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Abstract

Background—The goal of the authors is to restore fine motor control and sensation for high-arm
amputees. They developed a regenerative peripheral nerve interface with the aim of attaining
closed loop neural control by integrating directly with the amputee's residual motor and sensory
peripheral nerves. PEDOT, poly(3,4-ethylenedioxythiophene), has both electrical and ionic
conduction characteristics. This hybrid character could help bridge the salutatory conduction of
the nervous system to an electrode. The purpose of this study was to determine whether electrodes
polymerized with PEDOT have improved ability to both record and stimulate peripheral nerve
action potentials.

Methods—Impedance spectroscopy and cyclic voltammetry were performed on electrodes
before and after polymerization to measure electrode impedance and charge capacity. Both
recording needle and bipolar stimulating electrodes were polymerized with PEDOT. Plain and
PEDOT electrodes were tested using rat (n = 18) in situ nerve conduction studies. The peroneal
nerve was stimulated using a bipolar electrode at multiple locations along the nerve. Action
potentials were measured in the extensor digitorum longus muscle.

Results—Bench testing showed PEDOT electrodes had a higher charge capacity and lower
impedance than plain electrodes, indicating significantly improved electrode fidelity. Nerve
conduction testing indicated a significant reduction in the stimulus threshold for both PEDOT
recording and PEDOT stimulatory electrodes when compared with plain electrodes, indicating an
increase in sensitivity.

Conclusions—PEDQOT electrochemical polymerization improves electrode fidelity. Electrodes
that have been electropolymerized with PEDOT show improved sensitivity when recording or
stimulating action potentials at the tissue—electrode interface.

Technological advances in body armor have proved dramatically effective in reducing torso
injuries and deaths among the armed services but have also resulted in a sharp increase in
young amputees.! One in 190 Americans has an amputated limb, and over 185,000 new
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amputations are performed every year.2 Advances in the field of neuroprosthetics have led
to five-fingered designs, achieving as many as 20 degrees of freedom.3# The development
of shape memory alloy—actuated prosthetic hands allows for more compact, lighter, and
easier-to-manufacture prosthetics.>6

Despite these advances in robotic prosthetic arms, the tissue—prosthetic interface remains a
persistent problem.” High charge density (C/m?2) at the interface leads to chronic
macrophage and fibroblast response with biofouling, leading to signal degradation over
time.8 Chronic, closed loop control of a prosthesis requires both precision and sensitivity
when recording or stimulating action potentials at the tissue—electrode interface. Interface
charge density can be reduced by increasing electrode charge capacity and decreasing
electrical impedance.® High charge capacity, which is a measurement of charge transfer
efficiency, facilitates more efficient recording and stimulation of action potentials at a lower
charge density at the biotic-abiotic interface.10

A variety of electrically conductive polymers exist with high charge capacity and low
electrical impedance. The use of one such polymer, poly-(3,4-ethylenedioxythiophene),
PEDOT, has been explored by several groups for coating electrodes that are implanted in the
central nervous system for long periods of time.1113 They have shown good short-term
improvement in recording fidelity for up to 6 weeks following implantation.11-13 Oxygen
and sulfur substitutions along the carbon backbone of the PEDOT molecule produce an
insulated resonance pathway for ionic conduction along the molecular backbone. This ionic
conduction helps bridge the differences between electrical conduction of the electrode and
the ionic conduction of nerve impulses. It is also responsible for the high charge capacity of
PEDOT.1 There are a number of other polymers with similar properties that may be helpful
in a peripheral nerve interface, including poly(pyrrole) and poly(5,6-dimethoxyindole-2-
carboxylic acid).1516 Unlike PEDOT, these polymers lose their conductive properties after
serial and chronic stimulation. In addition, there are novel polymers that are melanin derived
that also may be helpful in peripheral nerve interfaces, but these remain expensive and
difficult to polymerize in significant quantities.1’ Carbon nanotubes represent another area
of intense interest, but their biocompatibility remains questionable.18:19

