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ABSTRACT 
 
Over the last decade, thousands of United States service members have sustained limb injuries 

from blast exposure, largely attributed to the rising use of improvised explosive devices (IEDs) 

by terrorist and insurgent groups. These blasts destroy large amounts of tissue causing peripheral 

nerve injuries and amputations in many cases. The objective of this research was to develop a 

device to improve functional recovery among these patients by providing in vivo monitoring of 

neuromuscular regeneration, maintenance of acetylcholine receptors for reinnervation and 

prevention of muscle atrophy. An implantable, flexible microelectrode array (MEA) was 

engineered that provides stimulation and recording during acute denervation of muscle distal to 

nerve injuries and muscle grafts for creation of regenerative peripheral nerve interfaces (RPNIs). 

One issue that has prevented the development of muscle surface electrodes is the immune-

mediated foreign body response resulting in fibrotic capsule formation around the device. To 

inhibit fibrosis, the electrode was embedded with crystal formulations of a drug called GW2580, 

a Colony Stimulating Factor 1 (CSF1R) inhibitor allowing for long-term release of the drug from 

the surface of the MEA.  

The MEA uses a flexible polyimide elastomer and an array of gold-based microelectrodes 

featuring Peano curve motifs, which together maintain electrode flexibility. A new surgical 

technique was developed utilizing a biceps femoris muscle flap along the dorsal surface of the 

electrode to prevent wound breakdown during implantation. The devices were implanted along 

the denervated gastrocnemius muscles of rats. These rats underwent therapeutic stimulation 

using the MEA daily beginning on post-operative day 2. Tissues were harvested on post-

operative day 14 and evaluated for quantification acetylcholine receptors and muscle fiber area 

using immunofluorescence and histological staining. Additionally, the MEAs were implanted 
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along the dorsal surface of free flap grafts to serve as a RPNI for 6 weeks in rats. Using 

electrophysiological and histological assessments, we compare with unstimulated control grafts.  

The Young’s modulus was 1.67 GPa, which is comparable to native tendon and muscle.   

The devices successfully recorded electromyogram data when implanted in rats.  When compared 

to untreated denervated muscles, MEA therapy attenuated atrophy by maintaining larger muscle 

fiber cross-sectional areas (p < 0.05).  Furthermore, the acetylcholine receptor areas were markedly 

larger with MEA treatment (p < 0.05).  The postoperative course of one animal without the biceps 

femoris flap (control) was complicated by complete wound dehiscence requiring euthanasia of the 

animal on postoperative day 4; the remaining control animals showed evidence of ulceration at the 

implant.  The animals that did have the biceps femoris flap did not have ulcerative lesions on 

postoperative day 7. Expression of specific markers for acute inflammation (TNF-a), innate 

immune cell macrophages (CD68) and fibrosis (aSMactin) were also decreased in the flap group 

by qPCR analysis. Drug-loading with crystalized formulations of GW2580 successfully prevented 

fibrotic capsule formation and improved therapeutic efficacy of the SMEA. When the MEAs were 

implanted along the surface of muscle grafts for RPNIs, we found significantly delayed 

reinnervation and abnormal electromyographic (EMG) signals, with significantly more 

polyphasia, lower compound muscle action potentials and higher fatigability in stimulated animals. 

These metrics are suggestive of myopathy in the free flap grafts stimulated with the electrode. 

Active inflammatory processes and partial necrosis were observed in grafts stimulated with the 

MEA.  

This work demonstrates the ability to combine conformability, tensile strength-enhancing 

metal micropatterning and drug loading for long-term release into a functional implant for both 

epimysial stimulation and recording during acute denervation injury. However, under the same 
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treatment protocol, implanted epimysial electrodes and electrical stimulation to deinnervated and 

devascularized flaps during the early recovery phase may be detrimental to regeneration.  



 v 

ACKNOWLEDGEMENTS 
 
 First, I would like to thank my thesis advisor, Dr. Daniel Anderson, for his mentorship 

and support through the development of my career as a physician-scientist. Thank you for 

placing your trust in me to push this project forward. 

 I am especially grateful to all of those who contributed to this project. I would like to 

thank Dr. Omar Khan for always being available as a sound-board and for being an advocate for 

me . Dr. Joshua Doloff and Dr. Shady Farah for their mentorship and collaborations. Thank you 

for sharing your expertise with me. Dr. Kaitlyn Sadtler, thank you for your advice and expertise. 

Keval Vyas, thank you for your hard work and late nights in the fabrication and animal facilities. 

Jonathan Tsosie for helping me develop skills in device fabrication. Thank you to Shriya 

Srinivasan for being an excellent colleague, collaborator and friend. I’m excited for our future 

collaborations together.  

I would like to thank my father, an advocate and a Marine. Thank you for teaching me 

the importance of service and self-sacrifice.  

Finally, I am extremely grateful to have been funded by the Congressionally directed 

Joint Warfighter Medical Research Program aimed to study the causative mechanisms and 

pathophysiology of combat-related injuries and engineer devices that ameliorate them. I am 

deeply honored to have the opportunity to push forward technological advances for service 

members who have sacrificed so much.  

 Funding for this thesis was also provided for by the Harvard-MIT Health Sciences and 

Technology Program and the Harvard Medical School Scholars in Medicine Office.  



 vi 

STATEMENT OF RESEARCH 
 
 The work in this thesis represents original research performed by the author, under the 

mentorship of Dr. Daniel Anderson. Dr. Omar Khan oversaw this project and contributed to the 

design of all experiments. The result in Tables S1-2 and Figures S5-S9 were produced by 

statistical code written by Dr. Omar Khan. Jonathan Tsosie and Keval Vyas also performed 

experiments and analyses with the author. The author collaborated closely with Dr. Joshua 

Doloff and Dr. Shady Farah for work related to drug-embedded devices. The author also 

collaborated closely with Shriya Srinivasan for experiments related to the regenerative peripheral 

nerve interface model.  

 The thesis was adapted from the following publications: 

McAvoy, M., et al. (2019). "Flexible Multielectrode Array for Skeletal Muscle 
Conditioning, Acetylcholine Receptor Stabilization and Epimysial Recording 
After Critical Peripheral Nerve Injury." Theranostics 9(23): 7099-7107.(1) 

 

Farah, S., et al. (2019). "Long-term implant fibrosis prevention in rodents and 
non-human primates using crystallized drug formulations." Nat Mater 18(8): 892-
904.(2) 

 

Srinivasan, S., Vyas, K., McAvoy, M., et al. (2019). "Polyimide Electrode-Based 
Electrical Stimulation Impedes Early Stage Muscle Graft Regeneration." Front 
Neurol 10: 252.(3) 

 

For a full list of individuals who contributed to this study design, performed experiments 

and analyses and provided critical review on the manuscripts, please see the author lists of 

McAvoy et al.(1), Farah et al.(2), Srinivasan et al.(3) 

 
  



 vii 

TABLE OF CONTENTS 
ABSTRACT _________________________________________________________________ ii 
ACKNOWLEDGEMENTS _____________________________________________________ v 
STATEMENT OF RESEARCH __________________________________________________ vi 
LIST OF ABBREVIATIONS __________________________________________________ viii 
LIST OF FIGURES ____________________________________________________________ ix 
Supplementary figures _______________________________________________________________ ix 

LIST OF TABLES ____________________________________________________________ 1 
Supplementary tables _______________________________________________________________ 1 

INTRODUCTION _____________________________________________________________ 2 
METHODS __________________________________________________________________ 8 
MEA Fabrication ___________________________________________________________________ 8 
Crystalline GW2580 Loading _________________________________________________________ 9 
Peripheral Nerve Injury Model ________________________________________________________ 9 
Regenerative Peripheral Nerve Interface Model __________________________________________ 15 

RESULTS __________________________________________________________________ 18 
Mechanical Testing of the MEA ______________________________________________________ 18 
Peripheral Nerve Injury Model _______________________________________________________ 18 
Regenerative Peripheral Nerve Interface _______________________________________________ 21 

DISCUSSION _______________________________________________________________ 25 
Limitations of this study ____________________________________________________________ 28 
Conclusions and future directions _____________________________________________________ 28 

REFERENCES ______________________________________________________________ 30 
FIGURES __________________________________________________________________ 37 
APPENDIX 1: SUPPLEMENTARY TABLES _____________________________________ 51 
APPENDIX 2: SUPPLEMENTARY FIGURES ____________________________________ 53 
 
