a9y United States

US 20230137874A1

12y Patent Application Publication o) Pub. No.: US 2023/0137874 Al

Sridharan et al. 43) Pub. Date: May 4, 2023
(54) ULTRA-SOFT COATINGS FOR INTERFACES CO9D 7/61 (2006.01)
WITH BRAIN AND OTHER SOFT TISSUES HOIB 1/24 (2006.01)
(52) U.S. CL
(71) Applicant: Arizona Board of Regents on Behalf CPC ............ COIB 32/174 (2017.08); COSK 3/041

of Arizona State University,
Scottsdale, AZ (US)

(72) Inventors: Arati Sridharan, Chandler, AZ (US);
Jitendran Muthuswamy, Chandler, AZ
(US)

(21)  Appl. No.: 18/146,333

(22) Filed: Dec. 23, 2022

Related U.S. Application Data

(63) Continuation of application No. 16/322,759, filed on
Feb. 1, 2019, now Pat. No. 11,554,958, filed as

application No. PCT/US2017/045470 on Aug. 4,
2017.

(60) Provisional application No. 62/370,836, filed on Aug.
4, 2016.

Publication Classification

(51) Int. CL
CO1B 32/174
COSK 3/04

(2006.01)
(2006.01)

oty o e

Beyord POAS
reatertal propertiss 7%

Human Han 1 GRa

3 Aehilles Tendon 210 MPs

ooosororoonoroororliiE Sy 7e T, + ST !

Encapsulation Zone

fon Terdon 310 MBS

(2017.05); CO9D 7/61 (2018.01); HOIB 1/24
(2013.01); A61B 5/686 (2013.01)

(57) ABSTRACT

A soft conductive composition can include: a crosslinked
silicone composition; and single-walled or multi-walled
carbon nanotubes in the silicone composition. A neural
probe or other mmplant can include the soit conducive
composition on a least a portion of the implant body. A
method of making an implant can include: selecting PDMS
precursors; cross-linking the PDMS precursor to obtain an
elastic modulus of about 3-9 kPa or +/— 1%, 5%, 10%, 20%.,
or 50%; selecting the carbon nanotubes; mtroducing the
carbon nanotubes 1nto the crosslinked PDMS to form a soft
conductive composite composition; and coating the soft
conductive composite composition onto at least a portion of
an 1mplant. A method of measuring properties at a neural
interface can include: providing a neural probe having a soft
conductive composition; implanting the neural probe having
the soft conductive composition at a neural interface; and
measuring a property with the neural probe.
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ULTRA-SOFT COATINGS FOR INTERFACES
WITH BRAIN AND OTHER SOFT TISSUES

CROSS-REFERENC

L1

[0001] The present application 1s a continuation of U.S.
patent application Ser. No. 16/322,7359, filed Feb. 1, 2019

entitled “ULTRA-SOFT COATINGS FOR INTERFACES
WITH BRAIN AND OTHER SOFT TISSUES”, which 1s a
§ 371 nationalization of International Application No. PCT/
US2017/045470 filed Aug. 4, 2017, entitled “ULTRA-SOFT
COATINGS FOR INTERFACES WITH BRAIN AND
OTHER SOFT TISSUES”, which claims priority to and the
benefit of U.S. Provisional Application No. 62/370,836 filed
Aug. 4, 2016, entitled “ULTRA-SOFT COATINGS FOR
INTERFACES WITH BRAIN AND OTHER SOFT TIS-
SUES”, which applications are incorporated herein by spe-
cific reference 1n their entirety.

GOVERNMENT RIGHTS

[0002] This invention was made with government support
under F32 NS073422 awarded by The National Institutes of
Health. The government has certain rights 1n the mnvention.

BACKGROUND

[0003] Microfabricated neural implants and probes have
revolutionized neural interface technologies by miniaturiz-
ing form factor and by increasing precision and functional-
ity. However, a significant 1ssue 1s long-term signal reliabil-
ity wherein chronic recordings from neural probes tend to
tai1l within a few weeks to several months after implantation.
Dramatic changes in electrical characteristics of various
implanted microarrays (tungsten, platinum-iridium), such as
clectrode impedance with large fluctuations 1n signal-to-
noise ratios and recorded neural activity, have been shown
up to 21 weeks 1n rats. Key biological failure modes may be
attributed to loss of neurons near the electrode listening
sphere and foreign body related inflammation and glial
scarring.

[0004] Therefore, 1t would be advantageous to have
improved microfabricated neural implants that have long
term stability and consistent performance.

SUMMARY

[0005] In one embodiment, a soft conductive composite
composition can include: a crosslinked silicone composi-
tion; and single-walled or multi-walled carbon nanotubes in
the silicone composition.

[0006] In one embodiment, a soft conductive neural probe
can include: a neural probe; and a soft conductive compo-
sition coating at least a portion of an implantable end of the
neural probe, the soit conductive composition comprising a
cross-linked silicone composition containing a plurality of
single-walled or multi-walled carbon nanotubes.

[0007] In one embodiment, a method of making an
implant can include: selecting PDMS precursors; cross-
linking the PDMS precursor to obtain an elastic modulus of
about 3-9 kPa or +/- 1%, 5%, 10%, 20%, or 50%; seclecting
the carbon nanotubes; introducing the carbon nanotubes nto
the crosslinked PDMS to form a soit conductive composite
composition; and coating the soit conductive composite
composition onto at least a portion of an implant.

[0008] In one embodiment, a method of measuring prop-
erties at a neural interface can include: providing a neural
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probe having a soft conductive composition, the soft con-
ductive composition comprising a cross-linked silicone
composition containing a plurality of single-walled or multi-
walled carbon nanotubes; implanting the neural probe hav-
ing the soft conductive composition at a neural interface;
and measuring a property with the neural probe.

[0009] In one embodiment, an implant for a tissue can
include: an mmplant having a surface, and a crosslinked
s1licone composition on the surface and having a first elastic
modulus adapted to be implanted 1nto a tissue having the
first elastic modulus or +/- 1%, 5%, 10%, 20%. or 50%
thereof, wherein the degree first elastic modulus 1s deter-
mined by a ratio of crosslinker and base.

[0010] In one embodiment, a method of making a tissue
compatible implantable composition can include: selecting a
tissue to receive the implant; determining an elastic modulus
ol the tissue; selecting PDMS precursors; and cross-linking
the PDMS precursor to obtain the elastic modulus of the
tissue or +/— 1%, 5%, 10%, 20%, or 50% to obtain the tissue
compatible implantable composition.

[0011] The foregoing summary is illustrative only and 1s
not intended to be 1n any way limiting.,

[0012] In addition to the illustrative aspects, embodi-
ments, and features described above, further aspects,
embodiments, and features will become apparent by refer-
ence to the drawings and the following detailed description.

BRIEF DESCRIPTION OF THE FIGURES

[0013] The foregoing and following information as well as
other features of this disclosure will become more fully
apparent from the following description and appended
claims, taken in conjunction with the accompanying draw-
ings. Understanding that these drawings depict only several
embodiments in accordance with the disclosure and are,
therefore, not to be considered limiting of its scope, the
disclosure will be described with additional specificity and
detail through use of the accompanying drawings, 1n which:

[0014] FIG. 1 shows graphs of elastic moduli versus the
crosslinker to base ratio along with the elastic moduli of
various tissues so that the crosslinker to base ratio can be
selected to prepare a soit conductive material with the same
clastic modulus as a tissue that will receive the implant
having the crosslinked material.

[0015] FIG. 2 shows mmages of an electrode implant
having the soit conducive material described herein before
and after implantation.

[0016] FIG. 3 shows images of an electrode implant with
and without the soft conductive material described herein.

[0017] FIG. 4 shows an expanded graph of elastic moduli
versus the crosslinker to base ratio for a soft conductive
material.

[0018] FIG. 4A shows a graph of the elastic modulus for
a passivated soft conductive material at day 1 and 4 weeks.

[0019] FIG. 5A shows a graph of the force versus time for
rat cortical brain tissue.

[0020] FIG. 5B shows a graph of the force versus time for
the soit conductive material and agarose.

[0021] Figure SC shows a graph of the short-term relax-
ation time constant for the brain, the soft conductive mate-
rial, and agarose hydrogel.

[0022] Figure SD shows a graph of the force displacement
curves for force versus penetration depth for the soft con-
ductive material.
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[0023] Figure SE shows a graph of the force displacement
curves for force versus penetration depth for rat cortical
brain tissue.

[0024] FIG. 6A shows a graph of the absorbance versus
wavelength for the soft conductive composition (light line)
and conventional PDMS (dark line), and the insert shows the
water contact angle of the soit conductive composition.
[0025] FIG. 6B shows images of cortical neuron growth
on the softer conductive composite (left) and for a hard
composite).

[0026] FIG. 7 includes graphs that show the percent
change 1n impedance at 1 kHz for implantation time, and
noise level for diflerent implantation times for the soft
conductive implant (dark bars) compared to conventional
hard composite (light bars).

[0027] FIG. 8 shows the averaged complex impedance
spectra (z"/z') for soft-coated (left bars) and uncoated elec-
trodes (right bars).

[0028] FIGS. 9A and 9B show graphs for the uncoated
clectrodes (FIG. 9A) and electrodes coated with the soft
conductive material (FIG. 9B) for the signal to nose ratio
over time.

[0029] FIG. 10A shows a schematic representation of an
implant 100 having an implant substrate 102 and a soft
conductive material 104 encapsulating the implant 100.
[0030] FIG. 10B shows a schematic representation of an
implant 101 having an implant substrate 102 and a soft
conductive material 104 partially encapsulating the implant
100.

[0031] FIG. 10C shows a schematic representation of a
device 120 having a plurality of implantable substrates 122
and a soft conductive material 124 covering the implantable
portion of implantable substrates 122, and a non-implantable
portion 126 devoid of the soit conducive material.