The purpose of this study was to determine whether electrodes polymerized with the
electrically conductive polymer PEDOT have an improved ability to both record and
stimulate neural signals in the peripheral nervous system. Experimental groups of plain
stainless-steel electrodes and PEDOT-polymerized electrodes were compared for electrical/
ionic conduction characteristics and for their performance during in situ nerve conduction
studies. Bench tests included impedance spectroscopy and cyclic voltammetry to measure
electrode impedance and charge capacity. These measurements allowed comparisons of
electrode fidelity and signal precision. Acute in situ nerve conduction studies were then
performed on normal rats. Once again, the independent experimental variable was whether
or not the electrode was polymerized with PEDOT.14 Separate nerve conduction studies
compared electrode type for sensitivity as recording electrodes and as stimulating electrodes.
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METHODS

Electrode Electropolymerization

Two common styles of electrodes were studied. The 30-gauge needle electrode was used as
a recording electrode, and the bipolar hook electrode was used for nerve stimulation. The
needle electrodes were electrically polymerized with ethylenedioxythiophene using the
dopant poly(sodium styrene sulfonate).2® These electrodes (Grass 30 gauge, Grass Tech,
West Warwick, R.I.) were rinsed in methanol and placed in a plating cell containing the
aqueous monomer solution, ethylenedioxythiophene, and polyanionic dopant poly(sodium
styrene sulfonate) in 0.1 M phosphate buffered saline (pH 7.0). A galvanostatic current of 50
WA was applied to the electrode and the monomer solution for 900 seconds (Figs. 1 and 2).
The stimulating electrodes were bipolar stainless-steel hook electrodes (Harvard Apparatus,
Holliston, Mass.). Biotectix, LLC (Boston, Mass.) electropolymerized these electrodes (n =
6) with PEDOT (trade name BT-DOT).

Cyclic voltammetry and impedance spectroscopy tests were conducted on the electrodes
before and after polymerization with PEDOT.2! A three-electrode testing cell included (1) a
platinum foil as the counter electrode, (2) a saturated calomel Ag/AgCls electrode as the
reference electrode, and (3) the polymerized electrode as the working electrode. Cyclic
voltammetry determines electrical charge transfer capacity. For cyclic voltammetry, a scan
rate of 10 mVs™1 was used, and the potential on the working electrode was swept between
-1 and +1 V in comparison with a single calomel electrode. This limit was wide enough to
include reversible redox reactions yet narrow enough to avoid overoxidation and remain
within the water window.22 An identical three-cell chamber with a platinum counter
electrode and a saturated calomel Ag/AgCl, reference electrode was used for measuring
impedance. The real and imaginary components of the impedance were measured as a
function of frequency from 1 to 10,000 Hz (Fig. 3).

Animal Model

All procedures were approved by the University of Michigan Committee on Use and Care of
Animals and were in strict accordance with the National Research Council's Guide for the
Care and Use of Laboratory Animals.23 Rats were dosed appropriately with the analgesic
buprenorphine hydrochloric acid (0.05 mg/kg) followed by anesthesia with sodium
pentobarbital (50 mg/kg). The peripheral nerve signal recording study examined male, F344
rats (n = 12; Charles River, Wilmington, Mass.) weighing between 374 and 410 g, and the
electrical stimulation study compared properties in male, F344 rats (n = 6) weighing
between 332 and 352 g each.

Nerve Conduction Recording Study

The recording characteristics of needle electrodes were assessed with nerve conduction
studies. These studies were conducted using a Teca Synegy System (Viasys Healthcare,
Madison, Wis.) with a 50 to 60-Hz notch filter and cutoff frequencies between 3 and 10
kHz. During testing, the peroneal nerve was dissected free from sciatic notch to entrance
into the lateral compartment. The tibialis anterior and extensor digitorum longus muscles
were exposed through a small skin incision. The experimental recording, needle electrode
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was placed in the belly of the extensor digitorum longus muscle. Indirect muscle stimulation
was provided with a single galvanostatic square wave applied on the peroneal nerve using a
bipolar stainless-steel hook electrode. The order and location for stimulation included the
fibular head, then 2 to 3 cm proximal to the fibular head (midperoneal), and lastly, 5to 6 cm
proximal to the fibular head (sciatic notch; Fig. 4). For each rat, a nerve conduction study
was performed with either a plain recording needle electrode (n = 7) or a PEDOT-
polymerized recording needle electrode (n = 7). The ground electrode was placed between
the second and third toes of the ipsilateral foot, and the reference electrode was placed in the
tendon of the anterior tibialis muscle. The ground and reference electrodes were plain needle
electrodes, and the stimulation electrode was a plain bipolar stainless-steel hook electrode.