  



 viii 

LIST OF ABBREVIATIONS 
 
Ach Acetylcholine 
AchR Acetylcholine receptors 
AU Arbitrary units 
CSF-1R Colony stimulating factor 1 receptor 
EMG Electromyography 
FES Functional electrical stimulation 
IED Improvised explosive device 
MEA Multielectrode Array 
NMJ Neuromuscular junction 
PDMS Polydimethylsiloxane 
PI Polyimide 
PMMA Polymethyl methacrylate 
RPNI Regenerative peripheral nerve interfaces 
SEM Standard error of measurement 
  



 ix 

LIST OF FIGURES 
 
Figure 1  Design of the MEA _______________________________________________ 37 
Figure 2  Therapeutic efficacy of the MEA ____________________________________ 39 
Figure 3  Biceps femoris flap prevents ulceration and wound dehiscence _____________ 40 
Figure 4  IVIS inflammation monitoring of "Flap" versus "No Flap" groups __________ 40 
Figure 5  qPCR analysis comparing "No Flap" versus "Flap" ______________________ 41 
Figure 6  MEA EMG recording _____________________________________________ 42 
Figure 7  Fibrosis of drug-loaded versus control MEA ___________________________ 43 
Figure 8  Histology showing fibrotic capsule around drug-loaded versus control MEA __ 44 
Figure 9  Comparison of drug-loaded versus control MEA expression of inflammatory 
markers 45 
Figure 10  Coated electrodes (Stim with Drug) decreased rates of muscle atrophy versus 
uncoated electrodes (Stim No Drug). _____________________________________________ 45 
Figure 11  MEA extrusion in RPNI model ______________________________________ 46 
Figure 12  Graft reinnervation _______________________________________________ 47 
Figure 13  Histological study of experimental muscle grafts ________________________ 48 
Figure 14  Representative electrophysiology ____________________________________ 49 
 
 
Supplementary figures 
 
Figure S 1  Electrode Fabrication protocol ______________________________________ 53 
Figure S 2  Peripheral nerve injury model _______________________________________ 53 
Figure S 3  Biceps femoris flap procedure for MEA implantation ____________________ 54 
Figure S 4  Analysis of muscle fiber area and acetylcholine receptor areas _____________ 55 
Figure S 5  Q-Q plot of no intervention (control) muscle fiber area ___________________ 56 
Figure S 6  Q-Q plot of denervated (no MEA) muscle fiber area _____________________ 57 
Figure S 7  Q-Q plot of denervated + MEA (treated) muscle fiber area ________________ 58 
Figure S 8 `Q-Q plot of denervated (no therapy) acetylcholine receptor area ______________ 59 
Figure S 9  Q-Q plot of denervated + MEA acetylcholine receptor area ________________ 60 
Figure S 10  Tensile strength of the MEA ________________________________________ 61 

 



 1 

LIST OF TABLES 
 
Supplementary tables 
 
Table S 1  Descriptive statistics for muscle fiber areas ______________________________ 51 
Table S 2  Descriptive statistics for acetylcholine receptor area _______________________ 52 
  



 2 

INTRODUCTION 
 
 Blast-related injuries leading to traumatic amputations and peripheral nerve injuries 

remain the most emotionally distressing wounds associated with international conflicts. The Joint 

Theater Trauma Registry's (JTTR) analysis of Operation Iraqi Freedom (OIF) and Operation 

Enduring Freedom (OEF) from October 2001 - January 2005 indicates a shift from gunshot 

wounds to explosions as the primary mechanism of injury against United States military 

personnel and their allies in both the Iraq and Afghanistan theaters(4). Approximately half (48%) 

of all United States military deaths between 2006 and 2018 were attributable to IEDs (and their 

variants)(5). With advances in hemorrhage control and resuscitation, the survival rate of IED 

related injuries is now unprecedented(6, 7). The ratio of wounded:killed in action has increased 

from 3:1 to 8:1(8). Injuries to the extremities are the most common, require the greatest amount 

of resources and cause the greatest disability(4, 9). Despite the advancements in medicine, 

amputations remain a relatively common procedure for management of military limb trauma(6). 

The surgical technique for amputation surgery has not changed in nearly 2 centuries; nerves that 

cross the amputation boundary are cut under tension and buried into fat tissue or deep in the 

residuum to prevent neuroma formation which leads to pain or other phantom limb 

sensations(10). Because of this technique, direct contacts between robotic prostheses and the 

peripheral nervous system allowing for reproduction of biological joints are not possible(11).   

Regenerative muscle grafts have demonstrated increasing importance and interest in the 

field of neuroprostheses for limb control(12-14). A devascularized muscle graft can be neurotized 

using a transected peripheral nerve to create a regenerative peripheral nerve interface (RPNI). 

Given that these muscle grafts reinnervate, revascularize, and produce stable electromyographic 

(EMG) signals, electrodes can be placed on each muscle graft, and naturally generated EMG 

signals can be used to drive myoelectric limb prostheses(12, 15). However, the time course of 
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reinnervation (>2 months for murine and >3 months for primate models) and regeneration (~50% 

atrophy at 6 months) are suboptimal(12, 13, 15). Neural plasticity studies have shown that cortical 

atrophy and rewiring can take place as early as two weeks. Thus, to preserve appropriate function, 

it is necessary to have a time course for reinnervation and regeneration that does not allow for 

unwanted cortical rewiring or atrophy(12). 

In addition to amputation injuries, nerve injuries are more commonly seen with the 

increasing use of IEDs. The mechanisms of blast-related extremity injuries differ from their 

civilian sector counterparts, commonly the result of falls or motor vehicle collisions, by 

involving multiple penetrating projectiles akin to shot gun injuries.  Nerves can be injured by 

both the concussive aspects of the blast wave as well as by direct injury from the energized 

fragments. Therefore, the incidence of nerve injury among victims of blasts is high compared 

with civilian trauma (8.1% versus 0.5%)(16). Nerve autografts are unanimously considered to be 

the gold standard for peripheral nerve gap repair. However this method has important drawbacks, 

including: (1) requiring an additional donor site surgery, with significant morbidity and cost; (2) 

anatomical limitations relating to the length and diameter of autograft that can be harvested; (3) 

clinical limitations relating to fascicular-mismatching and the use of sensory autografts to repair 

motor/mixed nerves; (4) failure to support the distal nerve sheath and NMJs until the 

regenerating nerve can reach them; (5) failure to prevent muscle atrophy until the nerve 

regenerates to these targets. 

Even with optimal medical and surgical management of peripheral nerve injury, muscle 

function is only partially restored(17). This incomplete restoration is the failure of regenerating 

nerves to establish a proper muscle-nerve interface due to the disassembly of the neuromuscular 

junction (NMJ)(18). The NMJ is comprised of three components including the terminal end of 

the motor axon, terminal Schwann cells and the end plate of muscle fibers containing 
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acetylcholine receptors (AChR)(19). By one week following peripheral nerve injury, AChR 

clusters disperse and AChR turnover shortens by a factor of ten leading to a marked decrease in 

the number of AChRs available for re-innervation(20). This is problematic because sectioned 

nerves regenerate at a rate of 2-3 mm/day so large gap peripheral nerve injuries greater than 5cm 

can require approximately over one year to heal(21).  

Functional electrical stimulation (FES) has been widely reported to improve regeneration 

of nerve and muscle tissue(22-25). Both acute and chronic stimulation approaches have shown 

improved axonal regeneration, and healing time courses(23, 26, 27). FES of nerves upregulates 

the expression of neurotrophic factors, (i.e.  brain-derived neurotrophic factor (BDNF), and glial 

cell–derived neurotrophic factor (GDNF)) and also enhances nerve growth factor (NGF)-induced 

signaling and gene expression, specifically the MEK–ERK1/2 pathway and Egr1 expression, 

accelerating neoaxogenesis, neurite outgrowth and sprouting(28-30). For myocyte regeneration, 

FES upregulates the production of vascular endothelial growth factor (VEGF) and insulin-like 

growth factor (IGF), which are important in muscle regeneration(31), in mesenchymal stroma 

cells (MSCs)(32). Moreover, by increasing myogenic precursor cell proliferation and fusion with 

mature myofibers, FES improves the regenerative capacity of skeletal muscle(33, 34). Thus, 

based on the volume of evidence documenting mechanisms that promote both neural and muscle 

regeneration, we investigate the use of chronic FES to promote regeneration, reinnervation, and 

revascularization of regenerative muscle grafts as well as denervated muscle in peripheral nerve 

injuries. 

