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(57) Abstract: The present disclose generally relates to
high-charge capacity electrodes that include a substrate and
a coating covering at least a portion of the substrate that in-
cludes active particles held together by a biocompatible
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a system that can block conduction in a nerve. The system
can include a current generator that generates a direct cur-
rent (DC). The system can also include a high-charge capa-
city electrode that can be coupled to the current generator to
deliver the DC to block conduction in a nerve.
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HIGH-CHARGE CAPACITY ELECTRODES TO DELIVER DIRECT CURRENT
NERVE CONDUCTION BLOCK

Related Application

[0001] This application claims priority to U.S. Provisional Application Serial No.
62/237660, filed October 6, 2015, entitled “SYSTEMS AND METHODS FOR DIRECT
CURRENT NERVE CONDUCTION BLOCK”.

Technical Field

[0002] The present disclosure relates generally to a high-charge capacity electrode to
deliver direct current (DC) nerve conduction block and, more specifically, to systems and

methods to deliver the DC nerve conduction block safely using the high-charge capacity

electrode.
Background
[0003] Many neurological diseases are characterized by unwanted neural activity

conducted along peripheral axons and inducing pathological effects at the end organs.
Although kilohertz frequency alternating current (KHFAC) nerve conduction block has been
widely explored and appeared promising, it has not been adopted clinically due to the
production of an undesirabie onset response in the nerve. While it is possible to completely
neutralize the onset response by applying a brief DC waveform through a flanking electrode,

nerve conduction is lost after several applications of the DC waveform.

[0004] DC nerve conduction block has become an attractive candidate for achieving
block without the onset response. Indeed, application of a DC alone can produce a complete
conduction block without the onset response of the KHFAC nerve conduction block.
Additionally, anodic break excitation at cessation can be prevented by the design of the DC
nerve conduction block waveform. However, the likelihood of the DC nerve conduction

block causing damage to the nerve (e.g., due the production of non-reversible Faradaic
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reaction products during stimulation) has kept the DC nerve conduction block from being

adopted clinically.

Summary

[0005] The present disclosure relates generally to a high-charge capacity electrode to
deliver direct current (DC) nerve conduction block to a nerve without causing damage to the
nerve. Such high-charge capacity electrodes can apply the DC nerve conduction block, while
avoiding the generation of the damaging non-reversible Faradaic reaction products.
Accordingly, the present disclose relates to systems and methods to deliver the DC nerve

conduction block safely using the high-charge capacity electrode.

[0006] In one aspect, the present disclosure can include a high-charge capacity
electrode that can be used to deliver DC to a nerve to block conduction in the nerve when
coupled to a current generator. The high-charge capacity electrode can include a substrate
and a coating covering at least a portion of the substrate. The coating can include high

surface arca nano-particles held together by a biocompatible binder material.

[0007] In another aspect, the present disclosure can include a system that can block
conduction in a nerve. The system can include a current generator that generates a DC. The
current generator can be coupled to a high-charge capacity electrode that can deliver the DC
to block conduction in the nerve. The high-charge capacity electrode can include a substrate
and a coating covering at least a portion of the substrate that includes active particles held

together by a biocompatible binding material.

[0008] In a further aspect, the present disclosure can include a method for altering
conduction in a nerve. A high-charge capacity electrode, coupled to a current generator, can
be placed in proximity to a nerve. The high-charge capacity electrode can include a substrate
and a coating covering at least a portion of the substrate. The coating can include active
particles held together by a biocompatible binder material. A DC, generated by the current
generator, can be applied to the nerve. The DC can have an amplitude sufficient to alter
transmission of action potentials in the nerve, The transmission of the action potentials in the
nerve can be altered based on the applied DC without causing damage to the nerve and/or the

high-charge electrode as a result of electrochemical reaction products.
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[0008a] In another aspect, there is provided a system, comprising: a current generator
that generates a direct current (DC); and a high-charge capacity electrode, coupled to the
current generator, that delivers the DC to block conduction in a nerve; wherein the high-
charge capacity electrode comprises: an electrically conductive substrate; and a coating
covering at least a portion of the substrate; wherein the coating comprises active particles
held together by a biocompatible binder material, and wherein the coating provides an
electronic double layer capacitor (EDLC) having a capacitance per area of at least 50

mF/cm?.

