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Abstract

Poly(3,4-ethylenedioxythiophene) (PEDOT) complexed with chondroitin sulfate (CS) (PEDOT:CS) was
prepared and drop-cast Ims were demonstrated to be conductive, with a best sheet resistance of 4.7
k 1. Novel organic electrochemical transistors (OECTS) based on 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC)-crosslinked PEDOT:CS Ims were demonstrated with a maximum
transconductance of 50.5 S. The OECTs saw an increase in output currents and ON/OFF ratios following
3-days submersion in water, thought to be a result of increased ionic conduction within the swollen matrix.

EDC-crosslinked hyaluronic acid (HA) hydrogels were prepared. They were demonstrated to be fully
degradable, via hydrolysis, over a 4-day period in a pH 7.4 bu er at 37 C. The elastic moduli of the
hydrogels increased with increasing concentration of EDC used in the crosslinking step. The moduli were
found to be between 2 and 50 kPa which were within the range of elastic moduli reported in the literature
for the CNS. A simple prototype HA gel with a grafted PEDOT:CS layer was also prepared and forms
the basis of a fully degradable OECT.

Interest in organic bioelectronic devices to interface between biological systems and synthetic electronic
systems is growing rapidly, especially for use in the central nervous system (CNS). Most organic electronic
materials used in organic bioelectronic devices, such as PEDOT :poly(styrene sulfonate) (PEDOT:PSS),
are not biodegradable and have poor long-term biocompatibility. The use of biomolecules, such as CS,
as alternative counter-ions for PEDOT o er away of overcoming these limitations. The biocompatible,
biodegradable, and mechanically appropriate device presented in this thesis could be developed further for
use in the CNS and for the treatment of spinal cord injuries, of which there were 930,000 cases worldwide
in 2016.
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Chapter 1

Introduction

Spinal cord injuries (SCIs) can be devastating to su erers with many victims experiencing some level of
paralysis. In the USA alone, there were around 288,000 people with SCIs in 2018 [1]. Global estimates
vary as the availability of data varies from country to country, but it is known that more than 75% of
su erers of traumatic SCls are male [2]. Throughout history, SCls and paralysis have been considered
terrible and often permanent ailments. However, there are a number of treatments that show promising
results, such as physiotherapy, surgical interventions to minimise trauma, and electrical stimulation of
the spinal cord. Additionally, some researchers are looking into using organic bioelectronics in the spinal
cord to treat and manage the pain related to SCls, and other neurological problems [3{5].

The aim of this project was to create a novel, biodegradable, organic bioelectronic device, namely an
organic electrochemical transistor (OECT), that could be suitable for use in the spinal cord and used in
the treatment of SCls in future. This chapter introduces the biology of the human nervous system and
more speci ¢ information on the spinal cord, spinal cord injuries (SCIs), and their current treatments.
The chapter then moves on to introduce organic bioelectronics, biomaterials, and hydrogels, lending
context to the development of the novel device development described by this thesis.

1.1 The human nervous system

The human nervous system can be split into two categories; the peripheral nervous system (PNS) and
the central nervous system (CNS). Both of these systems have di erent roles to play in the control and
homeostasis of the human body. The human CNS is comprised of the brain and the spinal cord, whereas
the PNS encompasses all the other neurons in the body [6, 7] as shown in gure 1.1. The PNS is involved
in the detection of a stimulus (such as light or temperature) by a sensory organ (such as the eyes or skin)
which then triggers a cascade of events sending a signal along sensory neurons to the CNS. The CNS
then triggers a response to the stimulus signal by sending out a signal down motor neurons to an e ector
(e.g. a muscle group) which elicits the desired action (such as blinking or moving a hand away from a
hot surface).
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Figure 1.1: A simpli ed diagram of the human nervous system.

1.1.1 Nerve cells

The nervous system is made up of many individual nerve cells, known as neurons, as well as other cells
known as glia [6{8]. The typical structure of a neuron is shown in gure 1.2. There are three main parts
of a neuron cell; the cell body, the axon, and the axon terminals. The cell body contains the nucleus
of the cell and is covered in protrusions extending outwards called dendrites. A single neuron cell can
have vast and complex networks of dentrites (known as dendritic trees) which receive up to thousands
of input signals [8]. These signals may be excitory or inhibitory resulting in the generation of an action
potential or not, respectively. Action potentials, the impulses that re down a neuron, are explained in
more detail in section 1.1.2.
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Figure 1.2: A diagram showing an individual neuron with the major structures labelled.

The axon of a neuron extends outwards from the cell body. The end of the axon splits into smaller



branches, the ends of which are called axon terminals. The axon terminals interface with other cells at
junctions called synapses which are the sites where a signal from one pre-synaptic neuron is transmitted
over to the next neuron along (the post-synaptic neuron). Synapses are explained in detail in section
1.1.3.

Many axons are covered in a fatty layer of insulation known as the myelin sheath. The myelin sheath
insulates the axon and allows nerve signals to be carried rapidly from one end of the axon to the other
[6, 8]. The myelin sheath is not continuous but covers sections of the axon, with short gaps between
each section of sheath called the Nodes of Ranvier [6]. Myelinated axons transmit action potentials
(the electrical impulses of the nervous system) faster than unmyelinated axons due to a process called
saltatory conduction (see section 1.1.2) where the electrical impulse can ‘jump’ between the Nodes of
Ranvier [8]. The myelin sheath is generated by Schwann cells in the PNS (as labelled on gure 1.2),
whereas it is generated by ogliodendrocytes in the CNS. These are examples of types of glial cells found
in the nervous system (more details on glial cells follow this section). The role of the myelin sheath is
extremely important in the normal control of the human body and problems with the myelin sheath can
be devastating. Multiple sclerosis, which occurs as a result of de-myelination of the CNS, can leave a
patient with muscle weakness and co-ordination issues, and there is no known cure [6, 9].

Depending on the speci c role of the neuron, the structure of the cell may vary. For example, gure 1.2
shows the structure more typical of a motor neuron cell. These have a di erent structure to a sensory
neuron ( gure 1.3) where the distinction between the axon and dendrites is not as pronounced. A single
protrusion leaves the cell body and splits in two to form two branches; one branch goes to the spinal cord
to communicate with the CNS, and the other branch goes towards sensory receptors to receive sensory
input [6]. Both of the branches and the single protrusion from the cell body are myelinated.
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< —
To the spinal cord To sensory receptors

Figure 1.3: A diagram showing an individual sensory neuron with the major structures labelled.

Glial cells

Glial cells are the other type of cell found alongside nerve cells in the human nervous system. In general,
glial cells act to support and protect the neuronal cells in the CNS and PNS [7]. Schwann cells are the
main type of glial cell present in the PNS, along with satellite cells [6]. Schwann cells produce myelin
that forms the myelin sheath in the PNS, as well as acting to support nerve regeneration. Satellite
cells help regulate the chemical environment surrounding sensory neurons. On the other hand, there are
three main types of glial cell in the CNS ( gure 1.4); ogliodendrocytes, astrocytes, and microglia [7, 8].
Ogliodendrocytes are responsible for the myelination of the CNS and also provide stability to the system.



Astrocytes are star-shaped cells which are the most common glial cell in the CNS. Their role is to support
and maintain the blood-brain barrier and regulate the chemical surroundings of neurons. They also act
as glucose storage facilities for neurons, and are thus highly important for the metabolism of the CNS.
Finally, the microglia act as the immune system of the CNS, and help to clear dead cells and other waste
materials. There are also ependymal cells, another CNS glial cell, that are found surrounding the spinal
cord and brain which are involved in the circulation of cerebrospinal uid.
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Figure 1.4: A diagram showing the glial cells present in the central nervous system, including astrocytes,

ogliodendrocytes, and microglia. Neurons are also shown.

Glial cells also play a role in protecting the nervous system after trauma by forming scar tissue around the
site of an injury [8]. Such a physical barrier, although useful for keeping away harmful bacteria etc, also
can stop neuronal regrowth which is why injuries of the nervous system can have devastating outcomes
such as paralysis. Glial scarring is discussed in more detail in section 1.1.5.

1.1.2 Formation and transmission of nerve impulses
Resting Potential

Prior to describing how nerve impulses, i.e. action potentials, are formed and propagated, it is required
to understand how neurons are found in their inactive state at resting potential. Embedded in the surface
of the nerve cell, there are sodium-potassium pumps that actively pump positive sodium ions (Na*) out
of the cytoplasm to the outside of the cell whilst simultaneously pumping positive potassium ions (K™*)
from outside the cell into the cytoplasm [6] as shown in gure 1.5. Na* and K* ions di use back down
their concentration gradients, but K* di use back out of the cell faster than Na* can di use back into the
cell. This leads to a net movement of positive ions out of the cell making the inside of the cell negatively
charged relative to the outside of the cell across the cell membrane. The potential di erence is known as
the resting potential and is approximately 70 mV [6].

Action Potential

When a stimulus is detected by a receptor in a sensory organ, a cascade of events within the cell is
triggered. Initially, there will be a change in permeability to Na* and K* in the cell membrane at the
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Figure 1.5: The diagram describes the process of establishing the resting potential in a neuron. The
Na*/K™* pump actively moves three Na* out of the cell and two K* ions into the cell. The large arrow
labelled K* di usion gradient describes the faster di usion of K* back out of the cell than Na* back
into the cell (described by the small arrow on the right). This leads to the imbalance of ions seen in
the diagram where there are many more positively charged ions outside of the cell than inside the cell,
leading to a potential di erence across the cell membrane where outside the cell has a net positive charge.

area of stimulation, which causes Na™* channels in that area to open [6]. Na* oods from the exterior of
the cell into the cytoplasm down the concentration gradient that was established at resting potential. This
in ux of Na* results in depolarisation across the membrane (i.e. the resting potential of the cell starts
to become more positive from 70 mV towards 65 mV and 60 mV and so on). If the depolarisation
reaches a threshold voltage of around 55 mV to 50 mV, an action potential has been triggered and
this can be considered the start of a nerve impulse. Note that if the threshold potential is not reached,
no action potential is generated and the resting potential will be restored via ion di usion. The in ux of
Na™ ions continues until the action potential reaches +40 mV which in turn triggers the Na* channels
to close and K* channels to open, causing K* to ood out of the cytoplasm to outside of the cell. This
process is called repolarisation as the potential across the membrane decreases [6]. The K™ then close
and the Na*/K™* pump restarts which works to restore the distribution of ions across the membrane,
restoring the resting potential.

The formation of the action potential described above does not explain how a nerve impulse is carried
along a neuron, but simply describes the changes in membrane potential in a speci c area of the cell
triggered by a stimulus.

When an action potential is set up across a localised area of the cell membrane, adjacent areas of the cell
membrane are still at resting potential. This di erence in potential results in a local current between the
action potential and resting potential. The ow of Na* towards the areas of resting potential triggers the
Na* channels in that area to open and cause depolarisation to occur until the action potential is reached.
This results in the movement of the action potential and therefore the nerve impulse down the neuron.
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Figure 1.6: A simple plot of potential di erence across the membrane of an axon as an action potential
is generated. At point A, the cell is at resting potential ( 70 mV). As the potential across the axon
increases to the threshold potential due to the in ux of Na* ions, depolarisation (B) occurs, reaching
the action potential of +40 mV at C. The potential then decreases again as K* channels open allowing
repolarisation across the membrane (D). Hyperpolarisation (E) occurs as the distribution of ions across
the cell membrane leads to a more negative potential than resting potential (F), however this is brief
(around 3 milliseconds), and resting potential is quickly re-established through the movement of ions
across the membrane.
The illustration of the axon of a neuron below the plot depicts the change in net charge inside and
outside the cell across the cell membrane when an action potential is generated.

Following the action potential, the length of time taken for the resting potential to be reestablished is
called the refractory period, and during this time no new action potentials can be generated [6]. This
means that the action potential can only travel in one direction down the neuron as the area behind the
action potential will always be in recovery back to the resting potential.

If a stimulus is large, it will result in a greater frequency of impulses, not a larger action potential;
i.e. another impulse will quickly follow the previous. As such, intensity of the stimulus is frequency
modulated. For example, a low intensity stimulus will result in a low frequency of impulses down the
neuron, whereas a very intense stimulus will give a very high frequency of impulses. Additionally, a high
intensity stimulus will likely a ect more than one neuron which will mean that there will be many impulses
carried from many individual neurons to the CNS. The CNS can then interpret the many impulses as
a very intense stimulus. All stimuli will result in an action potential of +40 mV, as long as the initial
threshold potential is reached. The size of the action potential does not change with intensity of stimulus.

Saltatory Conduction

In a myelinated neuron, the myelin sheath (described in section 1.1.1) acts to insulate the axon. As a
result, Na* and K™ ions cannot pass through the cell membrane where it is insulated by the sheath.
These ions can only pass from the cytoplasm of the neuron across the cell membrane at gaps in the myelin
sheath at the Nodes of Ranvier. This means that the action potential ‘jumps’ along the neuron from one



node to the next in a process called saltatory conduction. The action potential is carried down the cell a
lot quicker than in an unmyelinated neuron, which is advantageous to an organism as it results in faster
responses within the body.

Saltatory conduction occurs down the axons of myelinated neurons, as demonstrated in gure 1.7. When
an action potential is triggered, there is an in ux of sodium ions into the axon only at a Node of Ranvier.
The local current created around the node spreads in the direction of the action potential and triggers
the sodium channels in the adjacent node to open. This allows the in ux of Na™* ions to begin causing a
change in potential across the membrane at that node, until the threshold potential is reached and another
action potential is triggered [10]. The saltatory conduction continues down the neuron and appears to
hop from one node to the next [8]. As previously mentioned, following the action potential, a refractory
period occurs when no new action potentials can be established across the membrane. [6] This is also
true in the case of saltatory conduction where no new action potentials can occur during the refractory
period across the membranes at the Nodes of Ranvier. This means that the action potential can only
travel in one direction down the neuron as the area behind the action potential will always be in recovery
back to the resting potential.
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Figure 1.7: When an action potential is triggered, there is an in ux of sodium ions into the axon only
at a Node of Ranvier (1). The local current created around the node spreads in the direction of the action
potential (2) and triggers the sodium channels in the adjacent node to open (3), which eventually triggers
an action potential at this node. This repeats at each node giving the appearance of the action potential
hopping from one node to the next. The directionality is caused by the refractory period following the
action potential.

1.1.3 Synapses

As individual neurons are not in contact with each other, a nerve impulses must traverse this gap, or
synapse, using an alternative system to trigger another action potential in the next neuron along.

As described in section 1.1.2, an action potential is generated and travels down a neuron by the depo-
larisation of the neuron cell membrane. When the action potential reaches the end of the axon of the
presynaptic neuron, known as the synaptic knob, voltage-gated calcium ion channels open [6]. Calcium
ions (Ca?*) ood into the synaptic knob and the in ux of Ca* ions trigger vesicles containing chemical
neurotransmitters to migrate towards the presynaptic membrane, fuse with the membrane, and release
neurotransmitters into the synapse itself (the synaptic cleft) [6]. The neurotransmitters then di use down
a concentration gradient towards the postsynaptic neuron where they bind to complementary ligand-gated



Na* channels in the postsynaptic membrane. The binding of the neurotransmitter molecules to the Na*
channels cause them to open and there is an in ux of Na* ions into the postsynaptic neuron [6]. The
in ux of the Na* ions causes depolarisation across the postsynaptic membrane and once the threshold
potential is reached, an action potential is generated and the propagation of the nerve impulse continues.

This process is described by gure 1.8.
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Figure 1.8: A simple diagram of a synapse with the presynaptic neuron on the left, and the postsynaptic
neuron on the right. When the action potential (1) reaches the end of the presynaptic neuron, it triggers
the opening of voltage-gated calcium channels (2). The in ux of the Ca?* ions then triggers vesicles
containing neurotransmitter (orange triangles) to fuse with the presynaptic membrane releasing neuro-
transmitter into the synaptic cleft (3). The molecules of neurotransmitter di use across the synaptic cleft
and bind with the complementary ligand-gated Na* channels (4) on the post-synaptic membrane. This
causes the Na* channels open leading to an in ux of Na* ions into the postsynaptic neuron leading to
the depolarisation of the postsynaptic membrane, and triggering an action potential (5).

Once there is no longer an action potential present in the presynaptic neuron, the release of neurotransmit-
ter into synaptic cleft stops. To stop the continual generation of new action potentials in the postsynaptic
neuron, the neurotransmitter present in the synaptic cleft requires clearing. The neurotransmitter can
be reabsorbed back into the presynaptic neuron, it can be broken down by speci ¢ enzymes, or simply
di use away from the synapse and be absorbed by glial cells. Once there is no more neurotransmitter
present, the ligand-gated Na™ channels can close (as they are no longer bound to the complementary
neurotransmitter) and the postsynaptic neuron returns to resting potential.

The presence of synapses in the nervous system interrupt the ow of action potentials and thus slow
down the overall speed of nerve impulses as chemical di usion of neurotransmitter across the synaptic
cleft is a slower process than the electrical impulse along the neuron itself. The presence of synapses is,
however, advantageous as they act to further ensure that nerve impulses only travel in one direction.



Neurotransmitters

Chemical neurotransmitters play a key role in the human nervous system as they allow the propagation
of neuronal impulses across synapses. There are a number of di erent types of neurotransmitter present
in the human nervous system but all can be broadly categorised as excitatory or inhibitory neurotrans-
mitters.

Excitatory neurotransmitters bind to the post-synaptic membrane and trigger the opening of ion channels,
and thus trigger an action potential. On the other hand, when inhibitory neurotransmitters bind to
the post-synaptic membrane, it does not trigger the ring of an action potential in the post-synaptic
neuron [6]. Examples of excitatory neurotransmitters include acetylcholine, and glutamate, whereas
g-aminobutyric acid (GABA) and glycine are examples of inhibitory neurotransmitters.

