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1. Summary

Application of electric fields for tissue repair vs functional electrostimulation needs to

rely on the use of adequate materials. To date functional electrostimulation of the

nervous system is addressing symptom relief and is done at high frequency pulses to

prevent overheating and damaging of tissue, and it is done with platinum-implanted

electrodes. In that case, formation of radicals from water oxidation or oxygen reduction

results in damage to the biological system.

This project attempted to develop new materials or coatings to facilitate a new path in

which application of electric fields would not result in radical formation but rather, the

mixed valence material as electrode would undergo an electron transfer.

Thus the project has focused on:

A)

B)

C)

D)

Development of new electroactive materials: Nanostructured intercalation
mixed valence electrodes as “shock absorbers” in terms of chemistry and

charge. Possible drug delivery during action. Self standing electrodes.

Development of electrodes based on proven biocompatible electroactive
materials that allow appropriate electric field geometries to be imposed
internally in the nervous systems. Brain and spinal cord electrodes will be self-

standing in the long term, though with different geometries.

Nanostructuring of electrodes as hybrid systems should overcome the
problems of independent pure materials, increasing electrode stability, charge
capacity and a more flexible charge delivery through tunable interfaces. IrOx can
be scaffolded with carbon nanotubes that will prevent delaminating for example.
Interfaces will be tuned at the starting potential needed, by initial
electrochemical doping. Adhesion on those interfaces may be modulated by such

potential/ionic changes.

Engineering of final macroscopic shapes, as microelectrode arrays or as

cylindrical pieces adjusted to spinal cord geometry.



E) In vitro evaluation of electrodes in the absence and in the presence of applied

electric fields

2. Results

A short summary of achievements follows:

1) New hybrids of iridium oxide, IrOx, with nanocarbons: IrOx- carbon
nanotubes, IrOx-graphite oxide, IrOx-graphene oxide and IrOx-pristine
graphene have been prepared as thin transparent electrodes and as thick,
large-charge coatings. Aminoacid PEDOT-polypyrrole bilayer composites have

also been prepared

IrOx has been proven to adhere to graphene and graphene oxide platelets, as well as
graphite or carbon nanotubes. That induces a self-assembly in colloidal form, which
facilitates the carbon electrodeposition driven by IrOx. The process works for all tested
carbon materials, as reported previously for nanotubes. Conducting polymers have also
been included in a trihybrid. The resulting electrochemical properties evidence a
significant effect of carbon in charge storage capacity (see below) that is hindered if
PEDOT-conducting polymer is also included in the hybrid.

Nanocarbons induce a nanostructure in the final material, as shown in the case of
nanotubes below, rendering a more stable phase that can be cycled at least 100 times
longer. In this example, CNT act like steel wires in reinforced concrete. As a

result, the electrochemical properties are far more reversible and involve larger charge

capacities



Figure 1. SEM images of IrOx-carbon nanotubes, of IrOx-carbon nanotubes-PEDOT showing the scaffold
like nanostructure of the hybrids, and IrOx-graphene oxide milfeuille nanostructured material along with

exfoliated graphene (HRTEM).
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Figure 2. Charge storage capacity CSC, of graphite and graphene oxide-IrOx hybrids versus pure IrOx

Figure 2 show how graphene with large CSC maintains 90% of it after 1000 cycles,
while graphite loses it abruptly at around 200.



On the other hand, pristine graphene obtained by electrochemical exfoliation, as

reported by our group, has also been used to form IrOx-graphene hybrids, with

significantly different results from those of graphene oxide. A significantly lower

roughness yields a similar enhancement in charge capacity for the material. This fact

shows that pristine graphene contributes more to the electrochemistry material than

graphene oxide. All phases contain the same K/Ir ratio according to XPS spectra, as if

all were identified as the iridium oxohydroxide described in former reports,

KzIrOx(OH)y.nH20. Only the one containing graphene oxide has extra oxygen, while

the one obtained with pristine graphene does not have extra oxygen, which

demonstrates that is undoped graphene.

2)

3)

All phases have been obtained as coatings on flat platinum electrodes of
various geometries and sizes, and also over flexible platinized medical silicone
and microelectrodes. All electrochemical properties are reproducible in all cases.
All processes involve highly reproducible electrodeposition procedures and
confirm that the materials could coat any commercially available electrode.

Control of thickness and global CSC is possible in all hybrid materials.

Also for all cases, primary neuron culture has been performed (see Table 2) and
compared with other materials. When the carbon component is graphene or
graphene oxide, cell cultures evidence the same optimal compatibility that was
shown previously for IrOx, IrOx-CNT and bilayers-aminoacid conducting
polymers. Only one case proved toxic, when nitrurating graphene (not shown).
And in the case of PEDOT, with no PSS surfactant, a very poor viability was

found.



Table 2. Comparison of materials in terms of neuronal viability of cells deposited on top of nanostructured

materials and grown in vitro up to 5 days.

Nanostructured material

Neuronal viability. % of
neurons (cells with tau
labelling) with respect to
control materials

(borosilicate or IrOx)

Doped PEDOT PEDOT-lysine 0.01 M < 5%
monofilms
PEDOT-glutamine 0.01 M < 5%
PEDOT-glycine 0.1 M < 5%
PEDOT-glutamic acid 0.1 M < 5%
PEDOT- sodium glutamate < 5%
0.1 M
PEDOT-PSS < 5%
Doped PPY monofilms | PPY-PSS < 5%
PPY-DBS < 5%
Doped PEDOT/PPY PEDOT/PPY-glutamine 0.01 91 %
bilayered films M
PEDOT/PPY-glutamine 0.1 M | 122 %
PEDOT/PPY-lysine 0.01 M 97 %
PEDOT/PPY-inosine 90 %
IrOx hybrids IrOx-Carbon nanotubes 90 %
(CNT)
IrOx-PEDOT-CNT < 5%
IrOx-graphite oxide 112 %
IrOx-graphene oxide 98 %
IrOx-electrochemical 94 %
graphene
Pt Pt < 5%
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Figure 3. Cell culture quantification for carbon-IrOx hybrids and the one including polymer, as compared
with borosilicate reference, platinum commercial electrodes and pure IrOx, along with charge capacity

values attained

A comparison of the materials shown in previous reports and this last work
period makes it possible to identify the optimal behaviour materials in terms
of electrochemical properties and cell viability, previous to electric field

application
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Figure 4. Representative cell scratch filling for several materials in anode and cathode

4) An in vitro model, scratch cell culture, has been chosen to evaluate
electrodes and electric field protocols have been defined for electric field
application with implanted electrodes. Comparison with no electric field and with

standard platinum electrodes has been performed.

The comparison between charge capacities, as shown in part 1, yields an optimal

hypothesis for highly compatible IrOx-carbon hybrids. Despite that, EF experiments



also included polymer bilayers to consider the various types of materials, and it was

accomplished with IrOx, IrOx-graphene, and PEDOT-ppy-lysine, using Glass and Pt
references. Controlled current
pulses or controlled potential pulses
have been tested with limited
charge, to prevent capacitive

Pt-Pt ctrl, no campo behaviour, and /or gas formation

with pH changes. Cells decrease

notably when CSC is surpassed.

Astrocyte-neuron cocultures have

also been developed as a future

model.

3. Implications and relevance

New materials have been found that can be used safely in low-frequency
electrostimulation in traumatic injuries, as coatings or in bulk form. They have

been demonstrated to repair in vitro. A second stage in vivo is being planned
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