[0008Db] In another aspect, there is provided a use of a high-charge capacity electrode
coupled to a current generator for placement in proximity to a nerve and for applying a direct
current (DC) generated by the current generator, the DC having an amplitude sufficient to
alter transmission of action potentials in the nerve based on the applied DC without causing
damage to the nerve and/or the high-charge capacity electrode as a result of irreversible
reaction products; wherein the high-charge capacity electrode comprises: an electrically
conductive substrate; and a coating covering at least a portion of the substrate; wherein the
coating comprises active particles held together by a biocompatible binder material, and
wherein the coating provides an electronic double layer capacitor (EDLC) having a

capacitance per arca of at least 50 mF/cm?.

[0008¢] In yet another aspect, there is provided a high-charge capacity clectrode
comprising: an electrically conductive substrate; and a coating covering at least a portion of
the substrate; wherein the coating comprises high surface area nano-particles held together by
a biocompatible binder material, wherein the coating provides an electronic double layer
capacitor (EDLC) having a capacitance per area of at least 50 mF/cm?; and wherein the high-
charge capacity electrode, when coupled to a current generator, is configured to deliver a

direct current (DC) to block conduction in a nerve.
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Brief Description of the Drawings

[0009] The foregoing and other features of the present disclosure will become apparent
to those skilled in the art to which the present disclosure relates upon reading the following

description with reference to the accompanying drawings, in which:

[0010] FIG. 1 is a schematic diagram showing a system that can deliver a direct current

(DC) nerve conduction block in accordance with an aspect of the present disclosure;
[0011] FIG. 2 is a schematic diagram of the high-charge capacity electrode in FIG. 1;

[0012] FIG. 3 is a process flow diagram illustrating a method for delivering DC nerve

conduction block according to another aspect of the present disclosure;
[0013] FIG. 4 is a photograph showing a prototype of a high-charge capacity electrode;

[0014] FIGS. 5-7 are photographs showing different configurations of the high-charge

capacity electrode;

[0015] FIG. 8 is a graph showing complete sciatic nerve motor block with a wire high-

charge capacity electrode; and

[0016] FIG. 9 is a graph showing complete sciatic nerve motor block with the high-

charge capacity nerve cuff.

Detailed Description

L. Definitions

[0017] Unless otherwise defined, all technical terms used herein have the same
meaning as commonly understood by one of ordinary skill in the art to which the present

disclosure pertains.

[0018] In the context of the present disclosure, the singular forms “a,” “an” and “the”

can also include the plural forms, unless the context clearly indicates otherwise.

[0019] The terms “comprises” and/or “comprising,” as used herein, can specify the

presence of stated features, steps, operations, elements, and/or components, but do not
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preclude the presence or addition of one or more other features, steps, operations, elements,

components, and/or groups.

[0020] As used herein, the term “and/or” can include any and all combinations of one

or more of the associated listed items.

[0021] As used herein, phrases such as “between X and Y and “between about X and

Y™ can be interpreted to include X and Y.

[0022] As used herein, phrases such as “between about X and Y can mean “between

about X and about Y.”

[0023] As used herein, phrases such as “from about X to Y can mean “from about X to
about Y.”
[0024] It will be understood that when an element is referred to as being “on,”

“attached” to, “connected” to, “coupled” with, “contacting,” etc., another element, it can be
directly on, attached to, connected to, coupled with or contacting the other element or
intervening elements may also be present. In contrast, when an element is referred to as
being, for example, “directly on,” “directly attached” to, “directly connected” to, “directly
coupled” with or “directly contacting” another element, there are no intervening elements
present. It will also be appreciated by those of skill in the art that references to a structure or
feature that is disposed “adjacent” another feature may have portions that overlap or underlie

the adjacent feature.

