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lii. Abstract

Devices called neural electrodes are generally used to record and / or stimulate neural
activity whilst extracellularly interfacing with neurons. The ultimate goal of the field is to
develop neural electrodes that can continuously record and / or stimulate neural activity for
long periods of time (10+ years). Electrodes require low electrode impedance to enable good
signal to noise ratio and a high capacity for chemically stable injection of charge (CSC) for
stimulating neural activity. Electrode function typically deteriorates after a few months in-vivo
due two factors: biofouling and local cellular response (glial scarring). Biofouling is theorised
to be an accumulation of multiple proteins at the electrode surface. However this has only
been backed up experimentally by single protein models in literature. Electrodes need to be
able to combat the effects of biofouling and glial scarring. This study uses nanometre scale
roughened gold (Au) electrodes. Electrode roughening has previously been shown to lower
impedance, increase CSC and reduce glial response and the effects of biofouling. We
compared multiple degrees of roughness with the aim of finding the optimal degree for
improving impedance, CSC, biofouling and cellular response. We found that surface
roughening increased impedance and only increased CSC for two only degrees of
roughness. To find the optimal degree of roughness across conditions, we suspect a larger
range of roughness may be necessary to lower impedance with our fabrication technique.
This study is the first to use a multiprotein biofouling model. Contrary to literature, we found
that incubation with protein decreased impedance, likely due to protein-protein interactions
not accounted for in single protein models. Biocompatibility was improved for two degrees of
Au roughness. Roughening of SU8, a polymer used to surround the electrodes, decreased
biocompatibility. We also used artificial cerebral spinal fluid (aCSF) as an electrolyte, which
is more chemically similar to in-vivo than commonly used phosphate buffered saline solution
(PBS). The use aCSF as a medium was significant as the measures in aCSF were different

from that in PBS.
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Chapter 1: Introduction

Neural probes are devices commonly used to extracellularly interface with neurons where
they record and/or stimulate neuronal activity in the brain and spinal cord. They are typically
multi-layered devices, with the interfacing layer consisting of electrically conductive regions
(electrodes) made from an electrically conductive material. This is surrounded by an
electrically insulating material, or ‘passivation’ material. Electrodes are used to restore
sensory-motor function to patients with neurological disorders. For this to be clinically viable,
they must be able to provide stable, high quality recordings of neuronal activity for 10 years.
Stimulating electrodes must also be able to inject sufficient charge across the electrode-
tissue interface to cause depolarisation of surrounding neuronal membranes. Unfortunately,
electrode recording and stimulation performance currently deteriorates after a few months.

This is due to two problems.

(1) Impedance increase from biofouling. Neuronal activity can be recorded either as voltage
changes in the surrounding field of charge (local field potential) or as sharp voltage changes
(spikes) which are caused by the membrane depolarisation of individual neurons. Increases
in the electrical impedance at the electrode-tissue interface can decrease sensitivity,
potentially leading to the failure to record either of these. Inserting a probe into neural tissue
results in the rupturing of blood vessels and cell lysis (Kozai et al. 2010; Bjornsson et al.
2006). Proteins released in this process, as well as those already in the extracellular space,
adhere to the surface of the electrode in a process termed biofouling (Malaga et al. 2016;
Sommakia et al. 2009; Sommakia et al. 2014). Biofouling increases impedance, thus
decreasing recording sensitivity (Moulton et al. 2003; Ying et al. 2004; Newbold et al. 2010).

An aim of this study was therefore to reduce impedance increase following biofouling.

(2) Cellular response to probe. The tissue damage caused by probe insertion initiates the
activation of nearby glial cells (astrocytes and microglia). These migrate to the surface of the
probe, forming a sheath of protective tissue around it (Kozai et al. 2014). This tissue is

known as glial scarring and is thought to increase impedance due to an increased solution
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resistance through the scaring tissue (Roitbak & Sykova 1999). Scar formation through the
infiltration of glial cells also increases the distance between the probe and the nearest
neurons. This is because activated glial cells found in the scar produce proteoglycans (such
as NG2, dermatan and keratin sulphate) which block neurite extension (Smith-Thomas et al.
1995; Elizabeth M. Powell et al. 1997). Furthermore, probe insertion causes inflammatory
response associated with local neuronal degeneration (McConnell et al. 2009; Biran et al.
2005). This response has been shown to be regulated by activated glial cells, implying
greater amounts of glial scarring results in greater amounts of neuronal degeneration
(Babcock et al. 2003; Sakurai-Yamashita et al. 2006). Combined, these factors increase
probe-neuron distance. This decreases recording sensitivity as an increased distance results
in greater charge dispersal. An aim of this study is therefore to reduce glial scar formation
around the probe. A probe’s ability to reduce glial scar formation is referred to as

biocompatibility.

