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Abstract

Electrodes can pr§ide information on neural function and stimulate neural activity. These neural
electrodes vide remarkable benefit to people suffering physical trauma or neural disease.
Traditional ectrodes have shortcomings related to poor biostability, cytocompatibility and a
rigid structire that maps poorly to tissue. Organic conductors can be formed with various chemical
and physic ies to create improved electrode-neural interfaces. The processability of organic
conductors their use in advanced fabrication methods. This review details the use of
graphene, gar notubes and conducting polymers for neural interfacing. Construction of novel
neural elec itectures via advanced fabrication processes is also addressed.

unicate with neuronal cells underpins our understanding of neural disease,'" the
or the onset of biological abnormalities such as epileptic seizures” or to provide
s of physical trauma such as severed nerves.™ The use of stimulation to promote
arborisation may also have a role to play in treating neuronal diseases such as schizophrenia™ or
neural degeperative diseases such as Alzheimer’s.”! As we develop more accurate neural stimulation

osthetics is also rapidly developing, providing benefit to patients who have lost
cord injuries, had a stroke or suffer locked-in syndromes such as amyotrophic
lateral sclero S) or multiple sclerosis (MS).”! High fidelity communication with neuronal cells
will ensurc in each of these important areas. Such fidelity is critically dependent on the
electrode —\ellular interface!™ and hence the composition and physical form of the electrode materials
used.

Nerve amells are electrically excitable, both producing and sensing electrical currents. The
simplest a'jommon method for measuring and stimulating function of these cells is via an
electrode. A conductive electrode in close proximity to the cells can detect fluctuations in local
electrolyte

electrode into t
clinical deyi
are co
metals. Thes

ation, generating changes in potential. Charge can also be injected from the
ssue, inducing neural stimulation. To date, the majority of electrodes used for
re platinum or platinum-iridium. While these materials have a high conductivity and
istant, they have a number of shortcomings, including being very expensive precious
al conductors are hard and stiff so that relative movement of the soft, flexible
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organic tissue in contact with the electrode can result in loss of contact with the target cells, tissue
damage and scarring. The ability to alter composition and hence surface chemistry at the electrode-
cellular interface is limited. The high melting point of the metals limits the physical form of electrodes

that can beIabrica'd.
The development of conductive organic materials provides an important addition to the

to produce complex structures and functionality that can be tailored for individual
hysical properties of the organic conductors can also be modified, leading to soft,
flexible electronigs that can float within or on-top-of the target tissue.

Another bigadvanfdge of organic conductors is their processability. The materials can be dispersed in

a variety o ts and used in numerous processing systems. Recent developments in advanced
fabrication jac additive manufacturing and fiber spinning, enabling formation of novel structures
which trad‘mwlworking is incapable of producing. Now that the pathways for development of
advanced il and new fabrication tools have converged, our ability to create practically useful
systems comtaimimganovel electromaterials for neuronal communications has been given a new lease of
life.

Organic conductors such as graphene, carbon nanotubes and conducting polymers have demonstrated
some extr: abilities in terms of communicating with neuronal cells. Previous reviews of this
field have Wainly focused on the materials used for neural tissue interfacing”'*. Here we provide
details on work with each of these materials before discussing some of the latest progress
with them. ¥ previous reviews, different fabrication methods are then addressed, highlighting

s on controlling material structure and their impact on cell behavior.

2.1. Gra
Graphite een mined and used for various applications, including as electrodes in batteries.
The st stalline graphite is multi-layers of hexagonal, aromatic carbon resulting in high

conductivity along individual planes. Graphite is extremely low cost and light weight, and is
amenable to physical or chemical treatments that can be used to tailor a range of properties. Natural
graphite ca@) contain impurities and defects that reduce electrical conductivity and may be toxic to
cells!. graphite removes issues of impurities, and highly oriented pyrolytic graphite
y used as a high quality electrode'*. However graphite and HOPG are large,
aterials that are not suitable for interfacing with small, soft neurons.

2.1.1. Synthesis of Graphene-Based Materials

Thin layef§ of graphene have regularly been exfoliated from graphite!'”, however in 2004,
macros copichsi layers of graphene were obtained!'®. This work was rewarded with the Nobel
Prize in Pisics ia2010 and has resulted in a boom in graphene research. Graphene sheets possess
high electri€al conductivity in 2-dimensions, are thermally conductive, extremely strong, flexible and
optically t t. This has resulted in numerous reports of graphene electrodes for various
applications. i

Large sheets of
a sharp we

hene with minimal defects can be obtained by exfoliation, using adhesive tape or
are layers from graphite or HOPG. Chemical vapor deposition (CVD) also allows
growth urity graphene. Numerous other methods for producing graphene of varying quality
and size arc ®apkable. These approaches have been covered in previous reviews!'”. Graphene is a
highly hydrophobic material, limiting solubility in most solvents and hence processability. The
introduction of functional groups renders graphene more dispersible, enabling further processing or
chemical functionalisation. To generate graphene with oxygen containing groups attached, Hummers’
method is typically used, where flake graphite is oxidized by KMnO,, NaNO; and HZSO4[18]. The
graphite oxide produced has a disrupted stacking, allowing solvent to penetrate the layers and forming
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a dispersion of graphene oxide (GO) after sonication'”. GO is an electrical insulator and can be

reduced (rGO) by chemical, thermal or electrochemical methods to increase conductivity. However
the reduction process is not complete, so that the rGO structure is not pure graphene.

2.1.2. IrHraphene with Cells

A perspecti e in 2012 discussed the ability of graphene, GO and rGO to interface with cells
A more co @ }ive review of carbon-based nanomaterials for tissue engineering was published in
2013, it indl@e@isF@PRcne, GO, rGO and some material composites, focusing on biocompatibility™.
Anothe-re_' 2013 addressed neural recording and included the use of graphene modified
electrodes[i. In 2014, a major review of materials tested for neural implants was published"”. This
work inclu ene, GO, rGO and their composites ability to record and stimulate neurons and
patibility. We have recently published a comprehensive review of graphene, GO
and rGO fd bionic§ applications and tissue engineering**.

[20]

Graphene has Deen used as a substrate for interfacing with different cell types, including human

mesenchy cells (hMSCs)™, human neural stem cells (h(NSCs)?*!, human osteoblasts™*> *°],
fibroblasts§l es’’! adenocalcmoma cells™ and cell lines such as PC12™

Specific e f different cell types growing on graphene, GO and rGO are detailed below. CVD
grown graphene adhered to a glass substrate and coated with laminin before culturing hNSCs®*.
The hNSC d rapidly onto the graphene layer and then proliferated across the entire culture

difference ell morphology on the glass compared to the graphene. After 4 weeks, there was a
higher cell
attachment.
graphene a

plate. Chat culture media allowed cell differentiation to occur, and after 3 weeks, there was a
c

the graphene than the glass regions, indicating a more favorable substrate for cell
aining after differentiation revealed a higher number of neurons to glia on the
pposite response on the glass. Voltage pulses could then be passed through the
ally stimulate the adhered neurons, with calcium imaging confirming the electrical

was a slight, statistically significant decrease in cell count and cell body size on bare
graphene compared to glass. The neurite number and length was also reduced on the bare graphene in
comparisomgto bare glass. This indicated cell adhesion may be reduced on the graphene, but the
substrate \L:ytotoxic. Culturing of postnatal day 7 retinal ganglion cells showed similar
behavior, b ith thicker cell processes, indicating the formation of neurite bundles. Patterning of
the graphede d some control of the neurite growth. This work demonstrates that both newborn
and adult 1 Is are compatible with graphene. The peptide coating on a graphene electrode
would be expected to dissolve or degrade when implanted, so the demonstration of compatibility of
the bare gr critical.

Postnat use hippocampal neurons were also grown on graphene with a poly L-lysine
coating”"]. @ AFM sineasurement of the graphene gave a roughness of 4.49 nm, very similar to the
underlyinyﬁsymle culture dish. The contact angle of the graphene was 78.9°, slightly higher than
the polyst 1.2°, indicating the graphene is more hydrophobic. To remove any impurities
from the grapheneiabrication and to sterilize the substrate, the culture dish was soaked overnight in
milli-Q wa'

finally soaked g
number, W
increase .ﬂ
to polystyrene.

12 hours in 75% ethanol, coated with poly L-lysine overnight, rinsed in water and
ight in culture medium before seeding cells. There were no differences in cell
the graphene and polystyrene after 7 days. The number and size of neurites
ays of culture. Graphene produced a significant increase in neurite length compared

rGO has also been used to interface with different cell types. GO was dispersed in methanol and spun
onto a glass substrate before reduction with hydrazine™. The resulting films were essentially flat,
with a roughness of 1.6 nm due to folds and wrinkling of the rGO sheets. PC12 cells attached and
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proliferated well on the rGO with or without precoating with poly L-lysine. Human oligodendroglia
and human fetal osteoblasts were also able to proliferate on the rGO.

Mouse induced pluripotent stem cells (iPSCs) were grown on GO or rGO coated coverslips™®. Cells
the GO than rGO. Cells on GO or glass spontaneously lost their pluripotency,
while the rGQaimpeded differentiation. As the GO and rGO surfaces had similar roughness, the
differentiation are attributed to changes in hydrophilicity and oxygen functional

2.1.3. ElectuicalsStimulation and Recording with Graphene

Graphene & be used to record the activity of excitable cells. Graphene can be formed into various
electrode structures to interface with different cell types. Details of these are discussed. CVD grown
graphene patferned onto a flexible PDMS probe®*. A steam plasma treatment could then be
applied to Wunctigialise the graphene and increase its hydrophilicity. Spontaneous activity was
measured fro e abdominal nerve cord of a crayfish. A signal-to-noise ratio (SNR) of 27.81 dB
was recor pristine graphene and a smaller 20.30 dB of the functionalised graphene. An
electrocar om a zebrafish was also acquired.