Synaptic plasticity

Synaptic plasticity refers to how synapses can change their behaviour over time in response to changes
in their activity. Changes in synaptic plasticity are usually a result of how much neurotransmitter is
released into a synapse and/or a change in how the postsynaptic neurons respond to a neurotransmitter
[6] . This synaptic plasticity within the nervous system is important for the formation and retention of
memories and is important for learning.

Synaptic plasticity operates on multiple timescales; long- and short-term. Long-term synaptic plasticity
refers to changes in the synapse that last for minutes to hours or more and are usually related to learning
and memory [6]. Short-term plasticity (STP) happens on a much faster timescale, from milliseconds to
minutes, and is thought to be more related to simpler processing tasks [11{13].

STP acts to either enhance or depress a response across a synapse in the post-synaptic neuron. An
action potential in the presynaptic neuron will trigger the release of neurotransmitter into the synapse.
As each action potential triggers the release of neurotransmitter, there will be an increase in the amount
of neurotransmitter in the synaptic cleft that builds up over a short time. The greater concentration
of neurotransmitter released results in a short-term enhanced response in the post-synaptic neuron. If
repeating action potentials keep triggering the release of neurotransmitter across a synapse, there can
then be a depressive response in the post-synaptic neuron. This is because there is a depletion of available
neurotransmitter in the pre-synaptic neuron as it cannot be replaced or recovered at a high enough rate
to keep up with the frequency of the incoming action potentials.

STP behaviour is of interest to many in the eld of organic bioelectronics who are looking to develop
neuromorphic devices which could be used to interface directly with neurons and the human nervous
system. An example of such a device is a synapstor which is explained in more detail in chapter 4.

1.1.4 Central nervous system

The CNS in the human body acts to receive information from the rest of the body in the form of nerve
impulses, and controls and coordinates all bodily functions and responses. It is made up of the brain
and the spinal cord, which itself runs from the brain stem down to the base of the spine [7], as shown in



gure 1.9. The spinal cord is protected by the vertebrae of the spinal column. Between the vertebrae are
disks of cartilage which help cushion the spine and provide exibility. There are 31 pairs of spinal nerves
that emerge from the spinal cord between the vertebrae. Each nerve emerges from the spinal cord as two
branches known as roots, one from the anterior and the other from the posterior. The spinal cord only
reaches three quarters down the spinal column, but a bundle of nerves called the cauda equina extends
further. The cauda equina carries nerve impulses to and from the legs into the spinal cord and CNS. The
spinal cord is usually split into four regions; the cervical region, the thoracic region, lumbar region, and
the sacral region [8]. The cervical region of the spinal cord supplies nerves to the upper part of the body
including the back of the head, neck, shoulders and arms, and the diaphragm. The thoracic section of
the spinal cord supplies the chest and some parts of the abdomen, with the lumbar region supplying the
lower back and certain parts of the thighs and legs. Finally, the sacral region connects with nerves in the
buttocks, the legs and feet, and the genitals.
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Figure 1.9: The structures present in the CNS, including the brain and the spinal cord.

The spinal cord is covered by three membrane layers known as meninges; the dura mater (outer most
membrane), the arachnoid mater, and the pia mater (innermost membrane) [14]. These meninges (see

gure 1.10) encapsulate the spinal cord in cerebrospinal uid which cushions the spinal cord from shock
damage and transport nutrients and waste products around the CNS.

The spinal cord itself is made up of two main types of tissue; grey and white matter ( gure 1.11), each
playing a di erent role [6, 7]. The butter y shaped centre of the cord is made up of grey matter with the
ventral or anterior horns containing motor nerve cells that transmit information from the CNS to skeletal
muscles responsible for movement. The dorsal or posterior horns contain sensory neurons which transmit
sensory impulses from around the body to the CNS. The white matter that surrounds the central grey
matter is made up of columns of nerve bres (axons) that carry sensory information to the brain from the
rest of the body (ascending tracts) and columns that carry nerve impulses from the brain to the muscles
(descending tracts). The white matter is named as such due to its white colour which is a result of the
fatty myelin sheath insulating layer described previously [8].
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Figure 1.10: There are three meninges that surround the spinal cord; the pia mater, the arachnoid
mater, and the dura mater.
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Figure 1.11: A labelled cross section of the spinal cord.

The spinal cord is the rst part of the CNS to receive information from sensory neurons around most of
the body and channels these signals up to the brain. Likewise, the spinal cord acts as the main conduit
from the brain to the rest of the body allowing responses to sensory information to keep the human body
alive and moving. Moreover, the spinal cord is responsible for coordinating certain re exes such as the
knee jerk re ex, via relay neurons without input from the brain [6]. Having considered the role of the
spinal cord within the human body, it is clear to see that a traumatic injury or disease of the spinal cord
that disrupts its normal functionality would cause large detrimental e ects to the function and control
of rest of the body.

1.1.5 Spinal cord injuries

Spinal cord injuries (SCIs) are typically categorised as non-traumatic or traumatic meaning that they
are caused by disease or an external physical force/impact, respectively [2, 8]. Global estimates of the
prevalence of SCIs vary as the availability of data varies from country to country. Traumatic SCIs appear
to have increased in incidence in modern times, however this could be due to increased availability of
data. In 2007, there were estimated total 180,000 new cases of traumatic SCI globally [15], and more
recent data shows that in 2016 there were 930,000 cases [16]. The main causes of traumatic SCI globally
are falls and road injuries [16]. The incidence of SCls is higher in the male population as data shows that
more than 75% of su erers of traumatic SCls are male [2].
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The action of an SCI is often through mechanical trauma leading to compression, torsion, or complete
severance of the spinal cord itself [17, 18]. This is referred to as the primary injury, and results in damage
to the neurons and the ogliodendrocytes in the spinal cord [2, 17]. The primary injury also results in
the disruption of the blood-spinal cord barrier which can lead to haemorrhaging bringing an in ux of
in ammatory cells triggering the in ammation of the spinal cord [2]. This in ammation can often lead
to further injury as the spinal cord expands to Il the space in the spinal canal and compresses the spinal
cord further at the site of injury [17, 18]. The secondary injuries have more complex pathologies and
cause extensive neuronal and ogliodendrocytic damage, mostly due to lack of blood supply [2, 17]. The
in ammation of the spinal cord subsides over time and cystic cavities form due to loss of tissue volume
[2]. Glial scarring also occurs in a process called gliosis. The function of the glial scar tissue is to protect
the spinal cord and wider CNS after injury by reforming the blood-spinal cord barrier that forms a barrier
against infectious microorganisms and to seal o the boundary between neuronal and non-neuronal tissue.
Glial scar formation also helps encourage the revascularisation of the injury site which helps the healing
process around the injury [2]. The drawback however is that the formation of glial scar tissue also greatly
restricts the regrowth of neurons meaning the spinal cord cannot heal and reform a connection following
SCI [2, 18].

The severity of an SCI is measured by the ASIA impairment scale (table 1.1) that grades the level of
function that remains in various parts of the body as a result of an SCI. This scale runs from the least
severe grade E with no neurological de cit or sensory loss up to the most severe grade A with complete
loss of motor and sensory function below the level of injury [19].

Table 1.1: The American Spinal Injury Association (ASIA) Impairment Scale [19].

Category Description

A (Complete) No motor or sensory function is preserved in the sacral segments S4{S5.

B (Incomplete) | Sensory function preserved but not motor function is preserved below the
neurological level and includes the sacral segments S4{S5.

C (Incomplete) | Motor function is preserved below the neurological level, and more than half of key
muscles below the neurological level have a muscle grade less than 3.

D (Incomplete) | Motor function is preserved below the neurological level, and at least half of key
muscles below the neurological level have a muscle grade of 3 or more.

E (Normal) Motor and sensory function are normal.

The position of injury on the spinal cord indicates what level of functionality will be lost as a result of that
SCI. As previously stated, the thoracic spinal cord supplies nerves to the chest and some of the abdomen,
so an SCI above this region will result in loss of function in the chest, abdomen, and regions of the body
below this point. A SCI lower down the spinal cord may result in loss of function in the legs only, for
example. Paraplegia describes paralysis from the chest or waist down. Tetraplegia or quadraplegia refers
to paralysis below the cervical spinal cord or the rst thoracic vertebra that results in some degree of loss
of function in arms and legs, respectively. Other e ects of paralysis include loss of bowel and bladder
control depending on the position of the injury. SCIs can have signi cant impact on mental as well as
physical health, with many su erers of traumatic SCIs reporting symptoms of depression and anxiety [1].
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1.1.6 Treating spinal cord injuries

There are no known cures for SCIs. There are, however, a number of ways to manage and minimise
the extent of the damage during primary injury stage [2, 18, 20]. Typically, this involves minimising
compression in the region of the SCI, initially through completely immobilising the spinal column by
the use of a spine board and a cervical collar during transfer to hospital. Surgery is a major method
of decompressing the spinal cord, and allows realignment of the spinal column [2, 20]. There are also a
large range of pharmacological interventions that may be carried out during the early stages of SCls to
minimise in ammation [18].

Beyond treating the initial injury, rehabilitation is the main focus of treating SCls [17] and physical
therapies make up a large part of this rehabilitation [2]. Strength and mobility training are typically
important and can be used to train patients to be able to recover some lost function as a result of an SCI.
Mobility training has been shown to trigger cellular signalling changes that encourage axon regeneration
in animal models [2]. Virtual or augmented reality therapies have been shown to reduce the neuropathic
pain that SCI patients often experience [21]. In one study [22], it was shown that complete paraplegic SCI
patients could actually recover voluntary motor control of muscles below the point of injury through use of
a immersive virtual reality training program with complementary walking training using an exoskeleton.
This led to half the patients in the study being reclassi ed as having incomplete paraplegia.

Sca olds and hydrogels designed for use in the CNS have been shown to encourage the regrowth of
neural cells and tissues [8, 18, 23]. These structures mimic the environment in the body in which native
cells grow, and can support cell regeneration. Many examples of sca olds and hydrogels as experimental
treatments in vitro and in animal models are summarised in chapter 5. Cell-based therapies are also of
great interest to researchers as a way of restoring functionality to those su ering from SCIs. Implantation
of stem cells into the site of an SCI has resulted in improvements in ASIA impairment scores in human
test subjects with patients regaining some sensory and motor functionality [23]. Furthermore, the use of
biomaterial sca olds in SCI treatments can be combined with stem cell-based treatments and have had
some successes in animal testing [8, 18, 23].

Another approach to treating SCls is through the use of bioelectronics. Electrical spinal cord stimulation
has been shown to reduce pain in SCI patients [24], and can be used to stimulate motor function in
non-functioning muscles [25] helping patients regain bladder and bowel control, for example. Electronic
stimulation combined with physical training can produce even more impressive results with recovery of
functionality in the limbs of paralysed test subjects [26], including allowing paralysed human patients
to walk again unaided [5]. In 2015, the development of an e-dura was reported [27]. The e-dura was a
soft neuroprosthesis that mimicked the shape and elasticity of the dura mater and contained an array of
electrodes and chemotrodes (micro uidic channels that delivers drugs locally), as shown in gure 1.12.
The device was shown to restore locomotion in rats after a paralysing SCI. The e-dura was di erent to
typical electrostimulation devices as it directly interfaced the spinal cord under the dura mater whereas
prior to the development of the device, stimulating electrodes were typically attached to the skin for
transcutaneous application of stimulation [26]. The electrodes of the e-dura provided continuous electro-
chemical stimulation to the spinal locomotor circuits below a thoracic SCI. By contrast, the chemotrodes
(micro uidic channels) delivered serotonergic replacement drug therapies to the site of the SCI. Side
e ects of serotonergic agents on the autonomic nervous system can cause dysfunction, which if untreated,
can lead to e ects such as tachycardia, hypertension, and diarrhoea. Together the electrical and chemical
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stimulation allowed the paralysed rats to walk on their hind legs again on a treadmill whilst their body
weight was supported.

Dura mater

/

e-dura device

Chemotrode
Interconnect

Soft substrate
Electrode

Spinal cord

Figure 1.12: Illustration of the e-dura device described by [27], showing the positioning of the device
under the dura mater of the spinal cord, as well as the electrodes and chemotrode on the e-dura itself.

The e-dura device was scaled and developed for use in non-human primate test subjects [28] however
the experiments di ered to those for the rat models. The purpose of the experiments in the non-human
primates was to demonstrate the translation of a experimental soft bioelectronic device in animals to use
in humans. It was shown that the scaled e-dura device could illicit re ex responses in the forelimbs when
applying electrical stimulatory signals.

Organic bioelectronics are of interest for use in the treatment of SCls and in the spinal cord in general
[4, 29{33]. For example, micropatterned poly(pyrrole) and poly(pyrrole)-coated nano- bres have been
shown to in uence the direction of neuron growth indicating that they could be used to help guide neuron
regrowth through an SCI [29]. In addition, poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate)
(PEDOT:PSS) based organic electrochemical transistors (OECTSs) have been used to record brain and
neuronal activity [31, 33, 34], o ering a route for use in the spinal cord.

1.2 Organic bioelectronics

Organic bioelectronics isa eld of research encapsulating the use of organic electronic devices in biological
systems [34]. The use of such devices may be to regulate the function of an organ or biological process such
as neural implants in the brain, monitor the function of a biological system such as glucose monitoring
in the blood stream of diabetics, to deliver drugs and chemical therapies to speci c localised tissues, or a
combination of all three [29, 30, 34]. There are a number of di erent types of organic electronic devices
with di erent architectures including organic eld-e ect transistors (OFETS), electrolyte-gated organic

eld-e ect transistors (EGOFETS), and organic electrochemical transistors (OECTSs). All three types
operate by the modulation of a current from a source to a drain electrode through an organic material
through the application of a potential bias at a gate electrode.
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1.2.1 Field-effect transistors

To understand how OFETs, EGOFETS, and OECTSs operate, it is useful to understand how conventional
eld-e ect transistors (FETS) function.

FETs are a type of transistor that use an electric eld to control the current owing between a source and
a drain electrode through a semiconductor [31]. They are three terminal devices consisting of a source,
drain, and gate electrode. The application of a voltage to the gate electrode imposes an electric eld that
alters the conductivity of the material between the source and the drain electrode, thus controlling the

ow of current between the two terminals. Typically, FETs only use one type of charge carrier; n-type
FETs have electron charge carriers, and p-type FETs make use of holes as charge carriers [31]. There
are also examples of ambipolar FETs that use two types of charge carrier. The density of the charge
carriers in uences the conductivity of the channel between the source and the drain and thus amount
of current owing between the two terminals. FETs can operate in one of two modes; depletion mode
or enhancement mode. In depletion mode, the application of a gate voltage ‘depletes’ the amount of
charge carriers available in the semiconductor and thus decreases the current owing between the source
and the drain electrode. This leads to the FET eventually turning ‘o ’ and no current ows [35]. For
this reason, depletion mode devices are often referred to as ‘normally-ON’ FETs. On the other hand,
enhancement mode devices begin in an ‘o ’ state where no current can ow between the source and drain
electrodes and application of a voltage bias at the gate allows current to ow between the two terminals
[35]. The most common FET is the metal-oxide-semiconductor eld-e ect transistor (MOSFET) and it
is considered to form the basis of modern electronics [31, 36].

Organic eld-e ect transistors (OFETs) form the basis of a lot of organic electronic research. These
are FETs that use organic semiconductors as the semiconductor layer. Typically the devices make use
of -conjugated organic semiconductors such as poly(3-hexylthiophene) (P3HT) [35]. The source/drain
electrodes and the organic semiconducting material is separated from a gate electrode by an insulating
dielectric layer [30] ( gure 1.13). As with conventional FETS, the electric eld generated by the gate
electrode modulates the availability of the charge carriers in the organic semiconductor by drawing charge
carriers towards/away from the the dielectric layer, and thus modulates the source-drain current. When

rst developed OFETs were often used as sensors for gases and vapours, but have been demonstrated
to detect molecules in agueous environments [30], and are used in radio frequency identi cation (RFID)
tags [37]. The change in current upon exposure to di erent concentrations of analyte at xed gate and
source-drain voltages can be used to create calibration curves, which can then be used to measure the
concentration of the analyte in an unknown sample [35]. For example OFET-based sensors have been used
to selectively detect the di erent enantiomers of menthol [38], a molecule often used in food avourings.

1.2.2 Electrolyte-gated organic field-effect transistors

Instead of a dielectric layer as in the OFET, EGOFETSs are gated through an electrolyte. The gate
and the organic electronic material (OEM) are in direct contact with the electrolyte ( gure 1.14) and
thus the modulation of the source-drain current is due to the eld e ects of electrical double layers at
the gate-electrolyte interface and the electrolyte-OEM interface [35, 39] ( gure 1.14). The OEMs used
in EGOFETSs are usually organic semiconducting polymers [39] such as P3HT [36], however there have
also been examples of graphene-based EGOFETSs [40]. Pentacene is also a common organic layer used
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Figure 1.13: Schematic diagram of an organic eld-e ect transistor (OFET) showing the gate electrode
separated from the source, drain, and organic electronic material (OEM), by an insulator layer. In the
case of an OFET, the OEM is an organic semiconductor. Vps refers to the potential di erence between
the source and drain, whereas Vgs refers to the potential di erence across the gate and source. Ips
shows the current owing when the device is switched on.

in EGOFETs [35]. The e ect of changing the voltage at the gate electrode depends on the type of
organic semiconductor used in the device. When the gate electrode is negatively biased, it results in the
accumulation of positive ions at the gate-electrolyte interface, which in turn results in an accumulation
of anions at the electrolyte-OEM interface [36, 39, 40]. This accumulation of anions results in the
accumulation of holes in the top layer of the OEM which, in the case of the p-type semiconductor, makes
OEM more conducting resulting in a greater source-drain current.
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Figure 1.14: Schematic diagram of an electrolyte-gated organic eld-e ect transistor showing the gate
electrode separated from the source and the drain electrodes, and the organic electronic material (OEM).
Electrical double layers form at the gate-electrolyte interface and at the electrolyte-OEM interface. Vps
refers to the potential di erence between the source and drain, whereas Vgs refers to the potential
di erence across the gate and source. | ps shows the current owing when the device is switched on.

