
3. Kim, D. H. et al. Management and outcomes in 353 surgically treated sciatic nerve lesions. 497 
Journal of Neurosurgery. 101 (1), 8–17 (2004). 498 
4. Mackinnon, S. E. Donor distal, recipient proximal and other personal perspectives on 499 
nerve transfers. Hand Clinics. 32 (2), 141–151 (2016). 500 
5. Safa, B., Buncke, G. Autograft substitutes: conduits and processed nerve allografts. Hand 501 
Clinics. 32 (2), 127–140 (2016). 502 
6. Barber, B. et al. Intraoperative Brief Electrical Stimulation of the Spinal Accessory Nerve 503 
(BEST SPIN) for prevention of shoulder dysfunction after oncologic neck dissection: a double-504 
blinded, randomized controlled trial. Journal of Otolaryngology - Head & Neck Surgery. 47 (1), 7 505 
(2018). 506 
7. Power, H. A. et al. Postsurgical electrical stimulation enhances recovery following surgery 507 
for severe cubital tunnel syndrome: a double-blind randomized controlled trial. Neurosurgery. 86 508 
(6), 769–777 (2020). 509 
8. Gordon, T. et al. Brief post-surgical electrical stimulation accelerates axon regeneration 510 
and muscle reinnervation without affecting the functional measures in carpal tunnel syndrome 511 
patients. Experimental Neurology. 223 (1), 192–202 (2010). 512 
9. Wong, J. N. et al. Electrical stimulation enhances sensory recovery: a randomized 513 
controlled trial. Annals of Neurology. 77 (6), 996–1006 (2015). 514 
10. Nix, W. A., Hopf, H. C. Electrical stimulation of regenerating nerve and its effect on motor 515 
recovery. Brain Research. 272 (1), 21–25 (1983). 516 
11. Al-Majed, A. A. et al. Brief electrical stimulation promotes the speed and accuracy of 517 
motor axonal regeneration. Journal of Neuroscience. 20 (7), 2602–2608 (2000). 518 
12. Witzel, C. et al. Electrical nerve stimulation enhances perilesional branching after nerve 519 
grafting but fails to increase regeneration speed in a murine model. Journal of Reconstructive 520 
Microsurgery. 32 (6), 491–497 (2016). 521 
13. Witzel, C., Rohde, C., Brushart, T. M. Pathway sampling by regenerating peripheral axons. 522 
Journal of Comparative Neurology. 485 (3), 183–190 (2005). 523 