DETAILED DESCRIPTION

[0032] In the following detailed description, reference is
made to the accompanying drawings, which form a part
hereof. In the drawings, similar symbols typically identify
similar components, unless context dictates otherwise. The
illustrative embodiments described in the detailed descrip-
tion, drawings, and claims are not meant to be limiting.
Other embodiments may be utilized, and other changes may
be made, without departing from the spirit or scope of the
subject matter presented herein. It will be readily understood
that the aspects of the present disclosure, as generally
described herein, and illustrated in the figures, can be
arranged, substituted, combined, separated, and designed 1n
a wide variety of different configurations, all of which are
explicitly contemplated herein.

[0033] Generally, the present technology includes bio-
compatible materials that provide a soft interface material
that can be implanted as an implant or coated onto a harder
material for an implant. The interface material can include
viscoelastic properties that match that of an organ or tissue,
such as brain tissue. The biocompatible material can include
conductive elements, such as particles or other structures
(e.g., carbon nanotubes) that can function at neural inter-
taces, and improve the long-term, electrical performance of
an electrode implant at the neural mtertace.

[0034] In one embodiment, the material has an elastic
modulus that 1s brain-like, there by the material provides a
soit elastomeric interface with an elastic modulus of ~5-8
kPa and has a time-constant of relaxation after a step-
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indentation that i1s closely matched with the visco-elastic
properties of the brain. This allows the material to be used
at an interface of a tissue and an implant. The elastomeric
material with brain-like mechanical properties can be pre-
pared as composites of

[0035] PDMS denvatives having conductive elements,
such as single-wall carbon nanotubes (SWNTs) and multi-
walled nanotubes (MWN's) or any carbon nanotubes. The
clectrical performance of implants coated with the conduc-
tive elastomeric matenial shows good electro-chemical
impedance spectra.

[0036] Mechanically-matched biocompatible coatings can
improve long-term biocompatibility on biomedical
implants. Currently, biomedical implants are made of mate-
rials with high elastic moduli in contrast to the elastic
module of biological tissue and organs. The mechanical
mismatch between biomaterial and 1implant often leads to
long-term failure as well characterized in bone/hip implants/
orthopedic applications.

[0037] In one embodiment, probes can be implanted. As
such, interfaces of probes and tissue can be prepared so that
mechanically the probe has an elastic modulus that matches
the tissue. It has been found that correcting mechanical
matching can be useful for implants that are implanted into
soit tissues, such as the brain. The mechanical matching can
be useful for numerous implants for diflerent visceral organs
and ultra-soft biological systems by matching the elastic
moduli of organs to a tunable, silicone material. Silicone
based matenals better emulate the mechanical properties of
biological systems by their viscoelastic and general elastic
moduli parameters.

[0038] Now, implants can include a correct mechanical
match between cortical implants and the brain via a silicone
based material. Materials between 10° Pa to 10° Pa can
include polyacrylamine, dextran, gelatin, agarose,
hyaluronic acid, or others. Materials between 10° Pa to 10°
Pa can include polyethylene glycol (PEG), crosslinked gela-
tin, methylcellulose, or others. Materials between 10° Pa to
10” Pa can include Teflon (e.g., tetrafluoroethylene, PTFE),
polyamidoamine (PAMAM) dendrimer, polyvinylacetate,
polyvinylacetate/cellulose, rubbers, polydimethylsiloxane
(PDMS), or others. Materials between 10” Pato 10'° Pa can
include parylene-C, polymethylmethacrylate (PMMA),
polyvinylfluoride films, polyimide, polystyrene, polyethyl-
ene terephthalate (PET), or others. Materials between 10'°
Pa to 10'* Pa can include carbon nanotubes, tungsten,
stainless steel, polysilicon, or others. It should be noted that
a single neuron is between about 10" Pa to 10” Pa, which can
allow for selection of a proper material. It should be noted
that a single astrocyte is between about 10 Pa to 10° Pa,
which can allow for selection of a proper material. It should
be noted that brain tissue is between about 10° Pa to 10” Pa,
which can allow for selection of a proper material. It should
be noted that a blood vessel is between about 10° Pa to 10°
Pa, which can allow for selection of a proper material. It
should be noted that dura mater 1s between about 10' Pa to
10® Pa, which can allow for selection of a proper material.
It should be noted that bone is between about 10” Pa to 10'°
Pa, which can allow for selection of a proper material. It
should be noted that tissue scaflolds are between about 10°
Pa to 10’ Pa, which can allow for selection of a proper
maternial. It should be noted that insulation material can be
between about 10° Pa to 10’ Pa, which can allow for
selection of a proper material. It should be noted that
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electrodes are between about 10'° Pa to 10'° Pa, which can
allow for selection of a proper material. Accordingly, the
location of the implant and biomaterial that will be associ-
ated with the implant can be used to determine the material
that 1s used as an outside maternial of an 1mplant.

[0039] Additionally, FIG. 1 provides graphs of the elastic

moduli1 (kPa) versus the crosslinker:base ratio to make
suitable materials for specific biological materials, which are
identified and correlated with the graphs. The graphs can be
used to determine the material and the crosslinker:base ratio
to make a material compatible for a particular tissue. Par-
ticularly, the mvention can use the versatile and tunable
capabilities of the polydimethyl siloxane (PDMS) in accor-
dance with FIG. 1. Please note that PDMS as a USP Class
VI material. PDMS may be fabricated using alternate chemi-
cal precursors including Sylgard 184 (as used here for
testing the concept). Other USP Class VI based precursor
matenals include Dow Corning MDX4-4210, which has
been classified as a medical grade material for PDMS and 1s
similar 1 surface chemistry to Sylard 184. Using Sylgard
184, the base (e.g., PDMS precursor) to crosslinker ratio was
varied to generate diflerent elastic moduli. The values for
clastic modul1 were measured using an indentation method
using a stainless-steel, spherical indentor (e.g., 4 mm) diam-
cter. Using Hertzian model, the elastic moduli were esti-
mated using the following standard equation (Equation 1)
for spherical indentors.

F=(4/3) (E/1-v?) (WR)(8®?) Equation 1

[0040] In Equation 1, F 1s the measured force, E 1s the
elastic modulus, v 1s the Poisson’s ratio assumed to be 0.5
for silicone based elastomeric materials, R 1s the radius of
the indentor, and 0 represents the indentation depth.

[0041] The spherical indentor was used to indent 200 p.m
into the silicone gel. As seen 1 FIG. 1, the change 1n
crosslinker:base ratio modulates the elastic moduli 1n a
non-linear manner (upper right on diagram). The majority of
the mechanical properties of soft organs and tissues {fall
within 0-200 kPa range for elastic moduli. The PDMS
material can be tuned to match the elastic modul1 of these
visceral organs using the presented calibration curve 1n this
fairly linear region.

[0042] PDMS by 1tsell has strong protein adhesion char-
acteristics, which may be favorable 1in some instances. In
other instances, the surface of the soft conductive compo-
sition can be modified to have less adhesion with proteins,
such as by passivation or making 1t hydrophilic or coating
with a hydrophilic coating (e.g., PEG). The PDMS surface
chemaistry 1s highly conducive to strategies that may prevent
protein adsorption, such as prevention of hydrophobic
recovery using presoaking conditions (e.g., presoaking in
aCSF for 24 hours) and other surface chemical modifica-
tions.

[0043] Surface chemical modification strategies we have
proposed include; hydrosilanization treatment of PDMS
surfaces with DC1107 (Dow Corming) and 2% tritlic acid 1n
methanol for S1i—H surface functionalization and subse-
quent hydrosilylation reaction by retluxing the substrate 1n a
solution with equal parts of diethylene glycol dimethylether
and poly (ethylene glycol) monoallylether (allyl-PEO—OH)
with Karstedt’s Pt catalyst for 2 hours. The PEO/PEG

groups will prevent non-specific protein adhesion. PEO/
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PEG linkages for increased hydrophilicity. Functionaliza-
tion for specific applications (e.g., with selective peptides) 1s
also a possibility.

[0044] A method for preparing a conductive silicone com-
posite for any degree of elastic modulus (e.g., softness) can
be used for preparing the implants of the invention that are
matched with a specific organ or tissue for matching
mechanical properties. In step 1, the silicone precursor base,
crosslinker, and conductive implant material (e.g., function-
alized carbon nanotubes) are provided. In step 2, the silicone
precursor base 1s reacted with the crosslinker (e.g., vinyl
crosslinker) in a manner where the ratio of crosslinker : base
1s determined from data, such as FIG. 2 in order obtain the
desired elastic modulus for the silicone composite, where
the silicone precursor base and crosslinker are pre-mixed
(e.g., about 5 minutes). In step 3, the silicone precursor base
and crosslinker mixture are combined with the conductive
implant material and mixed vigorously for about 5 minutes
to about 15 minutes by standard mixing (e.g., any type of
mixing) or gentle sonication. In step 3, the conductivity of
the resulting implant can be controlled by controlling the
amount of conductive implant material (e.g., controlling
amount of functionalized carbon nanotubes). The conduc-
tive implant material (e.g., carbon nanotube-COOH) can be
suspended 1n a solvent, such as toluene, TMF, or DMSQO, to
disperse bundles for higher conductivity prior to mixing
with the silicone precursor base and crosslinker. For about 1
mg conductive implant material per 500 mg (base), about
30-40 kohms*cm resistivity can be about 0.2% w/w, which
can be modulated to obtain the desired modulus and con-
ductivity, such as up to 5% w/w without significant change
of the elastic modulus. In step 4, the mixture 1s no longer
mixed and allowed to rest for about 15 minutes to 2 hours
at room temperature in a vacuum chamber, which can
remove bubbles and allow for better equal dispersion of the
carbon nanotubes and/or crosslinker into the elastomer
matrix. In step 35, the mixture 1s then heated to 60-80 degrees
C. for up to 18 hours or more. In one aspect, step 5 can use
thermal induction of polymerization. At room temperature 1t
can take about 60 hours to achieve the same modulus. At a
higher temperature of about 120 degrees C. 1t can be about
1 hour for 1-3 g small batches. Also, UV/photocurable
crosslinkers can be used with the carbon nanotubes incor-
porated 1n the matrix. In step 6, the crosslinked polymer 1s
placed into a solution with similar osmolarity plus salt
balance compared to an organ of interest (e.g., brain artificial
cerebrospinal fluid) for at least 12 hours, or at least 24 hours,
or where this solution 1s used for storage of the crosslinked
polymer. Optionally, a step to passivate the surface of the
crosslinked polymer can be performed to render 1t hydro-
philic (without using 02 plasma). Chemical addition of PEG
or other hydrophilic polymer can be optional. Also, option-
ally, the surface of the polymer can be made conductive to
clectron transport under aqueous conditions. Another option
1s to remove unreacted vinyl or other unreacted reagents.