Recent strategies to bypass these problems include coating the electrode with materials that
provide a ‘rough’ (i.e. less planar) electrode surface such as the conducting polymers
Poly(3,4-ethylenedioxythiophene) (PEDOT) or polypyrrole, titanium nitride or sputtered
iridium oxide films (SIROF) (Cellot et al. 2016; Venkatraman et al. 2009; Castagnola et al.
2015; Meijs et al. 2016; Kim et al. 2009; Chen et al. 2011). Rough surfaces allow for
increased electrode surface area whilst maintaining a small electrode (and thus probe) size.
This is advantageous because large electrode surface area decreases impedance (Koklu et
al. 2016), as well as increases the amount of charge that can be injected into the tissue
(Bhandari et al. 2011; Aurian-Blajeni et al. 1987). The logic is that by decreasing electrode
impedance initially, the effects of biofouling will not be so damaging to electrode function
(Kozai et al. 2016). A smaller probe will also cause less tissue damage, and so reduce the
amount of glial cell activation (Patel et al. 2015; Kozai et al. 2012). An alternative strategy to

provide a rough electrode surface is to roughen the electrode material.

13
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This study uses nanometre scale roughened Au electrodes. Roughened electrodes may
provide a more stable alternative than conducting polymers which are prone to delamination
and are considerably cheaper to produce than SIROF (Cui et al. 2003; Boehler et al. 2015).
Roughening has been shown to lower impedance of gold (Au) electrodes by up to 98%
(Seker et al. 2010; Chung, et al. 2015). Roughening Au also increases charge storage
capacity (CSC), which is a measure of how much charge can be passed between the
electrode surface and the tissue (Bhandari et al. 2011). Moreover, Patel et al., (2013) found
that a degree of roughness on the nanometre scale had a smaller increase in impedance
following fibrinogen adsorption in comparison to micrometre scale roughness or planar. This
suggests surface roughening may reduce the effects of biofouling. However, different
proteins bind with different affinities (Williams et al. 1985; Michel et al. 2008) and effect
impedance to different extents (Moulton et al. 2004). Therefore, a more accurate model of
biofouling would require a mixture of proteins similar to those released following probe

insertion. For this reason, a multiprotein model was used in this study.

Another advantage of roughening is the ability to regulate the degree of roughness in
fabrication. Greater degrees of surface roughening have lower impedance and higher CSC
compared to lower degrees (Chung, et al. 2015). However to our knowledge, no one has
tested impedance and CSC for multiple degrees of roughness. One of the aims of this study
was therefore to find which degree of roughness had the lowest impedance and highest
CSC. The hypothesis was that higher degrees of roughness would have lower impedance

and higher CSC.

Greater amounts of fibronectin have been shown to bind to higher degrees of roughness
(Salakhutdinov et al. 2008). It therefore seems likely that there will be greater amounts of
non-specific protein adsorption on rougher surfaces. For this reason it is hypothesized that
there will be a larger impedance increase from biofouling with higher degrees of roughening.
It is also hypothesized that greater degrees of roughness will have lower impedance before

biofouling. Since the aim is to lower impedance increase following biofouling, one of the
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objectives of this study is to find an optimal degree of roughness with the lowest impedance

following protein adhesion.

As reviewed by Biggs et al. (2010), there is a large amount of literature demonstrating cell
sensitivity to nanometre scale surface features. In-vivo, cells bind to the extracellular matrix
(ECM) which has been shown to have nanometre scale features (Bosman & Stamenkovic
2003). Nanometre scale roughening is therefore of interest as it may reproduce the in-vivo
environment. In line with this, studies have also demonstrated how in-vitro biocompatibility is
increased with nano-roughened Au in comparison to smooth controls (Chapman et al. 2015;
2016). Kurtulus and Seker (2012) showed that whilst astrocytic cell density did not change
with increased degrees of roughness, cell size did implying greater amounts of focal
adhesions to the Au surface. However, they stated that a wider range of degrees of
roughness was necessary to find the optimal degree of roughness. This study has used a
wide range of roughness in an attempt to find an optimal degree. To our knowledge, no
studies have looked at the effect of roughening passivation layer materials on
biocompatibility. The passivation layer covers the vast majority of the probe surface. The
biocompatibility of the passivation layer is therefore a substantial factor in the
biocompatibility of the probe. For these reasons, this study compared the biocompatibility of
multiple degrees of roughness of both an electrode and passivation material. It is

hypothesized that rougher surfaces will have greater biocompatibility.

1.1 Aims and Objectives

The aim was to find the single or range of optimal degrees of roughness for lowering
impedance and increasing charge storage capacity, as well as decreasing the effects of both

biofouling and glial scarring.
Objectives:

¢ Find the degree of roughness with the lowest impedance.

¢ Find the degree of roughness with the highest charge storage capacity.

15
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e Find the degree of roughness with the smallest impedance increase from biofouling.
e Find the degree of roughness with the most favourable response from glial cells (i.e.
high density of non-activated astrocytes and low density of activate astrocytes).

e Find the degree or range of degrees with an overlap in the above.

1.2 Probe Materials and Design Background

Au was used as an electrode material in this study. As mentioned, the aim of this study was
to find the range and/or degree of roughness that was optimal consistently with tests (i.e.
impedance, CSC, biofouling and biocompatibility). Roughened Au and platinum both function
well as electrode materials (Cogan 2008). However, platinum faces drawbacks such as poor
durability and increased difficulties in fabrication (Desai et al. 2010). Au is advantageous
because roughening appears to improve function in multiple conditions across studies. For
example, roughening has consistently lowered impedance and increased CSC (Koklu et al.
2016; Hu et al. 2006; Chung, et al. 2015), as well as improved biocompatibility (Hai et al.
2009; Seker et al. 2010). It was for this reason we thought Au would be the most suitable

material for this study.

