wO 2016/101044 A1 [N I/ N0FV0 0 000 YT

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2016/101044 A1

30 June 2016 (30.06.2016) WIPO I PCT
(51) International Patent Classification: (74) Agent: GRIFFITH HACK; GPO Box 4164, Sydney, New
CO8L 41/00 (2006.01) CO8L 75/04 (2006.01) South Wales 2001 (AU).
COL 39/04 (2006.01) COBL 83/04 (2006.01) (81) Designated States (unless otherwise indicated, for every
CO8L 79/02 (2006.01) CO8F 2/58 (2006.01) . . ) .
kind of national protection available). AE, AG, AL, AM,
CO8L 29/04 (2006.01) HOIB 1/12 (2006.01)
COSL 71/02 (2006.01)  GO2F 1/15 (2006.01) AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
’ ’ BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
(21) International Application Number: DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
PCT/AU2015/050846 HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
. . . KZ, LA, LC, LK, LR, LS, LU, LY, MA, MD, ME, MG,
(22) International Filing Date: MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ, OM,
24 December 2015 (24.12.2015) PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA, SC,
(25) Filing Language: English SD, SE, SG, SK, SL, SM, ST, SV, §Y, TH, TJ, T™M, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.
(26) Publication Language: English
L. (84) Designated States (uniess otherwise indicated, for every
(30) Priority Data: kind of regional protection available): ARIPO (BW, GH,
2014905282 24 December 2014 (24.12.2014) AU GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ,
(71) Applicant: NEWSOUTH INNOVATIONS PTY LIM- TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU,
ITED [AU/AU]; Rupert Myers Building, Gate 14, Barker TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,
Street, UNSW, Sydney, New South Wales 2052 (AU). DK, EE, ES, FL FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK,
(72) Inventors: GREEN, Rylie Adelle; 26 Silver Street, Mar- SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ,
rickville, New South Wales 2204 (AU). POOLE-WAR- GW, KM, ML, MR, NE, SN, TD, TG).
REN, Laura Anne; 18 Division Street, Coogee, New Published
ubli :

South Wales 2034 (AU). GODING, Josef; 24/176 Mar-
rickville Road, Marrickville, New South Wales 2204 (AU).

with international search report (Art. 21(3))

(54) Title: ELECTRICALLY CONDUCTIVE POLYMERIC MATERIAL

(57) Abstract: The invention provides a method of preparing an electrically conductive polymeric material. The method comprises
providing a polymeric network having a short chain conductive polymer dispersed in the polymeric network and electropolymerising
a conductive polymer within the polymeric network. Also described is a free standing flexible electrically conductive polymeric ma-
terial comprising a conductive polymer within a polymeric network.



-

(@3}

98}

>

.

WO 2016/101044

[y

PCT/AU2015/050846

ELECTRICALLY CONDUCTIVE POLYMERIC MATERIAL

FIELD OF THE INVENTION

The sent invention relates to electrically

pre

materials, and to a method of preparing an eles
polymeric material.

BACKGROUND

Ceonductive polymers are polymers that are able
electricity. Conductive polymers have a variety

For example, conductive polymers have been used
devices. Historically, metals have been used

excitable tissues of the body (e.g. nerves,
skeletal muscle), to inject charge or record

conductive polymeric

ctrically conducti

e

in biocelectronic
the

Converntional metal sctrodes are usually fabricated from platinum
{(Pt) or Pt alloys but these materials have limitations including a
relatively low charge injection limit, high stiffness and poor
biorecognition. However, with the miniaturization of electronics,
the need for smaller implantable electrode arrayvs, which can target
cells with high selectivity, has driven the development new

electrode material technologies. Materi: conductive
polymers (CPs) and conductive hydroge used to
create organic biloelectronic electre these
coatings have been shown to improve the performance of metalli

of soft and flexible arrays has been

metal

ing

ication limitatioc

array,

ible biccompatible electrodes is desirable

whi

f"?".

>Ns.

for

bionic devices and brain-machine interfaces. Despite CPs being
gofter than their metallic countexrparts, thelr brittle mechanical

properties and friable surface characteristics have limited their
use.

Growth of CPs by electropolymerisaticn (alsc referred to as
electrodeposition) typlcally cccurs from nucleation sites at a
metallic electrode interface, which has seen them used for coating

electrodes to injectiocon

capacity. During a
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typical polymerisation the CP monomer is oxidised under a positive

O
et
oy
]
9]
o

voltage, the amplitude is dependent on the monomer, dopant

1
C
-
[y

and electroivte choice, and forms oligomers which precipitate
of solution when the chain reaches a critical length. The oxidation

is lowest at the slectrode surfa

i

as a result, the CP precipitates at the electrode surface where
free radicals are ¢generated and hence nucleation coccurs. This is
knowrn as primary spontaneous nucleation. This mechanism of

g to compact growth of the CP on an

produced in this manner tend to have

ties compared with conventional metallic

er from delamination or mechanical
faililure as they are brittle and friable.
Recent studies have determined that such electropolymerisation
techniques can be used to grow CPs within hydrogels to produce
conductive hydrogels {(CHs). CHs are softer, tissue-like nductive
materials that have broad utility in tissue engineering for
electro-excitable organs including implantable slectrodes, nerve
guides and cardiac patches. Formation of CHs can be achieved by
providing covalently bound anioconic dopantz as part of the hydrogel

mesh, which encourages growth and precipitation of CP chains within
the hydrogel. However, disadvantages of such systems include the
requirement for a conductive substrate that remains tightly bound
to tThe soft coating and limits to the thickness of the CHs which
can be produced. Elesctropolymerisation from a bulk metal electrode

physically binds th

6}

hydrogel to the underlying electrode as the
highly nodular CP mechanically interlocks with imperfections on the
electrode surface before growing through the hydrogel. This limits

flexibility and ease of fabri

electrode, which is often a

platinum or indium tin oxide coated glass, must be removed.

ionally, when hydrogel thickness 108-200pm,
cenetration of the CP through = hydrogel 1s restricted, hindering
penatration of the CP through the hydrogel i3 restricted, hinder
“he formation of interpensetrating networks of the two polymer

the formation of i1nterpenetrating networ O he two poliyme

systems.
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ecently, soft CHs with a charge injection limit that is up to 10

-

times greater than Pt and a stiffness moduli which is more than 3

orders of magnitude lower These materials

produced from a compesite of polyvinyl alcchol (PVA) crosslinked

with heparin, to m an anionic hydrogel, through which poly (3,4~

)

ethylene dioxythiophene) (PEDOT) was grown. However, the

electropolymerizati
hydrogel is performed using a metallic substrate (Pt, cgold or

indium tin oxide), which inevitably becomes bound to the CP and

It would therefore be advantageous to provide

or forming electrically conductive polymeric materials.

[}

SUMMARY OF THE INVENTION

In a first aspect, the present invention provides a method of

K-‘a
2
Q

preparing an electrically conductive polvmeric material, the met
comprising:
~ providing a polymeric network having a short chain conductive

csolymer (SCCP) dispersed in the polymeric network:;
k J x ki 2

-~ electropolymerising a conductive polymer (CP} within the
polymeric network.

In the method of the present invention, the short chain conductive

[
0]
a3}
-
=
O

polymer provides a nucleation site for the electropolymeri

the cenductive polymer.