The implantable microelectrode array (MEA) has been developed to electrically stimulate 

muscle after peripheral nerve injury in which the nerves to the skeletal muscle have been severed 

and undergo Wallerian degeneration(35). The advancement of implantable electrodes for muscle 

stimulation has been hindered by the rigidity of silicon, the fundamental platform of all 
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electronics since its implementation in the first transistor in 1947(36). The mechanical mismatch 

between the stiff electrode and soft tissue can cause aggregative inflammation at the implantation 

site(37). The resulting fibrous tissue may isolate the device from the underlying tissue, limiting 

the effective transfer of current in both recording and stimulating. A desirable electrode would 

comprise a flexible material offering low modulus responses to stretching resulting in more 

elastic deformations and an intimate contact between the moving tissue and the electrode. 

Flexible electronics have been developed for electronic skins(38), electronic textiles(39) and 

flexible solar cells(40). Such products consist of metal films deposited on a polymer substrate. 

The Young’s moduli of silicon(41), polyimide (PI)(42), SU-8(43), parylene C(44) and 

polydimethylsiloxane (PDMS)(45) are approximately 25.5 GPa, 8.45 GPa, 5.6 GPa, 4.0 GPa and 

1.0 MPa, respectively. Thus, electrodes with polymer substrates cause less tissue damage 

compared with silicon-based electrodes. Polyimide was chosen as a substrate because of its 

versatile shape and its relatively mild foreign body response(46), both of which are useful for 

removable, non-permanent implants. This material has been widely used for neural surface 

interfacing(47-50). Xue et al.(51) designed C-shaped cuff electrodes with gold carbon nanotubes 

fabricated on a PI substrate about 12 µm in thickness to create a nerve-electrode interface with 

minimal contact to decrease neural damage.  

However, although these polyimide electrodes are flexible devices, one limitation is that 

metal components that serve as the conductive layer embedded within the polyimide substrate 

including gold, stainless steel, platinum, titanium and iridium have a stiffening effect(52). In a 

recent study, hard metal wiring was patterned in fractal motifs (Fig. 1A,B) and bonded to 

elastomers to increase stretchability(53).  The Peano curve is a fractal curve that is continuous 

and space filling(54). The design can be used in microelectronics for wiring and provides 
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multiaxial support(53). This Peano motif variation, shown in Fig. 1C, was utilized for the wiring 

of our device that connects the contact pads to the source platforms (Fig. 1D).   

Development of a flexible electrode is one aspect of mitigating an inflammatory response 

to device implantation; however, even with this approach there remains a strong foreign body 

reaction to the polymeric material itself(55). This response can lead to fibrotic encapsulation of 

the electrode, significantly interfering with both stimulation and recording of the underlying 

muscle(55-59). Systemic anti-inflammatory drugs may be used to attempt to prevent this foreign 

body response although many of these drugs can have multiple targets and toxicities(60, 61). 

Macrophages are known to be key mediators of the foreign body response to biomaterials(55-

58).  Doloff et al.(57) showed that the foreign body response can be inhibited through targeting 

of the monocyte and macrophage expression of colony stimulating factor-1 receptor (CSF-1R). 

Inhibition of CSF-1R selectively prevents fibrotic capsule formation while preserving other 

essential macrophage functions such as VEGF production, wound healing and phagocytosis(57).  

In order for an electrode to provide muscle stimulation during the entire course of nerve 

regeneration, up to about a year, the fibrotic cascade must be continuously inhibited.  

  Here, we describe our efforts to engineer a device to prevent muscle atrophy and 

acetylcholine receptor degradation to improve subsequent re-innervation and decrease 

rehabilitation time in models of both RPNIs and peripheral nerve injury. Four major approaches 

have been developed to better integrate electronics with the skeletal muscle tissue.  First, gold 

wiring is printed onto a layer of polyimide, a flexible and biocompatible material, producing an 

elastic circuit board(62). In addition to providing an electrical platform, the polyimide materials 

act as electrical insulation (Fig. 1E,G). Second, two electrodes are rearranged in side-by-side 

parallel format, permitting conformity to curved surfaces(63). Third, inspired by nature, circuit 

wiring was redesigned in fractal patterns that allow multidirectional stretching(53). Finally, we 
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integrated crystal formulations of CSF-1R inhibitors within the polymeric substrate of the 

electrode allowed for long-term anti-fibrotic activity. 
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METHODS 
 
MEA Fabrication  

An outline of the device fabrication procedure is reported in Fig. S1. The fabrication 

process begins with a clean 100 mm diameter silicon wafer (Test N-Type, <100>), which was 

used as the fabrication platform. 2) A 200 nm layer of polymethyl methacrylate (PMMA, 495 

PMMA A6, Microchem) was spin coated onto the platform at 5,000 rpm for 60 s. 3) A 10 µm 

layer of PI (PI 2574, HD Microsystems) was spin coated onto the platform at 2,700 rpm for 30 s 

and cured at 250° C for 2 h. 4) A 10 nm Titanium (Ti) adhesion layer and a 500 nm Gold (Au) 

layer was deposited onto the platform using the e-Beam deposition. 5) A 6 µm layer of 

Microposit s1813 photoresist was spin coated onto the platform at 1,500 rpm for 30 s and cured 

at 100° C for 3 h. 6) The Microposit s1813 photoresist was patterned via standard 

photolithography techniques using UV exposure. 7) The gold layer was etched using potassium 

iodide solution for 278s. The platform was dipped into the solution for 280 s inside an acid hood. 

The titanium adhesion layer was etched using 10:1:1 Deionized water/Hydrogen 

Fluoride/Hydrogen Peroxide solution for 10 s inside an acid hood. 8) A 10 µm PI encapsulation 

layer was spin coated at 2,700 rpm for 30 s and cured at 250° C for 2 h. 9) An 2 nm aluminum 

layer was deposited to protect the polyimide around the sites of the contact pads during reactive 

ion etching. 10) A 6 µm layer Microposit s1813 photoresist was spin coated at 5,000 rpm for 60 

s and cured at 100° C for 3 h. 10) The Microposit s1813 photoresist was patterned via UV 

exposure. 11) The aluminum layer was etched at 50° C for 2 s in an acid hood. 12) The contacts 

were etched using reactive ion etch utilizing 100% oxygen. 12) The rest of the aluminum layer 

was etched at 50° C for 2s in an acid hood. 13) The PMMA base was dissolved using Acetone in 

and the device was detached from the platform. The electrodes were then cut into 1cm by 1cm 

squares. 
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Crystalline GW2580 Loading 

 The crystallization technique for GW2580 has been described by Farah et al.(2) After 

device fabrication as discussed previously, a 5 µm layer of PI embedded with crystalized 

GW2580 was coated on both sides of the device. Crystals of small size crystals starting from 200 

nm up to few microns were used for this application and mixed well with the PI before applying 

onto the device surface. Coated devices were incubated for 24h at 40ºC for each coated side, plus 

as needed an extra 24h at the same conditions for full PI curing and solidifying. 

 
Peripheral Nerve Injury Model 

Surgical Technique: No Flap Procedure (Control) 

All the animal experimental procedures were conducted in accordance with the 

guidelines of the Animal Care and Use Review Office of the US Army Medical Research and 

Materiel Command Office of Research Protections and the Committee on Animal Care of 

Massachusetts Institute of Technology on female Lewis Rats (n = 10, age: 14 weeks). All 

devices were sterilized with ethylene oxide prior to implantation and allowed to degas for at least 

24 h. Pre-emptive analgesia was administered subcutaneously at the following doses:  Buprenex 

(0.03 mg/kg) and Meloxicam (1.0 mg/kg). All surgical procedures were carried out under 

isoflurane (2.0%)/oxygen inhalation. All surgeries were carried out in an aseptic field using 

aseptic technique. A 2 cm incision was made parallel to the femur. Blunt dissection through the 

vastus lateralis and biceps femoris muscle was performed to reveal sciatic nerve within the 

posterior fossa. The tibial nerve was identified as the largest and most central branch. The tibial 

nerve was cut with Iris scissors as distally as possible (Fig. S2A, S3A) and another cut was made 

no less than 1.5 cm proximal to the distal cut. The 1.5-3 cm segment was removed from the 

posterior fossa (Fig. S2B). The greatest amount of nerve segment was removed without injuring 
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other branches. The device was then sutured to the gastrocnemius using 4-6 polyprolene sutures 

(Fig. S3B). The wire leads that connected to the MEA were tunneled subcutaneously to reach the 

incision made at the scalp. Headstages, connected to the end of the wire bundle, were mounted 

on the skull using dental ceramic. The animals were monitored until consciousness was regained.  