14. Brushart, T. M. et al. Electrical stimulation promotes motoneuron regeneration without 524 
increasing its speed or conditioning the neuron. Journal of Neuroscience. 22 (15), 6631–6638 525 
(2002). 526 
15. Franz, C. K., Rutishauser, U., Rafuse, V. F. Intrinsic neuronal properties control selective 527 
targeting of regenerating motoneurons. Brain. 131 (Pt 6), 1492–1505 (2008). 528 
16. Park, S. I. et al. Soft, stretchable, fully implantable miniaturized optoelectronic systems 529 
for wireless optogenetics. Nature Biotechnology. 33 (12), 1280–1286 (2015). 530 
17. Koo, J. et al. Wirelessly controlled, bioresorbable drug delivery device with active valves 531 
that exploit electrochemically triggered crevice corrosion. Science Advances. 6 (35), eabb1093 532 
(2020). 533 
18. Koo, J. et al. Wireless bioresorbable electronic system enables sustained 534 
nonpharmacological neuroregenerative therapy. Nature Medicine. 24 (12), 1830–1836 (2018). 535 
19. Choi, Y. S. et al. Stretchable, dynamic covalent polymers for soft, long-lived bioresorbable 536 
electronic stimulators designed to facilitate neuromuscular regeneration. Nature 537 
Communications. 11 (1), 5990 (2020). 538 
20. Hingne, P. M., Sluka, K. A. Differences in waveform characteristics have no effect on the 539 
antihyperalgesia produced by transcutaneous electrical nerve stimulation (TENS) in rats with 540 
joint inflammation. Journal of Pain. 8, 251–255 (2007). 541 
21. Guo, H. et al. Advanced materials in wireless, implantable electrical stimulators that offer 542 
rapid rates of bioresorption for peripheral axon regeneration. Advanced Functional Materials. 31 543 
(29), 2102724 (2021). 544 
22. Zuo, K. J. et al. Electrical stimulation to enhance peripheral nerve regeneration: Update in 545 
molecular investigations and clinical translation. Experimental Neurology. 332, 113397 (2020). 546 
23. Zhang, Y. et al. Battery-free, fully implantable optofluidic cuff system for wireless 547 
optogenetic and pharmacological neuromodulation of peripheral nerves. Science Advances. 5 (7), 548 
eaaw5296 (2019). 549 
24. Montgomery, K. L. et al. Wirelessly powered, fully internal optogenetics for brain, spinal 550 
and peripheral circuits in mice. Nature Methods. 12 (10), 969–974 (2015). 551 
25. Seo, D. et al. Wireless recording in the peripheral nervous system with ultrasonic neural 552 
dust. Neuron. 91 (3), 529–539 (2016). 553 
26. Neely, R. M. et al. Recent advances in neural dust: towards a neural interface platform. 554 
Current Opinion in Neurobiology. 50, 64–71 (2018). 555 
27. Mickle, A. D. et al. A wireless closed-loop system for optogenetic peripheral 556 
neuromodulation. Nature. 565 (7739), 361–365 (2019). 557 
28. Khalifa, A. et al. The microbead: a 0.009 mm(3) implantable wireless neural stimulator. 558 
IEEE Transactions on Biomedical Circuits and Systems. 13 (5), 971–985 (2019). 559 
29. Jeong, J. W. et al. Wireless optofluidic systems for programmable in vivo pharmacology 560 
and optogenetics. Cell. 162 (3), 662–674 (2015). 561 
30. Yao, G. et al. Effective weight control via an implanted self-powered vagus nerve 562 
stimulation device. Nature Communications. 9 (1), 5349 (2018). 563 
31. Brushart, M. Nerve Repair. 2012: Oxford University Press. 564 
32. Laskowski, M. B., Sanes, J. R. Topographically selective reinnervation of adult mammalian 565 
skeletal muscles. Journal of Neuroscience. 8 (8), 3094–3099 (1988). 566 