[0045] FIG. 2 shows results of an experiment using the
soit conductive composition on electrodes, with pictures
showing before implantation and after 7 weeks of implan-
tation 1 vivo. This shows that the soft conductive brain-
matched silicone composite after 7 weeks of implantation
shows negligible tissue adhesion or growth, 1n addition to
maintaining mechanical integrity. Arrows show the tissue
adhesion 1n uncoated areas.
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[0046] It has been found that the soft conductive compo-
sition can also be used for interfaces between implants and
other tissues. That 1s, the implant includes the soft conduc-
tive composition on a surface that interfaces with a tissue. As
such, the tissue can be selected, and the elastic modulus of
the tissue can be 1dentified. The soft conductive composition
can then be prepared with selective crosslinking to obtain
about the elastic modulus of the tissue. The selective cross-
linking can be obtained by using the graph that shows the
obtained elastic modulus for the ratio of crosslinker to base
(e.g., PDMS precursor or reagent). The carbon nanotubes
can then be added, such as the amounts described herein,
when for use 1n conductivity or on a conductive interface.
The carbon nanotubes can be minimal when not used as a
conductive interface. The soft conductive composition can
then be coated on a medical device (e.g., implantable
medical device) or other implant. The coating can be onto a
polymeric, ceramic, or metal surface. The soft conductive

composition can then be processed, such as passivation or
otherwise making hydrophilic), before implantation.

[0047] Potential applications of the soft conductive com-
position include any of the following, with the elastic
modulus being matched to the tissue into or onto which the
implant 1s implanted: artificial tissue implants as coating or
matrix; implantable microfluidics as coating on microfluid-
ics; 1nert coatings for implantable micro-devices such as
glucose sensors, insulin pumps, etc.; ‘smart’ iterfaces (e.g.,
coatings) for implantable bioelectronics (1.e. PCBs, micro-
chips) using

[0048] PDMS/Nanotube iterface; coatings or matrix for
artificial organs (e.g., via 3D Bioprinting); encapsulation of
small populations of genetically modified cell/tissues; or
coating of catheters or other similar device.

[0049] As recited herein, the elastic modulus can be
modulated by modulating the degree of crosslinking. As
such, modulating the degree of crosslinking can be per-
formed by modulating the ratio of crosslinker to base ratio.
Here, the crosslinker 1s the chemaical that causes crosslinking
to occur, such as crosslinking the molecules of the base.
Here, the base 1s the chemical that 1s being crosslinked, such
as the reagent that 1s crosslinked 1into PDMS. Table 1 shows
the changes of elastic modulus by modulating the cross-
linker to base ratio.

TABLE 1

Effect of crosslinker to base ratios of PDMS/functionalized
carbon nanotube composite on elastic modulus

Crosslinker to Base Ratio Elastic Modulus (kPa)

0.1 (1:10) R46
0.05 (1:20) 40
0.025 (1:40) 16.3
0.020 (1:50) 17.9

0.0125 (1:80) 0.756

[0050] The reported elastic modulus for PDMS/carbon

nanotube composite 1s lower than that for PDMS alone. For
instance, an example composite 1s approximately 3 times
softer compared to elastic modulus values (2.6 MPa) for
1:10 ratio for PDMS (Sylgard 184). In fact, the example
having 1:10 crosslinker : base composite 1s much closer to
the literature equivalent PDMS values of 1:23.
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[0051] It 15 surprising and unexpected that the incorpora-
tion of the tunctionalized carbon nanotube into the elastomer

[

matrix contributed to this effect.

[0052] Literature reports of composites with carbon nano-
tube fillers n PDMS show increasing trends in elastic
modulus and impose increasing material strength compared
to polymer alone (i.e. >200% increase 1n elastic modulus for
2% carbon nanotube weight). Therefore, the inventive soft
interfaces described herein have counterintuitive trends 1n
clastic material properties with incorporation of functional-
1zed carbon nanotubes.

[0053] Comparing morphology with a 0.5% carbon nano-
tube filler, nanotube bundles are far apart but still visible.
The present inventive composite material shows smooth
morphology (see FIG. 3) with no protruding carbon nano-
tubes at 0.25% suggesting incorporation of the carbon
nanotube into the elastomer network chemical structure.
FIG. 3 shows FESEM 1mages of brain-matched silicone/
CNT composite on a silicon wafer at: 4.5K magnification,
and 110K magnification showing a smooth surface with no
protrusions or obvious texture. The bottom leit image shows
an uncoated stainless-steel (ss) probe and the bottom right
image shows a composite coated stainless-steel (ss) probe.
The coating removes apparent textures on the contacting
surface to provide a smooth surface, which 1s compatible
with tissues and favorable for an implant.

[0054] For the experiments involving brain-matched coat-
ings described herein, the experiments use a 0.0133 (1:75)
crosslinker to base ratio with 0.2%-0.5% carbon nanotubes
to achieve required impedance (~1 MOhm) for recording
neural activity from single neurons. Using a regression-
derived equation, a 5 kPa elastic modulus would therefore
require a composition of 0.013 (1:77) crosslinker to base
ratio (FIG. 4). FIG. 4 shows the crosslinker to base ratio

modulation curve for PDMS/Nanotube composite.

[0055] In one embodiment, the crosslinker, silicone pre-
cursor base, and conductive carbon nanotubes can be pre-
pared 1nto a soft conductive composite composition. Such a
soit conductive composite composition can include a cross-
linked silicone composition, and single-walled or multi-
walled carbon nanotubes 1n the silicone composition. In one
aspect, the soft conductive composite can have an elastic
modulus of about 4 kPa, 3 to 8 kPa, or 2 to 9 kPa, or +/—- 1%,
3%, 10%, 20%, or 50%. In one aspect, the soit conductive
composite has an elastic modulus of about 5-8 kPa or +/—
1%, 3%, 10%, 20%, or 50%. In one aspect, the solt con-
ductive composition has an elastic modulus matched with
brain tissue or other soft tissue of interest. In one aspect, the
soit conductive composition 1s crosslinked with a vinyl
crosslinker. In one aspect, the soft conductive composition
includes Sylgard 184. In one aspect, the soit conductive
composition 1includes the carbon nanotubes at less than 5%
w/v. In one aspect, the soft conductive composition includes
the carbon nanotubes at a range of about 0.2% to 1% w/v. In
one aspect, crosslinking of the soft conductive composition
1s defined by the ratio of the crosslinker and base. In one
aspect, the elastic modulus 1s v and the ratio of the cross-
linker to base 1s X, and wherein y=9.81E6 *x-1.22E35 (£20%
variation).

[0056] In one aspect, the soft conductive composition 1s
configured for electrical conductance by varying the amount
ol carbon nanotubes, with more (e.g., higher concentration)
being more conductive and less (e.g., lower concentration)
being less conductive. In one aspect, the soft conductive
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composition can be configured as an implant, such as for
brain interface implantation, by having a matching elastic
modulus. The soit conductive composition can be applied to
an 1mplantable medical device. The soft conductive com-
position can be configured to stabilize electro-chemical
impedance and to stabilize neural recordings.

[0057] In one embodiment, the soft conductive composi-
tion can be applied to an implant, and may be an outer
coating ol a portion of the entirety of the implant. An
example can include a neural probe coated with the soft
conductive composition. The soft conductive composition 1s
configured to be stable when implanted 1n order to maintain
stable mechanical properties for at least 4 weeks, such as
when on an implant. In one aspect, the soit conductive
composition at least partially coats a conventional metal
implant or doped semiconductor implant.

[0058] In one embodiment, the soft conductive composi-
tion includes a biological active agent, such as a drug. The
drug can be therapeutic for a disease or to inhibit a biological
process such as inflammation that can occur around an
implant. In one example, the soit conductive composition
can include an anti-inflammatory contained therein.

[0059] In one embodiment, the soft conductive composi-
tion has a biocompatible coating thereon. Often, the coating
1s softer than the soft conductive composition, and can be
any biocompatible composition, such as a biocompatible
polymer.

[0060] In one aspect, the soft conductive composition 1s a
s1licone composition, such as a PDMS silicone. The silicone
composition can be a denivative of PDMS silicone. The
silicone composition can be crosslinked. For example, the
s1licone composition 1s crosslinked by selecting an amount
of crosslinking to arrive at the desired elastic modul.
[0061] In one embodiment, the conductive material 1n the
solt conductive composition 1s a carbon nanotube, which
can be present at less than 5% or less than 1% w/v. The
carbon nanotubes can include carboxylic acid functional
groups. The carbon nanotubes can be mncluded 1n 5 nmx300
nm bundles or individual nanotubes.