[n one embodiment, The polymeric network iz a b ogel
[n ther embodiment, the polymeric network is an elastomer.

In cone embodiment, the polymeric network, prior to

In one embodiment, the short chain conductive polymer has from

about 5 to about 1000 monomeric units.

ner 1s poly(3,4-

ethylene diczyvthiophene ly(styrene onate) EDOT:P33) or

tetramethacrylate polyv (3, 4-ethylene dioxythicphene).
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In one embodiment, the conductive polymer 1s PEDOT, polypyrrole or
polyaniline.
In one embodiment, the electropolymerisation of the conductive
polymer comprises:
5 - contacting the pelymeric network with a solution comprising
monomer ¢of The conductive polymer; and
- applying an electrical potential across the polymeric
network.
In one embodiment, the polyvmeric network having a SCCP dispersed in

10 the network comprises a localised region of a polymeric material,
In one embodiment, the electrically material
has a conductivity of greater than about 10 S/cm.

In one embodiment, the electrically conductive polymeric material
has a charge storage capacity of greater than about 10 mC/ cm”.

18 In a second aspect, the present invention provides a device
comprising an electrically conductive polymeric material prepared
sy the method of the first aspect.

[n & third aspect, the present invention provides a free standing

flexible electrically conductive polymeric material comprising a
20 conductive polymer within a polymeric networlk.

In one embodiment

polymeric network .

In one embodiment, the polymeric network is a hydrogel.

In one embodiment, the polymeric network is an elastomer.

25h In one embodiment, the conductive polymer is PEDOT, polypyrrole or
polyaniline,

[n one embodiment, the conductive polymeric material has a
conductivity of greater than about 10 S/cm.
In one embodiment, the conductive polymeric material has a charge

30 injection limit of more than 300 ul/cm”.
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In one embodiment, the

dimension of greater

In a fourth aspect, the
material comprising one

one ox

cally conduc

200 um in all direc

than

present
or

more

regiong has a dimension of greater
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uctive polymeric

200 pm in all directions.

invention pTOi"iQ =S A ’QO ymem C

more regions which are electrically

reglons which are non-conductive,
gions and non-conductive reglions are

wherein at least one of the

than

ERIEF DESCRIPTION OF THE FIGURES

Preferred embodiments of
by way of example only,
in which:

Figure 1 shows a tr

nucleation for conductive

0.01 wt%; B. 0.05 wt%;

Smim}

Figure 4 shows a graphlcal
S

from Example

Error bars

Figure 5 shows

charge storag

BRMG lcaded PVA-T

P_._,
o
[&
[2¥]
[
o
®
[

ee diagram

ded

Example 1. (3cale

bt

veltags applisd to a

which the hyd

he present inventicn are described below,
th reference to the accompanying drawings

mechanisms of

hydrogels by

YT R e A
PVA at: A. 5

lbar ==

w1th PEDOT:PSE at:

wt% from Example

representation of the charge storage
1s loaded with: A. BMG particles; and
1. (Individual data shown with mean
represent 1 standard deviation (n=6))
epresentations from Example 1 of: A.

electrochemical impedance of

electropolymerisation

ochemical measurements were made in a

stainless steel

)

GisC

rogel
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with a platinum counter electrode and an isolated RAg/Ac

electrode; Mean values are shown and error bars represent 1

standard deviation {(n=8))

Figure & shows photographic images of BMG

lecaded PVA-Hep after 80

mins of PEDOT electropolymerisation from Example 1 at: A. low
magnification (100 x); and B. high magnification (400 x).

Figure 7 shows gra representations from Example 1 of: A.
charge storage capacity:; and B. impedance of PEDROT:P33 loaded PVA
following electropolyvmerisation of PEDOT for 80 mins at 0.5 mC/cm®.

lectrochemical measurements were made in a three-electrode cell

with veltage applied te a stainless steel substrate on whi
hydrogel disc was placed in a DPBS solution with a platinum counter

electrode and an isolated Ag/AgCl reference electrode; Mean values

are shown and error bars represent 1 standard deviation (n=g); * =

w
ot
)
ot
-

stical significance with unpaired t-test (p < 0.01;);.

ts]
s
g
H
B
@*
©
’-:'

light microscope images from Example 1 taken at 100
¥ magnification of PEDOT:PSS loaded PVA after 10, 20, 40 and 8C

mins of PEDOT electropolymerisation. The PEDOT:PSS was incorporated
0 0

.1 and 0.5 wt%.

0.5 wt3 PEDOT:PS3

slectropolymerisation

with unpaired t-

“
L

of

ws graphical representations from Example
impedance magnitude and phase lag over 160 mins of PREDOT
electropolymerisation for: A. 0.1 wt%; and B. 0.5 wt% PEDOT:P3

loaded PVA. (Data represents the mean and one standard deviation

(n=0))

<
jay
o
5
—
b}
O
o
oy
0}
h
0]
2
[t
o
@]
W
ot
S
O
8}
O
Fh

Figure 11 is a schematic depiction sho
conductive hydrogel tracks within a non-conductive hydroge

described in
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Figure 12 shows photographic images of the patterning of the

)

hydrogel of Example 2 by silicone mould wherein: A. shows a top

view; and B. shows a side view of the construct after step 3,

before electropolymerisation of PEDOT.

Figure 13 shows o1

ptical microscopy images at 400 x magnification

PCT/AU2015/050846

=
I

the conductive hydrogel track showing progression of PEDOT growth

at: A. 0 min; B. 10 min; and €. 20 min post-electropolymesrisatior

L

o

Figure 14 1=z a graphical representation of the cyclic voltammetry

curves from Example 2 showing the increased charge transfer from

the formation of PEDOT within the CH track.

Figure 15 shows phase contrast images from Example 2 of HL-1 cell

proliferation on: A. TCP; B. CH track before electropolymerisati

and C. CH track after electropolymerisation of PEDOCT for 20 min.

DETATLED DESCRIPTION OF EMBODIMENTS OF THE INVENTION

~ providing a

polymery (SCCP) dispersed in the polymeric network; and

- electrooolymerising a conductive polymer (CP} within the

LI
polymer (SCCP) provides a nucleaticn site for the

site for the electropelymerisaticn of a conductive polymer withi

a nucleation

o]

l.J .

1 1

e polymeric network, enabling the electropolymerisation of a
t

lymer within the pelymeric n

etw
12 SCCP digpersed in the polymeric network enables the

electropolymerisation of the conductive polymer throughout the

¥

¢
&

aengy

polymeric material, the method

polymeric network having a short chain conductive

=)

chain conductive
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distinct from the primary mechanisms (both shown in
Figure 1), and these are believed to occur according to the Gibbs
free energy principle, where the chemical potential is minimised.

hods to
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D o SPRQURE. DA PRTIY MO
rorm concucting

G

raesulted in

nuclesation and polymer

o

nucleati

@]
p
;

{primary ) s

disclozed herein provideg nucleation sites, in

network.

olymers within

chain growth

the method
the form of SCCPs=,

These

nucleation sites may be described as secondary nucleation sites
(see Figure 1).

