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CARBON NANO TUBE BASED ANTENNAS

Field of the Invention

18801} This invention relates electrodes for use with medical devices, and more

particularly to carbon nanotube sheets based electrodes.

Backeround of the Invention

16062} The global raedical device electrode market which includes privoarily ECG
{Electrocardiogram), EEG (Electroenchephalogram), EMG {(Electromyogram), EQG
{(Electrooculogram ), ENG (Electroncurogram ), TENS (Transcutancous electrical nerve
stimulation) and BBS (Deep brain stimulation) among others, is a highly mature, price
sensitive and competitive industry. Current technology limits the effective clectrode-
tissue interface to enhance scusitivity towards recording and stimulation capabilities for
both acute and chronic bio-signal acquisition. The sensitivity and signal to noise ratio
{SNR) of neural recordings and the rate of current discharge of the elecirode can and
should be improved.

18863} Vartous medical treatments involving electrical stimulation of neural fissue
have been used for years and the breadth of treatments is expanding. Prior art electrodes
are generally based on inert metals, Hroiting the capacity of the electrodes. For example,
single Pt electrodes have capacitics of approximately 300-350 mC/cm?®. In order to
mcrease the sensitivity of the electrode and record from a single neuron, the size of the
clectrode would most likely have to be in the roicrometer range. However, as the size of
the electrode is decreased, the impedance increases, resulting in poor signal to noise ratio.
6084 Polymer coated electrodes have lower impedance, however the polymers
are often fragile and have weak adhesion to the electrode substrate. What is needed is a

highly conductive, low impedance, durable electrode that has high biocompatibility.

SUMMARY

[BG05] Presented herein is a ONT based electrode and method of making the same.

In one exeroplified aspect, the CNT based electrode comprises a microelectrode
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comprising a substantially inert metal, a first ONT sheet and a second CNT sheet,
wherein the first and second UNT sheets are embedded in a collagen film. In another
aspect, at least a portion of the exposed microclectrode 1s sandwiched between a pair of
CNT sheets embedded on collagen film, creating a CNT flag. In still another aspect, after
tmpiantation, the CNT flag extends beyond the scar tissue area to reliably pick up

neuronal activities.

16066} Related methods of operation are also provided. Other apparatuses,
methods, systems, features, and advantages of the carbon nanotube sheets based electrode
system and the method of its use will be or become apparent to one with skill in the art
upon examination of the following figures and detailed description. It is intended that all
such additional apparatuses, methods, systerns, featurcs, and advantages be included
within this description, be within the scope of the carbon nanotube sheets based electrode

system and the method of its use, and be protected by the accompanying claims.

DESCRIPTION OF THE FIGURES
16087} The accompanying drawings, which are incorporated in and constitute a
part of this specification, illustrate certain aspects of the instant invention and together
with the description, serve to explain, without lumitation, the principles of the invention.
Like reference characters used therein indicate like parts throughout the several drawings.
[6308] FIG. 1A 15 a plan view of & bare and CNT coated electrode which
ilhustrates the Hmitations of the prior art technology by showing scar tissue formation
around the clectrodes (bare and CINT coated) thereby limiting the clectrical performance
over tme;
18069} FI1G. 1B is a plan view of a bare and CNT coated electrode which
illustrates the Hmited amount of surface area available for modification eventually
fimiting the enhancement of electrochemical propertics
16316} FIG. 2A 1s a plan view of 2 CNT based clectrode having an electrode

sandwiched between two collagen embedded ONT sheets;
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16611} FI1G. 2B 15 a representation of a ONT based clectrode without the ONT
being embedded on collagen film, showing exposed CNT sheets collapse on the electrode
surface, thereby compromising the mechanical and structural functions;

188121 FiGs. 2C and 2D are representations of a CNT based electrode having the
CNT embedded on collagen film, showing the retention of the ONT sheets” structure and
mechanical properties.

[6G13] FiG. 3A 18 a diagrammatical view of a step during prototype fabrication of
a UNT based electrode, iHustrating collagen film being placed on top of exposed CNT
sheets;

6614 F1G. 3B 1s a diagrammatical view of a step during prototype fabrication of
a UNT based electrode, iHustrating an exposed electrode surface being sandwiched
between two collagen embedded CNT sheets to form the electrode mterface surface;
18G15] FIG. 3C is a representation of the prototype of FIGs 3A and 3B,

8016} FI1G. 3D is a representation of the prototype of FIG. 3C, showing a close up
of the electrode tip having a ONT flag;

6617} FiG. 4A 18 a graphical representation of a rat based experiment showing
spontancous neuronal activities (single and coropound action potentials) recording from
the surface of rat brain using a CNT based microclectrode;

6618 F1G. 4B 1s s graphical representation of a rat based experiment showing
spontancous neuronal activities {single and compound action potentials) recording from
the surface of rat brain using an clectrode with collagen filmn only and no ONT sheet;
18619} FIG. 4C is an exploded view of the graphical representation of FIG. 44,
8626} FI1G. 4D is a representation of a CNT flag microelectrode placed on the
surface of rat brain tissue; and

6621} FiG. 5 is a representation of a microphotograph showing the lack of
mmunge response to a CNT-sheet, where macrophages are recruited at the metal
microclectrode surface {arrowheads), but not at the CNT-sheet (arrows} in an animal 14

days post implantation in peripheral nerve regeneration model.