[0062] In one embodiment, an 1mplant can include an
insulation material (e.g., insulating rubber or polymer)
between the harder implant body and soft conductive com-
position. On the other hand, the composition can be devoid
of msulation between the implant and soft conductive com-
position. In one aspect, the implant 1s devoid of an insulation
material between the mmplant body and soit conductive
composition.

[0063] In one embodiment, the hard implant body can be
a metal implant, such as a matenal that includes a metal
selected from the group consisting of stainless steel, plati-
num, platinum-indium, silver/silver-chloride, gold, and
tungsten

[0064] In one aspect, the soft conductive composition
includes a relaxation time constant to match the relaxation
time constant of brain or other soft tissue of interest.

[0065] In one embodiment, an implant can include a
substrate with soit conductive composition thereof, whether
partially or completely encapsulating the substrate or coated
on an implantable portion, where a non-implantable portion
may be devoid of the soft conductive composition. In one
aspect, the substrate may be a neural probe. In one aspect,
the implant may include: a neural probe; a soft conductive
composition coating an implantable end of the neural probe,
the soft conductive composition comprising a cross-linked
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silicone composition contaiming a plurality of single-walled
or multi-walled carbon nanotubes. However, the substrate
may be a sensor or sensor portion that 1s implanted or at least
introduced 1nto a biological fluid and/or mtroduced to con-
tact soft tissue 1n a subject. The soft conductive composition
may include any of the properties described herein, such as
elastic modulus, electrical conductance, or the like. In one
aspect, the substrate 1s configured as an implant, such as for
brain interface implantation. In one aspect, the soft conduc-
tive composition has a desired degree of crosslinking that 1s
obtained by a selected ratio of crosslinker to base.

[0066] In one aspect, the substrate 1s a neural probe or
other sensor with electrical conductance. The soft conduc-
tive material can be configured to stabilize electro-chemical
impedance over implant durations lasting more than 1 year.
In one aspect, the sensor can be a neural probe and the soft
conductive material 1s configured to stabilize neural record-
ings from the neural probe. In one aspect, an clongate
portion of the neural probe or other sensor or implant can be
coated with the soit conductive composition. In one aspect,
the soft conductive composition at least partially coats a
conventional metal 1mplant or doped semiconductor
implant.

[0067] In one embodiment, a method of making an
implant or an 1mplantable portion of a medical device, or
other device 1s provided. In one example, the implant can
include a neural probe. Such a method of making can
include: selecting one or more PDMS precursors; cross-
linking the PDMS precursor to obtain an elastic modulus of
about 3-9 kPa or +/—- 1%, 5%, 10%, 20%, or 50%; selecting
the conductive elements to be carbon nanotubes or other
conductive elements; mtroducing the carbon nanotubes or
other conductive elements into the crosslinked PDMS to
form a soft conductive composite composition; and coating
the soft conductive composite composition onto a neural
probe. In one aspect, wherein the implant portion having the
solt conductive composition includes metal implants or
doped semiconductor implants.

[0068] In one aspect, the method can include degassing/
de-bubbling the soft conductive composite composition. In
one aspect, the method can include dry incubating the neural
probes coated with the soit conductive composite composi-
tion. In one aspect, the dry incubating 1s at less than 5%

humidity. In one aspect, the dry incubating 1s at a tempera-
ture of about 60 degrees C., or +/— 1%, 3%, 10%, 20%, or

>0%.

[0069] In one embodiment, the method can 1include curing
the soit conductive composite composition onto the neural
probe.

[0070] In one embodiment, the method can include testing
the soft conductive composition assessing whether or not the
soit conductive composite composition has a strong hyster-
€s1S.

[0071] Inone embodiment, the method can include rinsing
the implant (e.g., neural probe) having the soft conductive
composition with deionized water.

[0072] In one embodiment, the method can include pas-
sivating the surface of the soft conductive composition. In
one aspect, the method can include passivating the neural
probe having the soit conductive composition with aCSF
(7.4 g sodium chloride, 2.1 g sodium bicarbonate, 0.17 g
sodium phosphate monobasic, 0.19 g magnesium chlorde,
4.5 g glucose 1n filtered, 1 liter of deionized water). In one
aspect, the method can include 1incubating the soit conduc-
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tive composition 1 a fluid having similar osmolarity as
brain. In one aspect, the method can include passivating the
surface of the soft conductive composition for 24 hours.

[0073] In one embodiment, the method can 1nclude
mechanically characterizing the neural probe having the soft
conductive composition to have an elastic modulus of about
3-9 kPa or +/- 1%, 3%, 10%, 20%, or 50%. In one aspect,
the method can include assessing stability by incubating the
neural probe having the soft conductive composition in
aCSF (7.4 g sodium chloride, 2.1 g sodium bicarbonate, 0.17
g sodium phosphate monobasic, 0.19 g magnesium chloride,
4.5 g glucose 1n filtered, deionized water) for at least 1 week.
[0074] In one embodiment, the method can include con-
trolling the degree of cross-linking the PDMS precursor to
obtain the elastic modulus. In one aspect, the method can
include using the tuning curve for elasticity versus ratio of
crosslinker to base 1n order to tune the elastic moduli to
match the elastic moduli of the cortical brain, and with an
clastic modulus of approximately 53 kPa with shear modu-

lus of 1.2-1.4 kPa.

[0075] In one embodiment, the method can include:
obtaining a crosslinker to base curve for the crosslinker and
base PDMS precursor; determining a desired elastic modu-
lus; determining an amount of crosslinker for an amount of
base PDMS precursor; and crosslinking the base PDMS with
the amount of crosslinker according to the curve to obtain
the desired elastic modulus for the soft conductive compo-
s1t10m.

[0076] In one embodiment, the method can include mak-
ing the surface of the soit conductive composition hydro-
philic. In one aspect, the method can include coating the
surface of the soft conductive composition with a hydro-
philic coating.

[0077] In one aspect, the method can include removing
unreacted crosslinker from the soft conductive composition.

[0078] In one embodiment, a method of measuring prop-
erties at a neural interface can include: providing a neural
probe having the soit conductive composition; implanting,
the neural probe having the soft conductive composition at
a neural interface; and measuring a property with the neural
probe. In one aspect, the method can include measuring
stability of electro-chemical impedance. In one aspect, the
method can include performing neural recordings. In one
aspect, the method can include 1ncising dura for implanta-
tion of the neural probe. In one aspect, the method can
include placing gelifoam over the neural probe after implan-
tation. In one aspect, the method can include implanting into
a neural interface of the brain. In one aspect, the method can
include securing the neural probe onto the skull. In one
aspect, the method can include securing the neural probe
onto the skull with dental cement (PMMA). In one aspect,
the method can include performing electrochemical imped-
ance spectroscopy with the neural probe. In one aspect, the
method can include performing neural recordings with the
neural probe.

[0079] In one embodiment, an implant for a tissue can
include: an mmplant having a surface, and a crosslinked
s1licone composition on the surface and having a first elastic
modulus adapted to be implanted 1nto a tissue having the
first elastic modulus or +/- 1%, 5%, 10%, 20%. or 50%
thereol, wherein the degree first elastic modulus 1s deter-
mined by a ratio of crosslinker and base (e.g., silicone
reagent). In one aspect, the surface 1s polymeric, ceramic, or
metal.

May 4, 2023

[0080] In one embodiment, a method of making a tissue
compatible implantable composition can include: selecting a
tissue to recerve the implant; determining an elastic modulus
of the tissue; selecting PDMS precursors; and cross-linking
the PDMS precursor to obtain the elastic modulus of the
tissue or +/— 1%, 5%, 10%, 20%, or 50% to obtain the tissue
compatible implantable composition. In one aspect, the
method can include determining a ratio of crosslinker and
PDMS precursor to obtain crosslinking that results in the
clastic modulus. In one aspect, the method can include
selecting the carbon nanotubes, and introducing the carbon
nanotubes 1nto the crosslinked PDMS to form a soft con-
ductive composite composition. In one aspect, coating the
tissue compatible implantable composition onto an 1implant-
able medical device.

[0081] FIG. 10A shows a schematic representation of an
implant 100 having an implant substrate 102 and a soft
conductive material 104 encapsulating the implant 100.

[0082] FIG. 10B shows a schematic representation of an
implant 101 having an implant substrate 102 and a soft
conductive material 104 partially encapsulating the implant

101.

[0083] FIG. 10C shows a schematic representation of a
device 120 having a plurality of implantable substrates 122
and a soft conductive material 124 covering the implantable
portion of implantable substrates 122, and a non-implantable
portion 126 devoid of the soft conducive material.

[0084] The soft materials can improve the biocompatibil-
ity of neural interface devices by reducing glial scarring and
associated immune reactions. In addition, the soft material
can reduce intertacial, mechanical strain at implant sites.
The soft interfacial material can be configured to be brain-
like 1n 1ts mechanical properties and assess the stability of
clectro-chemical impedance at the interface. Suitable exem-
plary implants can include neural probes coated with the soft
material. A soft and conductive composite (~5 kPa elastic
modulus) can include silicone derivatives and single-walled
or multi-walled carbon nanotubes for conductivity. Tungsten
microelectrodes can be coated with the soit silicone com-
posite. Also, Pt/Ir microelectrodes can be coated with soft
silicone composite were implanted 1n 6 animals for dura-
tions ranging from 35 weeks to over 1 year. Electrochemical
impedance spectroscopy was used to assess the quality of
the brain-tissue-electrode interface under chronic condi-
tions. Neural recordings were assessed for unit activity,
signal-to-noise ratio (SNR), and noise levels for over 1 year
ol implantation 1n rodents.

[0085] In vitro studies provided herein showed that the
soft, silicone materials maintained stable elastic modulus
and mechanical properties over 4 weeks. Primary neurons
cultured on the soit material showed increased viability and
branching. Electrodes with soft conductive silicone coatings
showed relatively stable electrical impedance characteristics
and noise levels over durations ranging from 5 weeks to over
1 year compared to the uncoated control electrodes.