CVD gro ne was transferred onto a flexible polyimide (Kapton) film with gold contacts.
The graphene was@patterned via photolithography and oxygen plasma etching before encapsulation
[

with SU-8 ¢ of the graphene was then treated with 70% nitric acid, where adsorption of NO3

resulted in ping. The doped graphene had a one order of magnitude reduction in impedance
(compared@o undoped) at low frequencies, which would suppress electronic noise. It also had a

larger capagi leading to higher charge injection capacity, with potential benefit for neural
stimulation. iotomy was performed on a rat animal model, with the electrode placed on the
cortex to p ectrocorticography (ECoG). Epileptiform activity was induced by application of
bicuculline ide to the exposed brain region. The doped graphene electrode showed a 5-6

times reduction 1n noise compared to gold electrodes of the same size. Undoped graphene had a noise
etween the doped graphene and gold electrodes. Recordings of spontaneous
phy (EEG) in a feline model and somatosensory-evoked potential in an
were also performed. Furthermore, the transparency of the graphene electrode
alcium imaging with neural recording of hippocampal slices.

Another graphene ECoG was patterned onto Parylene C and implanted in rat animal models (Figure
1B 37, She graphene had a slightly higher impedance and smaller charge injection capacity

compared mum and gold electrodes. However these metal electrodes have a low light
transmissiongismiting their usefulness in combining electrical recording/stimulation with optical
imaging, @ aging or optogenetic stimulation of cells. ITO is typically used for forming
transparentSglect@des for combined electrical and optical interrogation of neurons. The optical

transmission of the 15 pm thick Parylene C with four layers of graphene was around 90%. This
optical tra is higher and over a wider range of wavelengths than on ITO. ITO is also a
brittle ial incompatible with complex folds of the cortical surface. In addition, ITO requires
high fabricgtion peratures, limiting the type of substrate that can be used and hence possible
electrod“;. Platinum and graphene electrodes were implanted into rats and both

experience increase in impedance over the first 10 days but with no significant difference between
electrodes. The Slectrodes showed similar baseline neural recordings and electrically evoked
potentials sciatic nerve was stimulated. Electrodes were also placed into Thy1::ChR2 mice.

Illumination of the cerebral cortex with blue light induced optogenetic stimulation of the neurons
which wa ed on the graphene electrodes. A cranial window was also implanted, allowing
i cortex and cerebral vasculature and measuring 3D optical coherence tomography
(OCT) bene implanted ECoG. The transparency of the graphene removed any imaging
artefacts and masking that occurred with the opaque platinum electrodes.

Fibers of GO have been heat treated to form rGO before coating with parylene C (Figure 2)°*. Laser
ablation removed the parylene from the tip resulting in a rough and amorphous electrode. The
electrode was able to stimulate explanted retinal ganglion cells. Coating the fiber with sucrose
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increased its stiffness to enable insertion into the visual cortex; after the sucrose dissolved, neural
recording could be performed.

noise le igher sensitivity than recording electrodes. Yeast cells were grown on a rGO FET
and exposedd@malcohol®”. The stressed cells compressed, leading to folding of the rGO and a
decrease infl Ohductance. Cardiomyocyte-like HL-1 cells were cultured on an array of graphene
FETs®". Thecoadlctance of the graphene could be controlled by varying the gate voltage and enable
a sensitivitg one order of magnitude greater than other Si- or AlGaN-based devices. The

Graphene-based miterials can also be used to form field-effect transistors (FET) which have a lower

cardion&o pagated across the FET array and action potential propagation could be detected.
Addition oforepinephrine increased the spike frequency.

2.1.4. Graphened€omposites
Electrode osiflon can be manipulated by using graphene-based composite materials. However,

in so doing fabfication options become more limited and so most, maybe all work in this area involves
coating m ntional electrodes or using cytocompatible insulating substrates as described
above. Se ps have reported that GO can be incorporated into conducting polymers. GO was
dispersed in an aqueous solution with pyrrole (Py) and polystyrene sulfonate (PSS)*”. Current was
then passe a platinum neural electrode to polymerise the pyrrole, forming a PSS and GO
doped pol layer on the electrode surface (PPy/PSS/GO). The incorporation of the GO
increased the surface roughness in comparison to PPy/PSS modified electrodes. The impedance of
the electromHz decreased from bare Pt > PPy/PSS > PPy/PSS/GO modified electrodes which

is a predictQr of the signal-to-noise ratio of the electrodes for neural recording. The charge injection

capacity 1 ant for neural stimulation and was measured via cyclic voltammetry with
PPy/PSS/ /PSS > bare Pt. In another demonstration, 3,4-ethylenedioxythiophene (EDOT)
was dissalve th dispersed GO with subsequent electrochemical growth of poly(3,4-
ethylenedio ene) (PEDOT) doped with GO on platinum/iridium microelectrodes*!).  Rat
cortical e seeded onto the PEDOT/GO, with no significant difference in cell viability or

cell num
longer neurit

pared to PEDOT/PSS while the PEDOT/GO allowed formation of significantly
the PEDOT/PSS. The GO of the modified electrodes was then covalently
modifi a_laminin fragment peptide P20 which resulted in even longer neurite growth (no
electrical stimulation was used in this work). Other work demonstrated that PC12 and NIH/3T3 cells
could proliferate on PEDOT-GO on gold electrodes!*.

Electrodes Wodified with graphene-based materials or their conducting polymer composites are still
relatively drogels are polymeric materials that can contain over 90% water, and can be very

soft and flgfth Polylactic acid (PLA) and polylactic-co-glycolic acid (PLGA) are two typical,
biocompat w biodegradable polymers made from the polymerization of lactic acid and glycolic

acid. Mixt PLA and PLGA were drop cast onto CVD grown graphene!*’. PC12 cells were
seeded on t ene/hydrogel composite, with cell density highest on a 50:50 PLA/PLGA mixture.
Cells were(then differentiated and electrical stimulation led to a large increase in neurite length and
connec and carbon nanotubes can also be incorporated into hydrogels to support cell
T

2.2. Carbo bes

Before large sheet§) of graphene were produced, fullerenes were discovered. Fullerenes are hollow
graphene s that can be shaped liked soccer balls (buckyballs) or long tubes (carbon nanotubes
(CNT)). The di ery of buckyballs in 1985 led to the Nobel Prize in Chemistry in 1996'**), Carbon
subsequently synthesized in 1991, CNTs can comprise a single layer of graphene
walled nanotubes (SWNTs) or multiple layers creating multi-walled nanotubes
re 1-dimensional materials with extremely high strength and thermal conductivity.
The graphene sheets of SWNTs and MWNTSs can be rolled at different angles and diameters which
can alter the electrical characteristics of the nanotube giving metal or semiconductor properties.

2.2.1. Synthesis of Carbon Nanotubes
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Fullerenes can be found naturally, but are highly irregular. They are typically synthesized via
chemical vapor deposition from feed gases onto a substrate. This allows growth of highly uniform
and aligned CNT mats. The substrate typically has a catalyst bed of cobalt, nickel or iron. The
catalytic Bﬁicle r!nains attached to the CNT after growth, and use of the as grown material may be
toxic. Removal of the catalyst may be achieved by acid washing or oxidation, although this can
introduce fgfettoRality into the CNT. Similar to graphene, CNTs have a very low solubility in most
solvents. @ plisation of the CNTs can enable their dispersion in solvents, but can impact on
their structfre"aRd*eonductivity. The CNTs can be grown directly onto the target substrate which can
be pattemncdmmid@wever the substrate must be heated to high temperatures for CVD, limiting the types
of substrats that can be used. Transfer of CNTs can be achieved by transfer printing, applying tape
to adhere t Ts, drawing the CNTs to form a fiber, or forming a dispersion and casting it onto
another subgfrat epending on the growth and transfer method, individual CNTs can be obtained or
multiple CNTs canfform a vertically aligned mat, a random mesh, or fiber.

2.2.2. Interfacing Carbon Nanotubes with Cells
A numbermws have been published previously which include CNT-neural interfaces''l. A

2008 reviewddisc#8sed CNTs for neural implants including their biocompatibility*”. In 2011, further
details on i CNTs and surface patterning were shown to affect neural growth and neural stem
cell differentiation® . The 2013 and 2014 reviews of carbon-based materials for neural implants also
included C U,

Reports of] cell types growing on various forms of CNTs include hippocampal cells™**>",
dorsal roof§ganglions (DRGs)"?, cortical and cerebellar neurons, fibroblasts, Schwann cells®*,

osteoblasts™ ", s and NG108-15 neuroblastoma-glial cells”®.