Nerve conduction studies record change in electrical voltages within a muscle when the
nerve that innervates it is electrically stimulated. Three test protocols allow measurement of
the following electrophysiology characteristics: stimulus threshold, chronaxie, and
compound muscle action potential maximal amplitude. The test for stimulus threshold
measures the minimum stimulatory current required to elicit a detectable action potential.
Stimulus threshold was measured by increasing the amplitude of pulses applied with pulse
duration of 1 ms until an action potential was recorded in the extensor digitorum longus
muscle. Second, to determine chronaxie, the identified minimum stimulatory current was
then doubled, and the pulse duration was increased from 0.01 ms until an action potential
was again detected. Lastly, the nerve was stimulated with 0.1-ms pulses of increasing
amperage until the maximal action potential amplitude response was reached. Using this
compound muscle action, potential maximal amplitude response, latency, and conduction
velocity were measured. The set of three characterization tests were then repeated with the
stimulation applied at a second (more proximal nerve location) and possibly repeated again
with stimulation at a third nerve location. PEDOT-coated electrodes were not reused on
separate animals in recording studies.

Nerve Conduction Stimulating Study

The stimulating characteristics of the bipolar hook electrodes were also assessed in the rat
with nerve conduction studies. One plain and one PEDOT-polymerized bipolar electrode
were sequentially tested on alternate legs for each of six rats. The order for plain or an
experimental PEDOT-coated bipolar electrode testing was randomly assigned. The peroneal
nerve and muscles of the anterior compartment of one lower leg were surgically exposed. A
stainless-steel needle electrode was placed in the belly of the extensor digitorum longus
muscle as the recording electrode. A stainless-steel needle ground and references electrodes
were placed in the distal extensor digitorum longus muscle tendon and between the toes.
Stimulations were applied to the peroneal nerve in two locations: above the fibular head and
2 to 3 cm proximal to the fibular head (midperoneal). Stimulation was with a potentiostatic
square wave applied to the peroneal nerve. Stimulus threshold, chronaxie, maximal response
amplitude, latency, and conduction velocity were recorded.

After 30 minutes of rest, testing was repeated on the same leg of the same rat with the same
electrode. When testing was completed on the first leg, the contralateral peroneal nerve and
lower leg muscles were exposed. Nerve conduction studies were then completed on this leg
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using identical electrode placements, but the alternate experimental type (plain or PEDOT)
hook electrode was used for stimulation. Each animal was tested with a PEDOT-
polymerized and plain hook electrode (Fig. 5). PEDOT-coated hook electrodes were not
reused on multiple rats during the stimulation study.

Statistical Methods

RESULTS

Data were analyzed using SPSS v17 (Chicago, I11.). Statistical significance for data of the
recording electrode study was determined using a non-parametric Kruskal-Wallis one-way
analysis of variance test. Repeated measure analysis of variance was used to determine the
reliability between runs 1 and 2 for the plain and PEDOT-polymerized stimulating electrode
measurements. This repeated measures test was also used to determine statistical differences
between measurements for the plain and PEDOT-polymerized stimulation electrodes, as
each electrode type was tested in the right or left leg of one rat. A Levene's test for equality
of variance was applied to needle and hook electrode data for the plain and PEDOT.
Significance was set a priori at a less than or equal to 0.05.

Characterization of Plain and PEDOT-Polymerized Needle Electrodes as Recording

Electrodes

PEDOT polymerization deposited a dark and evenly distributed coating of PEDOT that
covered the entire active portion of the needle electrode. The PEDOT coating remained
uniform throughout ex vivo bench testing. During in situ testing, the PEDOT coating on the
needle electrodes began to flake off if the electrode was repositioned into the muscle several
times. Fresh electrodes were used for each rat (recording study) or each rat leg (stimulating
study).