SU8 was used as a passivation layer in this study. As outlined by Barrese et al. (2013),
passivation materials can cause electrode failure in two ways: poor biocompatibility and
delamination. SU8 has been used extensively for microprobes designed for both microfluidic
drug delivery and neural recording due to excellent biocompatibility (Altuna et al. 2012; 2013;
2015). SU8B also has less of a tendency to delaminate than the commonly used polyimide

(Prasad et al. 2012). It is for these two reasons we chose to use SU8 in this study.

This study was designed as a pilot study to test our roughened electrode technologies
potential to function in-vivo. For this reason, we chose to use an electrode design similar to
one used in-vivo. The mask used for electrode fabrication was designed in a previous MSc

project for this purpose.
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Chapter 2: Literature Review

2.1 A Brief Overview of Capacitance and Electrical Impedance

In this study we compared the electrical impedance of several degrees of roughness.
Electrical impedance is a measure of resistance to the flow of charge in an AC (alternating
current) circuit. In this study, the current flowed between two electrodes submerged in an
electrolyte. Impedance is comprised of two parts, the ‘real’ and the ‘imaginary’. The real is
electrical resistance and is also comprised of two parts: First, diffusion resistance occurring
as charged particles (in this case solvated ions) flow towards/away from the electrode
surface through the electrolyte solution. The second is the resistance to the flow of charge
across the electrode — electrolyte interface, known as charge transfer resistance. Increase in
either type of resistance equals increased impedance. The imaginary part is comprised of
either capacitance or inductance at the electrode-electrolyte interface. Inductance is
phenomena whereby current is forced through a conductor by a magnetic field surrounding
it. However, the inductance of the electrode from the charge in the bulk of the solution is
generally considered negligible in electrochemical measurements like these. This is because

it is overshadowed by the comparatively higher charge density contributing to capacitance

Diffuse Layer

First Layer

@ Water Molecule o Cation == Electrode Surface

Figure 1 Schematic representation of the electrochemical double layer. The first layer is formed by
polarised water molecules aligned with the electrode surface and ions accumulated at the electrode
surface. In this example the electrode is negatively charged. The second layer is a diffuse layer, but

it generally screens ions in the bulk of the solution.
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(Alexander & Sadiku 2001). Capacitance is formed by a build-up of charge at the electrode
surface through the accumulation of solvated ions, oppositely charged to the electrode
(figure 1). Increased capacitance equals decreased impedance. Capacitance at the
electrode surface forms a double layer, with the first layer consisting of ions tightly packed
against the electrode surface and a second more loosely distributed layer. lons of opposite
charges are able to diffuse through the second layer, but are generally screened by the
charge attracted to the electrode (figure 1). As capacitance occurs at the electrode surface,
a larger surface area should result in a greater capacitance, thereby lowering impedance. As
roughening increases electrode surface area, it is expected to raise capacitance and thus

lower the impedance. This is why roughening electrodes typically lowers impedance.

2.2 A Brief Overview of Charge Injection

In this study we compared the amount of charge each degree of roughness is capable of
storing at its surface for charge injection (CSC). Charge passage across the electrode-

electrolyte inteface, or charge injection, involves the transfer of electron flow in the

Au+
AU Gold

Electrode
Surface

AU+ Gold ion

Au Au Electrolyte
species
Au Au AU Au Au o Electrolyte

ion

Au Au Au

e e Electron

Figure 2 Faradaic charge injection mechanism. Charge is passed between the electrode and
electrolyte by ions leaving / adhering to the electrode surface. Electrons flow through the electrode

towards/away surface molecules which undergo reduction/oxidation reactions.
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electrodes to ion flow in the electrolyte by two mechanisms: capacitive and faradaic. As
described above (section 2.1), capacitance is formed by the charging and discharging of the
electrochemical double layer at the electrode surface (Frumkin 1960) (figure 1, section 2.1).
Faradaic reactions are reduction/oxidation (redox) reactions which involve the transfer of
electrons across the electrode-electrolyte interface (figure 2). Faradaic reactions require
species found either on the surface of the electrode or in solution to undergo redox reactions
at the electrode surface (Cogan 2008). Faradaic reactions are often confined to a surface
monolayer which results in a charge build up at the electrode-electrolyte interface (similar to
capacitance), known as pseudocapacticance. As both capacitive and faradaic reactions take
place at the electrode surface, a greater electrode surface area should result in a greater
flow of charge (Aurian-Blajeni et al. 1987). For this reason, rough surfaces are expected to
have a larger amount of charge flowing to/through the electrode-electrolyte interface than

planar surfaces. This is why roughening electrodes typically increases the electrodes CSC.

2.3 An Overview of the Role of Activated vs Non Activated Astrocytesin
Electrode Failure

In this study we compared the biocompatibility of several degrees of roughness using
activated and non-activated astrocytes (a type of glial cell). Non-activated astrocytes are
found ubiquitously in all non-developmental, undamaged neural tissue in the central nervous
system (Volterra & Meldolesi 2009). They are considered to be ‘helper’ cells by facilitating

neuronal survival and development (Walsh et al. 1992).