Post-operative checks were done 14 hours after surgery.  Buprenex (0.03 mg/kg) was 

administered at 8-hour intervals for post-surgical pain management. Meloxicam (1.0 mg/kg) was 

administered every 24 hours for 48 hours. The animals were euthanized 14 days from the date of 

surgery. 

 

Surgical Technique: Flap Procedure (Experimental) 

The same critical peripheral nerve injury and electrode implantation procedure was performed as 

with the no flap (control) method. Then the biceps femoris (BF) was bluntly dissected from its 

medial and posterior border without injuring the terminal perforating branches of the femoral 

artery. The BF was sharply dissected along the lateral border and translocated to cover the 

electrode and secured to the gastrocnemius and the skin layer was closed all using interrupted 4-0 

Nylon (Fig. S3C, D).  

 

Postoperative course and gross observation 

Daily weights, photographs and visual inspections were performed on each rat. Signs of implant 

rejection including ulceration or complete extrusion of the implanted electrode from the wound 

were recorded.  
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IVIS Spectrum In Vivo Imaging System 

The rats were fed on sterilized AIN-93G purified rodent diet (TD 94045, Harlan) and the hindlimbs 

were shaved to minimize fluorescent background after injection. At postoperative days 6 and 13, 

200 µL (8 nmol) of ProSense 750 FAST (NEV11171, PerkinElmer) per rat was injected 

intravenously via the tail vein. At day 7 (24 h post-intravenous administration of the ProSense 750 

FAST substrate, cleaved into a fluorescent tracking product by immune-secreted cathepsin 

enzymes), the rats were anesthetized using 3% isoflurane in oxygen and maintained at the same 

rate throughout the procedure. New grown hair was removed by Nair™ hair removal lotion 

(Church & Dwight Co., Inc.) and the rats were scanned by the IVIS Spectrum system (Xenogen, 

Caliper LifeScience) at the following settings: exposure = 7.50, binning = medium, FStop = 2, 

excitation = 605 ~ 640 nm and emission = 660 ~ 760 nm. Images were analyzed using LivingImage 

Software (Perkin Elmer). The region of interest on the contralateral hindlimb was used as a control 

during the signal quantification.  

 

FES Parameters 

Electrical input leads to and output leads from the MEA travel through the rFDuino 

microcontroller with an on-board wireless Bluetooth client (Fig. 2A).  An iPhone application 

was created to control amplitude, frequency and interval lengths through the Arduino Integrated 

Development Environment (IDE) code. Using the Arduino IDE, we were able to pre-program the 

desired parameters for functional electrical stimulation and upload it to the rfDuino 

microcontroller. As the rfDuino is powered by a small low power coin battery (CR2032 Lithium 

metal 3V 250mAh button cell battery), it starts the BLE stack. Using XCode, we use a system to 

pair an iPhone to the rfDuino via Bluetooth; one paired the phone acted as a controller for the 

pre-programmed parameters given to the microcontroller. Upon the input of a button press on the 
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phone, the binary input data was sent wirelessly to the microcontroller which began the 

stimulation procedure with the desired parameters. The system drew the necessary current from 

the low-power coin battery at the set programmed intervals and outputted it to the MEA. The 

rfDuino was wired to the MEA using thin medical grade stranded stainless steel wire 

(CoonerWire AS633). The current travelled through the MEA and out of the small contact pads 

where it interfaced with the tissue. 

 

In Vivo Epimysial Recording 

One Lewis rat was anesthetized by isoflurane (2%)/oxygen inhalation. An opening 

incision was made halfway along the length of the femur. Blunt dissection was performed at the 

fat pad between the vastus lateralis/biceps femoris muscle plains to reveal the sciatic nerve. The 

sciatic nerve was then isolated and lifted 2 cm using a hooked nerve stimulator to avoid muscle 

contact.  

The hooked nerve electrode was attached to the Model S88X Grass Stimulator (Astro-

Med Inc.). The Grass stimulator was set to output a biphasic train of 400 ms with a pulse width 

of 200 µs per phase. An amplitude sweep was used to determine if the MEA would be able to 

pick up changes in electrical signal by increasing the amplitude of signal for each pulse train. 

The recording was performed on three consecutive pulse trains. The controlled electrical current 

from the Grass stimulator flowed to the hooked nerve electrode to stimulate the isolated sciatic 

nerve.  The MEA device was connected to an RHD2000-Series Amplifier Evaluation System 

(Intan Technologies) which allows for recording biopotential signals from up to 256 low-noise 

amplifier channels (Fig. 3A). The MEA was placed flat on top of the biceps femoris surface for 

ideal muscle contact away from the sciatic nerve. In addition, a ground electrode was inserted 

subcutaneously to provide a pathway for electrical conductivity. 
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Controlled electrical current with varied stimulation parameters was then sent to through 

the nerve stimulator to the isolated sciatic nerve which resulted in observable muscle 

contractions. The epimysial device took in the EMG activity of these muscle contractions and 

sent the recording data to the computer. The data was further amplified, rectified, and low-pass 

filtered in MATLAB.  

 

Histology 

The tissue samples were harvested 14 days from the date of the surgical procedure. The 

samples were fixed in 4% formalin solution in phosphate buffered solution (PBS) for 24 hours.  

After, the samples were placed in 70% ethanol (with ultrapure Millipore water as diluent) and 

taken to the Koch Institute Histology Core where they were fixed in paraffin. Multiple axial 

slices, 5 µm in thickness, of the gastrocnemius muscles were taken from each of the paraffin 

blocks, fixed on microscope slides and stained with hemotoxylin & eosin (H&E), Mason’s 

Trichrome Stain (MTS) and Pico Sirius Red (PSR) for analysis of muscle fiber area in addition 

to assessment of gross morphological changes and collagen deposition. Additional axial slices, 5 

µm in thickness, from each paraffin block were fixed and stained with alpha bungarotoxin 

conjugated to Alexa-Flour 488 and then counterstained with DAPI.  

 

Morphometric Analysis of Muscle Fiber Area 

From each sample stained with H&E, 200 muscle fibers were outlined from different 

locations along the gastrocnemius muscle using ImageJ software (Fig. S4A). Using the 

“measure” function, we outlined 50 muscle fibers among 4 different fields of view using an 

EVOS Digital Microscope on brightfield at 40 times magnification and obtained a cross sectional 

area. Areas are reported in Arbitrary Units (AU). 



 14 

Immunofluorescence Morphometric Analysis 

The images were collected using a DeltaVision fluorescent microscope and analyzed 

using ImageJ software (Fig. S4B). Using the split channels feature, each individual composite 

image was separated into the three RGB channels. The green channel, with the acetylcholine 

receptor stain, was put under threshold at below 0.39% to rid the image of background 

autofluorescence and keep only positive signal. This threshold was kept the same for all the 

images for consistency.  The residual signal remaining after threshold cutoff was then measured 

using the analyze particles feature. The size and circularity were kept constant – above 5 pixels 

and between 0.00-1.00 respectively. Outlines were overlaid onto the positive signal and the total 

area was measured. This macro was run on 10 different fields of view at 40 times magnification 

and the output area of the signal was labelled and measured. This was repeated for both the 

groups in the study. Areas are reported in Arbitrary Units (AU). 

 

qPCR Analysis 

As previously described(2), RNA was isolated from samples snap-frozen in liquid nitrogen 

following excision, using the TRIzol protocol (Invitrogen, Carlsbad, CA). All samples were 

normalized by loading 1 µg total RNA for reverse transcription using the High Capacity cDNA 

Reverse Transcription kit (Applied Biosystems, Foster City, CA). cDNA (1:20 dilution) was 

amplified by qPCR with the following primers: Rat Cd68 (5’-

GCCACAGTACAGTCTACCTTA-3’; reverse: 5’-AGAGATGAATTCTGCGCTGA-3’), Rat a-

SMactin (5’-CGCTTCCGCTGCCCGGAGACC-3’; reverse: 5’-

TATAGGTGGTTTCGTGGATGCCCGCC-3’), and Rat TNFalpha (5’-

CACGCTCTTCTGTCTACTGAACTTC-3’; reverse: 5’-GAGTGTGAGGGTCTGGGCCATG-

3’). Signatures were normalized to rat (5’-ACCTTCTTGCAGCTCCTCCGTC-3’; reverse: 5’-
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CGGAGCCGTTGTCGACGACG-3’) Beta-actin. Samples were incubated for 10 min at 95°C 

followed by 40 cycles of 95°C for 15 sec and 60°C for 60 sec in a Roche 480 LightCycler. 