The accumulation of ions at the interfaces is in the form of electrical double layers [35, 36, 39, 40]. As
the device operates in electrolyte solution, there is a bulk concentration of solvated anions and cations.
When the gate is negatively biased, an electrical double layer form at the interface between the gate
and the electrolyte. This consists of a dense layer of cations at the interface called the Helmholtz layer,
which is made up of a single layer of solvent molecules and solvated cations. The di use layer contains
solvated cations at a greater concentration than found in the bulk of the electrolyte, and decreases in
concentration the further away one moves from the gate into the bulk of the solution. An equivalent
double layer is formed at the electrolyte-OEM interface with a double layer of anions. An electrical

eld is established across the interfaces which, in turn, prevents the ow of electric current across the
interfaces, thus allowing the electrical double layer to be described as a capacitor [36]. The capacitance
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of the electrical double layers is typically very high, around 10 F cm 2 [35], due to their very small
thickness (on the order of a few angstroms) [36]. This allows EGOFETSs to operate at very low voltages
(less than 1V) [36, 40] which makes them ideal for biological sensing applications. Typically, EGOFET
biosensors operate via the inclusion of a biorecognition element. This is often in the form of enzymes or
antibodies embedded in the organic semiconductor surface. There have been many reported examples
of EGOFET-based biosensors including deoxyribonucleic acid (DNA) and dopamine sensors [30, 36, 41].
Clinically relevant EGOFET devices have also been realised. In 2020, Sailapu et al. [42] published
a paper describing an ultrasensitive EGOFET biosensor that could detect HIV-1 p24 antigens in fM
concentrations, making the device suitable for early diagnosis of HIV. Furthermore, there have been
examples of directly interfacing EGOFET devices with neural tissues for stimulation and measurement
applications [43, 44].

1.2.3 Organic electrochemical transistors

OECTSs have a similar basic con guration to EGOFETS, however they operate via a di erent principle.
OECTSs operate by ions penetrating and doping/dedoping the OEM, instead of forming electrical double
layers at interfaces as in EGOFETSs with no penetration of the OEM.

OECTs were rst developed by White et al. in the 1980s [45]. The researchers demonstrated that
by applying a potential bias at a gate electrode separated from a poly(pyrrole) Im by an electrolyte
solution, the conductivity of the poly(pyrrole) could be modulated. OECTSs operate via the doping and
dedoping of an organic electronic material (OEM) [31, 34, 36] such as PEDOT:PSS. A gate electrode
is separated from the OEM by an electrolyte solution, as seen in gure 1.15. By applying a voltage
bias at the gate electrode, ions can be driven in or out of the OEM from or to the electrolyte [34]. In
turn, this dopes or dedopes the OEM, altering its conductivity. The changes in conductivity of the OEM
therefore can modulate the current that ows between the biased source and drain electrodes [31]. The
key characteristic that distinguishes OECTs from other devices is that the doping state of the OEM
changes across the entire volume of the material as oppose to just at the interface [31].

Gate

? Electrolyte

Source

o P <
V@ <

Figure 1.15: Schematic diagram of an organic electrochemical transistor showing the gate electrode
separated from the source and the drain electrodes, and the OEM. Vps refers to the potential di erence
between the source and drain, whereas Vgg refers to the potential di erence across the gate and source.
I bs shows the current owing when the device is switched on.

The OEM of choice for most OECTs is PEDOT:PSS due to its high conductivity and favourable charge
transfer properties [30, 33, 46]. PEDOT:PSS is also easily processable, and stable under aqueous condi-
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tions and in air. PEDOT itself is a semi-conducting polymer which when doped is a p-type conductor
which means that the charge carriers in PEDOT are holes. The positive holes are electronically balanced
by the negative charges of sulfonate anions on the PSS [31]. This material is discussed more extensively
in section 1.2.4.

PEDOT:PSS based OECTs operate in depletion mode [30, 31, 33, 46]. This means that when there is
no voltage applied at the gate electrode, the PEDOT is fully doped allowing current to ow between a
biased source and drain electrode [30, 31]. This is also known as the \ON" state. This state is shown in

gure 1.16 on the left where the gate voltage (V) is less than or equal to zero volts. As a voltage bias
is applied to the gate electrode, ions from the electrolyte are driven into the bulk of the PEDOT:PSS
and act to counterbalance the negative charges on the PSS instead of the positive holes in the PEDOT,
thus dedoping the PEDOT rendering it non-conductive [30, 46]. No current can ow through the channel
between the source and drain, and thus the OECT is said to be \OFF". This can be seen on the right
of gure 1.16.
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Figure 1.16: A PEDOT:PSS based OECT [30].

One of the advantages of OECTs is that the dedoping or doping occurs through the entire volume of
the OEM opposed just at the interface like in ‘traditional’ FETs [31]. The result of this is that a small
change in gate voltage leads to a large change in source-drain current meaning that the devices are highly
sensitive and can operate at low voltages, making them ideal for use in biological sensing applications.
On the other hand, the volumetric nature of the OECT responses results in slow response times on the
order of a few microseconds [31]. This is attributed to the ionic contribution to the operation of the
OECT [47]. lon di usion through the OEM is usually the rate limiting factor of OECT devices. This is
due, in combination, to the capacitance of the channel and the resistance of the electrolyte [30, 31].

Transfer curves and plots of output characteristics are useful tools in demonstrating how OECTSs (and
other transistors) operate. Figure 1.17 shows a transfer curve for a typical depletion mode OECT and
the output characteristics for the same. These plots can also be used to assess the properties of the
OECT. OECTs can transduce small changes in the voltage at the gate electrode into large changes in the
source-drain current, thus the greater the gradient of a transfer curve, the larger the change in source-
drain current for any given gate voltage. The gradient of the transfer curve, i.e. the rst derivative
dips/dVg, is called the transconductance (gn) and is typically very high for OECT devices [31]. The
transconductance of OECTs scale with thickness of the OEM, whereas this is not the case with FETS,
and therefore thickness of the OEM is a parameter that can be tuned to tune the device performance
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[30]. Other elements of the device geometry can also be changed to tune the device performance such as
the source and drain electrode design, as the width to length ratio of the channel is directly related to
the transconductance of the devices [31].
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(a) A transfer curve for a typical depletion mode OECT. (b) Output characteristics for a depletion mode OECT.

Figure 1.17: The transfer (a) and output (b) characteristics of a typical depletion mode OECT device.
In both plots, it can be seen that as the gate voltage (Vg) increases, there is a decrease in source-drain
current (Ips ) as the PEDOT (or other OEM) is dedoped, resulting in the device moving from an ON
state to an OFF state. Additionally, the output characteristics plot (b) shows how increasing the gate
voltage (V) causes the source-drain current to (Ips) to decrease, no matter the source-drain voltage
(Vbs ), due to the dedoping of the PEDOT or other OEM.

As OECTs transduce signals between ionic (ions in the electrolyte) and electronic currents (current ow
through the OEM), this often makes them the interface of choice between biological signals and synthetic
electronics, making them a favoured bioelectronic device for many applications. The low operation
voltages and the ability to function in water/electrolytes makes them ideal for use as sensors [48].

1.2.4 Introduction to poly(3,4-ethylenedioxythiophene) (PEDOT)

Poly(3,4-ethylenedioxythiophene) (PEDOT, gure 1.18) is a semiconducting polymer which is usually
found in its oxidised (or doped) conducting form, stabilised by poly(styrene sulfonate) (PSS, gure 1.19).
Together the material is often referred to as PEDOT:PSS.
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Figure 1.18: The chemical structure of neutral poly(3,4-ethylenedioxythiophene).

The PEDOT molecule has a conjugated p-electron system which is the source of the semiconducting be-
haviour seen in pristine undoped PEDOT. In the context of PEDOT:PSS and other conducting polymers,
doping and dopants refer to the oxidation state of the PEDOT molecules and materials that change that
oxidation state. This is unlike in solid-state physics where a dopant refers to neutral atoms (impurities)
introduced into a pure crystalline lattice to alter the conductivity of the crystalline material [49].
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Figure 1.19: The chemical structure of neutral poly(styrene sulfonic acid), when stabilising PEDOT
there is a loss of protons to form PSS (the sulfonate form of the molecule).

Upon synthesis, PEDOT is typically found in its conducting, doped form. When doped (or oxidised),
PEDOT is a p-type conductor, which allows a hole current to ow when a voltage bias is applied [31].
The positive holes are electronically balanced by the negative charges of sulfonate anions on the PSS
which provides stability to the PEDOT in water [31, 50]. This can be seen in gure 1.20. PEDOT:PSS is
both ionically and electronically conductive which makes it suitable for a range of applications including
bioelectronic applications [31, 50, 51]. PSS was originally added to PEDOT to improve its water process-
ability which resulted in the production of commercial grade PEDOT:PSS aqueous dispersions [49, 51].
The PSS is usually present in excess in the dispersions, typically in a ratio of 1:2.5 up to 1:6 PEDOT:PSS
[49].

Figure 1.20: Doped, conducting PEDOT stablised by PSS. The positive holes are stabilised by the
sulfonate anions shown here by the dotted lines between the positive hole charges on the PEDOT and
the negatively charged sulfonate groups on the PSS.

A key advantage of PEDOT is that it forms transparent thin Ims in its oxidised state [31]. This has
lead to it being used widely as an anti-static coating and to form transparent electrodes in organic light
emitting diodes (OLEDSs) and in organic solar cells [31, 52].

There are two main methods to synthesise PEDOT:PSS; oxidative polymerisation and electropolymeri-
sation. Both these methods result in PEDOT in its oxidised conductive state with the PSS present
forming a complex. It is important to polymerise the 3,4-ethylenedioxythiophene (EDOT) monomer in
the presence of the complexing polymer counter-ion as PEDOT is insoluble in most solvents including
water [52]. Oxidative polymerisation is a chemical polymerisation reaction in solution, and is the more
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common method used to synthesise PEDOT:PSS as it is a one-pot reaction that is easily scalable. The
oxidation of the PEDOT occurs via chemical means in the solution during the reaction, and the result
is an aqueous dispersion of PEDOT:PSS. Aqueous dispersions of PEDOT:PSS can be used to form thin

Ims through a variety of methods including spray-coating, spin-coating and drop-casting, among others
[30, 52]. On the other hand, the electropolymerisation method causes the polymerisation reaction to
occur directly on an electrode surface, and does not require any chemical oxidants as the PEDOT is
oxidised by the electrode submerged in the reaction solution [30, 52].

An overview of a number of di erent bioelectronic devices based on PEDOT:PSS is presented in chapter
3, including an alcohol sensor [53] and OECTSs for the detection of the heartbeat [54, 55].

1.3 Biomaterials

Organic bioelectronic devices for use in vivo (and any material or device that is to be implanted into the
body) can be described as a biomaterial. Biomaterials are de ned by the International Union of Pure
and Applied Chemistry (IUPAC) as a \material exploited in contact with living tissues, organisms, or
microorganisms™ [56]. Biomaterials have been used in human society for centuries for di erent purposes,
from glass eyes, prosthetic limbs, and false teeth, to more modern innovations such as breast implants,
contact lenses, and cardiac pacemakers. An important consideration when using biomaterials is how
they will interact with human tissues. There are three main requirements for biomaterials implanted
into the body; the biomaterials must be biocompatible, biodegradable, and have appropriate mechanical
properties [57]. Biomaterials can be fabricated by a range of synthesis routes, and their properties can
be tuned by design. This section will speak broadly of the requirements of a biomaterial in the human
body and how these requirements relate to the requirements of the organic bioelectronic device presented
in this thesis.

1.3.1 Biocompatibility

Biocompatibility is a key consideration when developing a biomaterial as it is imperative that there is
minimal immune response from the host body which could interfere with the intended action of the
biomaterial [57]. IUPAC de nes biocompatiblity as the \ability to be in contact with a living system
without producing an adverse e ect™ [56].

The human immune system works to detect and remove foreign material from the body to help protect
itself from the e ects of poisons, harmful bacteria, and viruses. When a biomaterial is implanted into the
body, the immune system will detect the foreign object and trigger a in ammatory response that could
result in rejection of the implanted biomaterial [57]. The level of response can be minimised by careful
choice of compatible material. For a bioelectronic device placed in the CNS, this is incredibly important
as a non-compatible material could result in a severe in ammatory response resulting in neuronal cell
death and the formation of glial scar tissue [8] (see section 1.1.5 for more on glial scarring). Signi cant
neuronal cell death could severely impact the normal functioning of the CNS, which in turn can result in
severe disability and death [8, 58]. In addition, the bioactivity or ability of cells to grow and proliferate
on a biomaterial must be considered, especially in tissue engineering and sca old applications [57]. For
bioelectronic applications, it is important to consider bioactivity as the bioelectronic device will likely be
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interfacing with cells and tissues so that the device can sense or stimulate cells as required.

1.3.2 Biodegradability

Not all biomaterials implanted in to the body are intended to be permanent. For example, many tissue
sca olds are designed to support cell regrowth until they are no longer required and the native cell sca old
(the extracellular matrix or ECM) can grow and replace it [57, 59]. Additionally, it is likely that even
with a permanent implant, there will be some wear and tear with small amounts of the biomaterial being
released from the intended site of action. A biodegradable biomaterial must have the \capability of being
degraded by biological activity" [56]. This could be degradation by the action of enzymes or some other
cell-mediated process or hydrolysis. The products of biodegradation must themselves be biocompatible
and non-toxic to the human body. Furthermore, the degradation products must be easily metabolised
and excreted from the body without causing damage or interfering with other tissues, organs, and bodily
processes [57]. It should be noted that if the biomaterial degrades solely due to hydrolysis without any
contribution by living elements, it is not strictly considered to be biodegradation, but simply hydrolysis
or hydrolytic degradation [56]. Additionally, the lifetime of a biomaterial or implanted device must be
considered as the biodegradation of the implanted material must happen over a speci ¢ time-frame [59].
Depending on the function of the implant, the degradation may take place over hours, days, weeks,
months, or years. The implanted biomaterial must be able to maintain functionality at a tolerable level
over the period of degradation until such a time where it is deemed acceptable to no longer work as
e ectively. This is known as bio-stability. Biodegradable bioelectronic devices are not common in the
literature, as the majority of organic electronic materials are not degradable [60].

1.3.3 Mechanical Properties

Finally, the implanted biomaterial must have mechanical properties that match the mechanical properties
of the tissues with which the material will interact [57]. This means that if the biomaterial is being
implanted into a harder tissue, the biomaterial must also be hard. Equally, if the biomaterial is implanted
into a soft environment, it also has to be soft. Mismatching the mechanical properties of implanted
material with the site of implantation can lead to an immune response and scarring around the site of
implantation which would cut o the implant or device from the tissues with which it is supposed to
interact. In the case of a bioelectronic device in the CNS, there would probably be glial scar formation,
cutting o the device from its target tissues or cells, rendering the device useless [8, 58].

This requirement to match mechanical properties was demonstrated very well in the work of Minev et al.
[27] (previously discussed in section 1.1.6). When designing the e-dura device, the scientists were sure to
pick a material that could resemble the mechanical properties of the spinal cord as closely as possible.
Careful choice of polydimethylsiloxane (PDMS) as the soft base for the e-dura meant that the mechanical
properties of the e-dura device more closely matched the mechanical properties of neural tissues compared
to typical sti plastic neuroprotheses. In experiments described in the paper, a sti er plastic implant
(polyimide Im) and a softer implant (PDMS-based) were implanted into rat spinal cords and the motor
skills of the rats was observed over 6 weeks. The rats with the sti er implants showed deterioration
in movement around 1-2 weeks post-implantation which continued until the end of the experiment. By
contrast, the rats with the soft implant showed no deterioration in motor skills and were indistinguishable
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from the control group with no implants. Additionally, cellular markers typical of a foreign body immune
response were detected in the site around the sti implant, but no signi cant di erence in levels of these
markers was seen around the soft implant site compared to the control. This showed that there was a
large immune response with the sti  implant, but no signi cant response seen with the soft implant. This
acts as a demonstration showing that mismatching the mechanical properties of an implanted material
with the tissue it interacts with can trigger a measurable immune response and has visible e ects on the
e cacy of the implant.

Introduction to elastic modulus

One of the most common ways of quantifying the mechanical properties of a material is measuring
the elastic modulus, E. The elastic modulus of a material quanti es how much that material deforms
elastically under stress. Itis de ned as the ratio of normal stress () over linear strain () [61], as shown in
equation 1.1. This elastic modulus, which is also sometimes referred to as the Young’s modulus, describes
linear elastic deformation and is applicable for tensile and compressive stress. Stress is usually de ned
as an applied force (F) over an area (A) (see equation 1.2). On the other hand, strain describes the
deformation of the material as a result of the applied stress quantifying it as the change in length of the
material sample in one dimension ( L = L Lg) divided by the original length (Lo) of the material
sample in that dimension. This is shown in equation 1.3. Elastic deformation is non-permanent and the
material will return to its original shape once the stress has been removed. On the other hand, plastic
deformation is a permanent deformation. Elastic modulus is measured in units of pascals (Pa).

E=— (1.1)
_F
=4 (1.2)
L _L Lo
==L (1.3)

The elastic moduli of a number of common materials are shown in table 1.2. These demonstrate the
variation in elastic moduli from very hard materials such as diamond down to human skin.

Table 1.2: The elastic moduli of various common materials and tissues in the human body.