An increased neuron-electrode distance decreases recording sensitivity since charge flowing
between the two is dispersed over distance. To form connections with each other, neurons
extend process called neurites. This process is facilitated by non-activated astrocytes
(Walsh et al. 1992). Non-activated astrocytes at the probe surface may therefore decrease
neuron-electrode distance by increasing the amount of neurite extension around the probe,
thus improving recording sensitivity. It is for this reason one objective of the study was to find
the degree of roughness most favourable to non-activated astrocytes.
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We chose activated astrocytes in this study because, unlike non-activated astrocytes, they
increase neuron-electrode distance. Activated astrocytes are found in the central nervous
system during development and in the event of tissue damage (Powell et al. 1997 a). Tissue
damage caused during probe insertion results in the activation of nearby astrocytes which
migrate to the probe surface (Szarowski et al. 2003; Biran et al. 2005). Once there, they form
a key component of glial scaring tissue (Buffo et al. 2010). The addition of astrocytes
thickens the glial scarring tissue, thus increasing the neuron-probe distance. In addition,
activated astrocytes differ from non-activated because they produce proteoglycans such as
dermatan and keratin sulphate and NG2 (neural/glial antigen) which block neurite extension
(Smith-Thomas et al. 1995; Powell et al. 1997). The combination of these two effects is to
increase electrode-neuron distance, thus reducing electrode recording sensitivity. It is for this
reason one objective of this study was to find the degree of roughness least favourable to

activated astrocytes.

2.4 Overview of Cell Binding Process and the Effects of Roughness

In this study we measured the cell density of activated and non-activated astrocytes adhered
to roughened surfaces in order to compare biocompatibility. As mentioned, glial cells migrate
and adhere to the surface of the inserted probe during glial scar formation (Szarowski et al.
2003; Kozai et al. 2012). Cell adhesion is affected by surface roughness. To understand how

roughness affects this, the mechanisms of cell adhesion will now be discussed.

When cells bind to material surfaces, they adhere to a protein layer adsorbed within minutes
of coming into contact with tissue (Diener et al. 2005; Triplett & Pavalko 2006). This occurs
through activation of a and B-chain transmembrane proteins known as integrins (Cohen et
al. 2004). Integrins bind specifically to proteins found in the extracellular matrix such as
fibronectin, vitronectin and laminin (Garcia 2005). Intracellularly, integrins form
supramolecular complexes that contain structurally adaptive proteins such as vinculin, talin
and paxillin, as shown in figure 3 (Burridge 1988; Bershadsky et al. 2006). Integrin binding to

these proteins alters integrin confirmation and clustering. Increased integrin clustering leads
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to the formation of focal anchoring complexes between the cell and the material surface
which are reinforced intracellularly with F-actin and a-actinin filaments (Biggs et al. 2010). As
in figure 3, intracellular adhesion plaques are formed as a greater amount of integrins are
recruited to the adhesion complex. As the size of the adhesion plaque increases with integrin
recruitment, the adhesion strength between the cell and surface also increases (Ward &
Hammer 1993; Balaban et al. 2001). The formation of adhesion plaques of a sufficient size is

therefore essential in providing the cell with the force required for anchorage.

Surface morphology has a large effect on the success of this process. Integrin interactions
with nanometre scale features are sensitive to both spacing and the x, y, z dimensions of the
surface features (Curtis et al. 2001). Generally speaking, if the size of surface protrusions
and pits are too small or deep, integrin binding is limited. For example, the force required to
detach fibroblasts bound to roughened Au surfaces was decreased if the distance between
integrin molecules was 70 - 300 nm (Selhuber-Unkel et al. 2008). It was believed that
spacing greater than 60 - 70 nm disrupts protein recruitment to the adhesion plaque.

However if surface protrusions are large and shallow enough, integrin recruitment is

Adhesion Plaque

a-Actinin

F-Actin

Gold Surface

Figure 3 Schematic diagram of the focal anchoring complexes connecting to an intracellular adhesion
plaque. Transmembrane integrins bind extracellular matrix (ECM) proteins extracellularly. Intracellularly,

integrins form supramolecular complexes containing vinculin and talin which bind to actin. These

accumulate as more integrins are recruited, forming plaques.
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increased (Lim et al. 2005). Biggs et al. (2010) argue protrusions with a height and spacing >
70 nm, and widths < 70 nm are disruptive to cell binding, whilst protrusions with the opposite

dimensions aid binding by providing tactile stimuli for growth.
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Chapter 3: Materials & Methods

3.1 Materials

For all electrode measurements either 1 x phosphate buffer saline (PBS) (VWR™) or 1 x
artificial cerebral spinal fluid (aCSF) (as in table 1) were used as electrolyte. The ingredients
of the RIPA (Radioimmunoprecipitation assay) buffer (Pierce®) used in sections 3.5 and

3.6.1 are also given in table 1.

3.2 Fabrication

3.2.1 Fabrication Materials

The glass coverslip was purchased from Sigma®. The SU-8 used was the 2002 Microposit™
formulation and was purchased from the Microposit™ website. The S1813 photoresist was
also manufactured by Microposit™. The reactive ion etching (RIE) machine was

manufactured by JLS designs™.