The mean impedances for recording needle electrodes at increasing frequencies from 10 to
10,000 Hz are summarized in Table 1. The PEDOT-polymerized electrodes had significantly
lower electrical impedance when compared with plain electrodes at the identified
frequencies between 10 to 10,000 Hz (p < 0.001). Charge capacity for PEDOT-polymerized
needle electrodes was significantly higher (4.2 + 1.7 mC/cm?) than plain needle electrodes
(0.21 + 0.14 mC/cm?, p < 0.001). The increase in charge capacity and lower impedance of
PEDOT-polymerized electrodes indicate that PEDOT increased needle electrode fidelity.

In Situ Recording Study

The acute, in situ performance characteristics of the plain and PEDOT-coated recording
needle electrodes varied significantly in this study. The nerve conduction study stimulus
threshold was significantly lower for PEDOT-polymerized recording electrodes when
compared with plain electrodes. This was true for PEDOT-polymerized recording electrodes
when the peroneal nerve was stimulated at the fibular (p = 0.009), midperoneal (p = 0.005),
and sciatic notch (p = 0.005). The lower stimulus threshold indicates that the PEDOT-
polymerized electrode had greater electrode sensitivity. In addition, statistical variance for
the stimulus threshold was significantly smaller for PEDOT-polymerized electrodes,
indicating that the stimulus threshold occurred within a tighter range of values. This
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decreased variance was significant at two of three locations tested, including at the
midperoneal level (p = 0.042) and the sciatic notch (p = 0.039). Less variance is important
for both signal predictability and stability over time. Other nerve conduction study values,
such as chronaxie, maximal compound muscle action potential amplitude, compound muscle
action potential duration, and latency, were very similar across both groups, as would be
expected (Table 2). These similar values indicate that the nerve was uninjured and that they
conduct action potentials similarly whether the electrode for recording was a plain or
PEDOT-polymerized needle. Latency increased equally; as the stimulating electrode was
moved proximally, the distance between the recording and stimulating electrode increased.
Thus, electropolymerizing recording electrodes with PEDOT showed increased electrode
sensitivity during nerve conduction studies. PEDOT allowed us to record pulses of lower
current with greater reliability.

In Situ Stimulation Study

Bipolar hook electrodes remained coated with PEDOT throughout each in situ testing. The
mean stimulus threshold during nerve conduction studies was lower for PEDOT-
polymerized stimulating hook electrodes, reaching significance on three of four possible
comparisons (Table 3). This indicates that the PEDOT-polymerized stimulating electrodes
were able to more efficiently depolarize the stimulated nerve. Stimulus threshold variance
was significantly lower for PEDOT-polymerized stimulating electrodes. This decreased
variance was significant for the fibular head stimulation location during both run 1 and run 2
(p =0.44 and p = 0.016, respectively). Variance was also significantly lower at the
midperoneal level during run 1 (p = 0.001). The results from the in situ stimulation study
were similar to the results found during the recording electrode study. Repeated measure
analysis of variance between run 1 and 2 for stimulus threshold showed high reliability (r =
0.89 at the fibular head and r = 0.73 at the midperoneal). This very good reliability attests to
the reliability of our testing procedures. Other measured values, amplitude, signal duration,
and latency, were all similar across testing groups as expected. Chronaxie was also very
similar across both nerve conduction groups during stimulus testing and at each stimulation
site. Electropolymerizing stimulating electrodes with PEDOT showed increased electrode
sensitivity during nerve conduction studies. PEDOT allowed us to stimulate at lower
currents and with greater reliability.

DISCUSSION

PEDOT polymerization of recording electrodes greatly improved the electrical
characteristics of the tested electrodes. After PEDOT polymerization, needle electrode
impedance decreased an average of one to two orders of magnitude. In addition, the charge
capacity for PEDOT-polymerized electrodes was also one to two orders of magnitude higher
than for that of plain electrodes alone. These electrical characteristics of PEDOT-
polymerized electrodes correspond with previous research.24:25 The increased electrode
fidelity allows increased signal discrimination of low-amplitude electrical signals. In
addition, this conduction helps bridge the differences between the ionic conduction of nerve
impulses and electrical conduction of the electrode.
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The reduced stimulus threshold for PEDOT-polymerized electrodes is likely an effect of
both increased electrode charge capacity and decreased impedance of the polymerized
electrode. The use of PEDOT polymerization allows recording of detectable signals from
fewer simultaneously firing motor units. The lower stimulus threshold of the PEDOT-
polymerized stimulating electrodes is due to greater recruitment of peroneal axons for a
given applied potential. Both of these results have important implications for the design of a
neuroprosthetics interface. One of the primary cited reasons for neuroprosthetic interface
failure is charge density at the site of stimulation.26-2% The lower stimulus threshold of
PEDOT-polymerized electrodes allows for threshold level stimulation at lower levels of
current, which has potential not only in improving recording sensitivity and fidelity but also
in decreasing interface scarring and biofouling. This is also significant for the recording of
efferent motor signals; a higher stimulus threshold is indicative of an increased ability to
detect electrical potentials.