[0086] The silicone based materials incorporated with
CNTs can be tuned to an elastic modulus of ~5 kPa, similar
to rat cortical brain, by varying the levels of cross-linking
(FI1G. 1). Under small strains, both the brain tissue (FI1G. 5A)
and the silicone/CNT composite (FIG. 5B) reported here
resemble a Maxwell type model with time constants for
stress relaxation that correspond to a fast phase followed by
a slow phase. In this current study, viscoelastic relaxation
properties of brain tissue were matched by tuning the fast
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relaxation phase of the soft, silicone composite to match that
of brain tissue. A step indentation methodology was utilized
to measure and match the viscoelastic properties of in vivo
cortical tissue and silicone/composite materials (see meth-

ods).

[0087] As shown in FIG. 5C, the median time constant for
the fast relaxation phase of the brain tissue (13.3 sec) closely
matched the soft silicone composite (17.2 sec). Both of the
above time-constants were significantly larger than the
median time constant of 0.5% agarose gel (5.99 sec) that 1s
commonly used as a model of brain tissue. Longer relaxation
time constants 1imply lower strains and strain rates, poten-
tially leading to reduced micromotion induced long-term
injury.

[0088] Accordingly, the soft, brain-like silicone/CNT
based composites descried herein are excellent candidates
for mimicking the viscoelastic properties of cortical brain
tissue.

[0089] Force-displacement curves for in vivo rat cortical
brain data (FIG. 5A) and soft, brain-like composites (FIG.
5B) and 0.5% agarose hydrogel using a stainless-steel coni-
cal probe with 5° taper at 10 um/sec penetration speed are
shown. Arrows indicate the instant when electrode move-
ment was stopped after reaching a depth of 1 mm, beyond
which the forces relax due to viscoelastic relaxation of
maternal against the electrode. FIG. 5C shows the viscoelas-
tic material properties characterized by a second order prony
series model were used to determine the relaxation proper-
ties of rat cortical brain, soft, brain-like composites and
0.5% agarose hydrogel (commonly used brain phantom).
Tukey box-plots of short-term relaxation time constants
show the median short-term relaxation time constants for
brain tissue (13.3 sec), for soft brain-like composite (17.2
sec) and for 0.5% agarose hydrogel (5.99 sec). The short-
term relaxation time-constants of cortical brain and soft
silicone composite were not significantly diflerent. Com-
parison ol force-displacement curves during the nitial pen-
ctration of 200 um between soft brain-like composites 1n
FIG. 5D and rat cortical brain tissue 1 FIG. SE. Force-
displacement curves were generated using a stainless-steel
conical probe driven at 10 um/sec using an FHC Microdrive

(Bowdoin, Me.).

[0090] In one embodiment, the soit, silicone composites
can have stable surface passivation and suitable mechanical
properties for implantation. These soit interfaces maintain
their surface passivation properties over 8 weeks 1 aCSF
(FIG. 6A). It should be noted that the elastic modulus of the
soit silicone composite was not significantly different after
4 weeks 1 aCSF, suggesting stability 1 their mechanical
properties under simulated body-conditions (FIG. 4A). In
addition, soit, brain-like silicone/CNT composites are con-
ducive to growth of cortical neurons with increased viability
and neurite differentiation exhibited by increased branching
complexity (FIG. 6B). In FIG. 6A, the FTIR-ATR finger-
print regions of the brain-like conductive composite, where
the lighter lines indicate the brain-like conductive composite
and the darker lines represent the spectra for conventional
PDMS substrates. Arrows indicate wavelength regions that
typically characterize the soit, brain-like composite material
and conventional PDMS. Inset shows water contact angle
analysis of the soft, brain-like composites. Prior to surface
passivation treatments, the contact angle 1s high (FIG. 6 A,
top left) compared to the contact angle after passivation (top
middle). The surface properties remain similar after 8 weeks
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of immersion i aCSF under simulated body-like conditions
(top right). FIG. 6B shows the comparison of cortical neuron
growth on soit versus ‘hard’ composite substrates, where
dissociated rat cortical neurons (El 8) were seeded and
grown for 7 days on soft (5 kPa) and ‘hard” (176 kPa)
substrates. The cell viability on sofit substrates (left) were
significantly higher compared to “hard’ composite substrates
(right), where soft substrates had approximately 154+37
cells/mm* and ‘hard’ substrates had approximately 76+36
cells/mm~. Bar indicates 50 um.

[0091] The relatively stable, electrical interface 1s also
seen with mimimal changes in the complex impedance
spectra for coated tungsten electrodes after 5-7 weeks of
implantation. In comparison, 4 of 6 uncoated tungsten
clectrodes become resistive after 5-7 weeks of implantation.

[0092] The soit brain-like coating increases the impedance
at 1 kHz to ~5x106 O, which 1s still within the acceptable
range for recording electrodes. For soft-coated, platinum-
iridium electrodes, the impedance at 1 kHz increases to
~3.8x106 0. The dip-coated thickness of the soit coating at
the interface ranges from 50-150 um, but the thickness can
be smaller or larger.

[0093] It was found a soit interface whose viscoelastic
properties are matched with that of surrounding brain tissue
results 1n stable electrical impedance at 1 kHz over 5-7
weeks. In addition, 3 of 4 coated tungsten electrodes main-
tained low impedances over 6 months of implantation and 2
ol 4 coated tungsten electrodes maintained low impedances
over 432 days of implantation, with only modest increases
in electrical impedance 1n the remaining 2 of 4 after 432
days. In addition, soft-coated platinum-iridium electrodes
maintained low impedances 1n 12 of 16 electrodes over 5
months of implantation. The soft, brain-like coating there-
fore stabilizes electrical impedance at 1 kHz at the neural
interface 1 vivo. Additionally, FESEM based imaging of
solt-coated electrodes post >1 year of implantation showed
no discernable pitting or corrosion in the underlying tung-
sten. No visible loss or degradation of the soit coating was
observed 1n long-term studies. Data showed that the
implants remained relatively stable over 1 vyear {for
implanted electrodes.

[0094] The relative stability in electrochemical impedance
1s also reflected in the relative stability of noise levels or
floors for over 6 months 1n soft coated electrodes. In the
soft-coated platinum-iridium array, 10 of 16 showed rela-
tively stable noise floors (<15% change over 5 months). 2 of
16 electrodes showed increased impedances (>+150%) after
2 weeks, while 2 other electrodes showed +335 and +450%
increase after 5 months. In all 4 cases where an increase 1n
clectrical impedance at 1 kHz was observed, 1t was accom-
panied by an increase of >50% 1n relative noise tloor levels
after 5 months (FIG. 7). 2 of 16 electrodes that showed no
significant change in impedance but had increased (>150%)
noise levels at 5 months could possibly be due to cell
turnover (1.e., cell migration). Further analysis reveals that
the above 2 electrodes also exhibit significantly decreased
signal to noise ratios (SNRs) at 5 months supporting the
carlier speculation about cell turnover.

[0095] It was found that single unit neural recordings can
be 1solated and obtained from soft silicone/CNT composite
coated tungsten and Pt/Ir electrodes over durations lasting 5
months to over a year ol implantation. Overall long-term
signal quality 1n terms of SNR are similar for both soft-
coated and uncoated electrodes. In the soft-coated, platinum-
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iridium 1mplants, the soft-coated electrodes implanted 1n the
barrel cortex recorded unit activity upwards of 200 uV in
amplitude. The SNR increased nearly 1 dB during stimula-
tion of whiskers. In contrast, SNRs obtained during spon-
taneous or passive periods of activity showed a mixed
response across the 16 channel array over implantation time

with 50% of electrodes increasing in SNR (>+0.5 dB) at 3
months and 30% decreasing (-0.5 dB) in SNR.

[0096] Experimental

[0097] PDMS precursors (Sylgard 184 elastomer kit, Dow
Corning) were used to fabricate the soft, elastomeric com-
posites. The ratio of base-to-crosslinker as provided in the
Sylgard 184 kit was varied till the viscoelastic properties of
the resultant elastomer composite with carbon nanotubes
matched the viscoelastic properties of rodent brain tissue in
vivo. In a prior study, we had shown that pristine cortical
brain tissue had typical elastic moduli of around 3-10 kPa
with shear moduli around 1.4-3 kPa. The soft elastomeric
substrate was incorporated with carbon nanotubes (Sigma-
652490 - single-walled carbon nanotubes, carboxylic acid
functionalized 5 nmx500 nm bundles) for enhanced con-
ductivity at <1% w/v. The mixture was rested for at least 20
min under vacuum to get rid of bubbles, after which 1t was
dip-coated on the recording sites of tungsten or platinum-
iridium microwire electrodes (Microprobes, Inc., Gaithers-
burg, Md.). The bulk resistivity (p) of the final, crosslinked-
brain-like coating was estimated to be 31.0-41.3 k2-cm. The
coated electrodes were placed 1n a dry incubator (60° C.)
with low humidity (<5%) for 18 hours. At this point, the
consistency of the cured silicone/CNT composite was such
that i1t exhibits strong hysteresis when touched and pulled by
a 32 gauge needle but remained well-adhered to the under-
lying probe surface. The soft, elastomeric composite with
CNT had water contact angles of 97-103° based on goni-
ometry measurements determined by automated instrument
software (Rame-Hart, Netcong, N.J.). The coated probes
were rinsed 1n deionized water three times and passivated 1n
aCSF (7.4 g sodium chlonde, 2.1 g sodium bicarbonate, 0.17
g sodium phosphate monobasic, 0.19 g magnesium chloride,
4.5 g glucose 1n filtered, deionized water). Bulk samples of
soit, brain-like silicone composites were fabricated 1 2.5
cm diameter with a depth of 0.5 c¢cm flat bottom wells and
indented 200 um using a stainless-steel, spherical indentor
(4 mm diameter). Force was measured using a 10 g load cell
(Futek Inc., Irvine, Calif.). The values for elastic moduli
were calculated using a Hertzian model, where the elastic
moduli were estimated using Equation 1 for spherical inden-
tors.