3.2.2 Roughened and non-Roughened Electrode Fabrication Process

Roughened and non-roughened electrodes for in-vitro analysis were fabricated. Figure 4 is a
schematic of the process. A 25 x 25 x 0.2 mm glass Corning cover slip was used as a host
substrate for the whole process. Onto this, a 2-um-thick layer of SU8 was spun, exposed
and cured, as per manufacturer guidelines (figure 4 A). A 1 um thick layer of S1813
photoresist was used to define a 9 contact array of 20-um-diameter disks that were photo-
lithographically defined. Each disk had an undercut profile which allowed for a clean lift off
for the metal following deposition (figure 4 B). The mask was originally designed for a probe
intended to penetrate tissue (figure 5). The undercut profile was defined using a
chlorobenzene chemical treatment of S1813 prior to development in MF319 (figure 4 C). The

SU8 was then micro-roughened using RIE (figure 4 D). This was not done for the non-
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Table 1 Ingredients for the materials used in sections 3.4,35 and 3.6. PBS was purchased in tablet form

were purchased separately from the same supplier. All three were made using de-ionised water.

Material

Phosphate Buffer Saline NacCl
(PBS)

137
Artificial Cerebral Spinal NacCl
Fluid (aCSF)
Homemade 125

Radioimmunoprecipitation NacCl
Assay Buffer (RIPA)

Homemade 150

KCI

2.7

KCI

Trise
HCI
25

Ingredients and Concentration (mM)

Na,HPO,4

10

KH,PO4

1.25

1% (w/v)
sodium

deoxycholate

KH2PO,4

1.8

NaHCOs3

25

1% (w/v) nonyl
phenoxypolyethoxylethanol

MgSo,4.7 d-glucose
H,O
1.25 10

0.1%
(wWiv)
sodium
dodecyl

sulphate

C&Clz.
2H,0
2.5

Mungo Elms
200688934

. The ingredients for RIPA and aCSF

pH

7.25

7.83

8.08

Supplier

VWR®

Pierce®

Pierce®
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51813 \
A SuU8 2002 Photoresist B

Glass coverslip

c o bbbl

Gold Titanium
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Figure 4 Simplified schematic diagram outlining the roughened electrode array fabrication process. A 2 um

thick layer SU8 2002 was spun and cured on a glass coverslip. B S1813 photoresist used to define 9
electrode array. C Chlorobenzene treatment creates undercut. D Defined array was roughened with
reactive ion etching. E Titanium and then gold was deposited. F S1813 removed G Photo-patterned SU8

passivation layer. Step D was skipped for non-roughened electrodes.

roughened controls. RIE uses a chemically reactive plasma (O,, 25 sccm at 30 m Torr) to
remove material deposited on a surface. It does this using an electromagnetic field applied
to the surface at a radio frequency (13.56 MHz), with a direct current bias that results in a
net plasma ion flow towards the surface. The radiofrequency power value determines the
selected roughness. For this reason, degrees of roughness are given in values of power (0 —
300 W). Since the non-roughened controls did not undergo this step, their power value is 0

W.

After SU8 roughening, a 10-nm-thick adhesion layer of titanium metal was deposited,
followed by a 100-nm-thick layer of contact metal (figure 4 E). Here we have used gold (Au).
The S1813 was removed with acetone to reveal the electrical contact pattern (figure 4 F).
The electrical interconnects were then passivated using a photo-patterned 1-um-thick layer
of SU8, leaving 1l4-um-diameter electrical contacts (referred to as electrodes herein)
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exposed (figure 4 G). The SU8 passivation layer was spun on at 4000 rpm for 30 seconds at
a 500 rpm/s ramp rate. It was baked at 90 °C prior to exposure for 5 minutes, 95 °C for 1
minute after exposure, before being annealed at 120 °C for 20 minutes. The finished batch
was then divided up into individual arrays, each containing 3 probe layouts of 9 electrodes
(as with figures 5 A and B). Probe masks were designed by a previous BEng project under
the supervision of Dr. Paul Steenson. Finished arrays were mounted onto printed circuit
boards with the electrical interconnects defined using Au wire bonding (figure 5 A). The
contacts were made to copper leads via disks, silver epoxied into place, to aid the bonding
process. Both the copper leads and the Au wire bonding were passivated with nail varnish.
The practical work in this section (excluding wire bonding) was completed by Dr. Chris

Russell.

A Printed circuit board
Glass substrate

Probe

Au Wire bonding :

Figure 5 Electrode layout and design. A is a diagram showing how the glass substrate, with the
electrode arrays printed on its surface, was mounted onto a printed circuit board. Wire bonding
connected electrode arrays and printed circuit board. B is a picture of an intra-spinal /cortical probe shaft
fabricated with the same mask used to fabricate the microelectrodes. The Au interconnects are clearly
visible under the 1-um-thick SU8 passivation layer. They terminate with the round, 14-um-diameter Au
electrodes. Arrow highlights example electrode. Note the 14-pm-diameter surrounded by the 20- pm-
diameter Au below the passivation layer suggesting successful undercut profile. Presented with

permission from Dr. Chris Russell.