The first rq g“ NTs providing an effective interface with neurons was created by drop casting a
dispersion GEMBWNTs onto glass coverslips!*. The random mat of MWNTs allowed attachment and
growth of rat hippocampal cells. Neurite outgrowth occurred, but was not directed. Modification of
~hydroxynonenal (4-HNE) further increased the number and length of neurites. To
geneous surface coverage of MWNTSs, as prepared MWNTs were functionalised
oups, dispersed in dimethylformamide, drop cast onto glass slides and baked at
mosphere to defunctionalise the MWNTs™". Hippocampal neurons grew neurites
and formed synapses which displayed an average 6-fold increase in spontaneous postsynaptic currents
measured bi patch clamping. MWNTs were also functionalized by refluxing in concentrated sulfuric

and nitric @cids for 6 hours before casting a random mat on polycarbonate and seeding DRG

neurons”?., rons sprouted longer neurites on the functionalized MWNT mat compared to non-

functionaliTs, indicating the oxygen functionality improves neurite adhesion and growth.
SWNTs w dified with PEG to improve their solubility then spray coated onto glass slides and
allowed groWel8f hippocampal neurons””. The surface charge of MWNTs was modified with
various fuCn’ oups with more growth cones and longer neurites found on positively charged
MWNTs thén zwitterionic or negatively charged MWNTs"'.  Amino-functionalised MWNTs in the
presenc owth factor (NGF) also stimulated greater neurite growth than MWNTs or NGF
on their%uman embryonic stem cells (hESCs) have been cultured on poly(acrylic acid)
(PAA) modified CNT mats™. The hESCs showed strong differentiation towards neural lineage
compared bstrates modified with PAA or poly L-ornithine. Layer-by-layer (LBL) assembly
of poly(styrene-4-gmlfonate) modified SWNTs and laminin was formed on a silicon oxide substrate
which prom ort for NSC growth and spontaneous differentiation”®”. LBL growth of PPy and
MWNTs was iable for PC12 growth!*.

lignments can also be used to interface with cells. Vertically aligned MWNTSs were
functionalize aking in sulfuric and nitric acids. The functionalization of the MWNTs induced
clumping, forming pyramidal or honeycomb like structures which supported fibroblast growth!®!l,
Vertically aligned MWNTs were coated with polypyrrole to form pyramidal structures, before
soaking in collagen, allowing growth of PC12 cells'”, MWNTs can also be drawn into aligned sheets
and fibers, enabling growth of multiple cell types and some control of neurite direction’”. MWNT
sheets coated with PPy were used to grow myoblasts; myotubes aligning with the underlying MWNTs
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(Figure 3)!*!, The PPy coating improved the cytocompatibility of the substrate, and electrical
stimulation increased the cell density and myotube formation.

2.2.3. Electrical Sti'mulation and Recording with Carbon Nanotubes

Recordi ral activity with CNT modified electrodes has been demonstrated. CNTs were
grown dircgf¥™@nto titanium nitride microelectrode arrays (MEAs), significantly increasing the
charge deelectrode[64]. High quality spontaneous action potentials were then detected
from cultuFed™EorE@a neurons. Bare MWNTs, acid chloride functionalized MWNTs and PPy
modifieds MdWaNalss were attached to MEAs. The modified electrodes possessed higher charge
injection cSacity and lower impedances at 1 kHz compared to uncoated electrodes. Spontaneous
action pot re recorded from cortical neurons grown on the MWNT modified electrodes for
up to 88 days. stimulation threshold for the neurons was also lower on the modified electrodes.
In vivo re;rding ;om rat motor cortex and monkey visual cortex was also performed, with higher
signals rec cross the entire measurement frequency compared to bare metal electrodes®”.
Rabbit reti ion cell activity has been recorded on SWNT bundles®”. CNTs were grown on a
flexible pomlEA and able to record activity from the tail of a crayfish or the surface of a rat
motor corteX®”, T bundles on a tungsten electrode recorded activity from mice brain®. Amino
functionali s have also been used to record activity from crayfish neurons'®’. PEDOT-CNT
electrodeposited s a microelectrode’” could record multi-unit activity from a rat inferior
colliculus” osensory cortex'’?! and visual cortex for up to 4 months'”). PEDOT-CNT could
also be lo ith dexamethasone, an anti-inflammatory; electrical stimulation released the
dexamethagne, reducing the inflaimmation area and improving neural health™. Vertically aligned
CNTs wer

and reducing
potentials"f.

with boron doped diamond, significantly increasing the charge storage capacity
electrode impedance; they were also used to record and stimulate action
m cver, care must be taken when implanting CNT modified electrodes, as the porous
@sgiashed during insertion!™®.

trates are also able to stimulate neural activity!’”. Vertically aligned pillars of
MWNTs rown on an MEA before growth of hippocampal neurons’™. The neurons were
electrically sti ed, with action potentials monitored by calcium imaging. A random mat of

monitored by patch clamping of the neurons””. A LBL film of PAA and SWNT was formed on ITO
with successful stimulation of NG108-15 cells detected by patch clamping™®”. PEDOT-CNT modified
electrodes gwere able to stimulate retinal ganglion neurons, requiring a lower voltage and less charge
than TiN s®. A CNT fiber was insulated with polystyrene-polybutadiene copolymer,

leaving the tjpgesposed, the fiber was able to stimulate and record neural activity™.
2.2.4. Cartube Composites

Inclusion of CNTs into organic conductor composites can enhance their electrical and mechanical
properties. Examples of CNT composites are detailed previously and in sections 2.3, 4 and 5.

2.3. Co*lymers

Heeger, M_acDiarr;lid and Shirakawa discovered conducting polymers and were awarded the 2000

Nobel Prizg_i mistry. Conducting polymers (CPs) contain a conjugated backbone. The high
conductivity o polymer usually arises by oxidation of the backbone and incorporation of a
charged do ter ion. Reduction of the backbone with incorporation of a cation dopant ion and

self-doping CPs agg also possible®’, but these have rarely been used for neural interfacing.

2.3.1. S of Conducting Polymers

CPs can be ised by several methods that usually involve oxidative coupling. This can be
achieved by a chemical oxidant or application of an electric current in solution™!. Vapor phase
polymerisation can also be performed. While the monomers are reasonably soluble in most common
solvents, the polymers are not. As a result, during polymerisation, the polymer precipitates from

solution, to form a stabilised dispersion or onto a substrate. Vapor phase polymerisation can also be
used to pattern substrates. In contrast, during electrochemical polymerisation, the CP forms in close
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proximity to the electrode. When the solubility limit of the polymer is reached, the CP precipitates
out, and can adsorb onto the electrode surface. Further growth of the CP out from the electrode
surface can then occur. The structure and conductivity of the CP is therefore highly dependent on the
polymerisal’on m'hod used. The large variety of monomers, dopant ions and polymerisation
methods pr@vides a rich assortment of material properties including hardness, surface charge, charge
injection cafa topography, conductivity and chemical functionality that can control neural
growth, st differentiation and function®*.

2.3.2. Interfaci gC ducting Pol ith Cell
nterfacing Conducting Polymers wi ells

Early wor! on neural interface development was targeted at reducing the immune response of
implanted s, which included CP modified electrodes™. One of the first reviews focussing
on CP used ical devices was published in 2007%%. It encompassed electrical sensing and
stimulatiov! actua}rs, drug delivery, microfluidics and biocompatibility. Several reviews on CPs
used for ne imferfaces have been published since!'* "> *71,

88-94

There are CPs as substrates for many different cell types, including PC12s"***¥, rat glial
cells?”!, as ! human neuroblastomas®” **!, NCTC 2544 keratinocytes””, primary rat cortical
neurons® " "rat spinal ganglion neurons!® ') primary rat motor neurons!'”’)) rat retina™",
primary rat cells!"™, chick cardiomyocytes'*”, primary myoblasts'® "' DRGs!"'"l, primary
rat NSCs a, onic stem cell derived NSCs!''?, HeLa cells!''¥), NIH 3T3 fibroblasts'** ''*!, 1.929
fibroblasts™ ', human adipose stem cells!'%, cardiac and endothelial progenitor cells!''".

There are SVeral different classes of CP, examples of each of these interfacing with cells are given.
Polyanilin was used for growing cardiac myocytes on its non-conductive emeraldine base
(E-PANI) a uctive forms!''™. Initial cell attachment was slightly lower compared to the
polystyreng¥c Initial cell growth was also slower on the E-PANI compared to PANI and the
control. P polymerized with perchloric, hydrochloric, malic, and citric acid dopants or cast
onto polytetrafluoroethylene (PTFE)!"". Stronger acids increased the conductivity of the film with
variatio ess and wettability. PC12 cell attachment was about 70% on the polymerized
films, but on on the cast film. There were differences in cell proliferation and morphology on
each surf: 4 days culture. The related polymer, N-(4-aminophenyl)-N'"-(4'-(3-triethoxysilyl-

yl-1,4-quinonenediimine) (ATQD), has also been synthesised"*”’. PC12s attached
to ATQD, but modification of the surface with an RGD peptide improved adhesion, cell proliferation
and neurite length.

The majorholications on CPs for neural interfacing involve PPy. Optically transparent thin

films of PP d with p-toluenesulfonate (pTs) were first reported as a substrate for bovine aortic
epithelial Cell attachment was poor on the PPy-pTs films. Coating the oxidized PPy-pTs
film with in allowed cell attachment and spread. The neutral PPy-pTs coated with

fibronectin showed cell attachment but they remained round. Formation of PPy-pTs by applying a
high pote veroxidation) reduced the film conductivity and had some effect on attached cell
morpho <

Changes tothe CPlilopant and film structure can impact cell behavior. For instance, PPy doped with
CI, ClOHIuronic acid (HA), dextran sulfate (DS), chondroitin sulfate (CS) or poly(2-
methoxyanl Ifonic acid) (PMAS) had different surface morphology, surface roughness,
contact angle and®Young’s modulus"?. The higher surface roughness appeared to reduce the
viability a of cardiac and endothelial progenitor cells!"'”). A similar result was found for
primary myo 1% NSCs were grown on PPy doped with dodecylbenzenesulfonate (DBS), pTs,
CI or pre-coated with poly L-ornithine and fibronectin'''?.  Film roughness was lowest on
PPy-DBS] also had the highest cell viability. NSCs on PPy-DBS were then able to differentiate
into astrocytes, rons and oligodendrocytes in a comparable pattern to cells grown on standard
tissue plates. Reduction of the PPy-DBS film resulted in poor viability of the cells and detachment
from the CP.