The decrease in standard deviation between the plain and PEDOT-polymerized stimulatory
and recording electrodes threshold potential has important consequences for
neuroprosthetics design as well. The decreased standard deviation is a measure of a more
predictable response to a given stimulus. True neuroprosthetic sensory feedback requires
fine discrimination of graded responses; therefore, this increased predictability is very
important.

The electrochemical polymerization method used in this study has the advantage of both
excellent electrical characteristics and high biocompatibility but also relies on electrostatic
adhesion to the electrode surface. This electrostatic adhesion is vulnerable to mechanical
delamination. Although some mechanical delamination did occur in all electrodes used
during nerve conduction testing, this delamination was not sufficient to significantly degrade
electrode performance but would present a potential problem for chronic applications. Other
chemical polymerization procedures result in covalent bonding to the electrode substrate and
show high PEDOT adhesion and retention out to 16 months. PEDOT's structure is similar to
biological compounds such as melanin,30:31 and the biocompatibility of PEDOT has been
well established for acute implantation2® The development of a neuroprosthetics interface,
however, requires stability and biocompatibility for upward of 70 years; PEDOT
biocompatibility over this timeframe is still unknown.

The needle and bipolar electrodes utilized in this study were chosen based on our research
group's previous experience utilizing these electrodes during acute nerve conduction
testing#32 Our methodology with these electrodes is well established and highly replicable.
Implantation of parylene film—based microelectrodes into our neural interface is a current
direction for our group. Parylene film—based electrodes have the advantage of high
biocompatibility, flexibility, and biocompatibilbilty.33 PEDOT polymerization of the active
sites on these microelectrodes would likely be highly advantageous.

Although not significantly different, there was a consistent decrease in stimulus threshold
from run 1 to run 2 of the stimulation study. Spinal potentiation due to plateau potentials in
the spinal cord is one explanation for this result.34 Spinal potentiation can occur because
although stimulation was orthodromic, nerve depolarization from the bipolar electrode
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causes depolarization in both directions along the nerve. The repeated stimulation of the
peroneal nerve during testing might have caused slight depolarization of the nerve above
resting potential.

CONCLUSIONS

We demonstrate that when needle electrodes are electrochemically polymerized with
PEDOT, the recording fidelity is significantly better due to increased charge capacity and
decreased impedance. Our recording needle electrodes when coated with PEDOT showed
significantly lower impedance at all frequencies from 10 to 1000 Hz. In addition, the
electrode charge capacity of PEDOT-coated needle electrodes was also significantly higher.
These electrical characteristics of PEDOT-polymerized electrodes correspond with previous
research showing that PEDOT lowered impedance and increased electrode charge
capacity.24:25 We also demonstrate that bipolar and needle electrodes electrochemically
polymerized with PEDOT require significantly less current to stimulate and record neural
signals during in situ nerve conduction testing. The addition of PEDOT to bioelectrical
interfaces allows signal reception over a greater range of signal strength and signal
administration at a lower relative percent of maximum. We conclude that PEDOT
electrochemical polymerization improves electrode fidelity and sensitivity.
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Fig. 1.
(Left to right) PEDOT stimulating electrode, plain recording electrode, PEDOT recording

electrode, and PEDOT recording electrode with delamination. On the left is an
electropolymerized bipolar stimulating electrode. PEDOT polymerizes as a fluffy, black
coating on the metal portion of the electrode. Pictures of both the stimulating electrode and
rightmost recording electrode were taken after performing a nerve conduction study.
Delamination of PEDOT is present across both electrode surfaces.
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Fig. 2.
Scanning electron microscope images of needle electrodes taken at 500x magnification.