[0098] For assessing long-term, mechanical stability,
samples were placed 1n artificial cerebrospinal tluid (aCSF)
for at least 4 weeks 1nside an incubator at 37° C., 95-99%
humidity, 5% CO2 to simulate body conditions. After 4
weeks, the samples (n=3) were taken out and measured for
changes i1n elasticity and swelling based on gravimetric
measurements.

[0099] Viscoelastic material relaxation properties were
compared for 3 groups: (1) cortical brain tissue (n=4 ani-
mals) (2) soft, brain-like silicone/CNT composites (n=4
samples), and (3) 0.5% agarose hydrogels (n=3 samples)
composed of 0.5% agarose (w/v) (CAS#9012-36-6) and
0.9% saline. Agarose hydrogels are widely used as brain
phantoms. A stainless-steel, conical probe was used to
penetrate the material and the material relaxation forces
imposed on the probe were measured using a 10-g load cell
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at a sampling frequency of 34 Hz. The relaxation force
curves obtained from the load cell were normalized and
fitted to a second order prony series model using the
MATLAB curve fitting toolbox and the long-term and
short-term relaxation time constants were calculated. No
significant differences were observed among the long-term
relaxation time constants for the 3 groups.

[0100] Soft, brain-like coatings from silicone/CNT com-
posites were prepared and studied. The solt composite
material composed of a silicone based material with single-
walled or multi-walled carbon nanotubes (CNT) were pre-
pared. The tuning or calibration curve for elastic modulus of
the composite material as a function of ratio of silicone
base-to-cross-linker 1s shown in FIG. 4. Pristine cortical
brain tissue has typical elastic modul1 of around 3-10 kPa
with shear moduli around 1.4-3 kPa. Using the tuning curve
in FIG. 4 for crosslinker to base ratio, the soft, silicone
composite was tuned to match cortical brain with an elastic
modulus of approximately 5+3 kPa (n=3 samples) with
shear modulus of 1.2-1.4 kPa. Mechanical stability tests
were performed by placing these soft, brain-like composites
in artificial cerebrospinal fluid (aCSF) under simulated body
conditions at 37° C. over 4 weeks (FIG. 4A). The estimated
clastic moduli for n=3 samples on day 1 was 4.2+1.3 kPa,
and after 4 weeks 1 aCSF was 2.1+£0.8 kPa.

[0101] The force-displacement curves using the custom-
1zed micro-indentation test for cortical brain i1s shown 1n
FIG. 5A and the corresponding curves for soft, brain-like
composite and 0.5% agarose hydrogel (commonly used to
model brain phantoms) are shown 1n FIG. 5B. A stainless-
steel conical probe was moved to a depth of 1 mm depth at
a speed of 10 um/s 1n all of the above 3 materials (charac-
terized by a monotonic increase in compressive force until
it reached a maximum of 200-1400 uN), after which all
maternals exhibited viscoelastic relaxation (characterized by
a monotonic decrease 1n compressive forces at different rates
of relaxation). Due to heterogeneity 1n material parameters,
the peak compressive forces in the cortical brain tissue
varied over a range and were comparable to those of both the
agarose and the soft, silicone composite substrates. The peak
compressive forces in soit silicone composites were less
than those i 0.5% agarose gel. However, the rate of
relaxation of forces was faster for agarose gels compared to
those for brain and soit composite material.

[0102] Viscoelastic characterization of the soft, brain-like
composite showed that the elastomeric material best-fit a
second order prony series model typically used to model
brain tissue under small strain conditions. The short-term
relaxation time constants derived from the prony series
model was compared among rat cortical brain, soit silicone
composite, and the 0.5% agarose hydrogel as shown in FIG.
5C. The short-term relaxation time constant for the brain
tissue was found to be 13.2+2.4 sec. The soft, brain-like
composite had a short-term relaxation time constant of
17.5£2.6 sec (n=4 samples), similar to the mean of rat
cortical brain. Brain phantoms made o1 0.5% agarose hydro-
gel were found to have a short-term relaxation time constant
of 6.25+0.77 sec (n=3 samples). Force-displacement curves
generated using a stainless-steel conical probe penetrating (a
depth of 200 um) the soft, brain-like silicone/CNT compos-
ite (n=6 samples) and rodent cortical tissue (n=4) are com-
pared in FIG. 5D and 5E. At a constant movement rate of 10
um/sec, the force curves were similar in shape with increas-
ing forces observed for both brain tissue and soft, brain-like
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composite materials. Maximum forces of —-61.3x-37.4 uN
were observed during penetration 1n soit, brain-like com-
posites, compared to maximum force values of —173.9x—
137.3 ulN 1n rodent cortical tissue. The maximum forces 1n
soft, brain-like composites were not significantly different
from those in cortical brain tissue.

[0103] Soft, bramn-matched silicone composites were fab-
ricated and coated on a silicon (100) waler substrate. In
order to 1dentify and assess the molecular structures on the
surface of the novel silicone-CNT composite, FTIR-ATR
spectrum was acquired for each material using a Bruker IFS
66V/S IR spectrometer with a wide-band MCT detector
cooled by liquid nitrogen under vacuum (courtesy Center for
Solid State Science at Arizona State University (CSSS-
ASU). The spectrometer was equipped with a germanium
ATR crystal (Harrick ATR-GATR); the resolution was 4
cm-1.128 scans were generated and averaged for n=3
samples.

[0104] The FTIR-ATR fingerprint spectra of the soft,
brain-like composite 1s compared to that of polydimethyl
sitloxane (PDMS) i FIG. 6A. FTIR spectra displayed the
unique chemical bond vibrational characteristics at specific
frequencies for each of the above two materials (indicated
by arrows) when stimulated with an infrared (IR) source. In
general for PDMS (Sylgard 184), the characteristic peaks
were found at 796, 844, 865, 1018, 1078, 1259, 2356, 2964,
3263 cm-1. Diflerent absorbance levels were observed at
2356 cm-1 (—S1—H), 2962 cm-1 (S1—CH3), and 865, 844
cm-1 (S1—OH) for varying degrees of crosslinking that
produced a range of elastic moduli. Nanotube incorporation
into the silicone network results 1n modulation of peaks at

1018:1078 cm-1 and addition of a D-band peak at 1245
cm-1, G-and D-band peaks at ~1600 and 1420 cm-1 regions
respectively. However, there 1s some overlap with the PDMS
FTIR spectrum for 1300-1800 cm-1 regions with vinyl
groups ol unreacted crosslinker. The passivation step facili-
tated the removal of the unreacted crosslinkers and exposed
the G- and D-Band regions of nanotubes. In addition,
passivation modified the material on the surface with —OH
groups (peak at 3411 cm-1) and decreases the —S1—CH2-S1
peak at 1078 cm-1. This addition of —OH groups increased
the overall surface energy, leading to lower water contact
angles as seen 1n the inset 1n FIG. 6A. Surface passivation
resulted 1 a decrease 1n water contact angle from 97-103°
to 58-64° . The surface properties were maintained in
stability tests where the passivated, soit, brain-like compos-
ites that were immersed 1n aCSF for 8 weeks had water
contact angles of 48-51° . Further, gravimetric tests for
swelling showed <1% change after 8 weeks of immersion 1n
aCSF. The bulk resistivity (p) of the final, crosslinked-brain-
like coating was estimated to be 31.0-41.3 k€2-cm. Overall,
the synergistic combinations of (a) low crosslinking of
PDMS leading to low elastic modulus, (b) decrease in
exposure ol hydrophobic groups (—CH3) and (¢) increased
exposure of silanol groups (S1—OH) due to nanotube incor-
poration and surface passivation treatment allows for a
highly biocompatible and novel material with flexible func-
tionality for interfacing bioimplants.

[0105] Primary cortical neurons (E18 mice) were pur-
chased from Brainbits, LLC, (Springfield.,IL) and seeded at

5000 cells/mm”~ on ‘soft’ and ‘hard’ silicone/CNT composite
substrates (n=4). Soft (~5 kPa) and hard (~176 kPa) silicone/
CNT composite substrates were made by varying the cross-
linker-to-base ratio. Substrates were pre-coated with 1
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ug/ml polyethyleneimine for 6 hours, washed thrice with
sterile distilled water and dried overmight. The neurons were
allowed to grow and diflerentiate at 37° C. and 5% CO2 1n
NbActivl media for DIV 7 (1.e. 7 days 1n vitro). After 7 days,
live assays with Calcein AM (Sigma) were performed and
cells were 1maged under a fluorescent microscope (488
excitation wavelength). Live cells were counted on each
type of ‘soft” and ‘hard’ substrate.

[0106] Primary cortical neurons show higher viability on
soit substrates in 1n vitro tests. Dissociated primary cortical
neurons were seeded on soft, brain-like silicone composite

substrates (~5 kPa elastic modulus) and on ‘hard’ silicone
composites (~176 kPa elastic modulus) (FIG. 6B).

[0107] Adter 7 days 1 vitro (DIV), the cells were imaged
using live assay. Neurons cultured on the soft, brain-like
substrates had a significantly higher cell viability (154+37
cells/smm2) compared to those on ‘hard’ substrates (76£36
cellssmm2) (p<0.03). In addition, neurite morphology was
also different. While the majority of cells on both substrates
exhibited primary branching, 17.3% of imaged cells on the
solt, brain-like composite substrates had secondary neurite
branching compared to 8.8% of the imaged cells on ‘hard’
substrates.