More recently, PEDOT has been recommended for neural interfacing as it is more chemically stable
than PPy. Laminin peptide doped PEDOT had a lower surface roughness and hardness than PEDOT-
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pTs; they had a lower PC12 cell density but with a larger neurite length®" >/, Nerve growth factor

(NGF) can also be incorporated into CPs; PPy and PEDOT doped with PSS and NGF enabled growth
of PC12 cells™. PEDOT doped with pTs or laminin peptide was also grown with entrapped NGF,
PC12s werg able t@lgrow on the CP, but the neurite length was shorter than cells grown in media with
NGF[”].Moped with PSS-co-(maleic acid) was unable to grow primary neurons, but after
modificatiquw PLL, L1 or N-Cadherin cell adhesion proteins, neurons were viable!'™. L1
modified P @ SS-co-MA enhanced axonal growth while NCad promoted axonal and dendritic
growth. PPSEFHd PDOT were grown on poly(L-lactic acid) (PLLA) fibers before dissolving the

PLLA tesfommsRRymand PEDOT nanotubes''''.. The CP nanotubes induced longer neurite growth than
on films offthe same composition.

2.3.3. Electrica

imulation and Recording with Conducting Polymers

The inherdgiit condhictivity of CPs allows electrical stimulation of the electrode-neural interface.
PC12s gro y subject to electrical stimulation had an increase in fibronectin adsorption”” and
in neurite 1 pared to non-stimulated cells™.

CP modifi ctupdes have been used in vivo for interfacing with neural tissue. NeuroNexus probes

coated in PPy-PSS had an increase in surface roughness and decrease in impedance from 10-10° Hz
with increa sition time!'**.  Acute multi-unit activity was detected during acute implantation
in a guinea _pi ellum. A similar response from guinea pig cerebellum was seen with PPy doped
with a silk Tike polymer™. Electrodes coated with PPy doped with DCDPGYIGSR peptide were
implanted i pig cerebellum for 3 weeks''>”. The impedance at 1 kHz increased over time but
after 2 wdgks, 62.5% of the electrodes still recorded neural activity. However there was no
correlation impedance and recording quality. Histology indicated no difference in foreign
body respo, ated and uncoated electrodes, although coated electrodes did have a higher level
of neuroﬁl@ndicating greater neurite adhesion. PEDOT-PSS was deposited on NeuroNexus
oated with an alginate hydrogel to reduce the electrode surface stiffness!'**. The
lanted into the auditory cortex of guinea pigs to detect driven activity by playing
e signal-to-noise ratio (SNR) decreased with increasing hydrogel thickness, as the
further away from the electrode site. Electrodes coated in a surfactant templated
EDOT-CIO, were implanted in rat motor cortex for 6 weeks'*”. The impedance
increased rapidly from day 3 to 15. The SNR decreased after implantation, on average, 70% of sites
provided a SNR greater than 2. Similar results were seen with electrodes coated in PEDOT-CIO4
nanotubes gemplated from PLLA fibers implanted in rat barrel cortex for 7 weeks!'*®. PEDOT-PSS
coated micnOwamesmimplanted in a rat somatosensory cortex were able to record neural activity for 1

electrodes a

week!"?, PEDOT-PSS coated micro-carbon fibers could record activity from rat motor
cortex'"), -pTs modified electrodes were implanted into a cat suprachoroidal space'", the
charge inje it of the modified electrodes was greater than bare platinum electrodes. Neural
stimulation a A resulted in a voltage excursion of 1.5 + 0.2 V versus 3.3 + 0.6 V for modified
and unmodified electrodes. And the electrodes could induce neural activity, detected by an electrode
implant isual cortex.

CP modWNexus probes were used to understand the relationship between electrochemical
behavior aftd neural recording (Figure 4). Electrodes were modified with PEDOT or PPy doped with
pTs or S fferent deposition times"*> '), The charge density was assessed by cyclic
voltammetry, varyihg with CP and increasing with deposition time. The impedance at 1 kHz
decreased order PPy-pTs>uncoated>PPy-SO,>PEDOT-SO,>PEDOT-pTs and a 45 s
deposition o T-pTs was lower than other deposition times. The electrode was placed into a rat
inferior s (IC) to record multi-unit activity induced by white noise bursts played through the
ear bar. cording the neural activity, the electrodes were driven further into the IC so that an
electrode was poSttioned in the same spot as the more distal electrode and the neural activity
rerecorded. The electrophyiological response was then averaged over multiple recording positions
within the IC to remove any biological noise. Correlations of recorded RMS outside the noise

stimulation, SNR and mean spike count with impedance at 1 kHz were seen across different CPs but
not with varying PEDOT-pTs thickness. The charge density and impedance were also affected by

This article is protected by copyright. All rights reserved.



protein fouling during the acute implantation, with PEDOT-pTs being the most biostable. Follow-up
studies measured the effective electrode area and charge density of CP modified electrodes using the
reduction of a soluble redox species!’”. A geometric, steady state diffusion or linear diffusion
electrode aﬁa cou' be obtained with the charge density dependant on measurement technique. The
charge denBity was also a function of electrode area, limiting the utility of reporting a single charge
density valug*o aterial and offers the possibility of increasing charge density of neural electrodes
by altering cometry. Furthermore, the impedance of electrodes for neural interfacing is
normally rEpeFed"a™ kHz, however an action potential contains information over a much wider
frequengy samgesssd. The impedance at low frequencies was found to more strongly correlate with
electrode a!a, which may be a better estimate of the thermal noise and SNR!",

Conformal electrodes have been developed for interfacing with the surface of the brain. Gold
electrodes @n a patylene C substrate were coated with PEDOT-PSS and placed on rat somatosensory
cortex to ral activity!’”. PEDOT-PSS modified electrodes on a polyimide substrate were
placed in[lg rat cochlear nucleus and able to induce electrically evoked auditory brainstem responses
(ecABRs)" &

Recently, a ganic retinal prosthesis was developed (Figure 5)I"**. The three layer structure

comprised amsi broin substrate coated with PEDOT-PSS and poly (3-hexylthiophene) (P3HT).
When attached s the retina of dystrophic RSC rats (a model of retinitis pigmentosa),
electrophy and behavioral analyses indicated recovery of visual acuity for up to 10 months
after surge ver the mechanism of neural stimulation is not clear at present.

CPs could &lso be polymerized directly onto neural tissue. PEDOT-PSS was grown on neuroblastoma
derived cel se cortical cells!"*”. Enzymatic and mechanical disruption was used to remove
the cells, 8PFa porous neural template. Although reseeded cells on the porous structure
preferentiamon un-templated regions. It was then demonstrated that PEDOT-PSS could be
deposited offo B slices!*" and grown in vivo!'** to create an electrode that integrates with neural
tissue fi ctrophysiological performance. However a foreign body response was elicited
around t itc CP region.

Organic emical transistors (OECT) have been formed from PEDOT-PSS for neural
interfac ible parylene substrate was patterned with gold electrodes and spin coated with
PEDOT-PSS!"*). The ECoG was placed on the surface of a rat cortex. Application of a potential to

the gate electrode changed the doping of the PEDOT and its transconductance. The OECT was then
able to meﬁre lower level neural activity compared to a normal electrode. The OECT has also been

used to rec , EOG and ECG!"*. The OECT could then be used to stimulate neural activity
too!' .

2.3.4. Con olymer Composites

Further mogi i@n of CPs for neural interfacing can be achieved by creation of composites.
Graphene-Based materials' * and CNTs!®> 7" 1% %) have been used with CPs, combining the
electric nical properties of the graphene and CNTs with the chemical functionality of the

CPs. PEDOT dgped with Keggin type polyoxometalates displayed multiple Faradaic processes,
significantly increasing the charge injection capacity of the electrode!'*”. PEDOT doped with the
ionic liquig—3—methylimidazolium bis(trifluoromethylsulfonyl) imide (EMIIM) had a very
porous structure with a lower impedance at 1 kHz than PEDOT-PSS and was able to record activity

from a rat 148]

cortex! Different metal nanoparticles have been incorporated into PEDOT,
morphology!'*”.  Poly(ethyleneglycol) (PEG) is routinely used in medical
d has low cell adhesion properties, PEDOT-pTs mixed with PEG had a high

ad cood cell adhesion!'!.

There is a mechanical mismatch between the soft neural tissue and the stiff electrode and its coatings,
leading to poor chronic biocompatibility of implanted devices. Hydrogels are soft, flexible materials
with a high water content making them very similar to neural tissue. There are several reports of CPs
mixed with hydrogels to form soft, conductive interfaces''*”. PPy-gellan gum was electrodeposited to
form a highly porous conductive network!*". It had an impedance at 1 kHz of only 44 Q and a large

This article is protected by copyright. All rights reserved.



charge injection capacity. PEDOT was deposited on polyurethane and hydrogel scaffolds to create
flexible electrodes that could be stretched up to 100% without fracture'. The conductivity of the
film was stable with up to 50% elongation. And NG108-15 and C2C12 cells were viable on the
structure. drog@ls formed from methacrylated gelatin, sericine, heparin and poly(vinyl alcohol)
(PVA) were soaked in EDOT and pTs before polymerisation to form PEDOT-pTs hydrogel hybrids
that were 3 support PC12 growth!™,  PEDOT was copolymerized with acrylic acid in the
presence o ylene glycol) diacrylate, the hydrogel could swell up to ~5000% in water!">*.
C2C12s wére® brow on the substrate and penetrated up to ~2 mm into the swollen hydrogel.
PEDOTmhassalsembeen grown in alginate, the conductive hydrogel was implanted into rat peroneal
nerve gaps (@ promote axonal growth!'>,

3. Neurotransmitter Detection and Drug Elution

As well asffacilitafing direct electrical communication with living cells, implantable electrodes may
provide in n on cell function through monitoring of neurotransmitters —providing more
specific details, cell behavior and disease states. For instance Parkinson’s disease is associated
with a dem dopamine in the brain. A further dimension may involve building chemical

communica ems (such as ionic, drugs or growth factors) into the electrode structure.