Material Elastic modulus
Diamond ( Ims) 800 - 950 GPa [62]
Aluminium 106.85 GPa [63]
Bone 13.5 - 30.1 GPa [64{66]
Expanded polystyrene foam 6.3 - 32.3 MPa [67]
Skin 129 88 kPa [68], 4.2 - 8.5 MPa [69]

Methods of measuring the elastic modulus of a material and the theory behind these measurements are
discussed more extensively in chapter 2.
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Elastic modulus of the central nervous system

There are a variety of di erent tissue types within the CNS meaning that caution must be taken when
reporting the elastic modulus of the various structures within the CNS. For example, when the elas-
tic modulus of the spinal cord is reported, it must be specic as to exactly what tissues were sampled
otherwise there is the question of whether the protective meninges were intact or removed. Other con-
siderations include whether a human sample was used or a sample from another animal species, whether
the measurements werean vivo (the tissue was still in situ) or in vitro (the tissue was removed from the
body and tested), and whether the measurement was undertaken on a live animal or taken post-mortem.
These variations in technique and sample types result in variations in the reported elastic moduli of CNS
tissues and structures, however there is general consensus that the CNS is very soft and thus has a low
elastic modulus compared to other tissues and structures in the body such as bone [64{66]. A summary
of the elastic moduli measured for the brain and spinal cord is given in table 1.3.

Table 1.3: A summary of the elastic moduli of the structures in the CNS.

Tissue type Elastic modulus Comments
Human brain 3-10 kPa No speci cation on grey vs. white matter [70]
Pig brain 5.7 1.6 - 23.8 10.5 kPa Mixture of grey and white matter [71]
Human spinal cord 1.02 - 1.37 MPa Cadaver samples,n vitro characterisation [72]
Human spinal cord 1.40 MPa Intact pia mater, cadaver samples,in vitro
characterisation [73]
Human spinal cord 89 kPa Incised pia mater, cadaver samplesin vitro
characterisation [73]
Rabbit spinal cord 16 5 kPa With pia mater, cadaver samples,in vitro
characterisation [74]
Rabbit spinal cord 5 2 kPa Without pia mater, cadaver samples,in vitro
characterisation [74]
Bovine spinal cord 1.19 0.13 MPa Measured 3 hours after slaughter, was seen to
increase with increase time post-mortem [75]
Cat spinal cord 230 kPa In vivo measurements on anaesthetised live animal
[76]
Puppy spinal cord 265 kPa In vivo measurements on anaesthetised live animal
[77]

Any organic bioelectronic device that is intended for use in the spinal cord must have a similarly low
elastic modulus to ensure minimal immune response to allow it to operate e ectively. Consideration of the
whole device is therefore required. Typically, organic electronic devices make use of hard substrates such
as glass during development. The elastic modulus of glass varies with manufacturing and materials used
but typically it is around 70 GPa [78], which is around 10,000 times greater than the values reported for
the spinal cord. There is, therefore, a requirement to lower the elastic modulus of the organic bioelectronic
device if it were to be used in the CNS.
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1.4 Hydrogels as biomaterials

One approach to lowering the elastic modulus of an organic bioelectronic device would be to use a
soft substrate. Hydrogels o er a route for this approach. Hydrogels are three-dimensional crosslinked
polymer networks that signi cantly swell in water [79{81]. The generic structure of a hydrogel can be
seen in gure 1.21 which shows the polymer strands crosslinked to form a porous structure. Hydrogels
may be crosslinked physically using polymer entanglements and/or other physical attractions such as
ionic attractions and hydrogen bonding [80]. Alternatively, chemical crosslinks using covalent bonding
may be used to form chemical hydrogels [80, 81].

Figure 1.21: The generic structure of a hydrogel showing the polymer strands in black with the crosslinks
indicated by the red circles.

Hydrogels have a large number of applications as biomaterials due to their ability to retain signi cant
volumes of water [79, 81]. The structure of a hydrogel is typically a highly crosslinked matrix with
pores through which water and other species can move. Such an interconnected and porous network has
similarities to the extracellular matrix (ECM) which itself is an extensive interconnected network of pores
in which cells sit, although hydrogel pores and those of the ECM are of di erent length scales, typically
on the order of many micrometers and tens of nanometers respectively [80, 82{84]. Additionally, the
vast array of materials that can be used to form a hydrogel and the variation of crosslinking methods
can o er a large level of control. This allows the synthesis and manufacture of a hydrogel that has ideal
properties suited to its intended end use and that ful Is the three main requirements of a biomaterial
(biocompatible, biodegradable, and mechanically appropriate). For example, by changing the degree of
crosslinking through the gel, the mechanical properties may be tuned to give a higher or lower elastic
modulus as required. This exibility in material and properties make hydrogels ideal candidates for use
within the CNS.

Hydrogels have been used as biomaterials for more than half a century [85]. In 1959, the rst soft
contact lenses were administered to clinical patients in Prague [86]. It was shown that the soft contact
lenses could correct eyesight, and caused minimal discomfort to patients. These soft contact lenses
were one of the rst examples of using hydrogels as biomaterials with clinical success [87]. Nowadays,
hydrogels are common biomaterials. There is a large amount of interest in hydrogels prepared from
naturally occurring materials, such as hyaluronic acid (HA) and chondroitin sulfate (CS), due to their
biocompatibility and biodegradability properties [81, 85, 88]. These are especially popular for use in
the CNS for their compatibility which can act to minimise immune responses that otherwise could lead
to glial scar formation and related detrimental e ects [70, 89{94]. Hydrogels for use in the CNS are
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discussed in chapter 5.

1.4.1 Hyaluronic acid and chondroitin sulfate

Hyaluronic acid (HA) and chondroitin sulfate (CS) are linear polysaccharides that occur naturally in the
body (gure 1.22). They are speci cally categorised as glycosaminoglycans and are thought to perform a
range of biological roles. CS is formed from the alternating monosaccharidds -acetylgalactosamine and
glucuronic acid, and HA is formed from glucuronic acid andN -acetylglucosamine.

Figure 1.22: Chemical structures of hyaluronic acid (a) and chondroitin sulfate (b).

CS is found in abundance in cartilaginous ECM in joints [95], and is also found in the CNS. The role of
CS within the CNS is as a biological marker that acts to guide the growth of neurons during mammalian
development [96]. On the other hand, it is thought to play a role in glial scar formation as a result of
SCls [97], which could limit applications in the treatment of SCls as typically glial scar formation is to
be avoided. Similarly, HA is found throughout the ECM throughout the CNS. It is a major constituent

of the ECM of the brain [8] and it is thought to play a role in a massive range of biological processes [98]
including healing, guiding cell di erentiation, and signalling functions.

As CS and HA are both found naturally in the human body, they are considered to be inherently
biocompatible, meaning that they are of interest to researchers working on biomaterials. Additionally, as
these materials are naturally derived, the body has metabolic pathways through which these materials
can be broken down. Hyaluronidase and chondroitinase ABC work to break down HA [99, 100] and CS
[101] respectively. This means that there is a predetermined biodegradation route in the body and thus
the molecules are biodegradable.

Presently, HA is a very popular component of moisturisers and other skin treatments [102]. A product
search of hyaluronic acid on Boots.com (a popular UK pharmacy, health and beauty retailer) returned 331
results, 310 of which are under the category of beauty and skin care (on the date of the search 11/08/2020)
[103]. The popularity of HA as a moisturising ingredient in skin care is due to its ability to absorb large
amounts of water [102], giving a plumped and hydrated appearance to skin. The hygroscopic properties of
HA also make it attractive for researchers developing hydrogels, along with its inherent biocompatibility
and biodegradability. A number of hydrogels synthesised from HA are discussed in chapter 5 [89, 94] and
are found extensively throughout the literature, designed for a range of applications includingn vitro
tissue sca olds [83, 104], dermal tissue regeneration [105], cartilage regeneration [106], and the treatment
of SCls [70, 89, 92, 94], among others.

CS, on the other hand, can be found in a number of joint-care supplements and osteoarthritis treatments.
It has been found that taking CS can decrease the pain and discomfort in the joints of those su ering
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from osteoarthritis and there is evidence that it may slow further deterioration in the joints of su erers
[107{109]. Although a lot of CS hydrogel research focuses on cartilage repair [110{113], there has been
some work towards the use of CS hydrogels in the CNS. For example, Karumbaiabt al. [100] found
that sulfated-CS hydrogels could be used to facilitate tissue repair in lesions created by traumatic injury
to the CNS. Sulfated-CS hydrogels were prepared by photocrosslinking sulfated-CS that had had been
methacrylated. The authors exploited the ability of CS to direct the di erentiation of neural stem cells
and showed that the hydrogels encouraged self renewal and growth of neural stem cells better than
control experiments. This work was preceded by experiments in which sulfated-CS was crosslinked with
poly(ethylene glycol) via Michael addition [114]. This experiment was also undertaken with sulfated-HA,
and both the CS and the HA gels were determined to have similar mechanical properties. It was shown
that both gels supported neural cell growth, but CS outperformed HA. This was determined by the
fact that the length of neurites grown in the CS hydrogels were consistently signi cantly longer than
those grown in the HA gels. Similarly, Liu et al. [115] demonstrated that implanting methacrylated-CS
hydrogels containing neural stem cells into the sites of SCls in rats encouraged the cells to di erentiate
into neuronal cell types and minimised the formation of glial cells (which form the scarring leading to
loss of functionality in SCI victims), thus encouraging functional recovery.

CS and HA are both naturally found in the human body, and are therefore inherently biocompatible.
Additionally, they are both biodegradable in vivo due to the presence of speci c enzymes that have the
role of breaking down the molecules. CS and HA both require crosslinking to form hydrogels. There are a
range of crosslinking methodologies previously reported in the literature for CS and HA hydrogels includ-
ing photocrosslinking methacrylated HA [89, 112], various click chemistries [84, 92, 116], and disul de
crosslinks [117], among others [118], however a popular method for crosslinking glycosaminoglycans is
the use of carbodiimide crosslinking using 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride
(EDC) [83, 90, 100, 111, 119, 120].

1.4.2 Crosslinking hydrogels - EDC-crosslinking

There are a range of methods to crosslink a material to form a hydrogel including physical entanglements,
hydrogen bonding, and covalent crosslinks. Typically the amount of crosslinking in a hydrogel determines
its properties. For example, a gel with low levels of crosslinking can typically swell in water more than
one with a larger number of crosslinks, as the matrix will contain larger and smaller pores respectively
[83, 121]. This is well demonstrated in the paper by Groveret al. [121], where the authors describe
a collagen tissue sca old where the degree of swelling (that is to say the mass of the swollen structure
relative to the dry mass) reduced when EDC-crosslinking was introduced. Additionally, the pores within
the scaold decreased in size upon crosslinking, whilst the tensile strength of the matrices increased
from uncrosslinked to crosslinked. It should be noted that the uncrosslinked sca olds could not be
fully mechanically characterised due to low failure stresses and di culty in handling the materials. This
example from Groveret al. [121] highlights how crosslinking has a direct e ect on the resulting properties
of a hydrogel.

Carbodiimide crosslinkers, such as 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC)
(gure 1.23), are typically used to mediate the formation of amide bonds between carboxylic acids and
primary amines under aqueous conditions [121, 122]. It is often used with biological molecules such as
proteins and carbohydrates. The EDC molecule is toxic but it is water soluble [83]. This means that
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EDC, and the by-product of EDC-crosslinking which is also water soluble, can easily be removed from a
hydrogel or other reaction mixture by washing.

Figure 1.23: The chemical structure of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride
(EDC).

It has been shown that the EDC can facilitate crosslinking between carboxylic acid and hydroxyl groups
[120] to form ester bonds, and thus EDC-crosslinking could be used to form ester bonds between CS
and/or HA molecules to form crosslinked hydrogel networks. EDC is known as a “zero-length’ crosslinker
as none of the EDC molecule ends up in the nal crosslinking bond [122].

Typically, in the case of amide formation, the EDC-coupling reaction is usually reported to proceed
as follows [123] described by gure 1.24. The EDC molecule reacts with a carboxylic acid to form an
unstable O-acylisourea intermediate. If this then reacts with water, hydrolysis occurs, returning the

original carboxylic acid and an isourea by-product from the EDC. If the intermediate instead undergoes
nucleophilic attack by a primary amine, an amide bond is formed linking the original carboxylic acid and

the amine. Again, an isourea by-product is formed from the spent EDC.

Figure 1.24: EDC-crosslinking reaction scheme between molecule A and molecule B to give an amide
bond: (1) Molecule A contains a carboxyl group that reacts with EDC (2) to form an unstable O-
acylisourea intermediate (3). This intermediate can then undergo nucleophilic attack by the primary
amine on molecule B (4) to form an amide bond between molecule A and B (5) and an iso-urea by-
product (6).
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Tomihata et al. [120] described EDC-coupling between carboxyl and hydroxyl groups, and used infra-red
(IR) spectroscopy that showed that the EDC molecule mediates the formation of acid anhydrides. It
is not clear whether the acid anhydride formation is inter- or intra-molecular, however it is likely that
the O-acylisourea intermediate, described in gure 1.24, is formed allowing acid anhydride formation to
occur [124]. The reaction then proceeds by the acid anhydrides reacting with alcohol groups on other
molecules to form ester bonds, as shown in gure 1.25.

Figure 1.25: EDC-crosslinking reaction scheme between molecule A and molecule B to give an ester
bond: (1) Initial acid anhydride formation is mediated by EDC { intra (2a) - or intermolecular (2b)
(unclear which). A water soluble isourea by-product (3) is also formed. Nucleophilic attack of acid
anhydride by hydroxyl group of molecule B (4) follows, giving the nal formation of an ester linkage (5).

N -hydroxysuccinimide (NHS) is sometimes used in conjunction with EDC to facilitate the EDC-coupling
reaction. It is thought to increase the reaction e ciency by reacting with the carboxylic acid group to
form a more stable NHS-ester intermediate than theO-acylisourea intermediate that forms in reactions
with no NHS present [123].The addition of NHS to a EDC reaction mixture is optional, and it is not
always utilised.

For biomaterial applications, EDC-crosslinking has been used for many years. In 1995, Olde Damindt al.
[125] reported the successful synthesis of crosslinked collagen matrices using EDC-crosslinking. Collagen
was freeze dried to give a porous structure that was then submerged in an EDC or EDC and NHS solution.
The pH of the reaction was controlled by the addition of 0.1 M HClq or 0.1 M NaOH,q throughout.
The resulting crosslinked matrices were rinsed thoroughly and lyophilised a second time. The crosslinks
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formed by this method in collagen were amide bonds, as in this case, the EDC-mediated reaction was
between carboxylic acid groups and amines. It was observed that the modulus of the crosslinked collagen
increased with level of crosslinking for high strains, but decreased with level of crosslinking for low strains.
It was suggested that this was due to the structure of collagen itself, and the spatial limitations of the
bres for crosslinking.

Both HA and CS have previously been reported to undergo EDC-crosslinking to form hydrogels. Han-
thamrongwit et al. [119] investigated a collagen based gel containing CS as a potential arti cial skin
substitute. EDC-crosslinking was used to attach CS, sometimes in the presence of diamines, to collagen
gels that were themselves prepared from pH-altered collagen solutions. These reactions formed amide
crosslinks. The addition of the diamines (diaminobutane or diaminohexane) was to increase the number
of available reactive groups during crosslinking as the diamines could react with the collagen or the CS
once the appropriate carboxylic acid group had been activated by EDC. This meant that amide bonds
could form directly between collagen and CS, collagen and collagen, collagen and diamine, and CS and
diamine. The di erent linkages are summarised in gure 1.26. This diversity of crosslinking meant that
there was more variation in crosslink length and type throughout the gels, which could give diversity of
properties.

Figure 1.26: The range of possible EDC-mediated crosslinking bonds that could form between collagen
(Coall), chondroitin sulfate (CS), and a generic diamine (H,N-R-NH;) as summarised by Hanthamrongwit
et al. [119].

Tomihata et al. [120] used EDC to crosslink HA Ims via intermolecular ester bonding between carboxylic
acid and hydroxyl groups. Pectin Ims were also crosslinked in this way, demonstrating the ability of EDC
to mediate crosslinking via ester bonds. The Ims were characterised via IR spectroscopy to con rm this.
Furthermore, similar to the use of diaminobutane in the work of Hanthamrongwit et al. [119], lysine, an
amino acid that contains a second amino group, and its methyl ester were also used during crosslinking
to give amide crosslinks. The degradation of the various HA Ims was recorded and demonstrated that
the addition of the lysine methyl-ester prolonged the lifetime of the HA gels in pH 7 bu ered solution at
25 C to over two weeks, versus the HA Ims prepared without lysine which completely degraded under
the same conditions in roughly 7 days. This was attributed to the need for the presence of enzymes to
quickly degrade amide bonds, whereas ester bonds can undergo fairly fast hydrolysis.

More recently, Li et al. [126] synthesised interpenetrating collagen-HA-CS networks for use in brain
tissue engineering and related therapies for traumatic brain injury. These were prepared by freeze-drying
collagen to form sca olds, which were then submerged in CS or HA or combined CS and HA solutions
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for four hours. The solutions also contained EDC, NHS, adipic acid dehydrate, and 2-morpholinoethane

sulfonic acid hydrate. Prior to being added to the collagen sca old, these solutions were stirred for 4

hours and refrigerated at 4 C for a minimum of 12 hours. The reaction was quenched, and the reaction

mixture rinsed. The mixed networks were freeze dried again. The elastic moduli of the collagen, collagen-
CS, collagen-HA, and collagen-CS-HA interpenetrating networks were 14.6 kPa, 16.3 kPa, 16.8 kPa, and
27.9 kPa respectively. These materials were assessed for the viability, di erentiation, and proliferation of

various clinically relevant neural cells, and it was determined that the collagen-HA and collagen-CS-HA

networks were the most promising candidates to be used in brain tissue engineering applications in the
future.

These examples demonstrate EDC-coupling is a facile and steadfast method of crosslinking materials to
form hydrogels, including hydrogels containing CS and HA. The ability of EDC to mediate the formation

of ester bonds, which are hydrolytically degradable, make it an ideal method of crosslinking CS and
HA to create a hydrogel that is biodegradable, and biocompatible. Furthermore, EDC-coupling can be
applied to other systems requiring crosslinking, such as the PEDOT:chondroitin sulfate/hyaluronic acid
(PEDOT:CS/PEDOT:HA) Ims presented in chapters 3 and 4.