The method of the present invention can be used to prepare
fresstanding electrically conductive polymeric materials, that is,
electrically conductive polymeric materials that are not bound to
an inorganic surface, such as a rigid metal surface.

us Ly invention

-

Advantageou the

ally

v, The method o

electri conductive polymeric materials that

nd/or deformable.

The method

materials having a pattern of

Iy

regions. The conductive regiocns

the invention without lamination on, or being grown u
conductive basze such ag a metal surface.

Polymeric network

The polymeric network may be any polymeric network. P

can be used

of the invention can also be used to prepare po

he method

non-conductive

of

polymeric network is swellable in a solvent. A polymeric network
that is swellable in a solvent is preferred as the swelling of the
network can facilitate the introduction of polymer subunits capable
of forming the conductive polymer {e.g. a monomer capable of
forming the conductive polyvmer) throughout the polymeric network
prior to the electropelymerisation of the conductive polymer.

In & preferred embodiment, the polymeric network is a hydrogel. In
another embodiment, the polymeric network is an elastomer, such as
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a polyurethane elastomer or a silicone rubber elastomer. In some
embodiments, the hydrogel or elastomer may comprise two or more
polymer constituents in order to take advantage of the propertises
that each of the polymer constituents impart to the resultant

hydrogel or elastomer

Non-limiting examples of polymers sultable for forming a hydrogel
or slastomer to provide the polymeric network include polyvinyl
alcohol (PVR), polyethylene glycol, poly(acrylic acid) and its
derivatives; poly(sthvlene oxide) and its copolymers,
polyphospharzene, silicones, polyacrylamides, polyvinylpyrrolidones,
pely-hydroxy ethylmethacrylate, poly{styrene sulfonate),

its derivatives; or combinations thereof.

o}

polyurethanes an

The polymeric network may be formed by methods known in the art for

o~ o . L . Vs en
preparing polymeric networks.

I

For example, a hydrogel may be formed by mixing one or more polymer
subunits capable of forming a hydrogel and subjecting the mixture
to conditions suitable for polymerising and cross-linking the
polymer subunits to form a cross-linked polymer. As used herein,
the term “polymer subunit” refers a monomer, dimer, macromer (e.g.
oligomer) or mixture thereof, that, upon polymerisation, forms a

polymer. As the person skill

ed in the art will appreciate, the

methods used to promote polymerisation and cross-ilinking of the

polymexr s will depend on

the polymer subunit or 1 - subunits us uitable conditic
for different polymer subu Carn readily determinsd by a

e polymerisation

and cross-linking reaction is a radical polymerisation reaction.
Radical polymerisaticon reactions may be initiated by a variety of
technigues, including, for exampls, by use of a chemical initiator,
exposure to UV light or exposure te visible light in the presence

to form a polyi{vinyl alcohol)

polyethylene glycol (PEG) hydrogels. As a further example, a
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pelyethylene glycol (PEG) hydrogel may @lso be formed by forming a
15 wt% PREG-tyramine macromer solution and photopolymerising the
macromer soliution by exposure to vigible light in the presence of a
persulfate salt and a ruthenium catalyst. Other methods and other

11d be known to those skilled in the art and a

polymer subunits wo
person skilled in the art will readily be able to determin

appropriate methods for preparing a polymeric network.

The SCCP may be incorporated in the polymeric network by any means

that results in the SCCP being dispersed in part or all of the
polymeric network. Typlcally the SCCP 1s incorporated in the
polymeric net the formaticn of the polymeric networnl

1

For example, when the polymeric network is a hydrogel, the 3CCP is
typically dispersed in the mixture of the polymer szubunits used to
form the hydrogel pricr to the polymerisation and cross-linking of
the poliymer subunits to form the hydrogel. For example, to form a
PVA-MA hydrogel comprising the SCCP poly(3,4-ethylene

b
<

dioxythiophene) -poly{styrene sulfonate) (PEDQT:PSS), PEDOT:PSS may

[
=
@]
[
o
-

be digpersed within a 20 wt®% PVA-MA macromer solubion in an a
of about 0.01 to about 1 wi%, =.g. about C.1 to 0.5 wt% or 0.1 to 1
wt%, and ths solution photopolymarized by exposure to UV light (for
example 30 mW/cm?, 365 nm for 180 s) to promote crossz-linking

TINT A

{polymerisation) of the PVA-MA macromer, producing a PVA-MA

hydrogel comprising PEDOT:PSS dispersed in the hydrogsl.
Similarly, when the polymeric network is an elastomer, the SCCP is
typically dispersed in the mixture used to form the elastomer prior

te curing of the mixture to form the elastomer.

In some embodiments, the method of the present invention comprises
a step, prior to the electropolymerisation of the conductive
polymer, of preparing the polymeric network having a short chain
conductive polymer dizpersed in the polymeric network. This step
may comprise preparing a mixture comprising a short chain

conductive polymer and polymer subunits capable of forming a

polymeric network (e.g. by mixing a short chain conductive polymer

and one or more polymer subunits capable of forming a polymeric

network), and exposing the mixture to conditions whereby the
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5 - providing a mixture of a short chain conductive polymer and

one or more polymer subunits capable of forming a polymeric

A

~ exposing the mixture to conditions whereby the poly

k<
=
®
=

subunits polymerise to form a polymeric networl

D
n
=
O
[
=
o
-
o
5

r
ersaed in the polymeric

conductive polymer disp poly
network; and
~ elesctropolymerising a (CF) within the
polymeric network.
Typically, the mixture comprises a3 solution or dispersicon of the
5 short chain conductive polymer and the one or more polymer subunits
capable of forming a polymeric network in a solvent or carrier.
Advantageouzly, 1in some embodiments, the short chain conductive
polymer and the ons or more polymer subunits capable of forming a
pelymeric network may be in an agqueous solution.
& The short (3CCP} is preferably immobilised
within the polymeric network. In some embodiments, the SCCP is

3 A

entangled with the pelymer constituents of the polymeric network

5 In a preferred embodiment, the polymeric network, priocr to the
electropolymerization of the conductive polymer, is non-conductive.
As used herein, the term “non-conductive’” refers to a resistance of

greater than about 1 Megaohm/cm.
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Short chain conductive polymer (SCCP)

In the method cof the
nucleation site for

3CCP may be any shox

I alal= i
DU ES

for use 1ir

monomeric units in

more than 1000 mo

SCCP uzed in the

units. In some emb

SCCP comprilses less

1000 or less than
chemical polymeris:

el

o
orf the 3CCP.

, both commerc

]
]
3
0]
ot
2
O
(@5

present invention, the 3CCP provides a

formation of the conductive polymer.

.4
1)
[l

chain conductive polymer. There are many

ly available and otherwise, that are suitable

Typically, the SCCP is no more than 10000
in some embodiments, the SCCP is no
units in length. In some embodiments, the

from about 5 te about 1000 monomeric

the SCCP compr about 5-800, 5-
5-10, 10-500, 10-

25, 20-1000, 20-800, 20-5 20-100, 20-80,

s. In some =nt: ot ackbone of the

atorms. The SCCP is typically formed by

to contrel the chain length and properties

In the method disclosed herein, the SCCP is dispersed in the

polymeric network.

is no requirement

=

disperszion is typically uniform, but there

the dispersion to be uniform. In some

embodiments, the SCCP is unevenly dispersed throughout the

concentration of th

conc

provide a pattern

;HG]ﬂH [

of SCCP.

ucleation to take pl

within the polymeric network.