33. Boon, A. J. et al. Sensitivity and specificity of diagnostic ultrasound in the diagnosis of 567 
phrenic neuropathy. Neurology. 83 (14), 1264–1270 (2014). 568 
34. Farr, E., D'Andrea, D., Franz, C. K. Phrenic nerve involvement in neuralgic amyotrophy 569 
(Parsonage-Turner syndrome). Sleep Medicine Clinics. 15 (4), 539–543 (2020). 570 
35. Mandoorah, S., Mead, T. Phrenic Nerve Injury. in StatPearls. StatPearls Publishing, 571 
Treasure Island, FL (2021). 572 
36. Patel, Z. et al. Diaphragm and phrenic nerve ultrasound in COVID-19 patients and beyond: 573 
imaging technique, findings, and clinical applications. Journal of Ultrasound in Medicine. doi: 574 
10.1002/jum.15706 (2021). 575 
37. Farr, E. et al. Short of breath for the long haul: diaphragm muscle dysfunction in survivors 576 
of severe COVID-19 as determined by neuromuscular ultrasound. medRxiv. doi: 577 
10.1101/2020.12.10.20244509 (2020). 578 
38. Fernandez, C. E. et al. Imaging review of peripheral nerve injuries in patients with COVID-579 
19. Radiology. 298 (3), E117–E130 (2021). 580 
39. Elefteriades, J. A. et al. Long-term follow-up of bilateral pacing of the diaphragm in 581 
quadriplegia. New England Journal of Medicine. 326 (21), 1433–1444 (1992). 582 
40. Elefteriades, J. A. et al. Long-term follow-up of pacing of the conditioned diaphragm in 583 
quadriplegia. Pacing and Clinical Electrophysiology: PACE. 2002. 25 (6), 897–906 (2002). 584 
41. Glenn, W. W. et al. Ventilatory support by pacing of the conditioned diaphragm in 585 
quadriplegia. New England Journal of Medicine. 310 (18), 1150–1155 (1984). 586 
42. Garrido-Garcia, H. et al. Treatment of chronic ventilatory failure using a diaphragmatic 587 
pacemaker. Spinal Cord. 36 (5), 310–314 (1998). 588 
43. Romero, F. J. et al. Long-term evaluation of phrenic nerve pacing for respiratory failure 589 
due to high cervical spinal cord injury. Spinal Cord. 50 (12), 895–898 (2012). 590 
44. Vashisht, R., Chowdhury, Y. S. Diaphragmatic Pacing. in StatPearls. StatPearls Publishing, 591 
Treasure Island, FL (2021). 592 
45. McCallum, G. A. et al. Chronic interfacing with the autonomic nervous system using 593 
carbon nanotube (CNT) yarn electrodes. Scientific Reports. 7 (1), 11723 (2017). 594 
46. Zhang, Y. et al. Climbing-inspired twining electrodes using shape memory for peripheral 595 
nerve stimulation and recording. Science Advances. 5 (4), eaaw1066 (2019). 596 
47. Sivaji, V. et al. ReStore: A wireless peripheral nerve stimulation system. Journal of 597 
Neuroscience Methods. 320, 26–36 (2019). 598 
48. Tanabe, Y. et al. High-performance wireless powering for peripheral nerve 599 
neuromodulation systems. PLoS One. 12 (10), e0186698 (2017). 600 
49. MacEwan, M. R. et al. Therapeutic electrical stimulation of injured peripheral nerve tissue 601 
using implantable thin-film wireless nerve stimulators. Journal of Neurosurgery. 130 (2), 486–495 602 
(2019). 603 
50. Lee, B. et al. An implantable peripheral nerve recording and stimulation system for 604 
experiments on freely moving animal subjects. Scientific Reports. 8 (1), 6115 (2018). 605 
51. Deshmukh, A. et al. Fully implantable neural recording and stimulation interfaces: 606 
Peripheral nerve interface applications. Journal of Neuroscience Methods. 333, 108562 (2020). 607 
 608 



Gap Crossing

Distal Regrowth

A

B

Figure 1 Click here to access/download;Figure;JoVE figures and figrue legends-HW 09-04-21 1.pdf

https://www.editorialmanager.com/jove/download.aspx?id=1379575&guid=85942cb4-00b2-4567-b68e-ba0e4ed1317d&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1379575&guid=85942cb4-00b2-4567-b68e-ba0e4ed1317d&scheme=1


Copper 

coil

b-DCPU-

based

stretchable 

encapsulation

Mo-based 

stretchable 

electrode

PLGA-

based 

nerve

cuff

Diode

Waterproof

epoxy

Polyimide  

film

Stretchable

extension

electrode

Nerve cuff 

electrode

Wireless

receiver 

antenna

Figure 2 Click here to access/download;Figure;JoVE figures and figrue legends-HW 09-04-21 2.pdf

https://www.editorialmanager.com/jove/download.aspx?id=1379576&guid=a878d54b-64f1-4093-91bd-5bcf4e7c5ea6&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1379576&guid=a878d54b-64f1-4093-91bd-5bcf4e7c5ea6&scheme=1


A B

Figure 3 Click here to access/download;Figure;JoVE figures and figrue legends-HW 09-04-21 3.pdf

https://www.editorialmanager.com/jove/download.aspx?id=1379577&guid=5758226d-3dbb-40da-8ce0-46b0ebf7cf09&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1379577&guid=5758226d-3dbb-40da-8ce0-46b0ebf7cf09&scheme=1


A C

D E F

B

*

Figure 4 Click here to access/download;Figure;JoVE figures and figrue legends-HW 09-04-21 4.pdf

https://www.editorialmanager.com/jove/download.aspx?id=1379578&guid=0e6c1956-6eea-4091-8693-b7351eca582a&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1379578&guid=0e6c1956-6eea-4091-8693-b7351eca582a&scheme=1