1.5 Summary and thesis overview

This chapter has introduced the human nervous system and SCls demonstrating that such injuries to
the CNS can be devastating, life-changing events. Treatments for SCls are limited however organic
bioelectronics is an area of interest to researchers demonstrated by the e-dura device [27] example given
in section 1.1.6. The eld of organic bioelectronics covers a wide range of devices and applications.
OECTs were highlighted as a device architecture favoured by researchers fan vivo applications due

to their low operating voltages and ability to transduce small ionic signals into electronic signals [31].
This means that they can act as an interface between biology and man-made technology. Furthermore,
the requirements of a biomaterial used in the body were introduced and emphasised the need for an
implanted material to be biocompatible, biodegradable, and mechanically appropriate. Hydrogels were
also introduced as these materials o er a route to ful lling the criteria for biomaterials.

The aim of this project is to develop a degradable OECT device that, in future, could be used in the
spinal cord, therefore consideration of the requirements for such a device is needed. If intended for
use in the human body, such devices must ful |l the requirements of a biomaterial; biocompatibility,
biodegradability, and appropriate mechanical properties.

In the OECT device, there must be an organic electronic material (OEM) that is biocompatible, biodegrad-
able, mechanically appropriate to the elastic modulus of the spinal cord, and importantly for a bioelec-
tronic device, conductive. The OEM must also be able to form a thin Im that does not dissolve or
immediately breakdown in electrolyte or water. This is so the material can be characterised, and t
the architecture of a typical OECT. There is, however, the requirement that this material does break
down in a controlled way over time so that it can be considered degradable. Additionally, this material
must be able to function as the OEM in an OECT, i.e. that a current through this material can be
modulated by changing the doping status of the material. This would provide the proof of concept that
such a material could be used in an OECT type device. Additionally, there is a requirement to design a
material that could be used as a substrate for the OECT devices to make them suitable for implantation

31



in to the CNS. This is because many substrates used during testing and development of OECTSs, such
as glass slides, would be unsuitable for use in the CNS due mechanical mismatch. The biocompatibility
and biodegradability of the substrate material would also have to be carefully considered. Hydrogels are
of great interest to researchers in the eld of biomaterials due to their hydrated, porous structures which
make them ideal materials for providing surfaces on which cells can grow [80, 81]. The control given
to the properties of a hydrogel through material and crosslinking type allows them to be designed to
give the most desirable properties, including the three key properties of a biomaterial; biodegradability,
biocompatibility, and appropriate mechanical properties, making hydrogels ideally suited for use as a soft
substrate for the OECT.

Chapter 2 describes a number of experimental techniques and theories used in the work in this thesis
including electrochemical impedance spectroscopy (EIS), ultra-violet and infra-red spectroscopy, and
mechanical testing.

In chapter 3 , the focus of the work is development of a biocompatible and conductive material based on
poly(3,4-ethylenedioxythiophene) (PEDOT) complexed with chondroitin sulfate/hyaluronic acid (PE-
DOT:CS/PEDOT:HA) and proving that these materials can function in an OECT. Additionally, a
crosslinking method that favours degradation will be presented, however the degradation of the device
is not discussed until chapter 4. It is shown that PEDOT complexed with chondroitin sulfate (PE-
DOT:CS) or hyaluronic acid (PEDOT:HA) can be synthesised via an oxidative polymerisation method
as demonstrated by Mantione et al. [127]. These materials can be drop-cast and were shown to be
conductive, with a best sheet resistance of 4.7 k ' for PEDOT:CS which was comparable to similar
untreated PEDOT:PSS Ims. Crosslinking of the PEDOT:CS and PEDOT:HA Ims using 1-ethyl-3-
(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC) was demonstrated and the materials were
tested for their transistor characteristics. An OECT using PEDOT:CS as the organic electronic material
was successfully tested and characterised with a peak transconductance of 50.5%. This provided the
proof of concept that such materials could be used in OECT devices.

The next step in the development of the biocompatible and biodegradable OECT was to optimise and
understand the behaviour of PEDOT:CS in more detail. Work towards optimising the transistor be-
haviour of the OECT is presented in chapter 4 through changes in electrode geometry. Furthermore,
an examination of the degradation of the device was undertaken, and ultraviolet (UV) spectroscopy and
electrical impedance spectroscopy (EIS) were used to understand PEDOT:biomolecules in more detail.
In addition, experiments towards creating synapstors (bioelectronic devices that mimic the short term
plasticity of synapses [13, 44, 128{133]) from PEDOT:CS were undertaken, as well as lyophilisation ex-
periments to create 3D sca olds from PEDOT:CS and PEDOT:HA as a step towards creating tubistors
(3D sca olds made from conducting polymers that demonstrate transistor-type behaviour [134]).

Chapter 5 describes the preparation of CS and HA hydrogels, and the swelling properties are presented.
The mechanical properties of the HA hydrogels were found to be tunable by the amount of EDC used in
during their preparation, and the gels were found to have elastic moduli that were comparable to those of
the spinal cord. The degradation pro le of the HA hydrogels was also determined, and demonstrated that
they were hydrolytically degradable under simulated physiological conditions. Finally, initial experiments
combining HA hydrogels with PEDOT:CS are also reported.

The nal chapter of this thesis, chapter 6 , provides a summary of the work presented in this thesis and
points towards future experiments.
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Chapter 2

Experimental Techniques

2.1 Introduction

This thesis covers a broad research area thus a broad range of experimental techniques and theories have
been used to collect and interpret data, respectively. The methods used for each individual experiment
are detailed in the relevant results chapter, but a wider overview of the analysis techniques and the theory
behind them is presented here. The experimental methods used in this thesis can be broadly categorised
into electronic, spectroscopic, and mechanical testing techniques.

Electronic testing was used to characterise crosslinked and uncrosslinked Ims of PEDOT:biomaterial dis-
persions for their conductivity and, in the case of crosslinked PEDOT:chondroitin sulfate (PEDOT:CS)
Ims, assess their performance in an organic electrochemical transistor (OECT) architecture. The elec-
tronic testing techniques are reported and discussed in detail in chapters 3 and 4 and will not be discussed
here.

Spectroscopic techniques such as infra-red (IR) spectroscopy and ultra-violet (UV) spectroscopy were
used to assess the level of crosslinking in hyaluronic acid (HA) hydrogels and to assess the electronic
properties of PEDOT:CS aqueous dispersions and Ims upon crosslinking and degradation, respectively.
Electrochemical impedance spectroscopy (EIS) can be used to assess complex impedance of a material
versus frequency. In the case of the work presented in this thesis, EIS was used to follow the ionic and
ohmic contributions to the conductivity of the PEDOT:biomolecule materials.

Mechanical testing was undertaken on HA hydrogels to determine their elastic moduli for comparison
with the elastic moduli of the spinal cord.

2.2 Infra-red (IR) spectroscopy

In the broadest de nition, spectroscopic techniques are used to probe the relationship between a material
and electromagnetic radiation [135]. This makes spectroscopic techniques incredibly powerful tools in the
characterisation of all matter. IR spectroscopy is used to examine the interaction of infra-red radiation

33



with solid, liquid, or gaseous samples. This spectroscopic technique is typically used to identify functional
groups present on molecules in a sample, making it a popular analysis technique in synthetic chemistry.
Furthermore, IR spectroscopy has applications outside of scienti ¢ research laboratories in food safety,
forensic science, and the restoration of artworks.

During IR spectroscopy, the sample is exposed to a broad spectrum of IR radiation (approximately 4000
to 400 cm ! in the mid-IR region for typical laboratory spectrometers). The sample then absorbs that
radiation at speci ¢ frequencies that relate to the vibrational frequencies of a part of the sample molecule
[135, 136]. An IR spectrum is obtained that shows peaks at these frequencies. The height of the peaks
equate to the relative absorbance of the sample (or transmittance through the sample depending on the
axes) at each of the frequencies to which the sample was exposed [136, 137].

2.2.1 Harmonic and anharmonic oscillators

As IR spectroscopy is concerned with vibrations in sample molecules, it is useful to understand vibrational
energy in molecules. In general terms, the total energy of a molecule is made up of electronic, vibrational,
and rotational contributions, however in the case of IR spectrometry only vibrational contributions are
of interest. (Rotational transitions can be probed in the far IR regions of the spectrum, however for
ease, only vibrational contributions are discussed here.) In the quantum mechanical harmonic oscillator
model of molecular vibration, vibrational energy is quantized into vibrational energy levels. Each energy
level can be described by a quantum number v, where v is an integer, and the vibrational energy levels
are equidistant from one and other [136, 137]. The ground state of the vibrational energy levels is at
v= 0 and the energy level may only change by v= 1. This model is simple and not that realistic
as it does not account for the fact that dissociation will occur at a certain potential energy [137]. The
anharmonic oscillator model is more realistic in describing the vibrational energy levels of a molecule.
The energy requirement to jump from one level to the next becomes smaller as the vibrational quantum
number increases (see gure 2.1). Additionally, at a certain potential energy the two nuclei described in
the model will dissociate which can be seen in gure 2.1 by the increasing internuclear distance beyond
that of the harmonic oscillator model.

Changes in energy levels are triggered by the absorption of a photon which has an energy that perfectly
matches the energy gap between the two levels [137]. This energy change is described by equation 2.1,
where E is the change in energyh is the Planck constant, and is the frequency. This concept is true
for any energy level transition, be it electronic, vibrational, or rotational, and is the basis on which all
spectroscopic methods rely.

E=h (2.1)

2.2.2 IR absorption

For an absorption to be IR active, the dipole moment of the molecule must change during the vibration
[135{138]. This is known as the selection rule for IR spectroscopy. The dipole moment of a molecule is
a result of the di erences in partial charges on the constituent atoms however, as an approximation, the
electronegativity of a molecule's constituent atoms can be used to estimate the dipole [136, 137]. For
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Figure 2.1: The quantum mechanical harmonic (red, dashed line) and anharmonic (blue, solid line)
oscillator models for vibrational energy levels. The energy levels indicated on the potential energy curve
are for the anharmonic oscillator model and can be seen to become closer together as quantum number,
v, increases [137].

example, there is a large di erence in the electronegativity of carbon and oxygen of a carbonyl group
giving the bond a large dipole [136]. When the bond vibrates (stretching mode), there is an increase
in dipole moment meaning that this molecular vibration is IR active. The larger the change in dipole
moment, the greater the absorption seen in the IR spectrum [136, 137].

Molecules have a number of normal or fundamental vibrational modes, and the number of these vibrations

is known as the number of degrees of freedom possessed by the molecule. Linear polyatomic molecules
with N atoms have 3\ 5 vibrational degrees of freedom, whereas non-linear polyatomic molecules with

N atoms have N 6 vibrational degrees of freedom [136, 137]. Some of these vibrational modes will
have the same frequency as the movements are equivalent, and thus are described as degenerate. The
vibrations themselves may be a stretch (changing bond lengths) or a bend (changing bond angles), and
can be symmetric or assymmetric.

The energy of the IR radiation frequency that is absorbed by a sample molecule must match the energy
gap between the ground and excited vibrational energy level, and must have the same frequency of one
of these normal modes of vibration and results in a change in dipole moment [136, 137].

2.2.3 Characterising samples using IR spectroscopy

When measuring an IR spectrum, the frequency of the absorbed IR radiation will not be seen by the
detector and thus appear as a peak in the spectrum acquired. These peaks at di erent frequencies can
then be used to identify the sample. There are characteristic vibrational frequencies for speci ¢ bond
types and functional groups, which can be used to identify these bonds and groups within a sample
[135{138]. Some of these characteristic frequencies are shown in gure 2.2. For example, the carbonyl
stretching band can be found between 1800 cm! and 1650 cm !, however the exact frequency of the
stretch is determined by the surrounding groups and atoms meaning that di erent types of carbonyl
groups have slightly di erent frequencies [136, 137, 139]. Typically the carbonyl stretching band for
carboxylic acids can be found as a strong peak centred between 1720 cfnand 1650 cm !, whereas
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the carbonyl stretch for an aldehyde or ketone is typically found centred around 1710-1685 cnt and
1685-1666 cm*? respectively [139]. The ngerprint region of a typical IR spectrum is labelled on gure
2.2 and occurs between 1500 cnt and 500 cm * [136]. This region of the IR spectrum is typically highly
complex, and can be di cult to extract useful information from, especially in the case of an unknown
sample. The complex absorption bands can be used to identify a compound if a reference spectrum is
available and the two spectra can be compared. The ngerprint region is named as such as this area
in the IR spectrum is individual to a particular compound, like a human nger print is individual to a
certain person [136].

Figure 2.2: Characteristic IR bands for a variety of bond types [135{139].

The exact position of any peak in an IR spectrum is a ected by the state of the sample being probed
(solid, liquid, solution, paste, gas etc) and hydrogen bonding within the sample [136, 137]. This can make
it more challenging to identify characteristic bands in the spectra however, as IR spectroscopy is a well
established technique, there are many texts and reference tables that can be used to aid identi cation of
molecular structures from the IR spectra [136].

2.2.4 Fourier transform IR spectroscopy

Fourier transform IR spectroscopy (or FTIR spectroscopy) is probably the most popular IR spectroscopy
technigue used in laboratories today [138]. FTIR is named as such as it requires a Fourier transformation
step to extract the spectral data from interferograms, the raw data that FTIR spectrometers collect.

FTIR exploits the fact that waves of electromagnetic radiation of identical frequency can overlap. This
is known as interference. IR radiation passes through an interferometer, then through a sample into
a detector to obtain an FTIR spectra [136]. In the case of FTIR spectrometry that uses a Michelson
interferometer [136{138], a single IR radiation beam is split using a beam splitter with one beam re ected
onto a stationary mirror, and the other beam from the splitter is re ected on a moving mirror ( gure
2.3). The re ected beams recombine at the beam splitter and are directed through the sample. The
radiation passes through the sample into a detector.
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Figure 2.3: A sketch of a Michelson interferometer based FTIR spectroscopy set up [136, 138]. During
measurements, the sample would sit in front of the detector.

Due to the moving mirror, the path-length of the one of the split beams changes causing a phase shift
which means when the beams recombined, the interference of the IR radiation changes over time as the
mirror moves [136, 138]. As a broad spectrum of IR radiation is being examined simultaneously, the
level of interference of di erent wavelengths varies with the mirror distance/time. This yields a complex
interferogram of time versus detector signal that can be converted in to the “single beam' by Fourier
transform that shows the frequency response of the whole instrument including the sample. By forming
the ratio of the single beam of a background measurement of the instrument itself without the sample
present with the single beam with the sample present, the FTIR spectrum of the sample can be produced
[137]. The Fourier transform step and combination of the single beams is usually an automatic process
completed by FTIR software on a computer.

The advantage of FTIR spectroscopy over older IR spectroscopy methods is the speed of the data col-
lection and production of a spectrum [135, 136]. Older IR spectrometers typically exposed a sample to
speci ¢ wavelengths of the IR radiation incrementally which was a slow process and were often not very
sensitive [136].

IR spectroscopy has been presented as a useful tool for inspecting the chemical structure of molecules
in a sample. In this thesis, this technique is used to determine whether chemical crosslinks have been
formed in HA hydrogel samples by identifying the presence of a carbonyl peak around 1700 crh in the

IR spectra indicating the formation of ester bonding. Discussion of these experiments can be found in
chapter 5.

2.3 Ultra-violet (UV) spectroscopy

Where IR spectroscopy was concerned with the vibrational energy levels of a molecule, UV spectroscopy
or UV-visible (UV-vis) spectroscopy can be used to probe the electronic energy levels of a molecule.
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2.3.1 Electronic transitions

A molecule can absorb electromagnetic radiation that excites an electron from the highest occupied
molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO). The energy of the ab-
sorbed radiation must match the energy gap between the two energy levels (equation 2.1) [140]. All
molecules contain bonding and anti-bonding electron orbitals. In saturated molecules, these are and
orbitals respectively. In unsaturated molecules, there are and orbitals in addition to the
and orbitals. Furthermore, some molecules have electrons that are not involved in bonding known
as n-electrons. Typically, the orbitals increase in energy as follows: (bonding), (bonding), n (non-
bonding), (anti-bonding), and (anti-bonding) [141]. The possible electronic transitions between
molecular orbitals can be seen in gure 2.4. The gap between the and  energy levels in molecules
with conjugated -systems is signi cantly smaller than in a molecule with single isolated -bonds [140].
In general, ! transitions are not typically seen in the UV region of the spectrum [135]. The species
that show these transition types are usually organic molecules [135]. Other electronic transitions can also
be followed with UV-vis spectroscopy.

Figure 2.4: Electronic energy level transitions that are possible during UV spectroscopy [141]. The
energy gaps are not to scale.

Similar to IR spectroscopy where the radiation excites a molecule from a lower vibrational energy level to
a higher vibrational energy level, UV radiation is absorbed and excites an electron from a lower energy
level to a higher energy level (the HOMO to the LUMO). The wavelength of the absorbed radiation will
then be absent in the radiation measured by the detector leading to a peak in the resulting spectrum [135].
The majority of UV-vis spectrometers expose samples to wavelength ranges between 200 nm and 1100 nm
with the UV-vis spectrum running from 100 nm to 800 nm [140]. Di erent types of electronic transition
occur at di erent wavelengths and can be characteristic of the chemical environment in the molecule.
Usually the maximum absorption wavelength ( max ) is the quantity of interest in UV spectroscopy, and
can be related to a particular bond type within a molecule [135, 141]. For example, the nax for carbonyl
groups is typically seen between 186-280 nm [135, 141]. The exact wavelength of a peak for a particular
bond type varies with the chemical structure of the molecule, solvent choice, and hydrogen bonding within
the sample [135, 141].