.

n increased

m

In scme embedimentsz this may ke used to

ithin the polymeric network that is then used to

ace to form a pattern of

1 T
£

n other

iform (i.e. wvariable) dispersion may be used

to fine-tune the formation of conductive polymer and hence the

conductive propertie:

Iy

polymeric material

The SCCP may,

concentrations of

o}

of the resultant electrically conductive

other words, the dispersion of the SCCP can
formation of the conductive polymer within
In other emboedimentsz there is a uniform

in the polymeric network.

inciuded in the polymeric network in

0.005 to 24 wt® relative to the total
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network as

enbodiments,
concentration

2, 0.1 to 2,

1, 0.01 to 1, 0.05 to
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SCCP that are employed. In some

is included in the polymeric network in a

of about 0.005 to 5, 0.005 to 2, 0.01 to 2, 0.05 to
1

-

[

0.5, .01 t .5, to 0.5, or 0.1 to 0.5, wt$% relative to the
total weight of the polymeric network. Typilcally, the SC

included in the polymeric netwerk is an amount lesz than

would result in the resistance o

™ 3 ¢ T aca + - 1 Meer 3 /
SCCP being less than about 1 Megaohm/cm.

[y
wl

<O

A

N

Non-iimiting e
polymers formed

its derivatives

phenyl merca

derivatives,
derivatives,

combinations theresof.

]

tetr:

[}

o lalal

an SCCF is the

O

colyindol
2

methacr

ionic chargss. Such dopants are

vaniline or its

or its derivatives, polycarbazole or its

=tylene or its derivatives or copolymers or

eferred SCCPs include PEDROT:PSS and

—ethylene dioxythicophene). An example of

3

duct Orgacon made by AGFA Specilalty Products.

-~

t will appreciate, a conductive polym
ionically charged species)

conduct

2. g. p~toluene sulfonic acid, poly{styrene

benzene sulfonate), but can be other groups

carbonates or amino acids.

o))

present inventio a dopant is preferably

present in the polymeric network. Preferably the dopant is

polymeric network. For example, the dopant
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covalently bound to, or entangled with, the polymer constituents of

In some embodiments, the dopant i1s part of the SCCP. For example

in PEDOT:PSS 1fonate group of the PSS provides the dopant

ot
iy
0]
U0
a
»..;
[
-
=

the form of the sulfonate anion covalently bound to the phenyl

group of the polystyrene.

constituent having covalently bound anionic species nay be a

polymer that inherent! an anionic charge in its backbone,

or may be a polymer thal y modifisd to include a covalently

kound anionic species. For example, polymer constituents such as

{

DNA, heparin, alginate and chondroitin sulphate contain anionic
species in theilr polymer backbeones. Synthetic polymers or
biopolymers such as peptides, proteins or =zaccharides having a
specific bloactivity can be anionically modified using methods
known in the art. For sxample, biopolymers can be functionalised by
chemically modifying their end groups to create an overall anionic
charge. For exanmple laminin peptides can be modified by the
addition of specific amine acids which create an anionic tail or

side chain that would allow it to dope a conductive polymer whilst

by

sl
}._.(
!.J
<
}__A B
s}
W

when placed in a

Typically the dopant is present in the polymeric network in an
amount such that, after the electropolymerisation of the cenductive
poelymer, the dopant iz present in an amount 0.2 to 0.5 dopant per

monomer of the conductive peolymer. Such an amount of dopant
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Conductive polymer
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uctive polymer is a poliymer which iz abkle to conduct
electricity. onductive polymers are unsaturated polymers
containing delocalised electrons. Conductive polymers typically
5 comprise alternating saturated and unsaturated bonds in the
backbone of the polymer.
Suitable conductive polymers for use in the present invention
include polypyrrole or its derivatives, polythicphene or its

derivatives, polyphenvlens sulphide or its derivatives, po

jod
[

or its derivatives, polyindole or its derivatives, polycarbazo

its derivatives, polyacetylene or its derivatives, poly{p-phenvylene

I

vinylene) or derivatives, as wel.
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combinations thereof. Suitable derivatives are those that contain

functional groups, such as a methoxy group. Examples within the
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~ional functional
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15 range of other op
alkynydi, aryl, halo, haloalkyl, halcalkenyl, halcalkynyi, haloarvl,
hydroxzy, alkoxy, alkenyloxy, arylioxy, benzylexy, haloalkoxy,
haloalkenyloxy, halcaryloxy, nitro, nitrcoalkyl, nitroalkenvl,

nitroalkynyvi, nitroaryl, nitrcheterocyclyl, amino, alkylamino,

|444

20 dialkylamine, alkenyviamino, alkynyviamino, arylaminoe, diary
benzylamino, dibenzylamino, acyl, alkenvliacyl, alkynylacyl,

arylacyl, acyviamino, diacylamino, acyloxy, alkylsulfonvyioxny,

7

arylsulifens
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haloheterocyelyl, alkylsulfenyl, arylsulfenyl, carboalkoxny,
25 carboaryloxy, mercapto, alkylithio, benzylthio, acy

carboxylate, phosphonate and nitrate groups or combinations
thersof. The hydrocarbon groups referred to in the above list are

preferably 10 carbon atoms or less in length, and can be straight

chained, branched or cyclic. ed conductive polymers for use

5

30 in the method of the present invention include polythiophene and

its derivatives (e.g. PEDOT), polypyrrole and itsg derivatives and

The conductive polymer is formed by electropolymerigation of

1

polymeric subunits capable of polymerising to form a conductive

(98]
(&1

polymer. For example, the conductive polymers FPEDOT, polypyrrole
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and polyaniline can be formed by electropolymerisation of the

ine, respectively.

-

monomer EDCT, pyrrole or ani

Electropeolymerisation of the conductive polymer

In the method described herein, a conductive polymer is formed

within the polymeric network by electropolymerisation.

=

Electropolymerization i1s a well-known process for forming

conductive polymers. Electropolymsrisation of a polymer is also

referred to as electgoﬂeposition. In the present context,
{and electrodeposition) refers to a process

ge in the form of either a current

or a voltage ntial to lymerise a polymer subunit, such as a

monomer. In present invention, the charge

promotes polymerisation of the conductive polymer from the SCCP

=5}

(i.e. the site of nucleation). or example, 3,4-ethylene
dioxythiophene (EDOT; a moncomer suitable for forming the conductive

polymer PEDOT) may be introduced into the polymer netwo:

l’\

rk having a

SCCP disperscd in it, and by applying a charge across at least a

polymerisation of the EDOT occurs with

PEDOT:PF3SS (i.e. the SCCP) providing a nucleation site from which

3

vrer grows to form the conductive polymer.