Results were analyzed by comparative CT (∆∆CT) method and are presented as RNA levels 

relative to controls. 

 

Statistical Analysis 

No pre-processing of the H&E images or the microscopy images was performed. The 

data is presented as standard error of measurement (SEM) and number of measurements shown 

in Tables S1 and S2. Q-Q plots of all muscle fiber cross sectional area data (Fig. S5, S6, S7) and 

acetylcholine receptor area data (Figure S8, S9) indicated a non-normal distribution.  This non-

Gaussian distribution was further confirmed by the Shapiro-Wilk test.  The lack of normality 

precluded the use of parametric statistical analyses (i.e. Student’s t-test and ANOVA).  To 

compare 2 means, the non-parametric Mann Whitney test for independent groups was used.  To 

compare more than 2 independent groups, the non-parametric Kruskal-Wallis test with Dunn’s 

Multiple Comparison Post Test were performed.  Differences were considered statistically 

significant if p < 0.05.  Statistical tests were performed using GraphPad Prism Version 5.00 and 

R Version 3.4.3.   

 

Regenerative Peripheral Nerve Interface Model 

Surgical Technique 

All animal experiments were conducted under the supervision and approval of the 

Committee on Animal Care at the Massachusetts Institute of Technology (MIT) on Lewis rats (n 

= 24, weight range: 160-188g) under 1- 2.5% isoflurane anesthesia. Animals were randomly 

assigned to a control (n = 6, no stimulation) or experimental group (n=6, stimulation). In all 
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animals, an incision was made following the line of the tibia on the right distal hind limb. A free 

muscle graft was created by harvesting, deinnervating and devascularizing the extensor digitorus 

longus (EDL). The common peroneal (CP) nerve was then distally transected and brought up to 

the superficial fascia of the biceps femoris (BF) through a slit in the BF. The EDL was secured to 

the fascial layer of the biceps femoris and neurotized using the CP. The PI electrode was sutured 

over the muscle graft. Wires were placed in a stress-release loop to allow for movement without 

tugging on the implant and tunneled to a head cap. Skin was then closed with 4-0 Nylon suture, 

wound glue and wound clips. Wound clips were removed 10 days post operation. Weekly weight 

measurement and physical evaluation were performed to monitor for infection and other negative 

sequelae resulting from surgery. 

 

Insertional EMG  

Starting ten days after surgery, insertional needle electromyography (EMG) 

measurements were obtained using a 30G monopolar needle electrode placed in the muscle graft 

every ten days. A ground electrode was inserted into the subcutaneous space on the back. 

Electrodes were adjusted to eliminate noise or moving baselines before recording. EMG signal 

was recorded for three separate one-minute segments taken from three distinct areas in the graft. 

Care was taken to avoid the regions near the electrode. 

 

Electrophysiological Testing 

To perform electrophysiology, an incision was performed to isolate the CP and muscle 

graft. A pair of 30G bipolar electrodes were placed in the muscle graft and attached to a stabilizer 

to prevent motion. A hook electrode was fabricated by stripping 0.5 cm of insulation from a wire 

structured in a hook shape. Drops of mineral oil were placed on the cradle holding the nerve in the 
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hook electrode to insulate the connection. Stimulation of varying amplitudes and frequencies were 

delivered and resulting potentials were recorded from multiple (3+) locations within each muscle. 

Quantitative parameters (duration, amplitude, area, area/amplitude, size index, phases and turns) 

were determined using a semi-automated custom MATLAB program.  

 

Histology 

During a terminal procedure, the entire region consisting of the implanted electrode and 

regenerative muscle graft, including the innervating nerve, was collected and fixed in 4% 

paraformaldehyde. After 24 hours, it was paraffin processed, embedded, and sectioned at 5 um. 

Four sections from each animal were stained with hematoxylin and eosin (H&E) to investigate the 

morphology of tissues. Revascularization was primarily assessed through the presence of 

neovasculature and angioblasts. Mason’s trichrome and toluidine blue stains were used to assess 

collagen and connective tissue deposition, integration of electrode material, foreign body 

reactions, and the presence of mast cells.  
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RESULTS 
 
Mechanical Testing of the MEA 
 

Mechanical testing of the MEA was also performed in order to determine its elastic 

properties under simulated in vivo stresses. The modulus match between the MEA and 

underlying muscle and tendon tissue is important for prevention of many acute and chronic 

problems stemming from implantation trauma, micromotion damage and inflammation at the 

implantation site. As reported in Fig. S10, the MEA is able to withstand up to 5.5 N of load 

before failure at 20 percent elongation.  The Young’s modulus (E) at maximum elongation 

before the circuit cracked was 1.67 GPa. The Young’s modulus for tendon is approximately 1 

GPa and the Young’s modulus for a passive muscle being stretched is 10 kPa(28).  After 

maximal flexion using uniaxial load strain, the MEA was able to still conduct electricity and no 

evidence of metal cracking was found after viewing the gold traces through Scanning Electronic 

Microscopy (SEM) (Fig. 1F).  

We performed a comparison of wet and dry PI to identify changes in the compliance due 

to its environment. The material properties of the PI electrode and muscle tissue were measured 

using an Instron machine. The Young’s modulus of the PI material when dry was measured to be 

3.74 GPa +/- 0.30 GPa. After soaking for 24 hours in PBS, PI’s modulus measured 3.72 +/- 0.80 

GPa, which was not significantly different from its dry nature. These values fall within the 

general range reported in literature(64, 65). The modulus of the extensor digitorus muscle 

harvested from animals yielded a young’s modulus of 44.3 +/- 20.5 MPa. While the PI material 

had a significantly higher young’s modulus, its thin and flexible nature allowed it to curve with 

the muscle and make strong contact. 

 
Peripheral Nerve Injury Model 
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MEA Therapeutic Efficacy 
 

We determined the therapeutic effects of muscle stimulation using the MEA device to 

prevent atrophy of denervated muscle and degradation of the acetylcholine receptors. Five MEA 

devices were implanted along the surface of the gastrocnemius muscles of five Lewis rats after 

critical 1.5-3 cm segment resection of the tibial nerves. The five animals were wirelessly 

stimulated with 500 mV, 2 Hz of FES for an hour a day, five days a week for 14 days (Fig. 2A). 

The animals were euthanized and the muscles were collected 14 days after surgery. Fig. 2B, C 

and Table S1 show the treatment results on muscle fiber cross-sectional area.   Three conditions 

were quantified: 1) no FES using the MEA (“Denervated”); 2) denervated muscle with FES 

using the MEA (“Denervated + MEA”); and 3) intact nerve with no FES (“Control”).  

Hemotoxylin & eosin (H&E) and Mason’s Trichome Stain (MTS) were used to stain the muscle 

fibers.  Though still lower than Wild Type controls, the MEA-treated denervated muscles did 

show a marked improvement in muscle fiber cross sectional area over non-stimulated denervated 

controls.  The muscle fiber areas from animals treated with the MEA-mediated FES show a 

160% increase in average area compared with untreated, denervated animals (p < 0.05).  

We also tested whether MEA-mediated FES led to stabilization of acetylcholine receptors 

which would lead to better re-innervation. The muscles were analyzed with 

immunohistochemistry (Table S2) using α-bungarotoxin (α-BTX) to label the post-synaptic 

nicotinic acetylcholine receptors (nAChRs). There was a significant (p < 0.05) increase in the 

area of α-BTX stained particles among the MEA-mediated FES treated group compared to the 

untreated (“Denervated”) group (Fig. 2D).  

 

Postoperative course and gross observation 
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The mean time for surgical procedures was 60 minutes. After surgery, all animals 

recovered without incident and were eating and drinking by postoperative day 1. On postoperative 

day 4, one animal in the no flap group demonstrated complete wound dehiscence with complete 

erosion of the overlying skin, requiring euthanasia of the animal (Fig. 4). On postoperative day 7, 

ulcerative lesions were observed at the implant site among the remaining 4 animals in the no flap 

group whereas there were no ulcerative lesions present among the 5 animals in the flap group.  