UV-vis spectroscopy can be used to follow the concentrations of species in solution as the absorbance of
the sample at a given wavelength scales with the concentration of the absorbing species in solution [135,
140, 141]. Other applications include following reaction kinetics, and the degradation of dyes [140].

38



2.3.2 UV spectroscopy for organic electronic applications

UV spectroscopy is used in the eld of organic electronics to probe the electronic transitions between the
electronic states of conducting polymers.

In  -conjugated polymers, there are electrons delocalised along the polymer chain as a result of the
alternating carbon-carbon double and single bonds. These electrons allow charge transfer along the
molecule, and give these molecules their semiconducting or conducting properties. By doping these
materials, a charge transfer to/from the polymer chain occurs and a p- or n-type doped polymer can
be obtained [142]. Poly(3,4-ethylenedioxythiophene) (PEDOT), for example, is a p-type conducting
material when doped, with polaronic and bipolaronic charge carriers [143]. The presence of the polarons
and bipolarons in PEDOT alters the electronic energy levels within the PEDOT molecules [142]. This
means that electronic transitions attributed to the presence of polarons and bipolarons can occur when
exposed to the correct wavelength of electromagnetic radiation. These transitions can be detected by
UV-vis spectroscopy and give indications to the conductivity of the PEDOT as conductivity scales with
the amount of polarons and bipolarons present in the sample [144]. This fact was exploited in this thesis
to assess the electronic properties of PEDOT:CS aqueous dispersions and Ims upon crosslinking and
degradation. These experiments are detailed in chapter 4.

2.4 Electrochemical impedance spectroscopy (EIS)

Like optical spectroscopy, EIS is a non-destructive analysis technique. It is used to examine the complex
impedance of an electrochemical system [145{147]. EIS has applications in a huge range of elds includ-
ing battery science, bioelectronics, material sciences including corrosion testing, biological sciences, and
sensors [148]. During EIS, a sinusoidal voltage is applied to a circuit at a range of frequencies and the
impedance to the resulting current is measured [145{148]. This analysis technique can be used to examine
the type of response in an electrochemical system where high frequencies relate to short term responses
such chemical reactions, and lower frequencies relate to longer term responses such as di usion [146]. EIS
can also be used to quantify the total impedance of a system at a speci ¢ frequency which is useful in
biological applications as certain frequencies are of biological interest. For example, neuroprotheses often
operate at around 100 Hz and thus the impedance of a speci ¢ electrode material at this frequency can
be measured and compared with other electrode materials [149].

2.4.1 Impedance

Where resistance concerns direct current and voltages, impedance can be considered the alternating
current equivalent of resistance. Depending on the speci c phenomena impeding the current, a phase
shift between the applied alternating voltage and the current can occur ( gure 2.5) [145, 146].

The impedance,Z(! ), as a function of frequency! , is de ned as the ratio of voltage, V(!;t ), to the
current, 1 (!;t ), at each frequency. This can be described by equation 2.2 whereis the phase di erence
[146].
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Figure 2.5: An alternating potential signal (left, red) can produce a phase-shifted alternating current
signal (right, purple) as a result of impedance through a sample.

V(It) _ jVjsin(t)
L('t)  jljsin(it + )

zZ(M)= (2.2)
Impedance is presented as a complex number as it is easier to use imaginary numbers than manipulate
trigometric ratios. Sines and cosines can be converted to imaginary numbers using Euler's formula. It
should be noted that usuallyi is used to describe the square root of 1, however in the case of impedance

j is used to avoid confusion with current which is usually denoted byl .

As the impedance ¢ ) depends on the speci ¢ phenomena occurring within the system, impedance can also
be described as being made up of real and imaginary contributions where the real impedancg,{, ) is the
resistance R) contribution and the imaginary impedance (Zimaginary ) is the reactance (X)) contribution
(equation 2.3). The reactance, X, refers to the inductive and capacitive contributions to the overall
impedance of a system. Capacitors and inductors induce phase shifts in the current and the impedance of
these simple electronic components depend on the frequency and are, therefore, mathematically described
using imaginary numbers [145{147]. The impedance for these components are given by equations 2.4 and
2.5 for capacitors and inductors respectively, whereC is the capacitance andL is the inductance. On
the other hand, resistors do not induce phase shifts and the impedance of these components is simply the
resistance R) (equation 2.6) [145{147].

Z=R+jX (2:3)
1

Zc(l) = j'T (2.4)

Zing (1) = jL! (2.5)

Zr(1)=R (2.6)

2.4.2 Nyquist and Bode plots

One of the most useful methods of displaying information about the impedance of a electrochemical
system is to use a Nyquist plot. Nyquist plots are named after Harry Nyquist, a researcher at Bell
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Laboratories, who rst developed the technique of displaying information in the 1930s. EIS can be used
to generate Nyquist plots for an electrochemical system and consists of the real impedancg{, ) on the
x-axis and imaginary impedance Zimaginary ) ON the y-axis [145{147]. Each point on a Nyquist plot is
taken at a di erent frequency so the total impedance at any given point can be represented by a vector
of length jZj and the angle between the vector and the x-axis is the phase angle (gure 2.6)[145].

Figure 2.6: A generic Nyquist diagram with the data plotted in green with a vector of length jZj in
blue at angle from the x-axis in red.

Characteristic features and plot shapes in the Nyquist diagrams can give a range of information about an
electrochemical system including indications of processes and phenomena that are occurring in a sample
such as di usion of ions and charge transfer events. There are many di erent shapes that a Nyquist plot
can take. For example, a common shape that Nyquist plots take when plotting EIS data is a semi-circle
followed by a linear section as seen in gure 2.7. The semi-circle indicates that a charge transfer process
is occurring [145]. The points where the semi-circle meets the x-axis on the plot is where the contribution
of the imaginary impedance to the total impedance is zero. This means that the total impedance is only
a result of real contributions, i.e. resistance. The left hand point where this occurs is usually referred
to as the solution resistance (R), and the right hand point is the charge transfer resistance (Rt ), as
seen in gure 2.7. The solution resistance (R) is related to the transport properties of the electrolyte
whereas the charge transfer resistance (&) relates to the electrochemical reactions occurring at the
electrodes [145, 146]. The linear section that follows the semi-circle is a result impedance from di usion
of electroactive species in the system [145, 146]. As the plot is at 4%angle to the x-axis in the example
Nyquist plot, this particular impedance is known as the Warburg impedance.

Figure 2.7: A generic Nyquist diagram with the data plotted in red with the charge transfer resistance
(Rct), solution resistance (Rs), and Warburg impedance (W) labelled.
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Other shapes that the Nyquist plot may take include a atter semi-circle indicating more complex phe-
nomena than a single charge transfer process, and requires more detailed analysis [145, 146]. Alterna-
tively, multiple loops in the Nyquist plot indicates that multiple events are occurring requiring multiple
time-constants to describe the phenomena [146].

Another plot that can be used to show EIS results is a Bode plot (gure 2.8). A Bode plot displays

the impedance ¢) (real, imaginary, or total) as a function of frequency, and also often shows the phase
angle . The shape of Bode plots do not hold as much information about the events occurring in an

electrochemical system, but can be used to directly assess the impedance at a speci ¢ frequency.

Figure 2.8: A generic Bode diagram with the impedance data Z) plotted in blue and the phase angle
in purple ().

2.4.3 Equivalent circuits

EIS data can be used to produce equivalent circuit models which describe the behaviour of the elec-
trochemical system under investigation. An electrochemical system can mimic the behaviour of simple
electronic components which means that any electrochemical system can be described by combinations
of the mathematical expressions given for various components as highlighted in section 2.4.1 [145]. For
example, a simple equivalent circuit that is often used as a starting point for many models is a resistor
in series with a second resistor and capacitor that are in parallel (gure 2.9). This circuit o ers an
approximation of the impedance behaviour of a simple electrochemical reaction [145]. In such a simple
electrochemical system with a highly conductive ionic solution, the rst resistor models the solution re-
sistance. The second resistor and capacitor in parallel describe the charge transfer resistance and double
layer capacitance behaviour, respectively, occurring at the electrode interface.

Equivalent circuit modelling is very useful as it allows the contributions of di erent phenomena in a
electrochemical system to be examined separately. EIS allows the user to identify characteristics of a
system and produce such a equivalent circuit model.

2.4.4 Applications of EIS

As previously referenced, EIS has a range of applications in a range of di erent elds and some of those
applications are outlined below.
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Figure 2.9: An example equivalent circuit with a resistor (R;) in series with a second resistor (R) and
capacitor (C) that are in parallel.

In chapter 4, EIS is used to identify the contributions of ionic and ohmic activity to the overall conductivity

of the PEDOT:biomolecule materials. The shapes of the Nyquist plots are used to indicate how the system
changes prior to and after PEDOT:biomolecule crosslinking. This type of analysis is useful in the eld

of organic bioelectronics as it gives an indication of how a conducting polymer is performing in a system
[150]. Using EIS to separate out the contributions of ionic and ohmic e ects allows the experimentalist

to identify what aspects of the sample material need tuning to achieve maximum conductivity (or indeed
minimal impedance). Also within the eld of organic bioelectronics, EIS has been used to determine
the suitability of conducting polymer coatings for microelectrode arrays with coatings that reduce the
impedance across the array by a greater amount being more suited to neural recording and stimulation
[151]. In other biology-related applications, EIS can be used to measure the concentration of bacteria
in medium and has been used to detect antigen-antibody binding events [148, 152]. Additionally, as the
technigue scans across a range of frequencies, it can be used to probe the impedance of a device at any
given frequency within that range. As previously mentioned, this is useful for neuroprostheses as they
often operate at around 100 Hz and thus the impedance of a speci ¢ electrode material at this frequency
can be measured and compared with other electrode materials [149]. Furthermore, the proliferation of
electronically active cells on a surface can be followed with EIS as the impedance of the system increases
with increasing cell growth [134].

Energy storage researchers use EIS to study batteries. By producing equivalent circuits from EIS data to
describe the phenomena occurring within batteries, it can be understand why batteries fail after repeated
cycling or may be used to identify the most appropriate electrolyte for a certain battery system by
choosing the system showing the lowest impedances [148].

Corrosion testing is one of the most popular applications of EIS, especially in industrial settings. EIS
can be used to assess the level of corrosion on a metal surface as corrosion changes impedance of the
test sample. The charge transfer resistance mentioned in section 2.4.2 is the quantity that is most often
noted for corrosion experiments as there are only resistive (ohmic) contributions to the impedance and
thus fewer variables a ect its value [148].
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2.5 Mechanical testing techniques

The phrase \mechanical properties” refers to a fairly broad array of quantities that describe how a
material acts under a load. In this thesis, the quantity used to describe the mechanical properties of
biomaterials and the central nervous system is the the elastic modulus (or Young's modulus).

2.5.1 Elastic modulus

The elastic modulus of a material quanti es linear elastic deformation and is applicable for tensile and
compressive stress. Elastic deformation is non-permanent and the material will return to its original shape
once the stress has been removed. On the other hand, plastic deformation is a permanent deformation.
As outlined in the introduction (chapter 1), the elastic modulus (E) is de ned as the ratio of normal
stress () over linear strain ( ) [61, 153, 154]. Stress is usually de ned as an applied forcd=() over an
area (A) ( = F=A), whereas strain describes the deformation of the material as a result of the applied
stress. Strain is quanti ed as the change in length of the material sample in one dimension (L = L L)
divided by the original length (L) of the material sample in that dimension ( = L=L) [61, 153{155].

Figure 2.10: Visual representation of a compressive elastic deformation - a force=() is applied over an
area (A) which causes the compression of the material and length o to change to length L.

In practice, the stress-strain relationship for a particular material can be plotted to give a stress-strain
curve (gure 2.11).

In the elastic regime, the stress-strain relationship is linear and follows Hooke's law, so the elastic modulus
may be extracted directly from the gradient of the plot [153{155]. Hooke's law (equation 2.7) describes
how the extension of a spring by a distanceX) is linearly proportional to the force (F) needed to extend
the spring to that length, where k is a constant describing the sti ness of that spring.

F = kx @2.7)

Hooke's law can be applied to the elastic deformation of a material instead of a spring, yielding the
equation describing the elastic (or Young's) modulus (equation 2.8).
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Figure 2.11: Typical stress-strain curve showing regions of both elastic and plastic deformation, and
the eventual mechanical failure of a sample at the fracture point. The yield strength indicates the point
at which the sample enters the plastic regime.

2.5.2 Poisson's ratio

The Poisson's ratio ( ) of a material is another quantity that is used to describe the mechanical properties
of a material. The Poisson's ratio is a measurement of how a material expands or contracts along
an axis perpendicular to the axis of compression or tension [154, 156]. Typically, when a material is
stretched along the longitude direction (axially), the material tends to contract in the transverse direction
(laterally). The opposite is also typically true, when a material is compressed along the longitude direction
(axially), the material tends to expand in the transverse direction (laterally). There are a few exceptions
to these behaviours where a tensile force axially results in an expansion of the material laterally, as oppose
to a contraction. Equally, a compressive force axially results in an contraction of the material laterally
as oppose to a expansion in these exceptional cases. These materials are called auxetics [156, 157].

The actual value of the Poisson's ratio is the ratio of the strain along the transverse direction (yans )
over the strain along the axial direction ( axiai ), given by equation 2.9, all as a result of an applied stress
in the axial direction.

_  trans (2.9)
axial
If the transverse strain of a material is along the x-axis, and the axial strain is along the z-axis, then the
strains are de ned by equations 2.10 and 2.11 where x and z are the original lengths of the sample in the
transverse and axial directions.

dx

trans = % (2.10)
dz

axial = 7 (2.11)

The value of Poisson's ratio is usually between 0 and 0.5 for an isotropic, elastic material, however auxetic
materials have negative values [156, 157]. Incompressible materials such as rubber have Poisson's ratios of
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0.5 [154, 156]. Hydrogels are also considered to be incompressible, and a Poisson's ratio of 0.5 is assumed
[158].

2.5.3 Universal mechanical testing rig

Typically, the simplest method of characterising the elastic modulus of a material is to use a universal

mechanical testing rig. These instruments are usually uniaxial, so can apply force onto a sample along
one axis at a constant rate and can be set up to run compression or tensile experiments. Universal testing
rigs are available in a range of di erent sizes from large industrial machines capable of applying forces on
the order of meganewtons, to smaller laboratory bench-top devices [155]. The testing rigs apply a force
to a given sample and produce load-displacement data which can be trivially converted to stress-strain
plot (as seen in gure 2.11), allowing the user to easily obtain the elastic modulus of the sample.

2.5.4 Indentation testing

Indentation testing is another common method of mechanically characterising materials. Instead of
applying a force across a cross-sectional area of a sample, a compressive force is applied to a small localised
area of a sample and indents that area. Indentation testing is advantageous for hydrogel mechanical
characterisation as the hydrated gels can be dicult to handle and thus can be dicult to attach to
universal testing rigs [155]. Depending on the nature of the gel, it may also be problematic to form a
consistent geometry for testing with a universal rig. Indentation testing can be used across a range of
scales from large indenters (centimetres) in metal testing to nanoindentation experiments using atomic
force microscopy (AFM) techniques. Furthermore, there are a number of di erent indenter geometries
that may be used, such as spheres, cones, and cylinders (gure 2.12).

Figure 2.12: Various indenter geometries for mechanical testing.

Contact mechanics

The theories of contact mechanics are used to determine the elastic modulus from indentation experiments.
Contact mechanics describes the deformation of solids in contact with each other, and can be used to
determine areas of contact between two surfaces, depths of indentation, and elastic moduli. Di erent
indenter geometries require di erent contact mechanical solutions. Additionally, the theories presented
here assume no adhesion between the material under investigation and the indenting probe. Adhesive
contact can be described by a number of theories that are outside the scope of this thesis.
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Indentation testing with a at-ended cylinder is used to determine the elastic moduli of crosslinked HA
hydrogels in chapter 5. Contact mechanics dictates that assuming non-adhesive contact between a rigid,
at-ended cylinder, and an elastic half space ( gure 2.13), the relationship between the indentation depth
(d) and the normal force (F) is given by equation 2.12 wherea is the radius of the indenting cylinder
[159, 160]. This yields the reduced elastic modulusE* ) which can be converted into the elastic modulus
(E) of the sample using equation 2.13 [160], where was the Poisson's ratio of the sample or indenter.

Figure 2.13: A diagram of the contact mechanics model used for elastic modulus calculations, showing
a rigid at-ended cylinder (pink), with radius a, indenting an elastic half space (green) to a depth ofd
due to a normal force F).

F =2aE d (2.12)

i - (1 szample) + (1 i%denter )

E Esample Eindenter

(2.13)

Spherical and conical probe solutions are also possible, with the latter probe type being popular in
nanoindentation techniques. Nanoindentation techniques are very popular in the characterisation of soft
materials such as hydrogels and biological tissues as nanoindentation is sensitive to very small indentation
depths on the order of nanometres. There are a number of specially designed nanoindenter machines
available which can be used in wet environments making them useful for hydrated materials such as
hydrogels and biological samples. On the other hand, AFM can be used in a similar way where the AFM
tip can be used as the indenting probe [158]. The limitation of nanoindentation techniques is that they
can lead to overestimation of the elastic modulus as result of inaccurate measurements of the depth of
indentation due to incorrect detection of the onset of contact with the surface of the sample [161].
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Chapter 3

Synthesis and characterisation of
poly(3,4-
ethylenedioxythiophene):biomolecule
complexes and their devices

3.1 Introduction

Typically, doped poly(3,4-ethylenedioxythiophene) complexed with poly(styrene sulfonate) (PEDOT:PSS)

is the organic electronic material (OEM) used in many examples of OECTs and other bioelectronic de-
vices for use in the body. PEDOT:PSS itself was introduced in section 1.2.4. This introduction will

describe its uses in organic bioelectronics. It will also provide a review of PEDOT stabilised with alter-
native materials to PSS, and why these might be used, leading into the experimental work which will be
discussed later in this chapter.