B C

F G

D

E

A

Phrenic nerve

Sterno-

cleidomastoid

Carotid

artery

Brachial

plexus

Vagus nerve

Figure 5 Click here to access/download;Figure;JoVE figures and figrue legends-HW 09-04-21 5.pdf

https://www.editorialmanager.com/jove/download.aspx?id=1379579&guid=b9639baa-be2d-430e-b79e-f0b12af62938&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1379579&guid=b9639baa-be2d-430e-b79e-f0b12af62938&scheme=1


Stimulation

Artifact

Max.

deflectionOnset

After cut

Before cut

P
e
a
k

A
m

p
li
tu

d
e

(m
V

)

0

2

-2

Time (ms)
0 2 4 6 8

Figure 6 Click here to access/download;Figure;JoVE figures and figrue legends-HW 09-04-21 6.pdf

https://www.editorialmanager.com/jove/download.aspx?id=1379580&guid=0e9a5410-098d-4393-8648-201b86782dd4&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1379580&guid=0e9a5410-098d-4393-8648-201b86782dd4&scheme=1


Stimulation

Artifact

Max.

deflection

Onset

P
e
a
k

A
m

p
li
tu

d
e

(m
V

)

0

10

-10

Wired

Wireless

Time (ms)

0 1.5 3 4.5 6

A B

Figure 7 Click here to access/download;Figure;JoVE figures and figrue legends-HW 09-04-21 7.pdf

https://www.editorialmanager.com/jove/download.aspx?id=1379581&guid=a17f220a-d0c5-4dc6-a646-6919e659fb41&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1379581&guid=a17f220a-d0c5-4dc6-a646-6919e659fb41&scheme=1


P
e
a
k

A
m

p
li
tu

d
e

(m
V

)

0

6

-6

Time (ms)

0 50 100 150 200

A

Min 1

P
e
a
k

A
m

p
li
tu

d
e

(m
V

)

0

6

-6

Time (ms)

0 50 100 150 200

Min 40

B

Figure 8 Click here to access/download;Figure;JoVE figures and figrue legends-HW 09-04-21 8.pdf

https://www.editorialmanager.com/jove/download.aspx?id=1379582&guid=90b566ef-7e47-4dfc-801a-1c1d7cfe92a2&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1379582&guid=90b566ef-7e47-4dfc-801a-1c1d7cfe92a2&scheme=1


A

B C D

Spinal Cord

Fibular nerve

Tibial nerve

Sural nerve

Figure 9 Click here to access/download;Figure;JoVE figures and figrue legends-HW 09-04-21 9.pdf

https://www.editorialmanager.com/jove/download.aspx?id=1379583&guid=5a0bf708-74a3-406f-b427-db4175ef63f3&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1379583&guid=5a0bf708-74a3-406f-b427-db4175ef63f3&scheme=1


  

Table of Materials

Click here to access/download
Table of Materials

JoVE_Table_of_Materials 09-17-21.xlsx

https://www.editorialmanager.com/jove/download.aspx?id=1379574&guid=c25164f7-8935-41c4-91ae-e6ad92e7c3a3&scheme=1


      

 

26 North, Biologics Laboratory 

355 East Erie Street 

Chicago, IL 60611 

 

Colin K. Franz, M.D., Ph.D 

 

Shirley Ryan AbilityLab Physician-Scientist 

Assistant Professor 

Departments of Physical Medicine and 

Rehabilitation, and Neurology 

Northwestern University Feinberg School of 

Medicine  

 

Tel: (312) 238-2078 

cfranz@sralab.org 

 

          September 8, 2021 

 

Re: Decision on submission to Journal of Visualized Experiments (JoVE63085) 

 

Dear Dr. Vidhya Iyer, 

 

Thank you for sending us reviewer reports on our manuscript entitled “Implantation and control of 

wireless, battery free systems for peripheral nerve interfacing”, by Hongkai Wang, Dom D’Andrea, Yeon 

Sik Choi, Yasmine Bouricha, Grace Wickerson, Hak-Young Ahn, Hexia Guo, Yonggang Huang, Milap S. 