LT LLINY

[0025] Spatially relative terms, such as “under,” “below,” “lower,” “over,” “upper” and
the like, may be used herein [or ease ol description to describe one element or feature’s
relationship to another element(s) or feature(s) as illustrated in the figures. It will be
understood that the spatially relative terms can encompass different orientations of the
apparatus in use or operation in addition to the orientation depicted in the figures. For
example, if the apparatus in the figures is inverted, elements described as “under” or
“beneath” other elements or features would then be oriented “over” the other elements or

features.
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[0026] Additionally, although the terms “first,” “second,” efc. may be used herein to
describe various elements, these elements should not be limited by these terms. These terms
are only used (o distinguish one element from another. Thus, a “[irst” element discussed
below could also be termed a “second” element without departing from the teachings of the
present disclosure. The sequence of operations (or acts/steps) is not limited to the order

presented in the claims or figures unless specifically indicated otherwise.

[0027] As used herein, the term “direct current nerve conduction block™ or “DC nerve
conduction block™ can refer to the application of a direct current to a nerve to alter

conduction in the nerve.

[0028] As used herein, the terms “direct current” or “DC” can refer to a current pulse of
either polarity (e.g., either cathodic or anodic). In some instances, the DC can be applied as
the first phase of a biphasic waveform. The second phase of the biphasic waveform can
either reverse 100% of the total charge delivered by the first phase (as a charge-balanced
biphasic waveform) or reverse less than 100% of the total charge delivered by the first phase
(as a charge imbalanced biphasic waveform), thereby reducing the production of damaging
reaction products that can cause damage to the nerve and/or the electrodes used to deliver the

DC.

[0029] As used herein, the term “pseudocapacitor” can refer to an electrochemical
capacitor that stores electrical charge in a Faradaic fashion by electron charge transfer
between electrode and electrolyte. This is accomplished through electrosorption, redox

reactions, and intercalation processes.

[0030] As used herein, the term “damaging reaction products” can refer to the
irreversible reaction products of Faradaic reactions generated as a result of DC application.
These irreversible reaction products can be from an unwanted side reaction that generates the
damaging reaction products. An example can be found in the oxidation of water to oxygen,
in which some electrons are diverted to the production of hydrogen peroxide, which can be

irreversible.

[0031] As used herein, the terms “alter” or “altering”, when used with reference to

nerve conduction, can refer to affecting or changing a manner in which action potentials are
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conducted in a nerve. In some instances, nerve conduction can be altered by extinguishing an
action potential at some point as it travels along the nerve (also referred to as “blocking”
nerve conduction). In other instances, nerve conduction can be altered by increasing the
activation threshold of a nerve and/or decreasing the conduction velocity of a nerve (also

referred to as “attenuating’” nerve conduction).

[0032] As used herein, the term “nerve conduction block™ can refer to blocking and/or
attenuating nerve conduction. Nerve conduction is “blocked” when transmission of action
potentials through a target nerve is extinguished completely (e.g., 100% extinguished) as the
action potentials travel through the nerve. The block can be achieved by depolarization or

hyperpolarization of the nerve membrane comprising the target nerve.

[0033] As used herein, the term “incomplete block™ can refer to a partial block, where
less than 100% (e.g., less than about 90%, less than about 80%, less than about 70%, less
than about 60%, or less than about 50%) of the action potentials traveling through a target
nerve are extinguished. Nerve conduction is “attenuated” when an “incomplete nerve block”
occurs. In one example, when nerve conduction is attenuated, a target nerve will have an

increased activation threshold and thereby make the target nerve more difficult to excite.

[0034] As used herein, a nerve conduction block can be considered “safe” when the

block occurs without producing non-reversible reaction products.

[0035] As used herein, the term “nerve” can refer to one or more fibers that employ
electrical and chemical signals to transmit motor, sensory, and/or autonomic information
from one body part to another. A nerve can refer to either a component of the central nervous

system or the peripheral nervous system.