For instanc n fiber was immersed in a rGO dispersion for 5 minutes and then rinsed in water.
The modified fiber was placed near mouse hippocampus slices and dopamine was detected by cyclic
oltamm

As well amrecordmg, graphene-based materials are capable of measuring neurotransmitters.

Carbon f1 outlnely used for the detection of neurotransmitters'>” however the fibers are
fragile, an easily broken during use. A number of reports have been made of CNT fibers
recordmg curotransmitters and analytes'"” including dopamine'*”, NADH and glucose!'®".
The surfa ionality allows CNT electrodes to record action potentials and measure
dopamine!'®". T fibers are not only more flexible and robust compared to carbon fibers, CNT
fibers a resistant to dopamine fouling, resulting in longer electrode lifetimes!' %,

CPs are capab etecting neurotransmitters with chromaffin cells placed on PEDOT-PSS modified
electro ocytotic processes were achieved by gently pressing the cell with a glass pipette.
Holding tial at 700 mV vs Ag/AgCl, amperometric spikes detected release of
catecholamines!'®!. PPy-PBS was overoxidised by applying a potential of 989 mV for >40 minutes

and coatedgwith Nafion for dopamine detection or Nafion and then glutamate oxidase for glutamate
detection[ghy selective measurements of dopamine and glutamate could then be achieved by
amperomet REDOT, poly(N-methylpyrrole) (PNMPy), poly(N-cyanoethylpyrrole) (PNCPy) and
poly(hydro @ -3,4-ethylenedioxythiophene) (PHMeDOT) doped with ClO4” were used to detect
dopamine, Qgsorp#ion of gold nanoparticles onto the surface of the CPs increased the electron transfer
rate and sensitivity!'*”.

Drug eluti@n can be achieved with graphene-based materials. Nano-GO was modified with
polyeth (PEG) to increase its solubility!'*!. This modified nano-GO could then adsorb
doxorubici’ a wi’ly used cancer drug. Lowering the pH from 8 to 5.5 then released the drug into
cell culture® In another example, nano-GO was sulfonated and then modified with folic acid before

adsorption bicin and camptothecin, another anti-cancer drug!®”.
The polym
report inclusion

process of CPs allows the entrapment of pharmacological agents. Several articles
dexamethasone (Dex) as a dopant anion'™ ' '] Dex is a steroid, which can
1on associated with electrode implantation. Application of a negative potential
nd the Dex is eluted, reducing inflammation for an acute perlod after surgery. Co-
valproic acid, an anticonvalescent was also demonstrated”'®. The nerve growth
factor NT3 has been included in CP modified electrodes to enhance neural growth to the electrode
surface!'®. The NT3 can passively diffuse out of the CP, but electrical stimulation enhanced NT3
release, with neurite growth correlated with amount of NT3 released'™. Cochlear implants modified
with PEDOT-pTs with or without NT3 entrapment were implanted in guinea pigs for 2 weeks!™

Animals with NT3 had higher spiral ganglion neuron (SGN) survival rate and lower eABR thresholds
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than without NT3. Overoxidised PEDOT soaked in GABA, glutamate or aspartate could release the
neurotransmitters when electrically stimulated and induce a neural response®®. And use of inhibitors
of NMDA and AMPA-type glutamate receptors, 2-amino-5-phosphonopentanoate (AP5) or 6-cyano-
7-nitroquiaxaline’,3-dione (CNQX) as dopants in PPy, could block neural activity when PPy was
reduced

4. Advancation
Initial electf@@@s oMt crfacing with neurons were fabricated from metal wires!'”". The wire could be

drawn tgy thesdesimed diameter, dip coated in an insulating material to shield the edges, mechanically
polished, cfit or etched to form a sharp tip, and soldered to an external connector for electrical contact.
Arrays of \le be built for recording and stimulating from multiple neurons!'’*, but implanting
each of thegwiregwas complex, giving poor reproducibility. Glass pipettes were also used to patch
directly onf0 cells, fvith the development of the gigaseal and patch clamping being awarded the Nobel
prize in PhQ or Medicine in 1991"7%). However glass pipettes are extremely fragile and not
suitable fo ic implantation or human use. Development of silicon microfabrication allowed
reproducib! dition of electrode arrays'™. Improvements in design has enabled 2D and 3D
electrode arrays interfacing with larger neural populations" . These silicon electrode arrays are
fragile and st when implanted into the body, an immune response encapsulates the electrode,
compromising per;rmance[”é]. Electrode arrays have been lithographically patterned onto silk!'’" or
polymer fil ow the electrodes to be placed on the surface of the brain''"®, peripheral nerves
or around t "% Recently, syringe injectable electronics have been developed; these flexible,
minimally @hvasive electrodes have been able to stimulate and record activity from neurons (Figure
6)!8! 182, recent approach for reducing surgical trauma involves inserting a stent electrode
erebial vein (Figure 7), which doesn’t require disruption of the blood-brain barrier.

Stent can then record from the motor cortex near the vein!'®* ',

[179]

array into 3
Electrodes @n

the current electrodes includes fragility and high stiffness with no cues for
owth or integration into the electrode; leading to poor cytocompatibility and low
ent electrode constructs used for cortical implants do not provide chronic stability.
record neural behavior show a change in response over time due to neural
ein fouling and encapsulation from scar tissue. Modification of electrodes with
organic conductors has met with limited success, as the electrode surface is only a small part of the
total device footprint and the rigid electrode design maps poorly onto the complex 3D neural
structure. She development of new fabrication techniques allows the formation of novel electrode
systems fo issue interfacing. New electrode systems can incorporate different mechanical,
physical andgehemical cues for guiding neural growth to the electrode and tailor the device for
specific ap Below we review other advances in fabrication that can be used to produce
organic el aterials in forms of relevance to neuronal communications. Although in most
jion of organic conducting materials and neural tissue has yet to be fully exploited.

Wet spinnthg involves injecting a feed solution containing the constituents of interest into a
coagulatio igure 8). As the feed solution precipitates, it is drawn out into a fiber. The fiber
can then be passedithrough other washing baths and collected on a spool. Variation in the injection

rate and n meter can control the fiber diameter. The feed and coagulation bath constituents

can be use eate one-component or composite fibers. A number of publications have
demons t spinning of graphene-based materials''® '**), CNTs!"*”! and CPs including PANI'*®],
PEDOT Py Some materials are poorly soluble, limiting their concentration in the feed
solution. GO ca dispersed in the feed solution and after fiber spinning, treated to form rGO fibers

(Figure 9)!"*> * The drawing of 1 dimensional fibers then orientates the components, leading to an
increased conductivity and strength compared to non-aligned materials. Biomolecules such as
chitosan, DNA, hyaluronic acid, heparin and chondroitin sulfate can be included in the feed solution
to stabilize the dispersion before spinning, and creation of composite fibers''*!), the biomolecules can
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also be placed into the coagulation bath to create core-shell fibers!'””. An alternative approach

involves reactive wet spinning, for example, pyrrole monomer is dissolved in the feed solution and
polymerized in the coagulation bath!'*,

Wet spUH'e been used as a substrate for cell culture. 75:25 PLA/PLGA was wet spun into

eteiafibers onto gold coated mylart'*?. PPy-pTs was then electrodeposited in between the
e scaffold coated in poly (L-ornithine) and laminin. DRGs were then cultured on
the scaffoldSand agbiphasic electrical stimulation protocol of charge-balanced pulses of 100 ms pulse
width, 3.78 ms interphase gap and 0.2 ms short circuit at 250 Hz applied for four days for 8 h per day.
igni se in axonal growth was achieved with the electrical stimulation. The axon
irected by the biodegradable hydrogel fibers. DRGs grown on plain PPy-pTs showed

of the fibe

increasing interfiber distance reducing the myotube alignment.

A dispersi PEDOT-PSS in water was injected into a coagulation bath containing chitosan and
washed wit 1% The fiber was then treated with ethylene glycol and heated to 120° for 30
min to incr| onductivity. The fiber was subsequently placed into a solution containing pyrrole
and the antibiotic J8iprofloxacin hydrochloride. Using the PEDOT-PSS fiber as an electrode, PPy
doped wit xacin was electrodeposited, creating a core-shell structure. Electrical stimulation
of the fiber release of the ciprofloxacin to create zones of inhibition against E. coli and S.

pyogenes. @ B35 neuroblastomas were able to proliferate on the fibers, indicating they weren’t
cytotoxic.