 

Quantification of Immune Response to Implanted Electrodes 

Immune cell activity at the site of electrode implantation in both the flap and no flap groups was 

quantified using ProSense, a fluorescent indicator of immune-associated inflammation(66). IVIS 

imaging 7- and 14-days post-implantation showed decreases in inflammation in the flap group 

(Fig. 4). Muscle tissue immediately adjacent to the electrode was analyzed on postoperative day 

14 among the rats that survived (n=5 with flap and n=4 without flap).  An increased recruitment 

of aSM-actin+ fibroblasts, CD68+ macrophages and TNF-a acute phase reactants were 

evidenced in the non-flap group (Fig. 5). This difference was statistically significant among the 

CD68+ macrophages. 

 

Drug-loading for prevention of fibrosis 
 

Control MEAs without drug were associated with thick fibrosis (>500 μm), while 

GW2580-coated MEAs had no significant fibrosis (Fig. 6). This was confirmed by H&E-stained 

histological sections of surrounding muscle tissues, showing substantial reduction of fibrosis 

along with a larger density of muscle fibers with drug-loaded MEAs (Fig. 7). Quantitative gene 

expression analysis on the device and surrounding muscle indicated reductions of macrophage 

marker CD68, fibrosis marker α-SMactin, and inflammatory TNFα for crystalline drug-coated 
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MEAs (Fig. 8). Improved therapeutic efficacy with drug-loading was also confirmed by 

quantitative analysis of muscle atrophy (Fig. 9). 

 

EMG 
 

For a complete system, the MEA must also monitor recovery of the subject by producing 

an electromyogram (EMG). Epimysial electrodes must monitor muscle activity to determine 

appropriate therapy. We sought to study the recording capability of the MEA to generate a 

simple EMG at different amplitudes of neural stimulation.   

The sciatic nerve was stimulated in one animal model at increasing amplitudes: 20 mA, 

40 mA, and 60 mA as a pulse train with a pulse width of 200 µs. The MEA was implanted on the 

dorsal surface of the gastrocnemius muscle to monitor the muscle contractions. (Fig. 3A). As 

reported in Fig. 3B, we were able to identify clearly each of the three major pulse trains sent out 

and determine the difference in amplitude of the signal. The recording trace shows the MEA was 

able to record these electrical signals well in vivo. 

 

Regenerative Peripheral Nerve Interface 
 

After surgery, 10 out of the12 animals recovered without incident. Two animals in the 

stimulated group demonstrated rejection of the subcutaneous implant via large exposure and 

extrusion of implant through the skin (Fig. 11). This may have been due to the behavior of the rat 

as a result of irritation, which enabled the migration of the electrode through subcutaneous fascia 

and through the skin. Full healing of the skin occurred around the extruded portion in both cases, 

however an active infection was present in one animal. Revision surgery was performed to address 

wound dehiscence caused by the extrusion of the implant. Any sharp edges were trimmed and 

made smooth before reimplantation. 
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A layer of scar tissue encapsulated the electrode’s wire as it tracked up the back of the 

animal in the subcutaneous space, providing a lubricious tract for sliding of the wire during 

locomotion. Grafts were harvested between 40-50 days post-operation and demonstrated 50- 70% 

atrophy in both groups. In the experimental and control groups, grafts were on average 53 ± 8% 

and 62 ± 4% of the original, respectively. This was not a statistically significant difference (p = 

0.42, unpaired t test,). This rate of atrophy in the grafts is consistent with prior studies in which no 

electrode was implanted onto the grafts(13).  

 

Time course of reinnervation 

The time course of reinnervation of regenerative muscle grafts has been previously studied 

using insertional needle EMG(12, 13). While healthy innervated muscles are generally 

“electrically silent,” deinnervated muscles demonstrate frequent, spontaneous depolarization(13, 

67). The frequency of waves types including fasciculation potentials, myokymic or neuromyotonic 

discharges, and end plate spikes, are used to quantify the rate of reinnervation(67). While the 

frequency of abnormal activity declined in both groups over time, the time course of reinnervation 

for animals in the stimulated group significantly exceeded that of the control group (Fig. 12). The 

frequency of insertional activity at 20 and 30 days was significantly different from that of the 

control group (p = 0.01, student’s unpaired t test). Unstimulated controls demonstrated a 

reinnervation time course that was consistent with previously reported timelines for devascularized 

and deinnervated free muscle flaps(14, 68). Notably, numerous positive sharp waves and 

fibrillation potentials were observed in the recordings from stimulated animals, which were 

indicative of incomplete reinnervation.  
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Histological results demonstrate inflammatory state 

Hemotoxylin and eosin (H&E) staining of the tissues demonstrated a thick capsule forming 

around the implanted PI material (Fig 13C), consistent with standard scar tissue formation. 

Chronic perimysial inflammation was found in numerous cases in the stimulated group (Fig 13A, 

B, D), with neutrophilic infiltrate and macrophage-mediated tissue necrosis. When compared to 

controls, staining showed a degeneration of muscle tissue and fewer regenerating myocytes, 

consistent with a chronic inflammatory state. Muscle sections appeared partially revascularized 

through several small-diameter vessels and angioblasts found at the periphery.  

 

Electrophysiology suggests myopathy  

Our electrophysiological investigation comprised of a comparative analysis of the 

morphology (polyphasia, duration, and amplitude), stability and firing characteristics of over 300 

motor unit action potentials (MUAPs) collected under a variety of stimulation parameters. These 

action potentials represent the extracellular compound potentials of the muscle fibers of a motor 

unit.  

MUAPs from the control group presented with normal morphologies, pulse widths and 

amplitudes comparable to prior studies (Fig. 14A).9,11 MUAPs in the stimulated group were 

significantly more polyphasic (p < 0.0001, student’s unpaired t test) and demonstrated frequent 

satellite potentials (Fig. 14B). Polyphasia is often a result of asynchronous firing and satellite 

potentials are generated in motor units early in the reinnervation or necrotic processes. 

Additionally, over 80% of potentials generated at low stimulation amplitudes yielded pulse 

durations between 8–18ms, which is uncharacteristic for healthy myocytes (Fig. 14C). Finally, 

MUAPs from the experimental group were unstable and presented variation in morphology from 

potential to potential (Fig. 14D). 
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Fatigability was quantified through the fatigue time constant, t80, representing the length of 

time required for the muscle to reach 80% of its initial EMG amplitude under a tetanized 

contraction (40Hz stimulation). In this study, grafts in the stimulated group fatigued significantly 

sooner than those in the non-stimulated group (Fig. 14E). The average t80 for the experimental 

group was 10.07 ± 4.07 s and 37.09 ± 7.29 s for the control group.  

The compound muscle action potential (CMAP) was measured at 0.25, 0.5, 1, 2, and 5 mA 

stimulation via a hook electrode on the common peroneal nerve. Peak-to-peak amplitudes for the 

non-stimulated group were significantly higher than those measured in the stimulated group at 1, 

2, and 5mA (Fig. 14F) suggesting better reinnervation and healthier myocytes. 

Taken together, the electrophysiological data was suggestive of incomplete and delayed 

reinnervation and partial myopathy. Nascent motor unit potentials of shorter duration and smaller 

amplitude were recorded in both groups (Fig. 14), which is characteristic of reinnervating motor 

units. However, the significant abnormalities in EMG and recruitment of fibers evidence 

myopathic motor units in the stimulated experimental grafts. Moreover, fatigability and lower peak 

CMAPs in the experimental group further support this finding.  

  



 25 

DISCUSSION 
 

Functional electrical stimulation (FES), which substitutes neuromotor control by 

electrical stimulation, is used clinically to treat muscle atrophy(69, 70). Through excitation-

contraction coupling, a daily stimulation regimen upregulates the protein synthesis pathway in 

muscle fibers, downregulates the protein degradation pathway, and affects extracellular matrix 

remodeling in the muscle(71). Additionally, FES significantly increases the number and size of 

AChR clusters available for NMJ formation(72). Intramuscular electrodes have generally failed 

in the clinical setting due to destruction of the interfacing tissue by inflammatory responses(70). 