[0036] As used herein, the term “neurological disorder” can refer to a condition or
disease characterized at least in part by abnormal conduction in one or more nerves. In some
instances, a subject suffering from a neurological disorder can experience pain and/or muscle
spasticity. Examples of neurological disorders can include stroke, brain injury, spinal cord

injury (SCI), cerebral palsy (CP), multiple sclerosis (MS), etc.
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[0037] As used herein, the terms “subject” and “patient” can be used interchangeably
and refer to any warm-blooded organism including, but not limited to, a human being, a pig, a

rat, a mouse, a dog, a cat, a goat, a sheep, a horse, a monkey, an ape, a rabbit, a cow, elc.

[0038] As used herein, the term “medical professional” can refer to an individual who
provides care to a patient. A medical professional can be, for example, a doctor, a

physician’s assistant, a student, a nurse, a caregiver, or the like.
I1. Overyview

[0039] The present disclosure relates generally to a high-charge capacity electrode to
deliver direct current (DC) nerve conduction block and, more specifically, to systems and
methods to deliver the DC nerve conduction block safely using the high-charge capacity
electrode. DC nerve conduction block is attractive because it does not suffer from onset
response and can be designed to avoid anodic break. However, DC nerve conduction block
has not been used clinically due to its high likelihood of causing nerve damage at the charge
required to be delivered for DC nerve conduction block (e.g., due to the generation of non-
reversible Faradaic reaction products). Advantageously, the high-charge capacity electrode
described herein is designed to avoid such nerve damage. As discussed in more detail below,
the high-charge capacity electrode of the present disclosure provides several advantages over
other types of electrodes in terms of mechanical stability and the amount of charge able to be
delivered. For example, platinized platinum is able to deliver the charge required for nerve
conduction block, but is well known to suffer from poor mechanical properties, which result
in rapid and significant losses in surface area (and, therefore, charge capacity), thereby
creating uncertainty as to the charge capacity during and after implantation. As another
example, iridium oxide electrodes can be used, exploiting the high capacitive/low impedance
properties of iridium oxide. While iridium oxide is generally stable, the charge storage
capacity of iridium oxide is still 1-2 orders of magnitude below what is required for nerve
conduction block. In contrast, the high-charge capacity electrodes employed by the systems
and methods described herein have a high charge capacity and robust mechanical properties
that enable the use of DC nerve conduction block in a variety of clinical and experimental

applications.
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I11. Systems
[0040] One aspect of the present disclosure can include a system 10 (FIG. 1) that can

deliver a DC nerve conduction block (e.g., monophasic, balance charged bipasic, or charge
imbalanced biphasic) to alter (e.g., block or attenuate) conduction in a nerve. The system 10
can include components for generating a current (e.g., current generator 12), as well as
components to apply the current to the nerve (e.g., high-charge capacity electrode 14). In one
example, the nerve can be a peripheral nerve (e.g., motor, sensory, and/or autonomic) or a
nerve or nervous tissue comprising the central nervous system (e.g., brain and/or spinal cord).
The DC nerve conduction block can be used to treat various neurological disorders including,
but not limited to, pain or muscle spasticity. Advantageously, the high-charge capacity
electrode 14 is capable of (1) delivering the charge required for nerve conduction block
applications, while avoiding the generation of damage-causing non-reversible reaction
products, and (2) exhibiting robust mechanical properties so that the charge can be
predictably delivered. In other words, the system 10 can deliver the DC nerve conduction
block safely at least because of the high-charge capacity electrode 14 design and the

waveform generated by the current generator 12.

[0041] As shown in FIG. 1, the system 10 can include a current generator 12 to
generate the DC, and a high-charge capacity electrode 14 to apply the DC to a nerve. The
high-charge capacity electrode 14 can be electrically coupled to the current generator 12. In
some instances, the high-charge capacity electrode 14 can be in electrical communication
with the current generator 12 via a wired connection. In other instances, the high-charge
capacity electrode 14 can be in electrical communication with the current generator 12 via a

wireless connection and/or a combination of a wired connection and a wireless connection.