[0108] Customized tungsten array (Microprobes, Llc.,
Gaithersburg, MD) with 3 probes (125 p.m diameter) that
were spaced 1 mm apart were used. A total of 9 tungsten
electrodes were coated with the soft, brain-like silicone
composite and a total of 6 uncoated tungsten electrodes were
used as negative controls. The thickness of the coating
varted from 50-150 um and covered the recording site
entirely. In all, n=>5 animals were implanted with the tung-
sten arrays. In addition, one more amimal was implanted
with a 16-channel-coated platinum-iridium electrode array
in the barrel cortex region. Table 2 shows the cohort of
amimals with details on the length of implantation and the
number of coated and uncoated electrodes 1n each array.

TABLE 2

Experimental details for cohort of rats in this studv (n = 6)

Rat# Days implanted
#1 (3 uncoated tungsten electrodes) 35

#2 (3 coated tungsten electrodes) 437

#3 (1 coated, 2 uncoated tungsten 432
clectrodes)

#4 (2 coated, 1 uncoated tungsten 35
clectrodes)

#5 (3 coated tungsten electrodes) 49

#6 (16 coated, platinum-electrode 140
electrodes)

[0109] Bretly, adult CD rats were induced using 50 mg

ml-1 ketamine, 5 mg ml-1 xylazine, and 1 mg ml-1 acepro-
mazine administered via intraperitoneal injection. The anes-
thesia for the update contained a mixture of 50 mg ml-1
ketamine and 5 mg ml-1 xylazine, and was given based on
the toe-pinch test. Rats received the analgesic of buprenor-
phine (0.05 mg kg-1) every 12 hours for 48 hours after
surgery was completed. To implant the array, the head of the
rat was shaved and the rat was mounted onto a stereotaxic
frame (Kopf Instruments, Tujunga, Calif., USA). After the
skull was exposed, six stainless-steel bone screws (19010-10
Fine Science Inc., Foster City, Calif., USA) were screwed
into the skull to act as anchors, of which two of the screws
were also used as grounds. One craniotomy (~3.0 mm
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diameter) was drilled 1n the right somatosensory cortex with
the center point being 2.5 mm lateral to the midline and 2.5
mm posterior to the bregma. The dura was 1ncised to allow
for microarray insertion. The tungsten microelectrode array
was slowly inserted into the brain at a rate of 10 um s-1 and
was 1mplanted to a depth of 1.4 mm in the rodent soma-
tosensory cortex for all chronic experiments. The position-
ing and orientation of the electrode array within the cran-
iotomy was such that one electrode (1) was close to the
midline, while electrode (3) was 1 mm lateral to (1) and
clectrode (2) was 1 mm caudal to (1). For the 16 channel
coated, platinum-iridium array, the craniotomy (~5.0 mm
diameter) was made 1n the left somatosensory region cen-
tered at 3.0 mm lateral to the midline and 2.5 mm posterior
to the bregma. The individual electrodes were spaced 0.5
mm apart 1n within the array. The array was inserted at a 135°
angle to approach the barrel cortex region (~1.0-1.5 mm
depth) until whisker stimulated responses were evident 1n
some channels of the array. After the stainless-steel ground-
ing wire was connected to two of the bone screws, gelfoam
was placed around the microelectrode array over any
exposed brain tissue. After implantation, dental cement
(PMMA) was used to secure the array onto the skull.

[0110] Electrochemical impedance spectroscopy (1-100,
000 Hz) was conducted using a 5 mV amplitude sine wave
mput signal with CH-660 electrochemical station (CH
Instruments, Austin, TX) and measurements were used to
test for changes 1n impedance due to tissue remodeling at the
clectrode-tissue interface. The measurements represented a
2-electrode system with a working electrode and a stainless-
ground shorted with the reference. Measurements were done
once a week for 5-7 weeks 1n all anmimals, at 6 months and
435/437 days for n=2 animals. For the coated, platinum-
iridium array implanted in the rat barrel cortex measure-
ments were done up to 140 days 1n one animal. At least three
readings were taken at each time point and averaged and
complex impedance spectra (Nyquist diagrams) for all the
clectrodes were plotted. Impedance measurements at 1 kHz
were averaged for each coated and uncoated electrode at
cach time point and the mean and standard deviation were
plotted. The 95% confidence intervals were calculated
across all time points for coated and uncoated electrodes and
plotted on the respective graphs.

[0111] In vivo electrical impedance 1s more stable for soft
coated electrodes. Three-channel tungsten microwire (125
um diameter) arrays were coated with the soft brain-like
s1licone/CNT composite at the recording site and implanted
in rats. A total of 9 coated, tungsten electrodes and a total of
6 uncoated tungsten electrodes were used as negative con-
trols 1n 5 different animals. Overall, 2 animals had mixed
arrays with both coated and uncoated electrodes, while 1
amimal had an array with electrodes that were not coated and
2 animals had all of their electrodes coated with the soft
silicone composite. The average iitial (day 1) electrical
impedance at 1 kHz for uncoated electrodes (n=6) was
1.72x105+£1.54x105 ohms and 1.69x106x1.91x106 ohms
for soft-coated electrodes (n=9). The median for soft-coated
clectrodes was 6.2x105 €2 compared to 1.3x105 € {for
uncoated controls. The larger range for soft-coated elec-
trodes could be due to vanations in coating thickness or
nanotube distribution or differences 1n surface passivation.

[0112] The measured impedance fluctuated as implanta-
tion time increased over 3-7 weeks. Four of 6 uncoated
clectrodes reached their peak impedance by 14 days of
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implantation and all 6 uncoated electrodes experienced an
increase in impedance within 21 days of implantation.
Overall, at its peak, uncoated electrodes experienced +105-
280% change 1mn impedance at 1 kHz. At the end of 3-7
weeks, electrical 1impedance of 3 uncoated electrodes
changed +78-150% while electrical impedance of the other
3 uncoated electrodes decreased back to values closer to
those on day 1. In contrast, electrical impedance of only 1 of
9 soft-coated electrodes reached a peak increase of 47% 1n
the first 21 days of implantation, while 8 of 9 electrodes were
generally stable and experienced low levels of fluctuation 1n
clectrical impedance. After 5-7 weeks, electrical impedance
of 8 of 9 electrodes remained within +33% of their initial
impedance value (95% confidence interval), while the elec-
trical impedance of the other 1 of 9 soft-coated electrodes
had +74% change. A total of n=2 uncoated electrodes and
n=4 soit-coated electrodes were implanted for >1 year in 2
rats. At the end of approximately 6 months of implantation,
clectrical impedance of one uncoated electrode increased to
825% of day 1 starting values, while the impedance of the
second uncoated electrode increased by a more modest
+30%. By >432 days (60+weeks), impedances of both
uncoated electrodes increased further, with one ~+1000%
more and the other +272% of original values. In contrast, at
the end of approximately 6 months of implantation, 3 of 4
solt-coated electrodes maintained or had lower impedances,
while impedance of 1 of 4 electrodes increased to +150% of
original impedance value. By >432 days (60+ weeks), 2 of
4 soft coated electrodes maintained or had lower impedances
compared to day 1, while electrical impedance of the other
two 1ncreased to +87% and +150% of day 1 values.

[0113] Qualitative assessments showed that both uncoated
clectrodes became more resistive with longer implantation
times as observed by a generally decreasing slope trending
towards the real-axis (resistance) over 60+weeks. Similar
trends 1n 4 of 6 uncoated electrodes were observed in
Nyquist plots over 5-7 weeks. The other 2 of 6 uncoated
clectrodes maintained their slopes 1n Nyquist plots over 5-7
weeks of implantation. In contrast, 3 of 4 soft-coated elec-
trodes maintained their slopes in Nyquist plots over long
implantation periods (>60+weeks). Similar trends were seen
in soft-coated electrodes over 5-7 weeks. The Nyquist plot
of the soft coated electrode 1n one soit coated electrode
showed more variability within the first 6 months (26+
weeks) having a more resistive slope compared to the one at
>1 year (60+weeks), which had a more capacitive (steeper)
slope. Linear fits of the averaged complex impedance spec-
tra showed that the slopes (z"/z") for uncoated electrodes
decreased significantly (p<0.05), indicative of the spectra
becoming more resistive with longer implantation times
(FIG. 8). Soft-coated showed no statistically significant
change with long implantation times lasting more than 1
year.

[0114] In the case of the 16 channel soft-coated Pt/Ir
microwire arrays, electrodes were implanted 1n one animal
in the somatosensory region of which 5 electrodes 1n the
array were placed 1n the barrel cortex region. The average
impedances across all 16 electrodes at 1 kHz post-implan-
tation were 3.8 MO (day 1), 3.8 MO (after 2 weeks), and 4.9
MO (after 5 months). The relative change in impedance 1s
plotted in FIG. 7 over 5 months of implantation. 75% (12 of
16) of the soft-coated Pt/Ir electrodes had relatively stable
impedances over 5 months of implantation. 2 of 16 elec-
trodes showed increased impedances (>+150%) after 2
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weeks, while 2 other electrodes showed +335% and +450%
increase after 5 months. In all 4 electrodes where impedance
at 1 kHz increased >150%, an increase of >50% 1n relative
noise floor levels was also observed after 5 months. Beyond
5 months, the animal was euthanized due to 1ssues unrelated
to the implant.

[0115] Neural recordings were taken from awake animals
using a multi-channel recording system (TDT Inc., Alachua,
Fla., USA). Recordings were taken once a week for 5-7
weeks for n=5 rats and at 6 months and at 432/4377 days for
n=2 rats. For the coated platinum-inndium array implanted in
the barrel cortex, recordings were taken at 1 week, 4 months,
and 5 months post implantation. The aim was to record
neuronal responses to mechamcally stimulated whisker
activity under long-term conditions using coated electrodes.
The whiskers were stimulated using a custom built air-
puiling system that was triggered using the TDT system
(TDT Inc., Alachua, Fla.) at 1 Hz for 50 msec on-time.
Post-stimulus histograms (PSTH) of at least 50 trials were
created to assess neuronal responses.