Transcutaneous electrodes eliminate the damage associated with electrode penetration, but 

require high current levels and may result in unwanted nerve excitation(73). Thus, no effective 

solution currently exists for treating muscle denervation atrophy during the course of nerve 

repair. Furthermore, additional information is needed with regard to the kinetics of nerve 

regeneration, motor re-innervation, and the optimal patterns of electrical stimulation(74).  Hence, 

there remains a need for an effective, continuous interface that improves stimulation of 

denervated muscle without tissue destruction and allows for real-time in vivo monitoring of 

nerve regeneration.  

The multielectrode array (MEA) reported here integrates the flexibility of a polymer-

based electrode with the stretchability of fractal patterned metal electrodes. The elastic properties 

of the arrays are in range of native muscles and tendons, ensuring better mechanical compliance. 

This foundational work demonstrated the feasibility the MEA fabrication, the successful 

prevention of muscle atrophy and an attenuation of the loss of acetylcholine receptors after 

peripheral nerve injury.  Therapeutic efficacy of the MEA was further optimized by imbedding a 

crystal formulation of GW2580, a CSF-1R small molecule inhibitor, in order to prevent fibrotic 

capsule formation around the device.  
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  Towards achieving dual-use capabilities, the MEA function was further expanded by its 

ability to record epimysial activity. By combining the therapeutic benefits with wireless control 

and telemetry, this technology may allow for the creation of patient-specific treatments with real-

time updating. Understanding that a comprehensive critical peripheral nerve injury therapy must 

allow for axonal regeneration across the length of the nerve defect to reach the muscle and 

reinnervate, the MEA’s benefits of denervated muscle and acetylcholine receptor maintenance 

may also be combined with additional techniques including engineered nerve constructs(75) or 

nerve conduits(76).  This combined approach may increase the number of axons that successfully 

regenerate to end organs and, as a consequence, promote nerve regeneration and motor and 

sensory functional recovery after nerve injury.  

We also investigated the effect of chronic stimulation, using a polyimide electrode, on the 

regeneration of a free muscle graft, which was both devascularized and deinnervated. For the 

methodologies used herein, our results do not support our hypothesis that electrical stimulation 

delivered through an implanted epimysial electrode improves the regeneration of the muscle grafts. 

Electrical stimulation has been demonstrated to promote the regenerative processes of 

devascularized or deinnervated muscle(27, 30, 77). Given the recent advancements in 

microsurgical technique catalyzed by technological developments in surgical instrumentation, 

there is increased use and interest in regenerative free muscle grafts. These grafts can be used in 

reconstructive procedures to provide soft tissue coverage and serve as a source of 

electromyographic signals for neuroprosthetic control. However, the ultimate functionality of 

regenerative free muscle grafts is dependent on the extent and time course of reinnervation, 

preservation of muscle mass, and vascularization. Optimization of regeneration is critical, 

especially in the case of peripheral nerve interfaces and reconstructive surgical procedures where 

the signal quality and biomechanical functionality are the primary goals(13, 78). 
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Despite being comprised of biocompatible materials, the implanted electrode was extruded 

and caused wound dehiscence in two cases in the stimulated group. Wound breakdown is a 

common complication of electrode and device implantation, and FES via implanted electrodes 

may enhance these deleterious effects. Reactive inflammation against implants, soft tissue thinning 

over time and scar dehiscence over implant edges are considered to be predisposing events. When 

wound breakdown becomes so severe that the implant is exposed, the implant must often be 

removed entirely. Skin ulceration and subsequent exposure of implantable electrical devices 

results in bacterial contamination and subsequent infection, which may increase mortality 

significantly(79). Often, the tissue around the implant and the implant itself must be removed 

entirely to control infections. Secondary operations may be required for repair, increasing the risk 

of patient morbidity. Management of implant exposure without implant removal include 

antibiotics, irrigation with n-acetylcysteine solution(80), capsulectomy, dermal grafts(81) and 

muscle flap coverage(82) have been largely unsuccessful in preventing infection relapse. 

This PI electrode has been used in more than 20 animals for a variety of studies and its 

higher rejection rate in stimulated animals suggests that electrical stimulation may lead to chronic 

irritation that prevents integration with the myoneural construct and an impetus to explant the 

foreign body by the animal.  

To address these findings, vascularized muscle flaps may be used. Vascularized muscle 

and skin flaps have been used to treat extrusion of implants during revision surgeries. For instance, 

exposed pacemakers have been treated by utilizing a modified rotation skin flap over the area of 

scar dehiscence(83). This technique successfully prevents pacemaker infection and prevents 

replacement of the device completely. Muscle and myocutaneous flaps have become important for 

reconstruction of soft tissue defects because they bring a rich vascular supply to the wound and 

demonstrate superior resistance to infection(84). As an example, pedicled sub-mammary 
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intercostal perforator flaps have been successfully used to treat exposure of titanium-coated 

polypropylene mesh used in breast reconstruction(85). Muscle flaps add the additional benefit of 

bringing additional blood supply to contribute both to wound coverage and skin defect 

reconstruction.  

Risk of infection may be prevented using local flaps before exposure is imminent. 

Furthermore, the adjacent vascular supply created by a local flap may also add robustness to 

muscle treated by epimysial FES through the enhanced mass transport of nutrients, waste and 

breakdown products.  The proposed technique involves coverage of the implant with a muscle flap 

during the initial procedure as opposed to going back for an additional procedure after impending 

exposure is established. The results of this study show that failure of implantable epimysial devices 

can be prevented using a local muscle flap during initial operation. This avoids the need for 

secondary intervention, preventing delays in treatment and unnecessary morbidity. 

 

Limitations of this study 

There are a few limitations of this study. In this proof-of-concept study, the outcomes and 

recording capability of this electrode are not compared with classic (non-flexible) epimysial 

electrodes. One future study will involve direct comparison of Young’s modulus, impedance 

after tension loading and in vivo recording capabilities as well as genetic and histological 

markers of foreign body associated inflammation with an electrode fabricated without the Peano 

curve motifs as well as in comparison with more rigid electrodes currently used clinically such as 

the Livermore(86, 87), Utah(88, 89) and Michigan(90-92) electrode arrays. 

 

Conclusions and future directions 

Towards clinical translation, a tolerability and safety study investigating application both 
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in rats and in other animal models of peripheral nerve injury including pigs will be conducted. 

Future work should also optimize stimulation parameters to accommodate the specific needs of 

devascularized and deinnervated free muscle grafts. Overall, this study provides insight on 

electrical stimulation and the biocompatibility of polyimide epimysial electrodes for free muscle 

grafts in the early regenerative phase. In the development and implantation of electrode hardware 

that interfaces to free muscle grafts, we feel the electrode design and timing of electrode 

implantation are considerations of paramount importance.  
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FIGURES 
 

 
Figure 1  Design of the MEA 
(A) A basic element of a fractal pattern. (B) The hard edges were replaced by arcs for 
contour. (C) Peano curve variation shown to provide hard-metal traces with tensile 
strength. (D) The electrode array Peano curve. (E) The flexible microelectrode array 
(MEA), including a source platform that is 1cm by 1cm in size. (F) Scanning electron 
microscope image of the gold Peano curve electrode. (G) Schematic of the device 
components.  
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Figure 2  Therapeutic efficacy of the MEA 
(A) The duration, voltage and frequency of stimulation are controlled by a phone 
application and an rFDuino microcontroller with a Bluetooth client. A total of 10 animals 
underwent tibial nerve injury surgeries of which 5 animals were implanted with 
electrodes. After post-operative day 14 (POD 14), the gastrocnemius muscles were 
harvested for histological and immunohistochemical staining. (B) Cross-section at 2X 
and 10X magnification of H&E and Mason’s Trichrome (MTS) stained muscle fibers 
from: (1) nstimulated, denervated muscle (top, “Denervated, no MEA”), (2) muscle fibers 
from MEA-stimulated denervated muscles (middle, “Denervated + MEA”) and (3) 
muscle fibers from unstimulated, innervated muscle (bottom, “Control”). Scale bars = 
1000 µm for 2X magnification and 200 µm for 10X magnification (C) Measurement of 
muscle fiber cross sectional areas comparing “Control” (left), “Denervated” (no MEA, 
middle) and “Denervated + MEA” (right). Error bars are ± S.E.M. and * denotes p < 0.05 
by Kruskal-Wallis test with Dunn’s Multiple Comparison Post Test.  For the control 
(innervated gastrocnemius muscle) cases, 1600 fibers were measured from 5 animals.  
For the 5 animals with denervated gastrocnemius muscles without MEA stimulation, 
1600 fibers were measured from 8 animals.  For the MEA case, 955 fibers were 
measured from 5 animals.  Muscle fiber areas are reported in Arbitrary Units (AU). (D) 
Mean AChR area for non-stimulated and stimulated muscles.  There was significantly 
more area in the stimulation case.  Error bars are ± S.E.M. and * denotes p < 0.05 by 
Mann Whitney test.  Among the 5 animals with denervated gastrocnemius muscles 
without stimulation, 3160 readings were taken.  Among the 5 animals with denervated 
gastrocnemius muscles with MEA stimulation, 2697 readings were taken.  Areas are 
reported in Arbitrary Units (AU). 
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Figure 3  Biceps femoris flap prevents ulceration and wound dehiscence 
Top row shows wound after electrode implantation without flap on postoperative day 
(POD) 7 (control). One animal which demonstrated complete wound dehiscence with 
extrusion of the electrode on POD 4, requiring immediate euthanasia. Bottom row shows 
incision after electrode implantation with flap on POD 7 (experimental). Scale bar = 1cm. 
 