26



Mungo Elms
200688934

3.2.3 Roughened Surface (Chips) Fabrication

Roughened SU8 and Au surfaces, or ‘chips’, were fabricated for biocompatibility tests. The
fabrication procedure was identical to electrode array fabrication (section 3.2.2), excluding all
photolithographic steps. The process is outlined schematically in figure 3: A 25 x 25 x 0.2
mm glass Corning cover slip was used as a host substrate for the whole process. Onto this,
a 2-um-thick layer of SU8 was spun, exposed and cured (figure 6 A), as per manufacturer
guidelines. The SU8 was then nano-roughened using RIE (see section 3.2.2; figure 4 B &
figure 6 B). As mentioned, radiofrequency power of the oscillating magnetic field applied
determined the roughness. In this study, as with electrodes, surfaces are referred to by their
RIE power. After SU8 roughening, a 10-nm-thick adhesion layer of titanium metal was
deposited, followed by a 100-nm-thick layer of Au (figure 6 C). This step was skipped when
fabricating the SU8 chips. The roughened SU8 and Au surfaces were then divided up into

chips. This work was completed by Dr. Chris Russell.

SU8 2002

A ¢ SRR RN

C Gold Titanium
N

Figure 6 Simplified schematic diagram outlining the roughened surface (chips) fabrication process. A)

Corning glass coverslip

2 um thick layer SU8 2002 was spun and cured on a glass coverslip. B) SU8 was roughened using
reactive ion etching. C) Titanium and then gold was deposited. Step C was skipped for fabrication of

the rough SU8 surfaces.

3.3 Surface Roughness Characterisation

AFM (atomic force microscopy) was used to characterise the surface of the Au chips. As the
roughening process for chips and electrodes was identical, an identical surface roughness

was assumed in discussion. In AFM, a tip is drawn over a surface and the change in height
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is measured giving a 2 dimensional surface profile. A 3 dimensional surface profile is
obtained by scanning the tip over the entire surface in rows. A 10 nm diameter OTESPA tip
(Veeco) was used in tapping mode (drive frequency 293 Hz), scanning a 4 pm? area with a
resolution of 640 samples per row, across 640 rows. For each area the mean averaged
roughness (Ra) and the root mean squared averaged (Rms) area roughness are assessed.
Each sample was scanned three times and averaged (means with standard deviation). This

work was completed by Dr. Chris Russell.

3.4 Electrochemistry

3.4.1 Setup

All measurements were performed with a three electrode setup (figure 7), using a

3™ potentiostat. Data was recorded onto a computer using PSTrace™. The first

PalmSens
electrode was a counter electrode consisting of a standard size (25 x 75 mm) glass

microscope slide with platinum (Pt) deposited onto one side. Second, working electrodes

Figure 7 Schematic diagram of the electrode characterisation setup.
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were fabricated as above (section 3.2.2). Third, a Ag|AgCIl 3 M KCI glass reference electrode
(Aldrich®). All potentials reported are with respect to Ag|AgCl. As shown in figure 7,
measurements were conducted in a 100 mL glass beaker which was washed with de-ionized
water between each use. A custom built holder was used to ensure working and counter
electrodes were submerged a consistent amount for each measurement. Approximately half
of the counter electrode was submerged in electrolyte, whilst the working electrode was
submerged to approximately 0.5 cm above the top of the array. The electrolyte was filled to a
mark on the beaker to ensure consistency. At the start of both cyclic voltammetry and
electrical impedance spectroscopy scans the open circuit potential (OCP) is used as a
baseline potential difference between the counter and reference electrode. Both therefore
require a constant OCP in order to provide comparable results between scans. For this
reason, at the start of each session OCP was measured until it remained constant with
fluctuations of less than 10 mV in amplitude. All measurements were performed at room

temperature.

3.4.2 Electrical Impedance Spectroscopy

In electrical impedance spectroscopy (EIS), a potential difference created between the
working and counter electrode and impedance is calculated from the current response at the
working electrode. This is done by, first, applying a DC (direct current) bias between the
counter and working electrode, in this case set at 0 V relative to the OCP to ensure that
there was no current due to depolarisation (Zaidi et al. 2010).. Then, a sinusoidal voltage
(0.1 V amplitude) was applied over a range of frequencies between the counter and working
electrodes. As shown in figure 8 A, there were 41 frequencies tested over a logarithmic
range (1 Hz — 10 kHz) (Heim et al. 2012). Data points were plotted starting at the highest

frequencies, working down.
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The impedance at each frequency was measured 4 times. As shown by figure 8 A, the first
scan through all measured frequencies was different from the rest due to lower
concentration of ions in the diffuse layer around the electrode (see section 2.1), so it was not
taken for analysis. This was not the case with the final 3 scans, so they were taken for

analysis. All analysis of impedance data was for 1 kHz, since it is the mid-range of
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Electrode —

Probe

Figure 8 Last 3 electrical impedance scans used for analysis. A is an example electrical impedance
spectra: the first scan (black) differs from the other 3 (red). Impedance was measured at 41
frequencies between 1 Hz — 10 kHz. B is a schematic illustrating how the data was analysed. Each
probe had one degree of roughness. The mean 1 kHz impedance was taken from each electrode.

Mean of means was calculated for each degree of roughness.
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biologically relevant frequencies of neural activity (Negi et al. 2010). As in figure 8 B, the
mean 1 kHz impedance was calculated from the three scans for each electrode. A mean of
means was then calculated for each electrode array. All measurements used to compare
impedance between degrees of roughness conducted before cyclic voltammetry (CV)
measurements. This was to avoid potential effects cyclic voltammetry may have. All
impedance measurements comparing the effects of protein adhesion were done after cyclic

voltammetry.