4.1.2. Elec ng

Electrospi approach to fiber formation that enables dimensions in the nanometer domain to
be attained. The organic conductors are dispersed in a feed solution in a spinneret. A high voltage is
eret above a grounded conductive collecting target. The voltage on the spinneret
ution until electrostatic repulsion overcomes the surface tension of the droplet at
. At a critical potential, the droplet erupts in a Taylor cone. If the solution is
e, a charged jet is formed, otherwise droplets are ejected. The charged jet dries
during flight and the charges migrate to the jet surface. Electrostatic repulsion induces a whipping
motion of the jet, resulting in fiber thinning and elongation. The fiber then deposits on the grounded
target as a§tangled mat. By collecting the fiber on a rotating bobbin, an aligned fiber can be
obtained"’™. ospinning with pure dispersions of organic conducting materials is difficult, so
inclusion o PMmable polymer such as polyethylene oxide or polystyrene facilitates the process ).
However t w er blends compromise conductivity to afford appropriate mechanical properties.
A comprehcHs review on electrospinning including different materials used to form fibers is

available!"”

In one ication, PLLA fibers were spun from different concentration feed solutions™. Fiber
diameters ranged from around 150 nm to 3000 nm with increasing polymer concentration. Aligned
fibers h r diameter compared to random mats due to the high rotation speed of the

collection in_stretching the fiber. NSCs cultured on the aligned fibers showed highly oriented
outgrowth.

Electrospu

oxidant to fo
wettabili
leaving
growth, and elec

caprolactone) (PCL) or PLA was dipped into a pyrrole solution with chemical
PPy sheath™'. The PPy uniformity was affected by the CP dopant and the
electrospun fiber. Soaking in dichloromethane for 24 hours could dissolve the core,
otubes. DRGs cultured on the aligned hollow or core-shell fibers displayed directed
| stimulation increased neurite length.

Vapor phase polymerisation of PEDOT-pTs on electrospun poly(ethylene terephthalate) (PET) coated
with chemical oxidant produces a more uniform sheath, the core-sheath fiber was able to support SH-
SY5Y human neuroblastoma growth®.
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PANI doped with camphorsulfonic acid was blended with poly(L-lactide-co-e-caprolactone)
(PLCL) and electrospun into fibers™””!. Both NIH-3T3 fibroblasts and C2C12 cells proliferated well
on the fibers.

CNTs d“solution with a polymer can be electrospun, producing aligned CNTs within the
composite fibgi= . SWNTs dispersed with poly(styrene-f-isobutylene-f-styrene) (SIBS) were

electrospu dom mats and supported L292 fibroblast proliferation®). Graphene-based
materials caimmals@begincorporated into electrospun fibers. For instance, an electrospun poly(vinyl
chloride) (PVC) fiber was NH; plasma treated before coating with GO which was then chemically
reduced to . Primary motor neurons extended neurites along the rGO coated fibers with
electrical s ion increasing the neurite length.

4.1.3. Car Namotube Drawing

Pure fiber aliglled CNTs can be formed by drawing strands from a CNT forest™”. Draw was

initiated by application of an adhesive strip to the side of a MWNT forest and slowly hand drawing.
The aerog thickness increased with longer MWNT length. The sheet could then be
compresse igping it in liquid. Spinning the drawn sheet can be used to obtain CNT fibers"**",
The high strength of the fibers allows knitting, knotting and braiding to obtain complex structures.

Primary myoblast§could be grown on MWNT sheets'®!. Coating the MWNT sheet with PPy-pTs

improved t ability, but thick PPy-pTs coatings reduced the alignment of the myotubes to the
underlying Ts.

4.2. Printi

4.2.1. Inkj g

The abilityfito ¢ stable dispersions of organic conducting materials enables their use as inks in
different prati cesses. Inkjet printing transfers droplets of ink from a printhead onto a substrate

to form 2D patterns over large areas. Commercial printers are extremely cheap and easily modified to
handle rmulations. Multiple printheads also allow different inks to be used on the one
image. Ink printed in a continuous stream or by drop-on-demand. Drop-on-demand is
achieved al (bubble jet) or piezo printing. In thermal printing, heat is applied to the nozzle
and sol isation causes a droplet to be ejected. This usually requires the solvent to be
aqueous, which limits the types of printable materials. Piezo printing uses a small piezoelectric
crystal in the printhead, application of a voltage modifies the piezoelectric crystal shape which forces
a droplet @ of the nozzle. For both printer types, droplet volumes of ~10-20 pL are produced,
generating iameters ~30-40 pm.

ink for inkjet printing involves modification of ink viscosity and surface tension
k dispersion is stable over the entire print run. There have been reports of inkjet
1 PPy[m] and PEDOT™!. In an alternative method, a chemical oxidant can be
Mage exposed to vapor phase polymerization®'?]. It is also possible to disperse
aphene-based materials”™'* in inks for inkjet printing. These patterned substrates can
ol cell growth!®"”,

4.2.2. Extruasion Printing

Structures can begrinted by extrusion printing, where a gel or molten material is forced out of a
nozzle on trate. The continuous polymer matrix formed by extrusion ensures higher
conductivity than iakjet printing of individual droplets. Multiple layers can also be extruded of one or
more diffeceminiks to build up 3 dimensional scaffolds. A concentrated dispersion of PEDOT-PSS
to glass or a chitosan-hyaluronic acid hydrogel™®. The line width was 522 um on
gon the hydrogel. PEDOT-PSS tracks could also be extruded into the hydrogel.
PEDOT doped with dextran sulfate (DS) was dispersed at ~10% in water and extruded onto a glass
slide with an average line width of 265 um!""*.  PEDOT-DS could also be spray coated or inkjet
printed. L1929 fibroblasts were then able to proliferate on the printed substrates.

MWNTs were dispersed in gellan gum; increasing concentration of MWNT or gellan gum increased
the dispersion viscosity to enable extrusion printing®'”. Higher MWNT mass fraction also increased
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the dispersion conductivity. Tracks were extruded on a variety of substrates. Tracks printed on a
flexible substrate could be stretched, increasing their resistivity, acting as a strain gauge.

dichlor CM) could be extruded with the DCM evaporating after printing”'®’. hMSCs
proliferated wellon the scaffolds. The scaffolds were also implanted subcutaneously for 30 days in
mice and d m icit an inflammatory response or fibrous encapsulation. Aqueous dispersions of
GO can beextruded'” and subsequently reduced to rGO™.  An rGO-chitosan dispersion was
extruded into 30 layer, 1.5 cn’, 3D scaffolds with a 500 pm® pore size**'"!. 1929 fibroblasts adhered

Powdered iaphene dispersed with polyester polylactide-co-glycolide, a surfactant and plasticizer in

and proﬁe ugh the entire 30 layers of the scaffold.
5. Cytotoxi rganic Conductors
Any mater ed for a biomedical application must be biocompatible. This can be assessed in

culture on ples by cell growth and proliferation, measurement of metabolic activity and
necrosis. In vViVo behavior of the material must be tested as the immune response is more complex.

Use of ne@ f; tion methods may result in different material geometries (eg. nanofibers and
nanopartic h can affect the immune response. After implantation, degradation of the
materials can also result in movement of small particles far from the initial implantation site. As such,
a general u ding of the potential cytotoxicity of organic conductors of varying composition
and geometry i ired.

To assess tcoxicity of carbon-based materials, PC12 cells were cultured with graphene and
SWNTs™! Graphene and SWNTs were purified by washing with hydrochloric acid and then
dispersed i anol under sonication. PCI12 cells were grown in 96 well plates for 48 hours
before addi ing amounts of graphene or SWNT (0-100 ug/mL) for 24 hours. The zeta potential
of the twofimal indicated purity above 98.5%, however the zeta potential changed to the same
value on rials after dispersion in culture medium, indicating protein binding affects the

surface charge. An MTT assay was used to assess metabolic activity after addition of the carbon-
fter 24 hours, the metabolic activity of the cells decreased in a concentration
Graphene was more cytotoxic then SWNTSs at low concentrations, while SWNT's
were mo oxic at higher concentrations. Membrane damage and necrosis was assessed by
hydrogenase (LDH). SWNTs induced a large increase in LDH, while graphene
only impacted the LDH at 100 pg/mL. Formation of reactive oxygen species (ROS) was

concentrati!E and time dependant, indicating oxidative stress was occurring, although caspase 3

activation so that the apoptosis pathway was weak. Therefore graphene and SWNTs have
concentration dependant cytotoxicity, but particle shape and agglomeration may play a role.

The cytotg GO was investigated in comparison to SWNTs and MWNTs?*?. GO was
prepared byQElumagiers’ method, washed in hydrochloric acid then milli-Q water, suspended in water
and dialyse ove residual metal ions and acid. Some GO was incubated with fetal bovine
serum (FBF) or bovine serum albumin (BSA). There was a strong adsorption of FBS protein and
BSA to re than occurred on SWNTs and MWNTs. A549 cells were cultured in 24 well

plates befoge addifgon of the carbon-based materials (0-100 pg/mL) for 24 hours. An MTT assay
showedHin cytotoxicity with increased GO concentration, and a slightly higher toxicity
compared j\lTs but no time dependence, whereas MWNTSs have been previously shown to
have a time deperfllant cytotoxicity™!. Transmission electron microscopy of the cells revealed the
GO had se cell membrane, leading to leakage of cytoplasm and inducing cell death. Coating
the GO with FBSggtotein or BSA did not reveal any cytotoxic effects. This work demonstrates direct
i i een GO and the cell membrane leads to cell death, and not oxidative stress. And the
ural interaction can be mitigated by treatment with an appropriate peptide.