[0042] The current generator 12 can be configured or programmed to generate a DC of
sufficient amplitude to cause the nerve conduction block. In some instances, the DC used for
nerve conduction block can require a current with a large amplitude (o be delivered Lo the
nerve. For example, the current required may be 2 mA for 10 seconds, requiring a total
electrical charge to be transferred of approximately 20 mC or more. Accordingly, the current
generator 12 can be any device configured or programmed to generate the specified current

for application to a nerve to achieve an alternation in conduction thereof. One example of a
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current generator 12 is a battery-powered, portable generator. Another example of a current
generator 12 is an implantable generator (IPG). It will be appreciated that the current
generator 12 can include additional components Lo selectively conligure the current

waveform, such as an amplitude modulator (not shown).

[0043] In some instances, the generated DC can have an anodic polarity or a cathodic
polarity, and an amplitude sufficient to cause the nerve conduction block. In some instances,
the current generator 12 can be configured or programmed to generate a DC having a
biphasic waveform, with one phase cathodic and one anodic. In this case, the altering DC
can be delivered Lo the nerve in the [irst phase [or a specific period of time, while a second
phase having an opposite polarity can reduce or eliminate unwanted effects (e.g., due to
irreversible reaction products) generated by the first phase. The unwanted effects can be
generated and reversed at the high-charge capacity electrode 14 and/or at the electrode-

electrolyte interface.

[0044] In some instances, a generated biphasic DC waveform can be a charge-balanced
biphasic waveform that produces zero net charge. In other instances, a generated biphasic
DC waveform can be applied as a substantially charge-balanced DC waveform that produces
a small net charge to reduce reaction products that are damaging to the nerve and/or the high-
charge capacity electrode 14. Advantageously, the current generator 12 can be configured or
programmed to a DC having a biphasic waveform, which allows nerve conduction to be

altered without damaging the nerve itself and/or producing systemic side-effects.

[0045] The high-charge capacity electrode 14 can deliver the DC to the nerve to
achieve the nerve conduction block. In some instances, the high-charge capacity electrode 14
can have a capacitance per area of about 50 mF/cm? or more. In other instances, the high-
charge capacity electrode 14 can have a capacitance per area of about 75 mF/em?. In still
other instances, the high-charge capacity electrode 14 can have a capacitance per area of
about 100 mF/cm” or more. The high-charge capacity electrode 14 can exhibit the large
capacitance per area with a predictability of the area. In some instances, depending on the
materials chosen for the high-charge capacity electrode 14, charge recovery can serve to
extend the life of the high-charge capacity electrode 14. Since the DC nerve conduction

block has a low duty cycle, there is sufficient time between large pulse deliveries of a polarity
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to allow for low amplitude trickle recharge of the opposite polarity. Periodic reversal of the
delivery current prevents a large voltage from building on the charged high-charge capacity

electrode 14.

[0046] As shown in FIG. 2, the high-charge capacity electrode 14 can include a
substrate 16 and a coating 18. In some instances, selection of materials to use as the substrate
16 and coating 18 can be based on a combination of charge capacity, durability, ease of
manufacture, and availability. The substrate 16 can be any type of electrically-conductive
material (e.g., stainless steel, gold, silver, platinum, or the like). As an example, the substrate
16 can be a platinum foil or a platinum wire. The coating 18 can cover at least a portion of
the substrate 16. In some instances, the coating 18 can cover the entire substrate 16. In other
instances, the coating 18 can cover at least 50% of the substrate 16. In still other instances,

the coating 18 can cover a portion of the substrate 16 in contact with or exposed to the nerve.

[0047] The coating 18 can be biocompatible and stable with routine charging and
discharging of the DC. In some instances, the coating 18 can provide an electronic double
layer capacitor (EDLC), an electrochemical capacitor for which energy storage is achieved
through the double layer capacitance of the high-charge capacity electrode 14. The coating
18 can be highly reproducible and does not produce any harmful reaction products (e.g., by

introduce any foreign ions into the electrolyte or change the pH of the environment).