Sandhu, Sumanas W. Jordan, John A. Rogers, and Colin K. Franz.  

The reviewers provided helpful suggestions and positive comments, and recommended publication 

of the manuscript after revisions. In the following, we list these comments, along with our point-by-point 

responses and associated additional results and modifications to the manuscript. We believe that the revised 

manuscript is suitable for publication in Journal of Visualized Experiments. 

Thank you in advance for your time and attention. 

Sincerely, 

 

Colin K. Franz 

Rebuttal Letter Click here to access/download;Rebuttal Letter;Cover
letter_JOVE_Wang_et_al_Resubmission.pdf

https://www.editorialmanager.com/jove/download.aspx?id=1379178&guid=a45e0596-cc0b-4cec-8d40-e8fc62d55899&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1379178&guid=a45e0596-cc0b-4cec-8d40-e8fc62d55899&scheme=1


Point by point response to reviewer comments: 

 
Reviewer #1: 

Manuscript Summary: 

The authors propose a wireless implantable electronic system for electrical stimulation as a peripheral 

nerve interface. The demonstrated protocal has great potential of being used for various healthcare 

purposes. Thus, I would like to suggest minor revision before the formal acceptance of this manuscript.  
 

--We thank the reviewer for their positive assessment of this manuscript, which they deem to have “great 

potential for various healthcare purposes”.  

 

Major Concerns: 

- Biphasic pulse is essential for electrode and neural tissue in neural stimulation. But, this approach only 
enables monophasic pulse. Can you comment on this issue? Your reference paper [8] was also used 

biphasic pulses. How do you handle for heating issue? 

 

--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 
effect1, and in our hands we have been able to achieve therapeutic electrical stimulation enhancement 

with the same monophasic current parameters in mice2 and rats3. Furthermore in our prior studies we 

looked at biocompatibility in vivo and in vitro and did not find any evidence of tissue damage from 

heating effects or the materials themselves. Given these prior findings, and the limited duration of 

therapeutic electrical stimulation in the present study, monophasic, rather than biphasic, stimuli were 
used.  

 

1. Hingne PM, Sluka KA. Differences in waveform characteristics have no effect on the anti-

hyperalgesia produced by transcutaneous electrical nerve stimulation (TENS) in rats with joint 

inflammation. J. Pain 8, 251–255 (2007). 

2. Guo H, D'Andrea D, Zhao J, Xu Y, Qiao Z, Janes LE, Murthy NK, Li R, X Zie, Song Z, Meda R, Koo 
J, Bai W, Choi YS, Jordan SW, Huang Y, Franz CK*, Rogers JA*. Advanced Materials in Wireless, 

Implantable Electrical Stimulators that Offer Rapid Rates of Bioresorption for Peripheral Axon 

Regeneration. Adv Functional Materials. Adv Funct Mater. 2021 May 

(doi.org/10.1002/adfm.202102724) 

3. Koo J, MacEwan MR, Kang SK, Won SM, Stephen M, Gamble P, Xie Z, Yan Y, Chen YY, Shin J, 
Birenbaum N, Chung S, Kim SB, Khalifeh J, Harburg DV, Bean K, Paskett M, Kim J, Zohny ZS, Lee 

SM, Zhang R, Luo K, Ji B, Banks A, Lee HM, Huang Y, Ray WZ, Rogers JA. Wireless bioresorbable 

electronic system enables sustained nonpharmacological neuroregenerative therapy. Nat Med. 2018 

Dec;24(12):1830-1836.  

 
- Did the author used the same cuff electrode (implanted one and just changed energy source for direct 

comparison) shown in Fig. 5? The conduction velocities are different.  

 

--The cuff electrodes were not the same. We stimulated at two different points and we demonstrate the 

experimental setup more clearly with an extra panel added in as Fig 7A showing the relative positions the 

electrodes are placed on the sciatic nerve. The different on latency was due to the different distance the 
stimulators to the recording electrode. 