Classification o Ts as biocompatible or non-biocompatible is not possible, the CNT structure,
dose, administration site and functionalization can all play a role!'"***! and bioaccumulation can occur
in organs far from the initial exposure site**”). The cytotoxicity of CNTs has been assessed by several
groups®" 71, CNTs, carbon nanofibers and carbon nanoparticles were suspended in gelatin solutions
and exposed to different human lung tumour cell lines, the cells displayed a dose dependent

This article is protected by copyright. All rights reserved.



toxicity™!. Mouse fibroblasts showed changes in metabolic activity, reduced viability and cell death

with increasing CNT concentration; impurities in the CNTs increased their toxicity **%), Comparison
of CNT toxicity with graphene-based materials on fibroblasts®® and PC12s"* indicated cells were
less Viableind w'1' fewer neurites on CNTs. An MTT assay demonstrated lower mitochondrial

activity and higher level of cell membrane damage on SWNTs than on graphene'””. Exposure of a

whole orgaui8 llerenes was performed on fish, which resulted in an increase in lipid oxidation
in the brai @ ing activation of a ROS pathway”*”.. PPy-SWNTs were deposited on platinum
electrodes SndSmplanted into rat brain for 6 weeks, the immune response to modified and unmodified

electrodes mwasmwery similar, indicating good biocompatibility””. MWNT modified electrodes
implanted s o rat hippocampus displayed no increase in inflammation compared to controls***,

The large variety of CPs prevents labelling them all as biocompatible or non-biocompatible’®*”.. An
owdll higher PC12 survival rate on PANI than a silicon substrate™”. Keratinocytes
own on PANI and PPy, while subcutaneous implantation in a rat for 4 weeks
generated a fibrous capsule but no necrosis or degeneration around the implant™". There was also
minimal 1 jon after 50 weeks subcutaneous implantation™?. Skin irritation tests of PANI
were class -irritating; cytotoxicity was concentration dependant, being considered fairly high,
although purification by reprotonation and deprotonation significantly reduced the cytotoxicity™".
The high cytotoxT€ity was attributed to residual low-molecular weight products such as hydrochloric

acid after tion.

Cytotoxici‘twas undertaken on PPy powder chemically polymerized by ferric chloride and

films electf@chemically polymerized with chloride dopant on ITO™*. Acute testing by injecting the
powder int@iim dominal cavity gave no adverse response for up to 30 days. Pyretogenesis tests
by intravenqus injection of the powder into rabbits resulted in minimal change in body temperature.

after 3 weeks. Implantation of a PPy-silicon tube for 6 months in rat peripheral
nerve display minor inflammation. PPy nanoparticles have also been assessed on different cell
morphology and viability was affected by PPy nanoparticles with a dose
e cytotoxicity of CP coated silica nanoparticles also displayed dose dependent
response with PPy giving the highest viability and PT the lowest, PEDOT and PANI being
intermediate!>*®!. A nanocellulose-PPy composite was deemed non-cytotoxic®". The
biocompats“té of a modified PPy has also been assessed, poly(N-methylpyrrole) doped with ClO4

had good cell attachiment and viability™*.

The cytoto ofi PEDOT-PSS and PEDOT-PBS was assessed with mouse myocytes and deemed
biocompatifje PEDOT doped with PSS, heparin, fibrinogen or hyaluronic acid was also found to
be non-cytotoxic in cell culture, and platinum foil coated with PEDOT placed into neural tissue for 6
weeks hadffio difference in immune response compared to control implants®*.  Another study
showed -PSS. poly (3-hexylthiophene) (P3HT), poly(2-methoxy-,-5-(2'-ethyl-hexyloxy)-p-
phenylenevinylene), (MEH-PPV) and poly(9,9-dioctylfluorene-alt-bithiophene) (F8T2) were all non-
cytotoxi

6. Conclus Future Outlook

Interfacingms with neurons has provided crucial information on neural behavior in normal and
pathological condifions. Implanted electrodes can be used to control prosthetic devices or stimulate
neurons tQgiffate chronic pain, tremor and dyskinesia associated with Parkinson’s disease or
*’-@ cues for profoundly deaf or blind people. Microelectrode arrays are also able to
interface witli e ulture and tissue slices. While significant results have been achieved with metal
electrodes or glass pipettes, these electrode constructs have limited biocompatibility and biostability,
leading to electrode encapsulation, increasing power usage, reducing signal-to-noise ratio and
eventual device failure.

Modification of electrodes aims to reduce impedance and increase charge injection capacity. It also
aims to control neural growth and scar tissue encapsulation, leading to improved cytocompatibility
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and biostability. An increasingly large variety of organic conducting materials including conducting
polymers, carbon nanotubes and graphene-based materials are being developed for electrode-neural
interfaces.  Changes in material properties, including stiffness, charge, roughness, chemical
functionali! and ’ntact angle have been shown to control cell viability, growth and differentiation.
Most of thé8e materials have also shown minimal cytotoxicity. Many forms of electrode modification

have incre ¢ injection capacity and reduced electrode impedance.
6.1. Mater i

When choesimgmammaterial for interfacing with cells, the specific application must be taken into
account. :SS‘[ of the organic conducting materials have shown minimal cytotoxicity, especially at

low dosag when formed into devices. PANI could be cytotoxic if residual acid levels were
high, altho ification improved this. Graphene and CNTs were also able to disrupt the cell
membranehowever these effects generally occurred on initial contact and were concentration
dependent. attachment and proliferation has been demonstrated on all classes of organic
conducting matemials. Initial cell attachment may be low on some materials, but coating the surface
with a celm molecule increases cell count. The redox behavior of CPs enables modification
of the sur chi@rge, which can be used to alter cell shape and attachment by simply applying a
potential. in CP fabrication method and dopant are able to alter the surface properties
including roughne8s and wettability which also affects cell growth. Therefore, careful choice of
material an potential can be used to control cell attachment and growth.

therefore conductive. Graphene and CNTs are inherently conductive, however poor

Many appmof cell interfacing require electrical stimulation or recording, the material must
highl
solubility 1 ir processability. Introduction of functional groups (eg. forming GO), increases

the solubilj se materials, but also reduces their conductivity. Subsequent removal of the
functionali@imation of rGO) increases the conductivity, but is unlikely to produce properties
equivalent t e graphene or CNT. The conductivity of CPs is dependent on fabrication method,
type of ox state and dopant ion. Chronic stimulation of cells with CPs can result in over-

oxidation
material and
give be

olymer and loss of dopant, leading to a reduction in conductivity, degradation of the
nation from the underlying substrate. Therefore, use of graphene and CNTs may
ng term stability.

Graphene, CNTs and CPs are all relatively stiff materials compared to tissue. The high strength of
CNTs and graphene make them useful materials for high load applications. When used as a substrate
for cell culse'i the mechanical properties are not highly critical. When these materials are implanted,

an immun e results in encapsulation of the device. This can increase the distance from the
electrode tq apget tissue, reducing recording signal-to-noise ratio and increasing power usage for
electrical s @ n. Reducing the material stiffness can help overcome mechanical mismatch
between the'd ¢ and the tissue. There have been multiple reports of organic conducting materials
being inco into hydrogels***. Further work on these soft, flexible and conductive hydrogels

will provide more guidance on the best materials for chronic, electrical interfacing with cells.
Reduci ze can also help evade an immune response, with thin fibers of conducting
materia%form chronic electrical interaction with cells. Implantation of thin, flexible fibers
has been 1eved by stiffening with a soluble support material. Recent reports of injectable
electronics Snt electrode are promising new methods of evading an immune response and offer
new opportunities #or modification with organic conducting materials.

Combined electrical and optical interrogation of cells is increasingly being required for calcium
imaging o genetic studies, traditional metal electrodes are opaque and ITO is stiff and fragile.
pach organic conducting material have been fabricated and used for optical and
electrical exp gnts. The recent report of an all organic retinal prosthesis using CPs is a unique
application for these materials.

For detecting neurotransmitters, the conducting material must be selective and sensitive to the target
compound. This is achieved by introducing functional groups onto the surface of the organic
material. Oxidation of graphene and CNTs can increase the selectivity towards dopamine without
affecting the bulk material properties. Over-oxidation of CPs can increase its selectivity for detecting
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neurotransmitters, but can degrade the material conductivity and mechanical robustness. In contrast,
CPs are able to entrap drugs with electrical stimulation capable of controlled release.

6.2. Fabrication Method Selection
The hig ability of organic conducting materials enables the use of advanced fabrication

techniques. g traditional metal working or glass blowing, organic conducting materials can be
dispersed i gnt matrices. They can then be used in various fiber forming and printing processes
to create d 2- and 3-dimensional constructs. Composite materials such as conductive
hydrogels, emesshell fibers and hollow tubes can also be produced. This enables construction of
tailor-madslectrodes for interfacing with and controlling neurons.

The target application and choice of materials will define the best fabrication method. For high purity

graphene (eg. for FETs), CVD is typically used. This can be grown directly onto the
substrate ofggransfered. CPs can also be vapor polymerized to cover large areas. Some substrates are
not stable at temperatures for CVD or have a complex geometry that prevents transfer of

preformed fiat For more controlled growth of CPs or variations in composition, electrochemical
deposition ssiBle. This generally creates more conductive materials than vapor deposition, but
low solubility of the monomer limits film growth rate. Dispersions of GO and functionalised CNTs
can be use fy surfaces with subsequent removal of functionalisation by thermal, chemical or
electrochemi hods to increase the material conductivity. For patterned deposition of materials,
inkjet printing or dip pen nanolithography (DPN) for higher resolution can be used. These methods
don’t requi uctive substrate for deposition but are slow to fabricate and require a stable ink.