3.1.1 Using PEDOT:PSS in organic bioelectronics

PEDOT:PSS is a popular material for use as the organic electronically conducting polymer in a number
of organic electronic devices due to its desirable properties: PEDOT:PSS is highly conductive (with
conductivities up to 3000 S cm !, depending on speci ¢ formulation and if any treatments have been
applied), possesses favourable charge transfer properties, it conducts both ionically and electronically,
has easy processability, is stable under aqueous conditions, can form transparent thin Ims, and studies
have shown a lack of cytotoxicity in biocompatibility testing [46, 150, 162, 163]. These reasons, as well as
the commercial availability of PEDOT:PSS, make it the material of choice for use in organic electronic
devices for uses both in and out of biological systems. One of the most common applications for organic
bioelectronic devices are sensors. Typically, these sensors make use of PEDOT:PSS as the OEM in
the channel of some type of organic eld-e ect transistor (OFET), OECT, or electrolyte-gated organic
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eld-e ect transistor (EGOFET), or as the electrodes themselves in such devices [31, 46, 150, 163]. One
example of such an application is the alcohol sensor developed by Bihaat al. [53] which can be used
as a disposable breathalyser. This sensor was an OECT device that used ink-jet printed PEDOT:PSS
electrodes on paper, making the production of these devices facile and cheap. A collagen-based gel
containing enzyme alcohol dehydrogenase and nicotinamide adenine dinucleotide, which together act to
facilitate a reaction producing acetaldehyde and electrons from ethanol, was deposited across the channel
of the device. When a user blows over the device, ethanol carried on the breath gets exposed to the gel
and reacts producing electrons which decreases the conductivity of the source-drain channel, decreasing
the source-drain current output. This decrease in conductivity can be compared to a calibration curve
which allows the user to determine the breath alcohol level. The paper reports successful testing on
subjects that consumed alcohol showing that the performance of the simple OECT breathalyser was
comparable to a commercially available breathalyser. In the alcohol sensor, PEDOT:PSS was used for
the electrodes, however more typically PEDOT:PSS is found in the channel, like in the case of the glucose
sensor reported by Liuet al. [164] in 2008. PEDOT:PSS was utilised as an organic electronic material
(OEM) in an organic thin Im transistor, and was used to immobilise glucose oxidase enzyme which
converts glucose into gluconic acid and hydrogen peroxide. The hydrogen peroxide and PEDOT:PSS
react, and thus the output current of the device changes, allowing measurements of the concentration of
the glucose to be made against a calibration curve of the output current.

Since 2008, there have been developments in the use of organic electronics to detect glucose concentra-
tions, such as the work by Kanakamedalaet al. [165] who developed an OECT glucose sensor based on
PEDOT:PSS alone without the need for the addition of an enzyme. Additionally, Bihar et al., who re-
ported the alcohol sensor discussed above, have also developed an organic bioelectronic device for sensing
glucose concentrations utilising ink-jet printed PEDOT:PSS in combination with glucose oxidase [166].
This device is reported to be completely metal free, and stable in storage for a month which o ers easy
manufacture and use for patients and medical professionals. The creation of organic bioelectronic glucose
sensors such as those mentioned above has real-world value. Such glucose sensors remove the need for
invasive blood glucose monitoring in diabetic patients who require regular information on their glucose
levels. Usually, the glucose concentration of a patient is measured using a pin-prick blood test where a
small needle is used to draw blood from the nger and dropped onto a handheld sensor. This process
can be painful and time consuming. On the other hand, organic bioelectronic glucose sensors can accu-
rately measure glucose concentrations in aqueous solutions, such as saliva removing the need for pin-prick
testing.

PEDOT:PSS based organic bioelectronic devices are not only used as sensors to specic molecules.
OECTs can be used to detect small potential changes that occur in the body as a result of the heart
beating, for example. Campanaet al. [54] developed a highly sensitive OECT device that could be
used to measure the electrocardiograph of a human heartbeat. The device was made up of gold contacts
and a PEDOT:PSS channel on a bioresorbable sca old made of poly(L-lactide-co-glycolide) (PLGA). It
could be placed on the skin and using the tiny changes in the potential of the skin when the heart beats,
the electrocardiograph could be recorded and the characteristic PQRST wave form seen. The PLGA
introduced biocompatibility and biodegradability to the device, which therefore could be used in future
applications inside the body, in other electronically active systems such as the central nervous system
(CNS), without the need for invasive removal surgeries.

Hempel et al. [55] also demonstrated a PEDOT:PSS OECT device for measuring electrophysiological
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signals. Unlike Campanaet al., these OECTs were examined in direct contact with HL-1 cardiomyocytes
(cardiac cells) which spontaneously beat. The changing extracellular potentials of the HL-1 cells meant
that the spontaneous signals could be measured by the OECT. This example shows that OECTs can
be used e ectively to measure electrical signals within the body, such as the action potentials seen in
the CNS. OECTs based around PEDOT:PSS are of interest for use in the CNS. For example, a exible
electrophysiology array designed to record electronic signals in the leg muscles of a rat was developed by
Lee et al. [167] and was based on OFETs and PEDOT:PSS OECTs. This array was produced as an
alternative to the hard and invasive microneedle arrays used to record brain activity that are standard
in the eld of electrophysiology. The soft conformable array was successfully demonstrated to measure
the electrophysiological signals in the muscles of rats when muscle contraction was activated with blue
light. The exibility a orded by the parylene substrate and the PEDOT:PSS and gold thin Im circuitry
allowed the device to directly contact the three-dimensional muscle surface. This was unlike harder arrays
that cannot bend and conform to give perfect contact between the electrodes measuring biological signals
and the biological surface.

Despite the wide use of PEDOT:PSS in organic bioelectronics, there are drawbacks to using the material
as a conducting polymer in devices for implantation into the body. One of the biggest issues is the
acidic nature of the PSS [127]. There is usually a greater amount of PSS than PEDOT in PEDOT:PSS
preparations, often in a 1:2.5 up to 1:6 ratio [49]. PSS contains some residual sulfonate protons {Hi
as it is derived from poly(styrene sulfonic acid) [168]. The excess of PSS compared to PEDOT results
in a highly acidic environment. Typically, PEDOT:PSS aqueous dispersions have pH values below 3,
which is incompatible with the human physiological pH of 7.4. An acidic environment could result in
cell death in delicate tissues such as in the spinal cord. This issue boils down to the biocompatibility of
PEDOT:PSS. The long-term biocompatibilty of PEDOT:PSS in the body is not well studied [169, 170].
This is important if a device is to be present in the human body for a long period of time.

Linked to the compatibility, considerations towards the degradation of PEDOT:PSS is important. PE-
DOT:PSS degradation in vivo or in vitro appears to have not been studied [127]. However, concerns
about the degradation and release of acid protons from the PSS have been aired. A review paper by
Feig et al. [60] highlighted the need for degradable OEMSs for use in organic bioelectronics to improve
the therapeutic outcomes and environmental impact of such technologies. In addition to the acidity of
PEDOT:PSS being of concern for biocompatiblity, there are also concerns for device performance. This
has been explored in the eld of organic semiconductor devices. The acidic protons from the PSS in
PEDOT:PSS have been shown to degrade and reduce the performance of layered organic semiconductor
devices. Studies have shown that introducing an alternative polyelectrolyte material or other counter-
ion can improve the lifetimes of PEDOT:PSS based organic semiconductor devices [171]. This may be
applicable to organic bioelectronic devices as well.

Furthermore, PEDOT:PSS does not have the most desirable mechanical properties for use in the body,
especially in soft environments such as the CNS (0.0003 - 1.40 MPa [70, 72{76], more details in section
1.3.3). Back in 2003, it was reported that PEDOT:PSS spun micro bres were found to have Young's
moduli of 1.1 0.3 GPa [172], however this is not particularly useful value when considering organic
bioelectronic devices such as OECTSs as they tend to be formed of thin Ims of PEDOT:PSS. Thin Ims

of PEDOT:PSS were reported by Langet al. [173] to have Young's moduli that varied with levels of
relative humidity with a Young's modulus of 2.8 0.5 GPa at 23% relative humidity, 1.9 0.02 GPa at
40% relative humidity, and 0.9 0.2 GPa at 55% relative humidity. This showed that at low relative
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humidities, PEDOT:PSS was brittle but became more plastic with increased moisture. Using a buckling
method, multiple OEMs had their Young's moduli characterised by Tahk et al. [174] and showed that
PEDOT:PSS had a Young's modulus of 2.26 0.05 GPa which was consistent with the values reported
by Lang et al.. Of the OEMSs tested in the experiments detailed in this paper, PEDOT:PSS had the
second lowest Young's modulus with poly(aniline) (PANI) being softest with a value of around 0.03 GPa,
however this was attributed to the organic solvent used with PANI acting as a plasticiser. A 2019 study
by Dauzon et al. [175] also found the Young's modulus of pristine PEDOT:PSS Ims to be of a similar
magnitude at 1.15 GPa.

Table 3.1 summarises the elastic moduli measured for various structures within the central nervous
system (CNS). These values are discussed in more detail in chapter 1, however it is clear that there
is a discrepancy between PEDOT:PSS and CNS tissues. PEDOT:PSS has a Young's modulus on the
order of giga-Pascals, whereas the soft tissues of the CNS are in the kilo-Pascal to mega-Pascal region.
Mismatched mechanical properties between tissues and implants can lead to rejection of the implant by
the body, and it being cut o by scar tissue meaning it cannot function as intended.

Table 3.1: A summary of the elastic moduli of the structures in the CNS. More detail is given on these
values in chapter 1.

Tissue type Elastic modulus / MPa References
Brain 03 10°%-1.0 10°3 [70]
Human spinal cord 1.02 - 1.37 [72]
Human spinal cord 0.089 - 1.40 [73]
Rabbit spinal cord | (0.5 0.2) 10 - (1.6 0.5) 10 3 [74]
Bovine spinal cord 1.19 0.13 [75]
Cat spinal cord 0.23 [76]

In summarising the mechanical properties of PEDOT:PSS, Kayseet al. [176] reported that PEDOT:PSS
and PEDOT were brittle and not stretchable. This is relevant for how the materials actually work within

the body, as the body is a dynamic environment which deforms and changes shape as a person moves
and grows. With this in mind, any implanted material must have properties enabling it to continue to
function as the body moves etc.

The structure of grains of PEDOT:PSS in aqueous dispersions has been shown to consist of a PEDOT
centre surrounded by a PSS shell [176]. This provides the stabilisation required in solution. However, the
PSS shell is considered to be a major contributor to the high elastic moduli reported. This is suggested
to be due to strong ionic interactions between PEDOT and PSS [174, 176].

Alternative stabilising materials for PEDOT, instead of PSS, may o er more biocompatible and mechani-
cally appropriate alternatives to PEDOT:PSS for use in organic bioelectronics that also may o er a route
to a degradable material.

3.1.2 Alternatives to PEDOT:PSS

To improve the biocompatibility of PEDOT for applications in the human body, there have been a number
of di erent approaches attempted including altering the EDOT monomer to give alternative chemical
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functionality, and using alternative stabilising materials instead of PSS [127, 177, 178]. A number of

biomolecules have been explored as alternatives to PSS for PEDOT. As stated earlier, PEDOT:PSS
has some potential biocompatibility issues therefore using native biomolecules as alternatives to PSS
has been explored as a possible route to improving biocompatibilty [127, 177, 178]. Additionally, the

use of a biomolecule introduces a possible route for degradation of a PEDOT based material, as many
biomolecules can be enzymatically degradeth vivo [60].

There have been multiple approaches to producing PEDOT stabilised with biomolecules. Oxidative
polymerisation of EDOT in the presence of biomolecules to form PEDOT:biomolecule aqueous dispersions
as well as electrochemical polymerisations have been demonstrated.

In 2008, Asplund et al. [169] published a paper describing the electropolymerisation of PEDOT with
brinogen, hyaluronic acid (HA), and heparin (hep) to form PEDOT: brinogen, PEDOT:HA, and PE-
DOT:hep, respectively, for use as potential new materials for use in neural electrodes. HA is a gly-
cosaminoglycan found in the extracellular matrix and is described in more detail in chapter 1. Hep is
another glycosaminoglycan found in the body and acts as an anticoagulant. Fibrinogen is a protein
found in the blood of humans and other vertebrates and is involved in blood clotting. EDOT was elec-
tropolymerised from aqueous solutions of these three biomolecules onto platinum disks at a current of
4 pA for various time periods between 100 to 2000 seconds to give PEDOT:biomolecule Ims of varied
thicknesses. The Ims were electrochemically characterised via cyclic voltammetry (CV) and electro-
chemical impedance spectroscopy (EIS). The PEDOT: brinogen was di cult to electropolymerise due to
the brinogen being adsorbed onto the metal surface during polymerisation, leading to poor conductivity
in PEDOT: brinogen Ims. By contrast, the PEDOT:HA and PEDOT:hep showed similarities in con-
ductivity and Im structure to PEDOT:PSS, with PEDOT:hep being investigated further for its stability
under biologically relevant conditions. The PEDOT:hep was found to be less stable over the course of
the experiment than PEDOT:PSS suggesting that the choice of counter-ion for doped PEDOT has an
e ect on its overall stability over time [179]. This suggested that the PEDOT:hep was degradable, which
is a key aim of the work described in this thesis, and supports the assumptions made later in this chapter
that the use of a biomolecule paves the way for a degradable PEDOT:PSS alternative.

In addition, Asplund et al. [180] assessed the biocompatibility of PEDOT:HA and PEDOT:hepin vitro ,
and the biocompatibility of PEDOT:hep in vivo in Sprague-Dawley rats. The biocompatibility of a
material is typically tested by standard cytotoxicity screenings on L929 broblast cells (a type of cell
that is involved in producing the extracellular matrix) and SH-SY5Y neuroblastoma cells (a research cell
line used as models for neuron function and di erentiation). The additional experiments on PEDOT:hep
consisted of implanting PEDOT:hep-coated platinum electrodes into rat brains. These experiments shows
that the PEDOT:hep implants showed no signi cant di erence to the platinum control implants with
regards to in ammatory response or distance of neuronal cells from the implants, and large immune
responses were present for both implant type. The immune responses were thought to be due to the
inbalance in mechanical properties of the hard implant versus the soft rat brain, so this result may not
pertain to the biocompatibility of the PEDOT:hep itself, but does highlight the need for appropriate
matching mechanical properties for implants into tissues.

More recently, doped PEDOT stabilised with chondroitin sulfate (CS) was prepared via electropolymeri-
sation onto platinum microelectrodes intended for use as neural implants [181, 182]. The control of Im
thickness a orded by electropolymerisation is useful, but chemical approaches to PEDOT:biomolecule
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synthesis are more likely to be used in the long run due to the scalability of such a process [30]. PE-
DOT:biomolecule aqueous dispersions can be used to form thin Ims via spray coating, spin-coating, and
drop-casting, like PEDOT:PSS [30, 178].

There have been many examples of PEDOT:biomolecules synthesised via oxidative polymerisation and
all of the syntheses follow a similar methodology; a solution of biomolecule is prepared, and EDOT added
to it along with an oxidising agent and a catalyst. This mixture is stirred until the reaction reaches
completion, and in some cases, the resulting aqueous dispersion is puri ed.

DNA-stabilised PEDOT (PEDOT:DNA) was synthesised by oxidative polymerisation [183] and demon-
strated improved conductivity (approximately 1 S cm ) compared to similarly prepared PEDOT:PSS
(approximately 0.15 S cm 1), suggesting that not only can the introduction of biomolecules into PEDOT
dispersions improve biocompatibility but also potentially o er improvements to the electronic properties
compared to PEDOT:PSS. Another example of this is, in a 2015 study, PEDOT stablised with sulfated
cellulose was found to have an electrical conductivity 38 times greater than that of PEDOT:PSS [184].

Films prepared from aqueous dispersions of PEDOT with dextran sulfate (PEDOT:DS) was reported to
have conductivities up to 19.6 S cm ! [185]. This was achieved through careful tuning of the PEDOT:DS
ratio, a low reaction temperature, and an ethylene glycol treatment. However even without the addition
of ethylene glycol, conductivities of up to 19.2 S cm?! were reported for some samples. In the case
of PEDOT:PSS, there is usually a 2-3 order of magnitude increase in conductivity when treated with
ethylene glycol which was not the case with the PEDOT:DS. These high conductivities were accompanied
by evidence of greater compatibility with L929 cells than PEDOT:PSS, giving further evidence that
biomolecule alternatives to PSS may be more appropriate for use in conjunction with PEDOT for use in
biological applications.

Synthesis of PEDOT with guar gum (GG) has also been demonstrated via oxidative polymerisation
[186]. This was then used to form a conductive hydrogel (or iongel) by freeze-drying an isolated powder
of PEDOT:GG and introducing an ionic liquid to form a gel. This material demonstrated both electronic
and ionic conductivity which is of interest for biomedical and energy storage uses.