 

 
Figure 4  IVIS inflammation monitoring of "Flap" versus "No Flap" groups 
Quantification of IVIS inflammatory signals and statistical analysis showing significantly 
reduced inflammation at one week. * indicates statistically significant compared to the “No 
Flap” group at the level of p<0.05 using unpaired t-test. N = 5 rats/group.  
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Figure 5  qPCR analysis comparing "No Flap" versus "Flap" 
qPCR analysis of fibrotic (aSMactin), macrophage (CD68) and acute phase reactant 
(TNFa) markers present within gastrocnemius tissue directly adjacent to the electrode 
relative to rat beta-actin levels (dashed horizontal line). Statistical analysis shows a 
significant reduction in mean macrophage populations in the Flap group relative to the 
control (No Flap) group. * indicates statistically significant compared to the “No Flap” 
group at the level of p<0.05 using unpaired t-test. N = 5 rats/group.  
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Figure 6  MEA EMG recording 
(A) The MEA device was connected to an RHD2000-Series Amplifier Evaluation 
System (Intan Technologies). The RHD2000 chip output the EMG signal to a computer 
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where the data was processed using MATLAB. The MEA was placed flat on top of the 
biceps femoris surface for ideal muscle contact away from the sciatic nerve. A ground 
electrode was inserted intramuscularly to provide a pathway for electrical conductivity.” 
(B) A representative EMG is shown immediately after electrode implantation in one 
animal, including all post-processing steps, to demonstrate the recording capability of 
the MEA during direct stimulation of the sciatic nerve in trains of three pulsatile 
stimulations. 
 

 
Figure 7  Fibrosis of drug-loaded versus control MEA 
The electrode in the non-coated (control) group had a thick fibrotic capsule whereas the 
coated electrodes were able to be separated from the underlying muscle with ease and 
no visually apparent fibrotic tissue. 
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Figure 8  Histology showing fibrotic capsule around drug-loaded versus control MEA 
H&E staining of tissue confirms the results in Figure 7 in which the fibrotic capsule in the 
drug-loaded group is minimal compared to the control group. 
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Figure 9  Comparison of drug-loaded versus control MEA expression of 
inflammatory markers 
Drug-loaded electrodes caused the surrounding tissue to decrease expression of 
markers of macrophages, fibrosis and inflammation. 

 
Figure 10  Coated electrodes (Stim with Drug) decreased rates of muscle atrophy 
versus uncoated electrodes (Stim No Drug). 
These results are compared with completely denervated muscle with no functional 
electrical stimulation (Ips. Control) and intact innervation (Contra. Control). 
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Figure 11  MEA extrusion in RPNI model 
Two weeks post-surgery, electrodes had extruded from the site of implantation in two 
animals. While the skin had healed fully around the electrode in both cases, infection was 
present in one case (left). 
 

1cm 1cm
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Figure 12  Graft reinnervation 
Stimulated group (black) was delayed as compared to controls with no stimulation (blue). 
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Figure 13  Histological study of experimental muscle grafts 
(A) Perimysial inflammation found in cross sections. (B) Neutrophilic infiltrate and early 
necrotic fibers. (C) Area of implant and surrounding fibrotic capsule around a fragment 
of the PI electrode. (D) Region encapsulating the implant (removed here) demonstrates 
active inflammatory response and a thick fibrotic capsule. Numerous muscle fibers 
demonstrates necrosis. 
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Figure 14  Representative electrophysiology 
(A) MUAP from control graft. (B) MUAP from experimental graft demonstrating polyphasia 
from asynchronous firing and satellite potentials (denoted by arrows) generated from 
motor units early in reinnervation. (C) MUAP from experimental group with serrations and 
elongated pulse width. (D) Lack of stability in EMG morphology resulting from myopathic 
fibers in the experimental group. (E) Comparison of fatigue under tetanic contraction 
(40Hz stimulation) between control (blue) and experimental (black) groups demonstrating 
greater fatigability in the experimental group. t80 denoted by dotted lines representing the 
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time  required for the muscle to reach 80% of its initial EMG amplitude. (F) Average CMAP 
amplitudes from experimental (blue) and control (black) groups, with results at 1mA, 2mA, 
and 5mA being statistically significant (p <.001).   
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APPENDIX 1: SUPPLEMENTARY TABLES 
  

Control, 
Intact 
nerve 

Denervated, no 
FES 

Denervated + MEA, 
with FES 

Mean Muscle Fiber Cross-
Sectional Area (AU) 

4948 1145 2971 

SEM 43.69 11.23 37.82 

n 1600 1600 955 

Table S 1  Descriptive statistics for muscle fiber areas 

Areas are reported in Arbitrary Units (AU). The standard error of measurement (SEM) 
and the number of measurements (n) are also shown. FES = Functional Electrical 
Stimulation. 
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Denervated, no 

FES 
Denervated + MEA, with 

FES 
Mean Neuromuscular Junction Area 

(AU) 

28.33 43.28 

SEM 0.9740 2.022 

n 3160 2697 

Table S 2  Descriptive statistics for acetylcholine receptor area 

Areas are reported in Arbitrary Units (AU). The standard error of measurement (SEM) 
and the number of measurements (n) are also shown. FES = Functional Electrical 
Stimulation. 
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APPENDIX 2: SUPPLEMENTARY FIGURES 
 

 

Figure S 1  Electrode Fabrication protocol 

 

 
Figure S 2  Peripheral nerve injury model 

The critical peripheral nerve injury model consisted of removing a 1.5-3 cm segment of 
the distal tibial nerve. (A) The tibial nerve is identified and the distal end (held by clamp) 
is cut. (B) A proximal cut is also made to remove a 1.5 cm nerve segment. 
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Figure S 3  Biceps femoris flap procedure for MEA implantation 

(A) The tibial nerve was identified and resected distally and proximally to remove a nerve 
segment of >1.5 cm in length. (B) Flexible electrode implanted onto the dorsal surface of 
the gastrocnemius muscle without the flap (control). (C) Biceps femoris (BF) was bluntly 
dissected and used as a vascularized flap over the dorsal surface of the electrode. (D) 
Flap is fixed over the electrode with interrupted 4-0 Nylon and the wound is closed. 
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Figure S 4  Analysis of muscle fiber area and acetylcholine receptor areas 

(A) The muscle fiber area was calculated using the ImageJ “measure” tool for 50 
muscle fibers per field of view at 40 times magnification under bright field microscopy. 
There were 4 total fields of view analyzed. (B) The acetylcholine receptor area indicated 
by alpha-bungarotoxin immunofluorescence staining (green) was measured using an 
ImageJ macro on images collected at 40 times magnification viewed using confocal 
microscopy. There were 10 total fields of view analyzed.  
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Figure S 5  Q-Q plot of no intervention (control) muscle fiber area 
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Figure S 6  Q-Q plot of denervated (no MEA) muscle fiber area 
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Figure S 7  Q-Q plot of denervated + MEA (treated) muscle fiber area 
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Figure S 8 `Q-Q plot of denervated (no therapy) acetylcholine receptor area 
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Figure S 9  Q-Q plot of denervated + MEA acetylcholine receptor area 
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Figure S 10  Tensile strength of the MEA 

A maximum load of 5.5 N was achieved at an extension of 0.25 mm.  The tensile 
strength was 4.48 x 107 Pa and the Young’s modulus was 1.7 x 109 Pa. 
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