Extrusion pginting can produce larger structures, including 3D constructs. The extruded lines are also

continuous, higher conductivity across the material than from discrete droplets formed from
inkjet printj N. If fibers, sheets or mats are required, CNTs can be drawn, while graphene and
CPs must mn or electrospun. Electrospinning can produce very fine fibers, but the materials
must be sta uitable for the electrospinning process. Inclusion of other polymers into the feed
solutio some unspinnable materials to be used, but will compromise the fibers
conducti et spinning is a more versatile method for forming fibers and variations in feed and
coagulation sg s can create multiple layered structures.

Future s of organic conducting materials will involve development of more complex

composites. This will include modification with biomaterials to control cell behavior. Conducting
materials will be formed into soft, flexible and biodegradable matrices forming conducting hydrogels
that can bm!ed into tissue while controlling the immune response. The composites can then
combine el , topographic, mechanical and chemical cues for guided cell growth and integration
in differen gé) They will also allow electrical recording and stimulation and drug elution to
measure a % cell behavior and any immune response over different time scales.

Improvements in advanced fabrication will allow production of more complex 3D scaffolds. Material
properties ncreasing stiffness or fiber diameter can be strategically distributed throughout a
ging scaffold properties can be used to create layered tissue structures for more
realistic an al tissue models or implants.

Combiningfadvanced fabrication and new materials will allow cells to remain viable while suspended
in an ink ¢ The cells can then be integrated into the fabrication process, eliminating the need
to seed them onto)prefabricated scaffolds. Ultimately leading to fabrication of electrode constructs

directly in a a BioPen***!.
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Figures

| B - .
Figure 1. (a) Bright-field image of CLEAR device implanted on the cerebral cortex of a mouse
beneath a cranial window. (b) Fluorescence image of same device shown in a. Mouse was given an
intravenous injection of fluorescein isothiocyanate—dextran to fluorescently label the vasculature.
(c,d) Higher magnification bright-field and fluorescence images of same device shown in a and b,
respectively. (e,f) Bright-field and fluorescence images of standard rat-sized micro-ECoG arrays
with platinum electrode sites, respectively. Scale bars, 500 um (a,b), 250 um (c,d), 750 um (e,f). In

vivo vasculature imaging was repeated in three rats, each with a CLEAR and platinum microECoG
array. ced with permission.”® Copyright 2014, Nature Publishing Group.
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-

Figure 2. ectrode (a) pressed into clay and released to demonstrate flexibility and elastic
deformati GO fiber (not laser ablated) encased in sucrose microneedle and (c) dissolved
microneed min in room temperature tap water. Flexible electrode insertion into feline visual
cortex. (d) LCGO electrode is coated in a rigid sucrose carrier needle and (e) implanted into the brain.
was removed from brain after 15 min of recording; sugar needle is completely
1 activity recorded within 20 s of implantation, confirming sucrose dissolution. (h)

of action potential recorded with LCGO electrode. Reproduced with permission.”*!
iley-VCH.
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Figure 3. m SEM images of MWNT and MWNT/PPy-pTS nanostructured scaffolds. MWNT

were arrayed_ig
coating of

a linear manner on Au mylar surfaces (a) to facilitate myotube orientation. PPy-pTS
ibers shows an even distribution of PPy-pTS (b). Increasing cycles of PPy-pTS
deposition §& increased fiber thickness as demonstrated by AFM (c—f). The linear directionality
of the uncoatcd(g) and coated MWNT fibers (h) can be seen by differential interference contrast light
microscop es are fluorescently labelled for desmin in panels g and h, scale bars represent
100 um). Reproduced with permission.”! Copyright 2012, Wiley-VCH.
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Figure igal micrograph of a conducting polymer modified electrode array. The labels (1-4)
represent ifferent coatings, enabling a statistical analysis of each coating within a single
experimen ncoated electrode is also labelled. In this example, 1-4 are 15, 30, 45 and 60 s
deposit i PEDOT-pTS. (b) Streaming data measured at each electrode with 70 dB white

noise bursts measured in the IC. Asterisks indicate the coated electrodes. (c) Signal to noise ratio
during insegtion and retraction of the electrode array into the IC. 70 dB white noise at representative
uncoated ( nd conducting polymer coated (solid) electrodes and (d) different sound pressure
on a conducting polymer coated electrode. Reproduced with permission!*?.
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Figure 5. (g9 Scanning electron microscopy images of the full prosthetic device (top) and of its cross-
section at_higher magnification showing the three-layered structure (bottom). (b) Scheme of the
subretinal implant strategy. RPE, retinal pigment epithelium; ONL, outer nuclear layer; INL, inner
nuclear layer; GCL, ganglion cell layer. (c) Sample confocal scanning laser ophthalmoscopy image of
the surgical prosthesis placement in the eye fundus of a dystrophic RCS rat. (d) OCT analysis
showing the strict contact between the retina (arrows) and the implant (arrowheads) at 30 and 180
dots per inch (DPI). No retinal detachments or breakages were observed. (e-f) Explanted eye fixed (e),
stained with bisbenzimide and acquired by confocal microscopy (f) to identify retinal nuclear layers
and the position of the device. The high-magnification image (red box) shows the integrity and
location of the implant in the retina. Reproduced with permission."*” Copyright 2017, Nature
Publishing Group a
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40 pm

Figure 6. (3) Schematic shows in vivo stereotaxic injection of mesh electronics into a mouse
brain. (b) Optical image of the stereotaxic injection of mesh electronics into an anaesthetized three-
month-old mouse brain. (¢-d) Schematics of coronal slices illustrating the two distinct areas of the
brain into which mesh electronics were injected: through the cerebral cortex (CTX) and into the

lateral ventricle (L'V) cavity adjacent to the caudoputamen (CPu) and lateral septal nucleus (LSD) (c)
and through the CTX into the hippocampus (HIP) (d). Red lines highlight and indicate the overall
structure of the mesh, and dark blue filled circles indicate recording devices. The blue dashed lines
indicate the direction of horizontal slicing for imaging. (e) Projection of the 3D reconstructed confocal
image from a 100-um-thick, 3.17-mm-long and 3.17-mm-wide volume horizontal slice five weeks

This article is protected by copyright. All rights reserved.



post-injection at the position indicated by the blue dashed line in ¢. The red dashed line highlights the
boundary of the mesh inside the LV, and the solid red circle indicates the size of the needle used for
injection. Red, green and blue colors correspond to GFAP, NeuN/SU-8 and DAPI, respectively, and
are denoted at the top of the image panel in this and subsequent images. (f) 3D reconstructed confocal
image at the interface between the mesh electronics and subventricular zone (SVZ). (g) 3D
reconstructed confocal image at the approximate middle (of the x—y plane) of the LV in the slice. (h)
Bright-field microscopy image of a coronal slice of the HIP region five weeks post-injection of the
mesh electronics. Red dashed lines indicate the boundary of the glass needle. White arrows indicate
longitudinal elements that were broken during tissue slicing. (i) Overlaid bright-field and epi-
fluorescence images from the region indicated by the white dashed box in h. Blue corresponds to
DAPI staining of the cell nuclei, and white arrows indicate CA1 and the dentate gyrus (DG) of the
HIP. (j) Projection of the 3D reconstructed confocal image from a 30-um thick, 317-pm-long and
317-pm-wide volume from the zoomed-in region highlighted by the black dashed box ini. (k)
Acute in vivo 16 channel recording using mesh electronics injected into a mouse brain. The devices
were Pt-metal electrodes (impedance =950 kQ at 1 kHz) with their relative positions marked by red
spots in the schematic (left panel), and the signal was filtered with 60 Hz notch during acquisition.
The dashed red rectangle indicates the section used for spatiotemporal mapping of multichannel-LFP
recordings. (1) Superimposed single-unit neural recordings from one channel after 300-6,000 Hz
band-pass filtering. The red line represents the mean waveform for the single-unit spikes. Reproduced
with permiw Copyright 2015, Nature Publishing Group.
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Figure * Pre-implant lateral projection cerebral venography roadmap of external jugular vein,
confluence of sinuses and superior sagittal sinus (SSS) (blue arrows). Scale bar, 20 mm. Circular
artifact is a calibration tool. (b) Superior projection of SSS. Lumen diameter (blue arrows) and
cortical veins (red arrow), assessed pre and post-implant. Scale bar, 10 mm. (c) Stentrode with 8 X
750 um electrode discs (yellow arrow) self-expanding during deployment from 4F catheter (green
arrow). Scale bar, 3 mm. (d) Post-implantation lateral projection plain X-ray of stentrode in SSS,
displaying electrodes (yellow arrow) and delivery catheters (green arrows). Scale bar, 10 mm. (e)
Post-implant superlor pI‘OJGCthl’l contrast study of stentrode (electrodes, yellow arrow). Scale bar, 10
mm. Reproduced with permission.''®! Copyright 2016, Nature Publishing Group.
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Figure 8; set up used to fabricate wet-spun polymer based fibers. Reproduced with

permissionbuight 2012, Wiley-VCH.

Figure 9. 4@ Polarized optical microscopy image of as-spun gel-state GO fiber showing
birefringence. Birefringence properties confirmed ordered LC domains were formed and preserved
during spinning process (arrows show polarizers direction). SEM images of an as-spun GO fiber
showing: (by corrugated surface and (c) near-circular cross-section. (d) Close-up SEM image of the
cross-section of GO fiber shown in b revealing GO sheet planes that are oriented along the fiber axis.
(e-f) SEM images of crumpled and knotted rGO yarns (reduced by annealing) showing their
flexibility. Reprodmced with permission."**! Copyright 2013, Wiley-VCH.
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