Electropolymerisation can be performed in either potentiocstatic or
galvancstatic mode. In a preferred embodiment, galvanostatic

h I T 4o 1vey e ) 3 4o -1 2 ] R TR A
electropoelymerisation 1s used in the method described

depaend on the polymer subunit used to form the conductive polymsr,
the SCCP, and the polymeric network used. A person skilled in the
art will be able to take account of the variables and be able Lo
select appropriate conditions to perform the slectropolymerisation.
For galvanostatic electropoiymerisation, suitable currents are

typically from about $.1 to 6 mA/cm®. For potentiostatic

ot

electropolymeris:

1.2 te about 3 volts.

nerisation starts at a
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nucleation zite (i.e. the SCCP) and, by the process of
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Typically, the polymeric network 1s not bound to an electrode

E
during the electropolymerigation of the conductive pol

Typically,

Comprises

polymer subunit capable of polymerising to form the conductive

poelymer, e.g. by immersing the polymeric network in the solution,

W
I__'
o
0

and applying an = trical potential across the polymeric network.

The electropolymerisation of the conductive polymer is continued
until the growth of the conductive polymer is sufficient to provide

.

electrical conductivity to the resultant polymeric material.

Accordingly, in an embodimen the present invention provides a
method of preparing an electrically conductive polymeric material,
the method comprising:

- providing a polymeric network having a short chain conductive

polymer (SCCP) dispersed in the polymeric network;

~ contacting the polymeric nestwork with a solution of a polymer

e.g. by immersing the

and applyving an electrical

- continul

polymer for

conducti

~ically conductive

In zome embodiments, the resultant elect

i

poelymeric material comprises the conductive polymer in an amount of
from 2 to 40%, e.g. 5 to 25%, by welght based on the total weight

of the dry conductive polvmeric material.
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Electrically conductive polymeric material

The eiectrically conductive polymeric material prepared by the
method of the present invention may, for example, have a

conductivity of greater than about 10 S/cm and/or a charge storage

5 capacity of greater than about 10 mC/cm®. In some embodiments, the
electrically conductive polymeric material has a charge storage

mC/cm®. In some embodiments, the

~

charge storage capacity is in the range of from 20 to 300 mC/cr?,
2

e.g. 20-250, 20-200, 20-150, 50-300, 50-250, 50-200 or
10 50-150 mC/cm®. In some embodiments, the conductivity is greater

than about 5, 8§, 10,

In the method disclosed herein, the electrepelymerisation of the

15 conductive polymer may be in a localised portion of the polymeric
network or may be throughout the polymeric network. In some
embodiments the electropolymerisation takes place in a
predetermined region of the polymeric network. For example, the
region may be selected by any one or more of (i) introducing the

20 SCCP into onliy a predetermined region of the polvmeric network;
(i1) introducing the polymer subunit from which the conductive

methods may alsc be used to eleétropolymerise the conductive

polymer in only predetermined regions of
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The method of the present invention can be used To prepare soft,

flexible conductive materials. The method enables the preparation
30 of materials having fast charge transfer and high charge injection

capability, beyond that offered by conventional conductive polymer

loaded materials.

By localising the SCCP within localised regions of a bulk non-

conducting polymeric sent invention
35 enables the preparati conductive
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component

areas within the bulk non-conductive polymeric

enables the fabricati

arrays and

underlying metallic array.

The SCCP can be localised within regions of a
polymeric material by a variety of technigues.
substrate formed of a bulk non-conductive polym
having a pattern of spaces on the zurface or wit
The spaces may ormed by € use of a meuld,

A mixt

lithography

polymeric mat zed therein

these szpaces the polymeric material formed
electropolymerisation of the conductive polymer
polyrner will be located in the regions which co

The followlng examples describe the formation o
in hydreogel constructs. Similar principles can

elastomers. The enabl

es
and

which do not contain

alements.

Products comprising an
prepared by the pres

devices, from senscrs

properx

improvements in both capacity and s

recordings. Electrically conductive polymeric materi

method of the present invention may ke u

including, but are not limited to, cochlaar imp
pacemakers, deep brain stimulators (where flexi
limitation that causes device failure),

implanted and externally applied), wound

neural and cother biosgensors.

The electrically < pelymeric materials

method of the pressnt invention may

comprising a conductive polymer locali

PCT/AU2015/050846

er

the 3CCP.

polymeric material

enzitivity of
als prepared

sad in

lants, cardiac

bility

is a major

prepared by the

rical properties on
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dard metal array of the same
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The method of the present invention enables the preparation of

t are not bound to
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electrically conductive pol
5 an inorganic surface such as a metal surface. The electrically

conductive polymeric materials prepared by the methoed of the

Lres sent invention may have a

Free standing

,__‘
Q
Q
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i

.ve polymer within a polymeric network, wherein the
electrically conductive polymeric material has a conductivity of
N -

greater than about 10 5/cn. In some embodiments, the conductivity

is in the range of frem 5 to 250 S/cm, e.g. 10-200 or 50-200 S/cm.

In ancother aspect, the prezent invention provides a free standing
15 flexible electrically conductive polymeric material comprizing a

conductive polymer within a polymeric network, wherein the

3
L

electrically conductive polymeric material has a charge storage

capacity of greater than about 10 mC/cm’. In some embodiments, the

charge storage capacity is in the range of from 20 to 300 mC/crm?,
20 e.g. 20-250, 20-200, 20-150, 50-300, 50-250, 50-200, 50~150 mC/cm?
In one aspect, the present invention provides an electrically
polymeric material having a dimension of greater than

about 200 uwm in all directicns. The electrically conductive

polyneric material may be non-laminar or non-planar in shape. In

25 one embodiment, the electrically conductive polymeric material
comprises a conductive polymer substantially homogeneously
distributed throughout the polymeric material. In one embodiment,
the electrically conductive polymeric material is not bound to an
inorganic surface.

30 In another aspect, the present invention provides an electrically

a charge injection

ot
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; e b EYaYs) o " 1 o S o e ] e n - 4 g
more than 200 [le,'/lcfﬂ s, wWherein }\_J(“J_‘7H{§::K_LC material i

an inorganic surface (i.e. the polymeric material is a

polymeric material).
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In another aspect, the present invention provides a polymeric

naterl

-y

al comprising one or more regions which are electrically
conductive and one or more regions which are non-conductive,

wherein the conductive regions and non-conductive regions are

integrally other and wherein at least one of the

electrically conductive regions has a dimension of greater than

about 200 um in all directions.
EXAMPLES

The present inventio
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the following non-limiting Examples.

d

primary and secondary nucleation for electrochemical
polymerisation of conductive polymers within poly(vinyl alccohol)

methacryiate (PVA-MA) hydrogels

T oA

A comparison of two potential metheds for introducing rnucleation

into hydrogels, (1) primary heterogeneous and (ii) secondary

]

nucleation, are ed. Specifically, the introduction of (i)

conductive bulk glass (BMG) particles, composed of

MgesZnaCasNa;, and (11) & dispersion of chemically synthesised
pely(3,4~ethylene dioxythiophenes)-poly(styrene sulfonate)

(PEDOT:PSS). The BMG particles were chosen as conductive particles
which could be removed from the material post-polymerisation by

acldic degradation. PEDOT:P3S in this sxample was provided as an

9]
jup
O
e
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-
]

aqueous dispersion of smal ngth polymer chains, and is

only minimally

Py

Both BMG and FEDCT:P3Z systems were loaded into poly(vinyl alcohol)

the conductive

polymerx ) poly (3, 4-athy e dioxythiophene) (PEDOT) was

analyse

and compare the extent of PEDOT
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BMG particless were ground into fine particles and pas