Mantione et al. synthesised PEDOT with chondroitin sulfate (PEDOT:CS), hyaluronic acid (PEDOT:HA),
and heparin (hep) in various ratios via oxidative polymerisation [168]. The synthesised aqueous suspen-
sions were spin-cast into thin Ims and the conductivity measured with a four-point probe. It was shown
that PEDOT:CS in a 85:15 ratio demonstrated the highest conductivity at 0.075 S cm *, closely followed
by PEDOT:HA in the same ratio with a conductivity of 0.071 S cm *. The level of conductivity achieved

by PEDOT:CS and PEDOT:HA in the 85:15 ratio was comparable to Ims of PEDOT:PSS with no extra
treatments. The PEDOT:hep dispersions did not yield Ims with conductivities as high as the CS and
HA dispersions. This was suggested to be a result of low dispersion stability and the presence of large ag-
gregates compared to the CS and HA dispersions. Furthermore, it was proposed that the HA dispersions
had lower conductivities compared to the CS dispersions as HA contains no sulfonate groups, analogous
to the sulfonate groups found on PSS. In addition, the biocompatibility of PEDOT:CS, PEDOT:HA,
and PEDOT:hep Ims were assessed. It was demonstrated that all of the PEDOT:biomolecule materi-
als evaluated displayed no cytotoxicity towards L929 cell lines and thus all were assessed for functional
biocompatibilty with SH-SY5Y neuroblastoma cells and the human astrocytoma cell line CCF-STTG1
which acted as a model for human astrocytic cells. These experiments determined that all of the PE-
DOT:biomolecule materials assessed did not interfere with the physiological functions of the cells, and
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had additional neuroregenerative properties compared to PEDOT:PSS which would be useful in the case
of treating injuries to the CNS. PEDOT:CS was also shown to have a neuroprotective e ect on some
SH-SY5Y cells that were exposed to hydrogen peroxide, which usually induces cell death. The biocom-
patibility demonstrated in this study did not only show that PEDOT:CS, PEDOT:HA, and PEDOT:hep
were as biocompatible as PEDOT:PSS, supporting the work by Asplundet al. [180], but that there
were additional advantages to using the PEDOT:biomolecule materials compared to PEDOT:PSS with
regards to CNS functional biocompatibility which would be useful in creating a device for use in the CNS
and the treatment of injuries such as SCIs.

Despite a fairly large range of research around the synthesis of PEDOT:biomolecule complexes, there
has been little research into using these materials in bioelectronic devices, or other applications. This
presents an opportunity to explore use of these PEDOT:biomolecule materials in bioelectronic devices
such as OECTs.

PEDOT:biomolecules demonstrate a natural, inherently biocompatible approach to the problems sur-
rounding PEDOT:PSS for use in bioelectronics. Using a naturally occurring biomolecule from the human
body removes compatibility concerns and can allow devices to be used in the body with minimal immune
response, which could impact device performance. Using PEDOT:biomolecules in such a device also o ers
a degradability not found in PEDOT:PSS based devices, as biomolecules can be enzymatically degraded
in the body [60]. This is advantageous as a degradable device could remove the need for potentially dan-
gerous and invasive surgeries for device removal. Additionally, using alternative biomolecule counter-ions
could o er tuning of the mechanical properties of PEDOT via choice of biomolecule, making it more
suitable for uses in devices in soft environments such as the CNS [127, 178]. This highlights that there is
the potential to develop an organic bioelectronic device based on PEDOT with biomolecule counter-ions
that could o er a biodegradable, biocompatible, and more mechanically appropriate route to bioelec-
tronic devices in the body. Furthermore, such a device would be ideal for use in the CNS and speci cally
in the delicate spinal cord. A more biocompatible approach may encourage new nerve growth over a
SCI, and the electronic measurements could o er insight into how nerve cells in the spinal cord function
following SCils. In the future, this could lead to being able to use organic bioelectronic measurements to
control exoskeletons or other aids to help paralysis victims regain the ability to walk after a traumatic
SCI, similar to the work on the e-dura by Courtine et al. [5, 27] described in the introduction chapter
(chapter 1).

3.1.3 Device requirements

The aim of this project is to develop a biocompatible, biodegradable, and mechanically appropriate OECT
device that could be used in the spinal cord in future, therefore consideration of the requirements of such
a device is needed.

In this OECT device, there must be an organic electronic material (OEM) that is biocompatible,

biodegradable, mechanically appropriate to the elastic modulus of the spinal cord, and importantly for a
bioelectronic device, conductive. The OEM must also be able to form a thin Im that does not dissolve
or immediately breakdown in electrolyte or water. This is so the material can be characterised, and t
the architecture of a typical OECT. There is, however, the requirement that the material breaks down
in a controlled way over time so that it can be considered degradable. Additionally, the material must
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be able to work as the OEM in an OECT, i.e. that a current through the material can be modulated
by changing the doping status of the material via changing a gate potential through an electrolyte. This
would provide the proof of concept that such a material could be used in an OECT type device.

In this chapter, the development of a biocompatible and conductive material based on PEDOT complexed
with CS or HA (PEDOT:CS or PEDOT:HA) is presented. Following the experimental methods, it is
shown that PEDOT:CS and PEDOT:HA can be synthesised via an oxidative polymerisation method
as demonstrated by Mantioneet al. [127]. It will be demonstrated that these materials can be drop-
cast and are conductive, with sheet resistances of 4.7 k ! for PEDOT:CS which was comparable
to similar untreated PEDOT:PSS Ims. Additionally, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
hydrochloride (EDC) crosslinking is presented. This crosslinking technology favours degradation, however
the degradation of the device will not be discussed until chapter 4. Finally, the successful preparation
and testing of an OECT using PEDOT:CS as the OEM will be demonstrated and characterised with a
peak transconductance ¢,,) of 50.5 S. This provided the proof of concept that such materials could be
used in OECT devices.

3.2 Experimental Methods

3.2.1 Materials

Chondroitin sulfate A sodium salt from bovine trachea, hyaluronic acid sodium salt from Streptococcus
equi, 3,4-ethylenedioxythiophene, ammonium persulfate, N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide
hydrochloride, ethanol, and phosphate bu ered saline tablets were supplied from Merck (formerly Sigma
Aldrich). Iron (lll) sulfate hydrate (Reagent grade, Alfa Aesar) was purchased from Fisher Scienti c.
SnakeSkin Dialysis Tubing (L0OK MWCO) was purchased from Thermo Scienti c.

Deionised water was acquired from the lab puri er.

3.2.2 Synthesis of PEDOT complexed with chondroitin sulfate (PEDOT:CS)
and hyaluronic acid (PEDOT:HA) by oxidative polymerisation

Oxidative polymerisation method

The method used was based on the oxidative polymerisation method reported by Mantionet al. [168].

To prepare a 2% (w/w) PEDOT:CS or PEDOT:HA aqueous dispersion in a 1:1 ratio by mass, CS or
HA (0.20 g) was stirred in water (20.0 g, 1.11 mol) until completely dissolved to give a viscous solution.
This took around ve minutes for CS solutions, and up to an hour for HA solutions. Following this,
3,4-ethylenedioxythiophene (EDOT, 0.20 g, 1.41 mmol) was added to the solution and stirred for 15
minutes. Ammonium persulfate (APS, 1.5 equivalents, 0.48 g, 2.10 mmol) and a catalytic amount of iron
(1) sulfate was then added to the mixture. The reactions were stirred for 48 hours at room temperature
to produce 2% (w/w) aqueous dispersions of PEDOT:CS or PEDOT:HA as appropriate.

Dispersions of PEDOT:CS and PEDOT:HA of other ratios were also prepared. For consistency, all
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aqueous dispersions were prepared to 2% (w/w). The method used was identical to the one described
above but alternative masses of EDOT and CS or HA were used. Additionally, the mass of APS was

altered with the mass of EDOT to give 1.5 molar equivalents each time. The masses used are given in
table 3.2. The same mass of water (20.0 g, 1.11 mol) was used for each synthesis.

Table 3.2: Masses of the reagents used in the synthesis of PEDOT:CS and PEDOT:HA in various mass
ratios.

Ratio of PE- Mass of EDOT / g Mass of CS or HA Mass of APS / g
DOT:biomolecule /g
1:1 0.20 0.20 0.48
1:2 0.13 0.27 0.31
1:3 0.10 0.30 0.24
1:4 0.08 0.32 0.13
Puri cation

A washing regimen based on work by Wanget al. [187] was used to purify the aqueous dispersions of
PEDOT:CS/PEDOT:HA. Up to half by volume of each discoloured PEDOT:CS or PEDOT:HA aqueous
dispersion sample was kept aside as a comparison point for each washed sample. The PEDOT:CS or
PEDOT:HA aqueous dispersion was shaken for ve minutes with an equal volume of acetone, and the
phases were allowed to settle out. The organic layer was then pipetted o . This was repeated twice more
with acetone, followed by three washes with equal volumes of ethanol. On the nal wash with ethanol,
the PEDOT:CS or PEDOT:HA aqueous dispersion mixed with the ethanol was poured over lter paper,
collecting the solid PEDOT:CS or PEDOT:HA which was then air dried in a heated cabinet for ve
minutes. The solids were then scraped o the Iter paper, and dried in the vacuum oven for 30 minutes
at 50 C under vacuum. The mass of the dry material was then recorded and the appropriate mass of
water to give 2% (w/w) solids was added to it in a glass vial. The sample was shaken thoroughly for ve
minutes to resuspend the solid PEDOT:CS or PEDOT:HA In some cases an additional sonication step
was introduced to distribute the solids. The samples were then stored in the refrigerator until required.

An alternative puri cation method was also employed after the washing method was determined to
be inappropriate. Aqueous dispersions of PEDOT:CS and PEDOT:HA were dialysed using SnakeSkin
dialysis tubing with a 10K molecular weight cut o (MWCO) in deionised water for 96 hours. The water
was changed four times during this period. The samples were then stored in glass vials and sonicated for
ten minutes prior to storage.

3.2.3 Forming Ims of PEDOT:CS and PEDOT:HA
Spin-cast Im formation
PEDOT:CS 1:1 2% (w/w) agueous suspension was spin-coated onto the glass slides for one minute at

1000 rpm. The sample was then allowed to air dry for 30 minutes and were then dried in a vacuum oven
for one hour at 50 C.

56



Drop-cast Im formation

To prepare a drop-cast Im of PEDOT:CS or PEDOT:HA, a small volume of aqueous dispersion was
dropped onto a clean glass slide substrate using a pipette. The volume of sample varied depending on
the size of Im required, but for method development purposesca. 10 | of sample was used. Multiple
drying regimes were attempted; (1) dried in the heated glassware drying cabinet for ten minutes, (2)
dried under a nitrogen stream until dry, and (3) air dried.

Following these experiments, most drop-cast Ims were prepared via air drying or drying in the heated
cabinet. The technique used is stated in the experimental relevant to sample preparation and discussed
in the results and discussion sections. Additionally, some samples were sonicated for up to 20 minutes
prior to drop-casting.

3.2.4 Determining the thickness of the drop-cast PEDOT:CS and PEDOT:HA
Im samples using atomic force microscopy (AFM)

Sample preparation

Drop-cast PEDOT:CS and PEDOT:HA samples were prepared by drop-casting a small volume (101)

of PEDOT:CS (1:1) and PEDOT:HA (1:1) aqueous dispersion on clean silicon wafers or clean glass
slides and allowing to air dry for 30 minutes on the bench top, followed by 30 minutes in the heated
cabinet. This gave silicon wafers and glass slides with small circular drop-cast Ims of PEDOT:CS and
PEDOT:HA.

For the AFM measurements, a razor blade was used to cleanly score through the centre of the drop-cast
Ims perpendicular to the substrate to form a straight edged valley through the centre of the sample
down to the substrate surface, as shown in gure 3.1. By measuring the depth of the valley from the top
to the substrate base, the thickness of the Im may be determined.

Figure 3.1: Preparing a PEDOT:biomolecule sample for AFM; (a) the drop-cast PEDOT:biomolecule
Im is sliced down the centre to give (b) a central valley that reaches the substrate which can be clearly
seen in the sketch of the sample cross-section.
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Atomic force microscopy

AFM measurements were made using an Asylum Research (Oxford Instruments, Abingdon, UK) MFP-
3D microscope in contact mode by Dr Jamie Blakeman at the University of She eld. MLCT cantilevers
(Bruker AFM Probes, Camarillo, CA, USA) were used to capture height and de ection images using
the D arm, which has a nominal spring constant of 60 pN/nm. Spring constants were con rmed to be
within manufacturer's tolerances using the thermal tune method [188]. Scans were conducted across the
prepared sample edge into the valley described in gure 3.1. The scan area was 560n 50 m at a
resolution of 256 line 256 points. Height images were processed in Gwyddion [189], with basic attening
presets applied. Cross sections of the height image were designated in three equally spaced parts of the
height scan and the average heights of the sample, the substrate and the resulting di erence calculated
for each cross section.

3.2.5 Crosslinking Ims using EDC crosslinking

The method of EDC crosslinking PEDOT:CS and PEDOT:HA Ims was originally adapted from methods
used by Tomihata et al. [120] for crosslinking CS and HA hydrogel Ims. The typical method for
crosslinking the PEDOT:biomolecule Ims is as follows, however this was altered as required to use
di erent concentrations of EDC solution. For example, an EDC crosslinking solution (0.26 mol dm 3)
was prepared by dissolving EDC (0.25 g, 0.0013 mol) in water (1.0 cfy 0.0055 mol) and ethanol was
added (4.0 cn?, 0.069 mol) to create a mixture of EDC solution and ethanol in a 20:80 ratio. One
crosslinking mixture was prepared for each substrate with a PEDOT:CS or PEDOT:HA Im.

The PEDOT:CS or PEDOT:HA Ims on substrates were then entirely submerged in the crosslinking
mixture for typically 24 hours, however some samples were exposed to the crosslinking mixture for less
time (see results and discussion). The substrates with the Ims on them were then carefully removed
from the crosslinking mixture and rinsed in deionised water by submersion for up to 3 ve minutes
with fresh water each time. It was at this point that there was an issue with delamination of the Ims,
however those that did not delaminate were then air dried either in a heated cabinet for up to 24 hours,
or air dried with no additional heat or ventilation for 24 hours.

Some samples were then dried further in the vacuum oven at 50C for 30 minutes to one hour, however
this tended to lead to delamination of the Ims.

3.2.6 Electronic characterisation of PEDOT:CS and PEDOT:HA

For the characterisation of the electronic properties of PEDOT:CS and PEDOT:HA Ims, substrates
prepared by colleagues, Nawal Alghamdi and Zahrah Algahtani, were used. These substrates consisted
of a glass base with ve sets of gold contacts with a small channel down the middle of each (shown in
gure 3.2). They were prepared following the method reported by Talal Althaga [190].

To form a continuous Im over the substrate channel, a small volume of the PEDOT:biomolecule aqueous
dispersion of interest (10pl) was drop-cast over a channel gap of the substrate as seen in gure 3.2. The
samples were then slowly air dried on the bench top for up to 24 hours, but typically between 30 minutes
and 2 hours. Following this, some samples were then dried further in the vacuum oven at 50C for 30
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minutes to one hour, however this tended to lead to delamination of the Ims so was not repeated on all
samples.

Figure 3.2: A photo of one of the substrates used during electronic testing of PEDOT:biomolecule
samples with the gold contacts, channel, and substrate clearly highlighted. There are single drop-cast
Ims of di erent samples over individual channels so each can be characterised.

Both uncrosslinked and crosslinked samples were tested for their conductivity. The crosslinked samples
were crosslinked using the method outlined above. The concentration of the EDC solution used is reported
with each speci ¢ sample in the results and discussion section of this chapter.

The current-voltage relationship of the PEDOT:CS and PEDOT:HA drop-cast Ims were determined by
applying sweeps of potential di erences across the sample (0 to +1 V, and 1 V to +1 V) using the
OFET Analyzer (Keithley 2400 Source Meter) and recording the current. This set up is summarised in
gure 3.3. These measurements were completed with the help of Nawal Alghamdi and Zahrah Algahtani.

Figure 3.3: A schematic diagram of the experimental set up for electronic characterisation of PE-
DOT:biomolecule Ims; the source and drain electrodes are connected to the OFET Analyzer which
applies the potential di erence across the sample.

3.2.7 Proof of concept: OECT characterisation of PEDOT:CS and PEDOT:HA

For transistor characterisation, the PEDOT:CS Im samples required crosslinking for testing. The sam-
ples were prepared on the same substrates as the above in the same way, and then crosslinked using the
EDC crosslinking method outlined above.

To prove that PEDOT:CS could be used in an OECT, a tungsten wire gate electrode was introduced to
the experimental set up used for the electronic characterisation as seen in gure 3.4. Phosphate bu ered
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saline (PBS, 0.1 M) solution was prepared from PBS tablets and was carefully pipetted (4ul) onto the
PEDOT:CS Im to be used as the electrolyte, being sure that the PBS lled the gap between the gate
electrode and the PEDOT:CS sample. Additional PBS was added 4l at a time as required if the PBS
evaporated.

The output characteristics of the PEDOT:CS OECT were measured by sweeping the potential di erences
between the source and drain from 0:8 Vto +0:8 Vin 0.1 V intervals using the OFET Analyzer (Keithley
2400 Source Meter) at gate voltages of 0:6 V to +0:6 V in 0.2 V intervals and the source-drain current
and source-gate current was recorded. Again, these measurements were carried out with the help of
Nawal Alghamdi and Zahrah Algahtani.

Figure 3.4: A schematic diagram of the experimental set up for transistor characterisation of PE-
DOT:biomolecule Ims; the source, drain, and gates electrodes were all connected to the OFET Analyzer.
The tranistor is gated through PBS as the electrolyte.

3.3 Results and discussion

The aim of this project is to develop a biocompatible, biodegradable, and mechanically appropriate
OECT device that with further development could be suitable for use in the spinal cord and used in the
treatment of SCIs. Such an OECT device must contain an organic electronic material (OEM) that is

biocompatible, biodegradable, mechanically appropriate to the elastic modulus of the spinal cord, and
conductive. PEDOT complexed with CS and PEDOT complexed with HA were chosen as candidates to
Il these requirements.

3.3.1 Synthesis of PEDOT:CS and PEDOT:HA by oxidative polymerisation

As discussed in the introduction to this chapter, alternative PEDOT complexing polymers could o er
biocompatibility, biodegradability, and more favourable mechanical properties to an OECT device for
implantation into the body than an OECT device based on PEDOT:PSS. For this reason, CS and HA
were chosen as potential alternatives to PSS to act as a counter-ion for PEDOT for use in an OECT.
Mantione et al. [168] reported their synthesis in 2016, however little further work has appeared in the
literature on these materials. An introduction to CS and HA can be found in chapter 1.

Mantione et al. [168] assessed the biocompatibility of PEDOT:CS and PEDOT:HA and showed that they
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