3
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BESCRIPTION OF THE INVENTION
16622} The present invention can be understood more readily by reference to the
following detailed description, examples, and claims, and their previous and following
description. Before the present system, devices, and/or methods are disclosed and
described, it is to be understood that this invention is not limited to the specific systems,
devices, and/or methods disclosed unless otherwise specified, as sach can, of course,
vary. It is also to be understood that the terminology used herein is for the purpose of

describing particular aspects only and 1s pot intended to be hmiting.

16623] The following description of the invention is provided as an enabhing
teaching of the invention. Those skilled in the relevant art will recognize that many
changes can be made to the aspects described, while still obtaining the beneficial results
of the present invention. It will also be apparent that some of the desired benefits of the
present invention can be obtained by selecting some of the features of the present
invention without utilizing other features. Accordingly, those who work in the art will
recognize that many modifications and adaptations to the present invention are possible
and can even be desirable in certain circurnstances and are a part of the present invention.
Thus, the following description 1s provided as illustrative of the principles of the present

invention and not in limitation thereof.

18624} As used heren, the singular forras "a,” "an” and "the" include phural

referents uniess the context clearly dictates otherwise. Thus, for example, reference to a

(%3 Wl . M - c: N 3 ' - M M Ly
plate” includes aspects having two or roore plates unless the countext clearly indicates

otherwise.

[B025] Ranges can be expressed herein as from "about” one particular value,
and/or to "about” another particular value. When such a range is expressed, another
aspect includes from the one particular value and/or to the other particular value,
Simtlarly, when values are expressed as approximations, by use of the antecedent
“about,” it will be understood that the particular value forms another aspect. it will be
further understood that the endpoints of cach of the ranges are significant both in relation

to the other endpoint, and 1ndependently of the other endpoint.
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8026 The term “substantially,” as used herein, may be applied to modify any
, ¥ ¥ )
quantitative representation which could permissibly vary without resulting in a change in

the basic function to which it 1s related.

8627} As used herein, the terms “optional” or “optionally” mean that the
subsequently described event or circumstance may or may not occur, and that the
description includes instances where said event or circurnstance occurs and instances

where it does not.

[B028] Terms used herein, such as “exemplary” or “exemplified,” are not meant to
show preference, but rather to explain that the aspect discussed thereafter is merely one

exarupie of the aspect presente

[6329] Presented herein is an apparatus and method relating to medical treatments
involving electrical stimmlation of neural tissue. Prior studies have shown that coating
metal electrodes with carbon nanotubes (CNT) dramatically increased the electrode
surface due to the large surface arca of the carbon nanotubes. This advance reduced the
tmpedance greatly. In fact, in one study, coating the metal clectrodes with CNT reduced
their impedance by 23 fold, reduced noise levels by 63%, and increased the charge
transfer limit by 45 fold. However, it was tound that both bare and surface modified
electrodes elictted host immune response upon iraplantation and, thus, fail over time due
to the formation of scar tissue around the exposed tip. As is known, scar tissue
substantially inhibits the ion distribution between the electrode and the surrounding
tissue, which eventually leads to significantly reduced clectrical contact with the
enclosing tissuc. Other issucs found in prior studies include delamination of surface
modification materials over time, severely reducing or eliminating the enhanced electrical

propertics.

18636} In one aspect, presented herein s a CNT based clectrode and method of
making the same. UNT sheets are known to be electrically conducting, transparent, and
offer substantial gravimetric strength. Pristine CNT sheets have been shown to foster

robust cell migration and neuronal growth, but becanse ONT sheets are inherently
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hydrophobic, they aggregate in aqueous cnvironments, minimizing their inherent

mechanical and structural advantages.

16031} In one cxempiified aspect, the UNT based electrode coraprises a

microelectrode comprising a substantially inert metal, a first CNT sheet and a second
{CNT sheet, wherein the first and second CNT sheets are embedded in a collagen film.
Collagen 15 biodegradable and substantially non-iromunogenic. As such, ONT sheets
erabedded ou collagen film are not aggregated and maiutain their aligned thread 1o an

aqueous environment.

6032} in another aspect, at least a portion of the exposed microclectrode is
sandwiched between a pair of CNT sheets embedded on collagen ik, creating a ONT
flag. The resuiting CNT based electrode 18 flexible with high conductivity, low
tmpedance, high teusile strength, and transparency, with biocompatible and adaptabic

electromechanical properties defined substantially by the size of the film.

16633 As mentioned herein, scar tissue substantially inhibits the ton distribution
between the electrode and the surrounding tissuc. As such, in one exemplified aspect,
after implantation, the CNT flag extends beyond the scar tissue area to reliably pick up
neuronal activities, as shown in Fig. 2A. It 1s known that the average scar tissue ared is
approximately 20-80um froro an implanted nucroclectrode. Hence, in avother aspect, the
CNT flag has a width or a length greater than 80um. In yet another aspect the ONT flag
has a width or a length 1 the range of 80-400um. In still another aspect, the CNT flag
has a width or a length approximately 200um. It is also contemplated that the CNT flag

has a width and a length of cqual size.