[0048] The coating 18 can include active particles 20 held together by a biocompatible
binder material 22, as shown in magnified region 24. The active particles 20, when held
together by the binder material 22, can yield the high-charge capacity electrode 14 with a
high charge capacity. The specific number of active particles 20 can vary and is based, at
least in part, on the necessary charge capacity, the active particle material used, and the
binder material 22 used. Similarly, the binder material 22 can be arranged in any different
molecular configuration, as long as it can provide mechanical stability to hold the active

particles 20 together.

[0049] The active particles 20 can be made of one or more non-Faradaic materials. In
some instances, the active particles 20 can include high surface area nano-particles. For
example, the nano-particles can be carbon based nano-particles (e.g., biological carbon, such

as YP-50 or YP-80 high surface area activated carbon). In another example, the nano-
10
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particles can be platinum nano-particles, iridium oxide nano-particles, or any number of other
biocompatible nano-particles. In some instances, the nano-particles can all be of the same
material. In other instances, the nano-particles can be made of a variety of different
materials. In one example, the nano-particles can have a surface area of at least about 500

mz/g, at least about 750 mZ/g, or at least about 1,000 mz/g.

[0050] The binder material 22 can adhere to the substrate 16 and hold the active
particles 20 in place. Accordingly, the binder material 22 can be a material that can provide
good adhesion, is durable, and is biocompatible. As one example, the binder material 22 can
be a biocompatible polymer material. Example biocompatible polymer materials include
Nafion, polyvinyl alcohol, Teflon, polyvinylidene fluoride (PVDF), and the like. The choice
of an appropriate binder material 22 can facilitate the high-charge capacity of the high-charge

capacity electrode 14.

[0051] In one example, the active particles 20 can be carbon while the binder material
22 is Nafion or PVDF. The carbon active particles 20 can be made with an extremely high
level of porosity, thereby resulting in very high surface areas. For example, the surface area
can be 1,000-3,000 or more m* of surface area/g of carbon. When placed in an electrolyte
solution, the electrochemical capacitance of the carbon active particles 20 can be on the order
of 100-600 F/g. Thus, a very small amount of carbon material can store a significant amount
of electrical charge. If the capacitance is normalized to the geometric area of the high-charge
capacity electrode 14, the capacitance is on the order of 100-2,500 mF/cm®. Since the
charging and discharging mechanism involves only the motion of ions in the electrolytes and
electrons within the carbon, these carbon active particles 20 can create a capacitor that can be
routinely charged and discharged over 100,000 times. In this example, the high-charge
capacity electrode 14 can have a capacitance of 40 mF to provide 20 mC charge required. A
30 square mm surface that is coated with carbon active particles 20 can have a specific
capacitance of 350 mF/cm? and a capacitance of 100 mF, thereby allowing the high-charge

capacity electrode 14 to store enough charge for DC nerve block applications.
IV. Methods

[0052] Another aspect of the present disclosure can include a method 30 (FIG. 3) for

delivering DC nerve conduction block to a nerve. The method 30 can be executed using the
11
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system 10 shown in FIG. 1 and described above. Advantageously, the high-charge capacity
electrode 14 of the system 10 can be capable of delivering the charge required for nerve
conduction block applications, while avoiding the generation of damage-causing non-
reversible reaction products and exhibiting robust mechanical properties so that the charge
can be predictably delivered. In other words, the method 30 can deliver the DC nerve
conduction block safely without generating irreversible reaction products, thereby increasing

patient safety and increasing the potential for clinical adoption.

[0053] The method 30 can generally include the steps of: placing a high-charge
capacity electrode, coupled to a current generalor, in proximity to a nerve (Step 32); applying
a DC, generated by the current generator, to the nerve (Step 34); and altering transmission of
action potentials in the nerve based on the applied DC without generating irreversible
reaction products (Step 36). The method 30 is illustrated as process flow diagrams with
flowchart illustrations. For purposes of simplicity, the method 30 is shown and described as
being executed serially; however, it is to be understood and appreciated that the present
disclosure is not limited by the illustrated order as some steps could occur in different orders
and/or concurrently with other steps shown and described herein. Moreover, not all

illustrated aspects may be required to implement the method 30.