 

- Recorded EMGs shown in Fig 7 were appeared in every 20 ms, which means 50 Hz stimulation was 

applied. Can you comment on this issue? 

 



--This was a typographical error in labeling the X-axis of the graph. We have made appropriate 

corrections as 20Hz stimulation was applied. 
 

Minor Concerns: 

- Where is the result for the regeneration of sciatic nerve? 

 

--We have added additional data in the new figure 9 that shows examples of retrogradely labeled motor 
neurons from the distal branches of the sciatic nerve after injury. 

 

- What is the difference compared with Ref [20]? 

 

--Reference 20 (Guo et al. 2021) has several differences to the present study. The cuff was interfaced at a 

different position (tibial nerve branch rather than more proximally on the sciatic nerve), a mouse rather 
than a rat model was used, and we have included new data on phrenic nerve implantation and interfacing 

here. 

 

Reviewer #2: 

Manuscript Summary: 
The authors describe methods to implant and wirelessly power electrodes for stimulation of peripheral 

nerves (phrenic and sciatic) in a rat model. This approach is innovative and novel and is relevant to 

preclinical and potential clinical applications. The methods described and the related imaging/figures are 

very clear and straightforward. 

 
--We thank the reviewer for commenting on the “innovative” and “novel” nature of this manuscript. We 

are pleased to learn they found it “very clear and straightforward”. 

 

Major Concerns: 

One major comment I have is that the technology (the wireless interface/stimulator) is not described in 

sufficient detail so that another lab could independently apply these approaches. The authors should 
consider adding additional details so that other groups can learn and apply these innovative approaches.  

 

--Thank you for pointing this out. We have added additional details including a subsection with details on 

the design and how to make these devices, as well as added an additional figure (now labeled figure 2) to 

the manuscript. In addition even greater details can be found in our recent publications that are cited1-3. 
 

1. Guo H, D'Andrea D, Zhao J, Xu Y, Qiao Z, Janes LE, Murthy NK, Li R, X Zie, Song Z, Meda R, Koo 

J, Bai W, Choi YS, Jordan SW, Huang Y, Franz CK*, Rogers JA*. Advanced Materials in Wireless, 

Implantable Electrical Stimulators that Offer Rapid Rates of Bioresorption for Peripheral Axon 

Regeneration. Adv Functional Materials. Adv Funct Mater. 2021 May 
(doi.org/10.1002/adfm.202102724) 

2. Koo J, MacEwan MR, Kang SK, Won SM, Stephen M, Gamble P, Xie Z, Yan Y, Chen YY, Shin J, 

Birenbaum N, Chung S, Kim SB, Khalifeh J, Harburg DV, Bean K, Paskett M, Kim J, Zohny ZS, Lee 

SM, Zhang R, Luo K, Ji B, Banks A, Lee HM, Huang Y, Ray WZ, Rogers JA. Wireless bioresorbable 

electronic system enables sustained nonpharmacological neuroregenerative therapy. Nat Med. 2018 

Dec;24(12):1830-1836.  
3. Choi YS, Hsueh YY, Koo J, Yang Q, Avila R, Hu B, Xie Z, Lee G, Ning Z, Liu C, Xu Y, Lee YJ, Zhao 

W, Fang J, Deng Y, Lee SM, Vázquez-Guardado A, Stepien I, Yan Y, Song JW, Haney C, Oh YS, Liu 

W, Yoon HJ, Banks A, MacEwan MR, Ameer GA, Ray WZ, Huang Y, Xie T, Franz CK, Li S, Rogers 

JA. Stretchable, dynamic covalent polymers for soft, long-lived bioresorbable electronic stimulators 

designed to facilitate neuromuscular regeneration. Nat Commun. 2020 Nov 25;11(1):5990.  



 

Minor comments: 
"The experiments involve increasing the stimulation voltage until the response magnitude plateaus at the 

physiological maximum." 

Is the word "physiological" necessary? 

 

--No. We deleted this word.  
 

 