3.4.3 Cyclic Voltammetry

The charge storage capacity (CSC) of each electrode array was measured using CV. In CV,
the counter electrode scans between two potentials and the current response of the working
electrode is measured. CSC is the maximum amount of charge that can be stored at the
electrode surface before hydrolysis and the production of gasses (i.e. H, and O, evolution).
To establish the voltage window within which no hydrolysis occurs, CV was conducted on a
non-roughened working electrode array. Starting at + 0.5 V, the potential window was
incrementally increased by +0.1 V between each CV. As with all CV measurements in this
study, CVs started at +0.5 V (relative to open circuit potential) and swept positively first with
a sweep rate of 50 mV/s (Ghazni et al. 2010; Hu et al. 2006). A slow scan rate was used to
measure the maximum amount of charge the electrode was able to deliver. DC bias was set
0 V vs the open circuit potential to ensure that there was no current due to depolarisation
(Zaidi et al. 2010). Sharp increases of either anodic or cathodic current were taken to be as
a result of going outside the hydrolysis window (Garcia-Gabaldén et al. 2011). As shown by
figure 5 A, a sharp anodic current increase occurred at ~ +1.1 V, implying that it is outside
the minimal voltage limit of hydrolysis. To accommodate for any between electrode
variations, a voltage window + 0.2 V smaller than the upper limit was used. Therefore, all CV

measurements were conducted between +0.9 V.
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Each electrode underwent 4 CV scans for each CSC measurement. As illustrated by figure 9
B, the first CV scan was typically different from others. For this reason, the first was ignored
and the following 3 were taken for analysis. The mean CSC for each electrode was
calculated by averaging these 3 scans. As in figure 5 C and D, both anodic (CSCa; figure 9

C) and cathodic (CSCec; figure 5 C) charge was first calculated from the size within either the
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Figure 9 CV optimisation and analysis. A is a cyclic voltammograph demonstrating the effects on CSC of
increasing the voltage. The arrow highlights £ 1.1 V sharp anodic increase, implying hydrolysis. B is a
cyclic voltammograph demonstrating the difference between the first of 3 scans of the same electrode in
comparison to the other two. C and D are examples of how the anodic (C) and cathodic (D) CSCs are
measured from a single CV scan. The shaded regions are the area measured.
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positive (CSCa) or negative (CSCc) regions within the CV scan. This was done using the
‘Polygon Area’ function in Origin. CSC was then calculated by dividing this by the geometric
surface area of the electrode. The CSC for each array was calculated by averaging the
electrodes CSCs (mean with standard error), after removing statistical outliers (p<0.05).
Ouitliers were found using GraphPad software. All measurements comparing the impedance
between degrees of roughness were conducted before all cyclic voltammetry
measurements. All measurements comparing impedance change following incubation with

protein solution were conducted after all cyclic voltammetry measurements.

3.5 Tissue homogenisation and BCA

A protein solution was made to model biofouling. This process is summarised in figure 10.
Proteins were extracted from the brain of a healthy male Wistar rat weighing between 200 —
300 g. The brain was removed immediately after termination. All procedures were approved
by the UK Home Office and performed under the Animals (Scientific Procedures) Act 1986.
The sample was weighed and placed with 25 ml chilled RIPA (Radioimmunoprecipitation
assay — see table 1) buffer before being homogenised by a Cole-Parmer ® LabGen 125
tissue homogeniser. A SIGMAFAST™ protease inhibitor cocktail tablet was then added
according to manufacturer’s instructions. The sample was centrifuged at 1,000 g for 10
minutes at 4°C, and the supernatant was collected. The protein concentration of the solution
was then quantified using a Pierce ™ BCA (bicinchoninic acid) protein assay: Five BSA

(bovine serum albumin) dilutions (5, 25, 50, 125 and 250 pg/mL) were made in de-ionised

Protease
inhibitors Centrifuged
added

Homogenised
in RIPA buffer

Brain removed

Protein
concentration
from BCA

Supernatant

taken

Figure 10 Summary of the protein extraction process.
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water. BCA working reagent was prepared by mixing 50 parts BCA reagent A with 1 part
BCA reagent B, as per manufacturer’s instructions. Working reagent was then added to both
the sample and BSA standards (1:20, sample:working reagent) and incubated at 37°C for 30
minutes. Using a de-ionised water control, BSA standards and protein samples were then
plated in duplicate. The absorbance at 562 nm was taken using a Varioskan Flash Spectral
Scanning Multimode Reader (Thermo Scientific™). Analysis was done using Skanlt™ 2.5.1
software (Fisher®). Using Microsoft Excel®, the average absorbance of each of the BSA
standards minus the average absorbance of the water was plotted against concentration.
The standard curve generated was used to estimate the sample protein concentration

(please see Appendix 1, figure 28).