[0054] At Step 32, a high-charge capacity electrode (e.g., element 14) is coupled to a
current generator (e.g., element 12) and placed in proximity to a nerve. In some examples,
the nerve can be a peripheral nerve (e.g., motor, sensory, and/or autonomic) or a nerve or
nervous tissue comprising the central nervous system (e.g., brain and/or spinal cord). As an
example, the high-charge capacity electrode can be placed alongside the nerve. The DC
nerve conduction block can be used to treat various neurological disorders including, but not
limited to, pain or muscle spasticity. The high-charge capacity electrode can be made of a
substrate and a coating covering at least a portion of the substrate. The coating can include
active particles held together by a biocompatible binder material. An effective block can
occur when the high-charge capacity electrode crosses perpendicular to the long axis of the

nerve.

12
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[0055] At Step 34, the current generator can be activated to generate a DC. The
generated DC can be applied to the nerve by the high-charge capacity electrode. The DC can
have an amplitude sufficient to alter transmission of action potentials in the nerve. For
example, the applied DC can be anodic or cathodic and have an amplitude sufficient to
generate an electric field that is able to alter transmission of action potentials in the nerve. In
some instances, DC can be applied as a biphasic waveform, with the second phase operable
to reverse the charge delivered by the first phase. In other instances, the second phase can
reverse less than 100% of the total charge delivered by a first phase of the biphasic waveform
to reduce electrochemical reactions that are damaging to the nerve and/or the electrode. In
either circumstance, if the first phase of the biphasic waveform produces electrochemical

reaction products, the second phase can reverse the electrochemical reaction products.

[0056] At Step 36, transmission of the action potentials in the target nerve can be
altered (e.g., blocked or attenuated) based on the application of the DC. The transmission of
the action potentials can be altered without damaging the structure of the nerve, the structure

of the high-charge capacity electrode, and/or producing systemic side-effects.

V. Example
[0057] The following example is for the purpose of illustration only is not intended to

limit the scope of the appended claims.

[0058] This Example demonstrates the feasibility of altering conduction in a rodent

sciatic nerve using a carbon based high-charge capacity electrodes.
Methods

[0059] Carbon based high-charge capacity electrodes were constructed using YP-50
carbon active particles and polyvinylidene fluoride (PVDF) as a binder. Three grams of YP-
50 were dispersed in 6 g of N-Methyl-2-pyrrolidone (NMP). To that dispersion, three grams
of a 10 wt% solution of PDF in NMP were added. The resulting mixture was painted on to a
platinum foil substrate (for the cuff electrode) and a platinum wire (for the wire electrode)
and the NMP was removed by heating in air at 80°C for 30 minutes. A photograph of the
prototype of the carbon based high-charge capacity electrode is shown in FIG. 4.

13
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[0060] The carbon based high-charge capacity electrode is placed alongside the nerve.
FIGS. 5-7 show examples of how the high-charge capacity electrode can be shaped and
placed alongside the nerve to produce block. It was found that the most effective block
occurred when the wire crosses approximately perpendicular to the long axis of the nerve, so

these designs maximize the “perpendicular” feature.

[0061] A bipolar proximal stimulation electrode was placed proximally to a block
electrode and used to elicit supramaximal muscle twitches. The blocking electrode {cuff
electrode or the wire electrode) was placed around or near a rodent sciatic nerve in the
middle. The blocking electrode applies the DC to block conduction in the nerve. The block

was recorded distal to the blocking electrode.
Results

[0062] Prototype cufl and wire carbon based high-charge capacity electrodes were
surgically placed in a rodent to block according to a rodent sciatic nerve model
(perpendicular to the nerve). Complete nerve block was achieved, both with a wire carbon
based high-charge capacity electrode (FIG. 8) and with the carbon based high-charge
capacity electrode cuff (FIG. 9).

[0063] From the above description, those skilled in the art will perceive improvements,
changes and modifications. Such improvements, changes and modifications are within the

skill of one in the art and are intended to be covered by the appended claims.