(Above) Plain electrode, (center) PEDOT polymerized electrode, and (below) PEDOT
polymerized electrode with delamination after heavy usage; the scale bar is 30 um.
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Impedance and Cyclic Voltammetry Plots of PEDOT versus Plain Electrodes

T T T T T T

5E-3 | — PplainElectrode
— PEDOT Electrode
i ] 4E-3}

3E-3}
2E-3 ¢
1E-3 |
OE+0 |

Current (A)

-1E-3 ¢
-2E-3 ¢
-3E-3 |
-4E-3

10 100 1000 10000 06 04 02 0 02 04 06
Frequency (Hz) Potential applied (V)

Fig. 3.
Cyclic voltammetry (right) and impedance spectroscopy plot of PEDOT-polymerized (blue)

and plain (red) electrodes. The area under each plot of the cyclic voltammetry plot is the
electrode’s charge capacity. The charge capacity of the PEDOT-polymerized electrode is
much larger than the plain electrode. The impedance of the PEDOT-polymerized electrode
is significantly lower than the impedance of the plain electrode from 10 to 1000 Hz.
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Fig. 4.
Dorsal drawing of a rat shows nerve conduction setup for recording study. The recording

electrode (R) is either plain or PEDOT-polymerized. The stimulating electrode (shown in
blue) is a bipolar electrode and is moved increasing proximal during testing. Testing is done
at the three locations indicated: the fibular head (S1), midperoneal (S2), and the sciatic notch
(S3). The ground (G) electrode is in the foot between the second and third toes. A reference
electrode (T) is placed in the tendon of the tibialis anterior.
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Fig. 5.
Dorsal drawings of a rat show the nerve conduction setup for stimulation studies.

Stimulation is at two locations on the peroneal nerve (indicated in blue). Each animal was
tested on the left leg first (above, left and above, right). The left leg was then sutured closed
and the right leg exposed (below, left and below, right). Between these steps, there was a 30-
minute resting period, and the electrodes were removed. Stimulating electrodes for each rat
consisted of one plain and one polymerized with PEDOT. The type of stimulating electrode
used on the left side was randomly assigned.
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Table 1

Impedance Spectroscopy Data for Needle (Recording) Electrodes

Plain (before Polymerization) (n=7) PEDOT (after Polymerization) (n =7)

Impedance at 10 Hz (k) 1.2+07 011+ 0_01*
p < 0.001

2 *
Impedance at 102 Hz (k<) 0.73+0.18 0.10+0.05
p < 0.001

Impedance at 103 Hz (k<) 025+0.11 0.07 4003
p < 0.001

Impedance at 10* Hz (k) 0.021 +0.04 0.03 £0.01

Results are expressed mean + SD.

*
Significantly different from plain; a was set a priori at p < 0.05.
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Table 2

Results from the Nerve Conduction Study (Recording)*

Plain PEDOT
Fibular Head Midperoneal Sciatic Fibular Head Midperoneal Sciatic

Stimulus threshold (mA)  0.19 +0.12 0.14 £ 0.05 0.21+0.12 0.055 +0.00 0.051 +0.02 0.05 +0.024

T =0.009 o =0.005 Th=0005
Chronaxie (ms) 0.05+0.0 0.05+0.0 0.058 £ 0.02 0.05+0.0 0.046 £ 0.01 0.05+0.0
CMAP amplitude (mV) 19.6 +3.7 19.4+48 19.83 + 10.56 37.3+22 23.4+11.9 19.15 + 11.66
CMAP duration (ms) 478+11 74+53 6.50 + 4.02 12.90+4.9 73651 5.95+2.25
Latency (ms) 0.98 +£0.16 1.21+0.16 1.37+0.16 1.16 £0.25 1.20+0.16 1.25+0.18

CMAP, compound muscle action potential.

*
Results indicate mean + SD. Chronaxie is the minimal stimulus duration at twice the stimulus threshold amplitude.

TSignificant (p < 0.05) differences from plain by stimulating location on the nerve.
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