197}

ed Through a

Lrey?
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45 pm sieve. The particles were then loaded ; and 15 wt% in
an 18 wt% agueous sclution of methacrylated PVA (PVA-MA, with 4
functional groups per chain) with a 2 wt% methacrylated heparin
component (PVA-Hep). The heparin component dopes the PEDOT and
further suppcrts growth of the CP within the hvydregel (Pcole-Warren
L.. et al. Expert Rev Med Devices. 2010;7(1):35-49). The BMG loaded

gels were cross-linked by photopoliymerisation for 180 s in the

presence of a photoinitiator (0.1 wt® 129392 and 30mW UV light).

zing BMG the hydrogels produ
not have a clear difference in appearance, as shown in Figure 2.
However, the 15 wt? BMG loaded hydrogels were observed to have a
different consistency to the hydrogel discs with lower particle
and soft in the centre. To achieve
adequate crosslinking at this higher loading both sides of the
discs were exposed to UV light. It is proposed that at the higher
loading BMG particles caused reduced pensetration of light within

the hydrogel and impeded cross-linking. Another ocobservation was

that bubble formation hin hydregels at higher loadings

{11} Secondary nucleation: PEDOT:P5S (a short chain

Cat#73

\O

332 was spersed
within a 20 wt% PVA- MA macromer solution at 0.01, 0.085, O.

1
0.5 wt3. In thils system, heparin waz not added as the PSS chain

.

which is covalently bound to each PEDOT chain in the dispersion

e
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through the sulfonate groups. These hydro
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crossiinked by photopolymerisation for 180 s under eguiva
shows an increasing blue
coloration with increasing < nitration of PEDOT:F33 loaded into

) A S amd 00 o
of 0.0l wt% and 0.05 wt%

(Figure 3R and B), there was evidence of phase separation, with the

PEDOT: PSS dispersion appearing to coalesce at the centre of the

hydrogel disc, leaving a <¢lear border region at the edge.
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Analysis of hydrogels containing BMC and

expected that the Inclusions would impart conduct

percolation thresho

rior te attempting electropelymerisation of co
the hydrogels, the electrical properties of the
et

ermine the degree of electrochemical conduc

BMG and PEDOT:PS8S inclusions. In both of systems
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PEDOT: PSS prior to

ivity imparted by
was not

ivity unliess a

d, where a continuous path of conductive

jas reached. It

material is created within the non-conductive
can be seen in Flgure 44 that for the BMG materials there was no

7~

increase in charge storage capacity (USC) measured
i \ 7
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voltammetry (CV)

voltage ramped between
PEDOT: P35 loaded PVA
C3C was seen when
increase in CSC likely
closely associated

electrode through

Electropolyme

conducted at 0.5
electrode with a

Electropolymerisa

dependant measurement

ehaviour of the

attenuation of the

the time shift bet

et al

de detaills

-600mV and 4800 mV at 150 mV/s. For the

Yalal

ococurs only when the PEDOT:F33 chaing are

form an electrical path from the underlying

PVA volume.
risation

of PEDOT was performed as described

b
.

. Bivcactive Conducting Polymers for

with CV and

b
L.

u
ce spectroscopy (EIS) performed following

of g in PBS. EI3 is a frequency

where impedance and phase are reported

,__u
L

th
18]
O
~

oy
o+
—
0]

resistive and capacitivs

ial. The impedance magnitude 1s the

itude of the signal, wheresas phase angle is

applied voltage and measured current. CV on
I g
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the other hand measures the electrochemical response
material, which can be used to determine its charge s

capacity. PEDOT is an coptica

light microscopy images were also

1

2]
av]
<1
=

growth of the PEDOT through the transparen

For the BMG loaded samples there was no evidence of P
throughout the PVA- Hep hydrogel. The =lesctrical char
shown in Pilgure 5 demonstrates that despite applicati

for up to 80 mins, there wasz no in CSC or de
impedance, as would be expected from the growth of CP
Although the data only the 10 wt® BMG loaded PVA-

the zame reszults were observed for all BMG loadings.

this finding is the light microscope (Clympus CKX41

Fi thers is no growth of

gure 6, which

blue, cpague electrodeposited PEDOT. The hic

also reveals the desgree of particie seg

hydrogel matrix. It is expected that this was a limit

the relatively large particles were too

dispersad

o}

percolation threshold to be achieved, imparting a

ergy path from which

T e PN . 2o =T Y T . -
mples loaded with PEDQOT:PSS at 0.0

characterisation and physical
electrodeposited PEDOT. Figu
properties for the PEDOT:FSS

of PEDOT. 80 mins of

electropolyme LQwing

electropelymerisation there was no change in the aver
lmpedance of the 0.01, 0.05 and 0.1 wt% loaded PVA, b
increase in electroactivity observed for the 0.5 wth

optical micrographs concur with these results, as sho
where conly the 0.5 wt% PEDOT:PSS lcaded PVA showed subst
growth of PEDOT acroszs the 80 min electropolymerisatic

Nucleation of PEDOT through the PEDOT:PSS

loaded gels

at highest lcading
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=ing incomplete

Essentially, the

the

a
PEDOT growth could nucleate.

PEDOT chain length increases
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initial nucleation sites (the PEDOT:PS3 chains), but each
nucleation site increases in isolation of other nucleation sites.

v on electrical contact with the

Since the CV and EIS analyses re
underlving working electrode (in this case a stainless steel base);

the i

resasing PEDOT wvolume in the hydrogel will not be measurable
until the network is fully connected or at least until the growth
of the PEDOT extends to the base where the disc contacts the
working electrods. For this reason the data shows an “on/off”
conductive phenomenon in which the gels are either electrocactive or

they are not. While there were only small, not statistically

significant increases 1n electroactivity for the 0.5 wt% PEDOT:PSS

loaded PVA over the 80 min e
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isation, the optical

micrographs clearly demonstrate that there is an increasing amount
of PEDOT within the hydrogel. It was also evident (Figure 8) that

O

growth of PEDOT within the 0.1 wt% PEDOT:PSS loaded PVA occurred,
however thisg did net contribute to the electrochemical performance
of the material as measured using this technique. In the samples

5

with lower loadings of 0.01 and 0.05 wt%, there was evidence of

PEDOT forming at 40 and 80 mins, but this was se and was
observed to be mainly assoclated with the surface contacting the

of PEDOT

80 mins (160 min

led PVA samples.

a

electroactivity for the first 80 mins, but a significant increase
as electropolymerisation was continued for 160 mins. This is
quantitated in the C35C gensrated from these curves, shown in Figure
9B for the 0.1 wt% and 0.5 wt% PEDOT:P loaded L is clear

that there was an increase in electro Lvits i ith PEDOT

electropolymeri with

average CSC varying from 3.8 mi/cm® at § min to 16 nc/em’ at 160

o}

- -

min. However, in the 0.1 wt® PEDOT:PSS loaded FVA the average CSC

ranged from 4.1 mC/cm® at O min to 6.6 mC/em’ at 160 min,

suggesting that some growth of the CP pbut the network had
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not yet connected sufficiently to produce a highly electroactive
material. In Figure 10, it can be seen that there were

changes in the electrochemical impedance

atatistically signifi

c
for the 0.5 wt% PEDOT:PSS loaded gels. The average phase lag at 1Hz

from 61.2° to 35.4° with the average impedarnce
1

Q ke 7

5 Q. This behaviour was not
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% PEDOT:PES loaded gels, which had clearly not
developed a sufficient amount of electrodepesited PEDCOT
detectable differences in the electrochemical properties. The