14



The following is claimed:

1. A system, comprising:
a current generator that generates a direct current (DC); and
a high-charge capacity electrode, coupled to the current generator, that delivers
the DC to block conduction in a nerve;
wherein the high-charge capacity electrode comprises:
an electrically conductive substrate; and
a coating covering at least a portion of the substrate;
wherein the coating comprises active particles held together by a
biocompatible binder material, and wherein the coating provides an electronic double layer

capacitor (EDLC) having a capacitance per area of at least 50 mF/cm?.

2. The system of claim 1, wherein the active particles comprise high surface arca

nano-particles.

3. The system of claim 2, wherein the high surface area nano-particles are carbon.

4, The system of claim 2, wherein the high surface area nano-particles have a

surface area of at least 1,000 m%/g.

5. The system of claim 1, wherein the high-charge capacity electrode is stable with

routine charging and discharging of the DC.

6. The system of claim 1, wherein the binder material is adhered to the substrate.

7. The system of claim 1, wherein the binder material comprises at least one of

Nafion, polyvinyl alcohol, Teflon, and polyvinylidene fluoride (PVDF).

8. The system of claim 1, wherein the DC blocks conduction in the nerve without

substantially generating damaging electrochemical reaction products.

15

CA 2998748 2019-05-08



9. The system of claim 8, wherein the DC is a charge-balanced bi-phasic waveform

that produces a zero net charge.

10.  The system of claim 8, wherein the DC is a bi-phasic waveform and wherein a
second phase of the bi-phasic waveform reverses less than 100% of a total charge delivered by a
first phase of the bi-phasic waveform to reduce electrochemical reactions that are damaging to

the nerve and/or the high-charge capacity electrode.

11. The system of claim 1, wherein the DC has an amplitude sufficient to block

conduction in the nerve.

12. The system of claim 1, wherein the substrate comprises platinum foil or a

platinum wire.

13. The system of claim 1, wherein the high-charge capacity electrode has a

capacitance per area of at least 100 mF/cm?,

14.  Use of a high-charge capacity electrode coupled to a current generator for
placement in proximity to a nerve and for applying a direct current (DC) generated by the current
generator, the DC having an amplitude sufficient to alter transmission of action potentials in the
nerve based on the applied DC without causing damage to the nerve and/or the high-charge
capacity electrode as a result of irreversible reaction products;

wherein the high-charge capacity electrode comprises:
an electrically conductive substrate; and
a coating covering at least a portion of the substrate;
wherein the coating comprises active particles held together by a
biocompatible binder material, and wherein the coating provides an electronic double

layer capacitor (EDLC) having a capacitance per area of at least 50 mF/cm?.

15.  The use of claim 14, wherein the transmission of action potentials in the nerve are

blockable or attenuatable.
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16. The use of claim 14, wherein the DC comprises a bi-phasic waveform.

17. The use of claim 16, wherein the bi-phasic waveform comprises a first phase that
produces electrochemical reaction products and a second phase that reverses the electrochemical

reaction products,

18. The use of claim 14, wherein the high-charge capacity electrode is placeable

alongside the nerve.

19.  The use of claim 14. Wherein the high-charge capacity electrode is placeable

perpendicular to a long axis of the nerve.

20. A high-charge capacity clectrode comprising;:
an clectrically conductive substrate; and
a coating covering at least a portion of the substrate;
wherein the coating comprises high surface area nano-particles held together by a
biocompatible binder material, wherein the coating provides an electronic double layer capacitor
(EDLC) having a capacitance per area of at least 50 mF/cm?; and
wherein the high-charge capacity electrode, when coupled to a current generator,

is configured to deliver a direct current (DC) to block conduction in a nerve.

21. The high-charge capacity electrode of claim 20, whercin the high surface area

nano-particles are carbon.

22.  The high-charge capacity electrode of claim 20, wherein the high surface area

nano-particles have a surface area of at least 1,000 m%/g.

23.  The high-charge capacity electrode of claim 20, wherein the coating is stable with

routine charging and discharging of the DC.
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