[0116] Each recording session was approximately 30 min.
The neural signals were sampled at 24.4 kHz and bandpass
filtered from 300-3000 Hz, with a gaimn of 10,000. The
recording system was connected to the microelectrode array
via a headstage with matching Omnetics™ connector, which
was then routed through an A/D converter. Continuous raw
data were recorded and analyzed in MATLAB. Spikes were
sorted using a custom program that utilized principle com-
ponent analysis (PCA) and k-means sorting algorithm to
identify and sort spikes. For spike sorting, signal was
detected by extracting amplitudes that exceeded 3.5 times
the standard deviation of the amplitude distribution. After
removal of movement artifacts, signal to noise ratio (SNR)
and the average noise floor level were determined at one-
second intervals using a MATLAB program. An average
SNR for 60 seconds of artifact {free data was assessed for
cach electrode. Points were considered signal for the thresh-
old criterion of any points that was greater than 3.5 times the
standard deviation of the amplitude distribution. Points
below this threshold were considered noise. The SNR was
determined by the ratio of signal power to the noise power.

[0117] Finally, neural recordings from tungsten electrodes
were taken at different time points over 60+weeks and
assessed for signal quality. To better assess signal quality
across the various implantation time points up to 60+weeks
and across all 5 animals with tungsten probes, the noise floor
level and SNR were calculated and plotted. Pooling
uncoated controls and soft-coated tungsten electrodes across
the arrays resulted in 3 amimals for each category of
uncoated controls and soit coated tungsten electrodes.

[0118] The maximum peak-to-peak amplitudes in the
uncoated tungsten electrodes did not exceed 60uvV, while
those from soft-coated electrodes were in the range of
60-150 uN. The SNR (which included all the single unaits
from each electrode) of uncoated controls and soift-coated
tungsten electrodes over 1 year are shown in FIG. 9A and
9B. SNR of uncoated controls (6 tungsten electrodes) had a
range of 11.3-12.5 dB, while the SNR 1n 6 of 9 soft-coated
tungsten electrodes was 10.7-11.4 dB after 3-7 weeks of
implantation. SNR 1n the remaining 3 of 9 soft-coated
tungsten electrodes decreased significantly to a range of
5.3-9.6 dB after 5-7 weeks of implantation. After 6 months
and over 1 year (60+weeks), the 4 soft coated tungsten
clectrodes 1n n=2 amimals maintained the SNR levels (10.
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5-11.6 dB). SNR 1 1 of 2 uncoated tungsten controls
decreased to 2.9 dB after 1 year (60+weeks), while the SNR
in the other control electrode remained unchanged. For the
16-channel platinum-iridium array, the average SNR across
all electrodes after 2 weeks of implantation was 11.3+0.73
dB. After 5 months 1t remained stable at 11.7+1.24 dB. The
noise floor levels at 2 weeks ranged 16.3 - 32.1 uV for all

electrodes. After 5 months, 11 of 16 electrodes remained
stable (18.6-36.7 uV).

[0119] ‘Typical sorted units resulting from spontaneous
activity had —80-100 uV 1n peak-to-peak amplitudes after
5> months. While the spontaneous neural recordings were
predominantly conducted in passive situations, some soit-
coated Pt/Ir electrodes were implanted in the barrel cortex
and the neuronal responses to mechanical stimulation of
whiskers at 1 Hz. Single and multi-unit responses to whisker
stimulation with peak-to-peak amplitudes upwards of 150-
200 1V were observed 1n the soft-coated Pt/Ir electrodes
implanted 1n the barrel region. Relative SNRs increase 0.96
to 1.4 dB due to stimulus related activity 1n five electrodes
within the time period. The timestamps of sorted units show
responses to whisker stimulation lasting up to ~100 ms. The
carliest response 1s 19 msec post-stimulus with the peak
responses occurring at ~40-350 msec post stimulus.

[0120] One skilled in the art will appreciate that, for this
and other processes and methods disclosed herein, the
functions performed 1n the processes and methods may be
implemented 1n differing order. Furthermore, the outlined
steps and operations are only provided as examples, and
some of the steps and operations may be optional, combined
into fewer steps and operations, or expanded 1nto additional
steps and operations without detracting from the essence of
the disclosed embodiments.

[0121] The present disclosure 1s not to be limited 1n terms
of the particular embodiments described in this application,
which are intended as illustrations of various aspects. Many
modifications and variations can be made without departing
from 1ts spirit and scope, as will be apparent to those skilled
in the art. Functionally equivalent methods and apparatuses
within the scope of the disclosure, 1n addition to those
enumerated herein, will be apparent to those skilled 1n the art
from the foregoing descriptions. Such modifications and
variations are intended to fall within the scope of the
appended claims. The present disclosure 1s to be limited only
by the terms of the appended claims, along with the full
scope of equivalents to which such claims are entitled. It 1s
to be understood that this disclosure 1s not limited to
particular methods, reagents, compounds compositions or
biological systems, which can, of course, vary. It 1s also to
be understood that the terminology used herein 1s for the
purpose of describing particular embodiments only, and 1s
not intended to be limiting.

[0122] With respect to the use of substantially any plural
and/or singular terms herein, those having skill in the art can
translate from the plural to the singular and/or from the
singular to the plural as 1s appropriate to the context and/or
application. The various singular/plural permutations may
be expressly set forth herein for sake of clanty.

[0123] It will be understood by those within the art that, 1n
general, terms used herein, and especially in the appended
claims (e.g., bodies of the appended claims) are generally
intended as “open” terms (e.g., the term “including” should
be interpreted as “including but not limited to,” the term
“having” should be interpreted as “having at least,” the term
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“includes™ should be interpreted as “includes but i1s not
limited to,” etc.). It will be further understood by those
within the art that 11 a specific number of an introduced claim
recitation 1s intended, such an intent will be explicitly recited
in the claim, and 1n the absence of such recitation no such
intent 1s present. For example, as an aid to understanding,
the following appended claims may contain usage of the
introductory phrases “at least one” and “one or more” to
introduce claim recitations. However, the use of such
phrases should not be construed to imply that the introduc-
tion of a claim recitation by the indefinite articles “a” or “an”
limits any particular claim containing such introduced claim
recitation to embodiments containing only one such recita-
tion, even when the same claim includes the introductory
phrases “one or more” or “at least one” and indefinite
articles such as “a” or “an” (e.g., “a” and/or “an” should be
interpreted to mean “‘at least one” or “one or more™); the
same holds true for the use of definite articles used to
introduce claim recitations. In addition, even if a specific
number of an introduced claim recitation 1s explicitly
recited, those skilled 1n the art will recognize that such
recitation should be mterpreted to mean at least the recited
number (e.g., the bare recitation of “two recitations,” with-
out other modifiers, means at least two recitations, or two or
more recitations). Furthermore, in those instances where a
convention analogous to “at least one of A, B, and C, etc.”
1s used, 1n general such a construction 1s intended in the
sense one having skill in the art would understand the
convention (e.g., < a system having at least one of A, B, and
C” would 1nclude but not be limited to systems that have A
alone, B alone, C alone, A and B together, A and C together,
B and C together, and/or A, B, and C together, etc.). In those
instances where a convention analogous to “‘at least one of
A, B, or C, etc.” 1s used, 1n general such a construction 1s
intended in the sense one having skill in the art would
understand the convention (e.g., * a system having at least
one of A, B, or C” would include but not be limited to
systems that have A alone, B alone, C alone, A and B
together, A and C together, B and C together, and/or A, B,
and C together, etc.). It will be further understood by those
within the art that virtually any disjunctive word and/or
phrase presenting two or more alternative terms, whether in
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the description, claims, or drawings, should be understood to
contemplate the possibilities of including one of the terms,
either of the terms, or both terms. For example, the phrase
“A or B” will be understood to include the possibilities of

“A” or “B” or “A and B.”
[0124] In addition, where features or aspects of the dis-
closure are described 1n terms of Markush groups, those
skilled 1n the art will recognize that the disclosure is also
thereby described in terms of any individual member or
subgroup of members of the Markush group.
[0125] As will be understood by one skilled 1n the art, for
any and all purposes, such as in terms of providing a written
description, all ranges disclosed herein also encompass any
and all possible subranges and combinations of subranges
thereof. Any listed range can be easily recognized as suili-
ciently describing and enabling the same range being broken
down 1nto at least equal halves, thirds, quarters, fifths,
tenths, etc. As a non-limiting example, each range discussed
herein can be readily broken down into a lower third, middle
third and upper third, etc. As will also be understood by one
skilled 1n the art all language such as “up to,” “at least,” and
the like include the number recited and refer to ranges which
can be subsequently broken down into subranges as dis-
cussed above. Finally, as will be understood by one skilled
in the art, a range includes each individual member. Thus,
for example, a group having 1-3 cells refers to groups having
1, 2, or 3 cells. Stmilarly, a group having 1-5 cells refers to
groups having 1, 2, 3, 4, or 5 cells, and so forth.
[0126] From the foregoing, it will be appreciated that
various embodiments of the present disclosure have been
described herein for purposes of illustration, and that various
modifications may be made without departing from the
scope and spirit of the present disclosure. Accordingly, the
various embodiments disclosed herein are not intended to be
limiting, with the true scope and spirit being indicated by the
following claims.
[0127] All references recited hereimn are incorporated
herein by specific reference in their entirety.

1. A soft conductive composite composition comprising:

a crosslinked silicone composition; and

carbon nanotubes in the silicone composition.
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