¢ PEDOT:PSS suggests that

at 0.5 wt

improvement in
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the growth of PEDCT nodules or clouds within the PVA continues

-
4

until the isolated particles connect, enabling msasuren
PEDOT network electrical properties. However, this analysis method
is clearly limited, and alternate methods, such as DC four-point

probe conductivity, may prove more effective in analysis.
Results summary

3 7
A

The electrochemica

Q.

analyses of the loaded hydrogels prior to an

following electropolymerisation demonstrates that there are several

factors which influence nucleation and PEDOT growth. The particles

in the BMG loaded PVA-Hep did not impart e

PEDOT through the BMG hat depeositions tended to take

place on the working elesctrode, beneath the hydrogel disc. As such,

orne <an in this system the working electrode is a

preferential energy cost site for nucleation to occur rather than
through the hydrogel and the foreign particles do not provide a
point of low potential for PEDOT precipitation and growth. This is

nOST

-y

,.,u

1y because, as isolated particles within an insu

ike
al, they were not part of the electrical circuit. In the

mat T' e I

PEDOT:PSS system, nucleation was more readily observed at the

present in the PVA (although in a small amcunt) prior to

electropolymerisation of the PEDOT.



jod
[

-t
(8]

2(‘.
\v

WO 2016/101044

A= discussed
can occur th
nucleation o
where the Gi
the new grow
lowe

asite of

As shown 1n
a hyd

volume.

demonstra
within a non
cated.

fabri

center.

\/n
conductive

PEDOT : P

LA

with

disc

Large
thick. A non

a macromer s

Nilasarova et

hydrogel

i/ o’

(FEDOT:P33;

ity with materials

samples

filr

PCT/AU2015/050846

- 27 -
27
above, nucleation of a CP within a polymeric network

rough either primary or secondary mechanisms. Primary
ccurs where there is no existing CP and at the site
bbs energy is the lowest. Secondary nucleation is

th P from an CP chain. This is

st

Example 1, secondary nucleation sites can be provided
rogel that facilitate sub owth of & CP within
This example demonstrates that this technique can be

tive tracks within non-conductive hydrogels,

te the fabrication of a conductive hydrogel (CH) track
-conductive hydrogel, a silicone rubber mould was

This enabled the formation of a dmm diameter hydrogel
negative imprint of a 1 x 1 mm square track across the
was crosslinked under UV light to form the non-

the sample. Subsequently,

S8) was cross-linked within the

atterned area where subsequent electropolymeriszsation of
guired. The process is shown schematically in Figure
iting construct was characterized electrically and cell

Was assessed.
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construct was then expesed to UV light for a further 180s to create
a track. PEDOT was deposited through this gel from an agueocus

0.03 M EDOT at 0.5 mA/cm” for up to 20 min. The charge

v
o
C
=

aolution
required for electropolymerization was applied using an indium tin
oxide (ITO) siide on which the sample was placed. A 200 pl droplet
of the EDOT sclution was placed over the sample and a large Pt
counter electrode was brought into contact with the fluid. Charge
was applisd in 10 min increments with the EDOT sclution was
ced follcowing the first deposition periocd. Electrical

measurements imaging were conducted before and after

PEDOT electropolymerization.

Cyclic voltammetry {(CV) was used to characterize the

gilicone gasket over the sample surface to expose only the CH track
area to the phosphate buffered saline (PBS) electrolyte solution.

Measurements were made via a large Pt counter slectrode and an
isolated Ag/AgCl reference electrode. Voltage was cycled betwsen -
600 and 800 mV at 150 mV/s for 20 cycles using an ebag potentiostat
and eCorder unit (eDag, Aust). The charge storage capacity (CSC)

was calculated by integrating the resulting curren

surement was made of the

contribution to the signal of the underliving S8 baseplate and PVA

The frequency dependent impedance spectroscopy was determined using

an eDag impedance analyzer. The same 3 electrode cell 3

record the impedance of samples to 50 mV sinusoi

delivered from 1Hz to 10 kHz.

C. HL-1 cell compatibility
A c¢lonal line of ~itable cells obtained from cardiac muscle,

known as HL-1s, were cultured directly ontc the constructs. A
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Cells were plated at 1 x 10 cel“s/cnf in Claycomb Medium
supplemented with 10% fetal bovine sgerum {(FB3), 1%

o) T

penicillin/streptonycin, 0.1 mM norepinephrine and 2 mM L-

glutamine. Cells were imaged at 48 hr by light microscopy.
Results
A, Fabrication of hydrogel electrode ftracks

The construct was fabricated as a hydrated disc which a clearly
delineated track at the center, as shown in Figure 12. While the

samples were made from a 5Smm diameter circular mold with a lmm wide

track, the swelling propsrty of the hydrogel increased these
dimensions by an average of 27 +#3 % when stored in water for a
period of 18 hours. Following this initial period the dimensions
were stable and unaffected by the subsequent electropolymerisation.

The electrochemical growth of PEDOT within the track was observed
using light microscopy and showsed that nucleation of the CP

ccurred and was restricted to the track area which was pre-l1

o)
with PEDOT:PSS. CP growth was recognized by the appearance and
e Y K

increasing volume of opadue

Y

morphoclogy typilcal of PEDOT (R. A. Green et al. Biomaterials, vol.
29, pp. 3393-33%%, 2008.). The growth of the polymer at 8, 10 and

20 min is shown in Figure 13. It was also noted

[uy

of dark blue powder was formed on the ITO glass

s were only locsely aggregated

gample and ITO with DI water at

the termination of electropolymerisation.
B. Electrical properties
The C3C of the model electrode track was measured at each stage of

brication by cyelic voltammetry. The growth of the PEDOT within

a
. e, 2
the CH was evidenced from 3.2 mC/cm” before

1

electropolymerisatior owing 20 min of
electrepolymerizatio loop created by the CV 1s

ghown in Figure 14. It 1s important to note that the shape of the

curve iz influenced by the underlying 35S electrode and the large
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area of PVA through which the current i1s transferred before
R
i

vte in which the reference electrode is

located above the track surface.

D

The electrochemical impedance spectroscopy result

0]

supported the

P

o
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voltammetry findings, indicating an increased charge ansfer

9]

capacity as the PEDOT growth i1s continued. This was evidenced by an

¢ and the phase lag at low frequency

[

Fh
O

.67 at 100 Hz.
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The HL-1 cardicmyocyte cell line was found to attach to the
visible difference in the cell numbers before or after the

elactropolymerisation of the PEDOT (shown in Figure 15).

4

Additicnally, the cells did not appear to preference the track or
PVA region of the construct. The cells on the TCP control had a
more flattened morpheloegy than those on the hydrogel substrates.