10034} In one exerplified aspect, the CNT based clectrode coraprises a plurality
of CNT based electrodes in an array. It is conternplated that this aspect can be
accomplished using the technigues taught herein, slong with modern photolithographic
manufacture methods. Photolithography fabrication of electrode arrays is known in the
art. The clectrode array can be exposed by photoctching both sides of the substrate. In
this aspect, the electrode array would be sandwiched by sheets of CNT embedded in

coliagen, for example.
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Experimental Data

[0035] One exemplified method for characterizing the clectrochenical
performance of an tmplantable microelectrode comprises voltammetry and
clectrochemical impedance spectroscopy. In onc aspect, as shown in Fig. 3, the tipof a
tungsten electrode was sandwiched between two CNT sheets that were embedded in
collagen. It 1s conteraplated that bonding of the ONT shecets to the microclectrode can be
accomplished using medical grade conductive glue, as shown in Fig. 3B, but this method
18 not limited by this bonding method. In the experiment, USP Class VI approved
conductive medical ghue was used.

{8036} Four samples were tested for impedance variations at a neuronal recording
frequency of 500Hz. Table 1, below, shows that the impedance of the tungsten

microelectrode is significantly lowered by the ONT flag.

Table 1
CNT-flag Pre CNT-flag (k After CNT-flag | Reduction
microglectrodeas ghm) {k ohm} factor
Sampie 1 1620 10 162 times
Sample 2 1450 20 73 times
Sample 3 1780 40 45 times
Sample 4 1720 50 34 times
188371 As can be seen, the impedance was reduced by a factor of between 34 and

162 times that of a sample without g CNT tlag.

[6G38] In another experiment, a prototype electrode was deployed to measure
spontaneous neuronal recordings frorn the surface of the rat brain. Single unit spikes were
weasured from the neuronal traces recorded by the ONT flag electrodes, as shown in Fig
4A. Conversely, the control with only collagen film attached microcicctrode did not show
any identifiable single unit spikes, as exerophified in Fig 4B. These results suggest the
potential of the ONT flag clectrodes for spike recording with the surface electrodes due to
their high sensitivity, which was not possibic with the cornmercially existing surface
electrodes. Moreover, the UNT flag electrodes, based on the low impedances observed,

could be translated to high signal to noise ratio for clectrical signal pick up.
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18039 As illustrated by Fig. 5, when the microelectrode with the ONT flag were
implanted into the rat, a lack of host response was observed for the ONT sheets as
compared to the response at the electrode tip. The tissue was harvested after 14 days and
further processed for testing immune response (macrophages} via immunofluorescence
techniques.

[6040] In one exaraple, A three second 5 volt monophasic pulse was passed
through the CNT flag-metal (i.c., tungsten clectrode) interface to bond the ONT flag to
the metal electrode and to coufitrn charge transter through the CNT flag to the metal
electrode (Figure 3B, electric resistance welding setup). Before bonding, resitivity values
fluctuated randoraly or were read as open circuit values. After bonding, the CNT flag-
metal electrode circuit had a resistances of 39.10 kohms + 9.99 kohms, which confirms a
strong bonding between CNT flag-metal clectrode.

10041} Although several aspects of the invention have been disclosed m the
foregoing specification, it is understood by those skilled in the art that many
modifications and other aspects of the wvention will come to wind to which the mvention
pertains, having the benefit of the teaching presented in the foregoing description and
associated drawings. It is thus understood that the invention is not Himited to the specific
aspects disclosed hereinabove, and that many modifications and other aspects are
intended to be meluded within the scope of the appended claims. Morcover, although
specific terms are employed herein, as well as in the claims that follow, they are used
only in a generic and descriptive sense, and not for the purposes of limiting the described

invention,
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{laims

What is claimed 1s:

1. A carbon nanotube based clectrode comprising:

a {irst carbon nanotube sheet and a second carbon nanotube sheet, wherein the
first and second carbon nanotube sheets are embedded in a collagen film;

a mcroelecirode coraprising a substantially mert metal partially sandwiched
between the first and second carbon nanotube sheets forming a carbon nanotube flag
having a width and a length, wherein at least one of the width and length greater than
KOum.

2. The carbon nanotube based clectrode of claim 1, wherein at least one of the width
and length are in the range of 80-400pm.

3. The carbon nanotube based clectrode of claim 1, wherein at least one of the width
and the length are approximately 200um.

4. The carbon nanotube based electrode of claim 1, wherein the width and the length
are equal,

5. The carbon nanotube based electrode of claim 1, wherein the carbon nanotube

bascd clectrode compriscs a plurality of carbon nanotube based clectrodes in an array.

6. The carbon nanotube based electrode of claim 3, wherein the array 1s formed
» Y

using photolithographic fabrication.

7. The carbon nanotibe based electrode of claim 5, wherein the array s formed by

photoctching both sides of the substrate.
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