Discussion

Tt has besn shown in Example 1 that SCCPs included within a
hydrogel provide nucleation for CP growth. The growth of PEDCT
within patterned tracks can be controlled through the provision of

3CCPs and the parameters

of PEDOT. This technigue ed hydrogel

constructs with areas of high
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may be

advantageous for producing scalable, soft, corganic implantable

The formation of PEDOT within the tracks containing the precursor
CP was visually observed. At 10 min only small, relatively isolated
areas of PEDOT were seen. As the electropolymerisation was

continued the PEDOT nodules increased in size, filling the hydrogel

olume. It iz believed that the provision of both the precu

dope CFs in CH coating constructs, is advantageous 1in selectively
contrelling the formation of the PEDOT wit
Growth was not uniform across the track, but extended to the border

region of the homogencus PVA. Since the adjacent PVA only hydrogel
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did not contain either the PEDOT:PSS precursor chains or an
available dopant molecule, PEDOT did not extend inte this region.

This technigue provides advantages over the prior art in the

.

development of hydrogel electronics. In studies by Sekine et al.

(Journal of the American Chemical Society, vol. 132, pp. 13174~

2
5175, 2010) CP tracks were grown on a patterned ITC surface and
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rlhedded 1n an agarose hydrogel. The whole construct was then
removed from the ITO by electroactuation. It was found that while

these tracks
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mechanical failure upon f1 component was friable and

stiff. CHs have been shown in the priocr art to have improved
mechanical properties over homogeneous CPs, and it is believed this
characteristic will improve the robustness of the coverall construc

while simultaneocusly reducing the stiffrness.

This

that the electropolymerisation of PEDOT was
assocliated with an increase in charge transfer capacity and a
decrease in impedance. Additiona

suspension of PEDOT:PSS within the PVA did not impart a gsignificant

concurred with Example 1 on unpatterned hydrogel discs, however, it
this Example, the electrochemical benefit cobtained from CP growth
was realized at earlier time points. It is believed that this is
duz to the inclusicn
track. In Example 1,

P33 onn the PEDOT:PSS

DOT electrochemical deposition. The extra dopant incorporated by

inclusion of heparin appears to expedite the electrochemical growth

In the electrochemical cell used to generate these results, the

ot

charge was passed through the underlying FVA hydrogel pricr to
passing through the track. This enabled the characterizatio

PEDOT growth as a function of the entire construct, but as sesn i

Figure 14, the curve generated had features typical of both PEDOT

and the underliying 83 used to apply the

&

believed that measurements of DC conduct

]
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assessing the potential of these tracks in carrying charge for

This example also shows that these constructs are compatible with a

the PVA and CH track with similar morphologies to that of TCP

his study demonstrates cell compatibility. In addi

into neural or cardiac

1

able to be controllied through provision of an electroactive

substrate (K. H. Lie et al. Human Embrvonic Stem Cells Handbook.

~Z24¢), and as such,

This e ctrochemical nucleation of CP

tample demonstrates that e
growth within a non-conductive material can be taillored to create

patterned areas of significant conductiv
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provides a method for the development of soft, | standing

bioelectronic with 0.5 wt® PEDOT:PSS enabled

£]
fabricatio ing, electroactive construct following

f~d
I

Soft and flexible el

ectrcac

aevices

et
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In thiz study, the conductive polymer complex
poly{3,4-~ethylenedioxythiophene:polystyrenesulfonate (PEDROT:PSS)
and polyurethane (PU) were used to fabricate conductive elastomers

t
PU~PEDOT: P33 elastomer, various

(CEs}). In order to fa

loadings of PEDOT:PSS were dispersed in a solution of PU

fand

ved

Q.
it
w

>3S0

in dimethylsu

The solution was cast and dried to produce a
2

24 wti.

[

film comprizi PSS in an amcunt of 1, 4, 8, 1
Electropolymerization of PEDRCT within t film was €

in & similar manner to that
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scolution of EDOT in dimethylisulfoxide. Cyclic voltammetry (CV) was

used to assess the charge storage capacity (CSC) of the films prior
to electropolymerisation and after electropolymerisation. The films
after 40 minutes of electropolymerisation of PEDOT demonstrated a

greater than 3 timess ilncrease in charge storage capacity compared

to the films prior to electropolyvmerisation of PEDOT. The resultant
cnductive films were soft, flexible and had good tensile strength.
It is to be understocd that, 1f any prior art publication is

referred to herein, =such reference does not constitute an admission
that the publication forms a part of the common general knowledge

in the art, in Australia oxr any other country.

In the claims which follow and in the preceding description of the
invention, except where the context requires otherwise due to
express language or necessary implication, the word “comprise” or

variations such as “comprises” or “comprising” is used in an

.nclusive sensze, i.e. Lo speclify the presence of the stated

features 1in various embodiments o
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CLAIMS:

1. A method of preparing an electrically conductive polymeric

~ providing a polymeric network having a short chain conductive

1 in the polymeric network;

n

ke
]
e
W
[
t
Q
o
Q
F
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s
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D
A

~ electropolymerising a conductive polymer (CP) within the

2. The method according to claim 1, wherein the polymeric

network is a hydrogel.

1¢ 3. The method according to claim 1, wherein the polymeric
network is an elastomer.

4. The method according to any one ¢f claims 1 to 3, wherein the
poelymeric network, pricr to electropolymerisation of the conductive
polymer, is non-conductive.

18 5. The method according to any one of claims 1 to 4, wherein the
short chain conductive polymer comprises from about 5 to about 1000
menomeric units.

6. The method according to any one of claims 1 to 5, wherein the
short chain conductive polymer 1s FPEDOT:PSS or tetramsth

20

cof claims 1 a5, the
vrrocle or polyvaniline.

of the preceding claims,

conduictive polymer comprises:

25 - contacting the polymeric network with a solution comprising

monomer of the conductive polymer; and
- applying an electrical potential across the polymeric
network.
5. The method according to any one of the preceding claims,

30 wherein the polymeric network having a SCCP dispersed in the

network comprises a localised region of a polymeric material.
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0 i according to any one of the preceding claims,

wherein the electrically conductive polymeric material has a
0

conductivity of greater than about 10 S/cm.

-

herein t

C
(o)}

11. The method according to any one of claims 1 to 6, he
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oolymeric material has a charge storage

capacity of greater than about 10 mC/am?.

12, A device comprising an electrically conductive polymeri

material prepared by the method of any one of claims 1 to 11.
13. A free standing flexible electrically conductive polymeric
material comprising a conductive polymer within a polymeric
network.

14. The free standing

material according to claim 13, wherein

=
A

)

15. The free standing flexible electrically conductive polymeric

material according to claim 13, wherein the polymeric network is an

elastomer.

3
4

16. The fres standing flexible electrically conductive polymeric

1 according to any one of c¢laims 13 to 15, wherein the

is PEDOT, polypyrrole or polyaniline.

17. The free standing flexible electrically conductive polymeric

material according to any one of claims 13 to 16, wherein the

ymeric material has a charge injection limit of more

chan 300 uC/c

18. The free standing

material according to any one of claims 13 to 17, wherein the

conductive polymeric material has a

terial comprising one or more regions which are
and one or more regions which are non-

conductive regions and non-conductive

0]
(i
»
t
-
I
(6]

bound toc = n octher and wherein at
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of the electrically conductive regions has a dimension of greater

.

than about 200 pm in all directions.
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