3.6 Impedance Following Incubation with Protein Solution

To model the effects of biofouling, impedance was compared before and after incubation

with protein solution.
3.6.1 RIPA Buffer Protein Solution

Baseline impedance was again measured (as above; figures 7 & 8) for all electrodes on
each electrode array. This was done after cyclic voltammetry. As the protein solution
contained RIPA buffer, it was necessary to control for any potential effects the RIPA buffer
may have on electrode impedance. As outlined in figure 11, arrays were incubated with 35
pL 1 X RIPA (Radioimmunoprecipitation assay) buffer on their surface for 2 hours at room
temperature after the baseline measurements. For all measurements in this and the
following section (3.6.2), only aCSF was used as an electrolyte. For each electrode array,
the beaker containing the electrolyte was sealed with para-flm and reused for the
measurements post incubation. With the RIPA buffer still on the electrode array surface, the
arrays were lowered carefully into the electrolyte. Impedance measurements were repeated
in the same order as before. For each electrode, the difference between scans before and

after incubation with the protein solution (i.e. scan 1 after — scan 1 before, scan 2 after —
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scan 2 before) was calculated. This difference was considered due to RIPA buffer
incubation. The electrode arrays were rinsed thoroughly with de-ionised water using a
squeeze bottle and left to dry overnight. This process was then repeated with RIPA buffer
containing protein replacing just RIPA buffer (figure 11). To establish the effects the protein
had on impedance, the difference from RIPA was taken away from RIPA + protein, giving
the following: change from RIPA + protein — change from RIPA = change from Protein. The
mean of these values were calculated for each electrode, and the outliers (p<0.05) removed.
The mean of all electrodes (excluding outliers) was calculated for each array and is given (=

standard error).

Measure . . Measure
. RIPA incubation . Clean electrodes
impedance impedance

Impedance
difference for RIPA
calculated

Measure RIPA + protein Measure

. . . . Clean electrodes
impedance incubation impedance

Impedance Difference between
difference for RIPA + RIPA and RIPA +
protein calculated protein calculated

Figure 11 Experimental process for the RIPA buffer protein model.

3.6.2 aCSF Protein Solution Including Dialysis

aCSF protein solution was also used as aCSF is a more biologically accurate solute
compared to RIPA buffer. As with the previous section, only aCSF was used as an

electrolyte. As summarised in figure 12, dialysis was used to replace the RIPA buffer with
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RIPA and aCSF Measure aCSF protein Measure
Switched by Dialysis impedance incubation impedance

Impedance
difference after
Clean electrodes aCSF protein
incubation
calculated

Figure 12 Experimental process for the aCSF protein model.

aCSF: 1.5 mL RIPA protein solution was transferred into dialysis tubing (Sigma®). The
tubing was sealed at both ends with klippits and was left in 2 L 1 x aCSF overnight at 4°C.
The volume of the resulting solution was obtained and concentration calculated. Impedance
was measured before and after 2 hour incubation with 35 pL of aCSF protein solution at
room temperature on the electrode array surface. As mentioned (section 3.6.1), impedance
measurements for each electrode were conducted 3 times. Change in impedance for each
electrode was calculated by the difference between each of the 3 corresponding scans
before and after incubation (i.e. scan 1 after — scan 1 before, scan 2 after — scan 2 before).
The mean of these values was calculated for each electrode, and the outliers (p<0.05)
removed. The mean of all electrodes (excluding outliers) was calculated for each array and

is given (+ standard error).

3.7 Biocompatibility
Neu7 and A7 astrocytic cell lines were cultured separately on both SU8 and Au chips to
model in-vivo cellular response to electrode arrays with differing degrees of roughness.

3.7.1 Cell Culture, Plating and Immunohistochemical Staining

Cell culturing and incubation with the chips was conducted using Dulbecco’s modified
Eagle’s Medium (DMEM) with 4.5 g/L glucose, 30 mg/L L-glutamine and 10% Fetal Bovine
Serum (FBS) in 37°C, 4% CO,. To concentrate cell solution on the chip surface during

plating, wells were constructed from PDMS (Sylgard 184; Dow Corning).The Sylgard was
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mixed 10 parts elastomer base to 1 part curing agent, poured into a 150 mm diameter petri
dish, degassed and cured in a vacuum oven at 80°C for 2.5 hours. The resulting object was
then cut up, and wells were made by cutting a hole using a surgical scalpel. This was done
around a stencil (0.7 x 1 cm) to ensure the chips were submerged under a consistent
amount of media during incubation (figure 13 A). As in figure 13 B, both chips and PDMS
wells were then decontaminated by submerging in 70% ethanol at room temperature for 10
minutes. They were then transferred into the fume hood and dab dried on tissue paper
before being rinsed using de-ionised water rinse and drying process was repeated twice.

The bases of the PDMS wells were sealed with Dow Corning High Vacuum Grease. To

A

6 Well Plate

— PDMS Well

— Chip

Cell or Staining Solution

Wash chips and
wells (ethanol then [rd
water)

|
Stain with Mount chips onto imaged Counted
antibodies / DAPI microscope slides g

Figure 13 Cell culture / staining process. A is schematic diagram of experimental setup used to

Seal wells with Incubate chip with

Fix cells on chip
grease cells

culture the cells. Cells were cultured and stained on the test surfaces (chips) in custom made PDMS
wells in 6 well plates. B is a simplified flow chart of the culture, staining and counting process.
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encourage cell attachment, chips were incubated with polylysine at room temperature for 1
hour. The polylysine was then removed and the chips were left to dry overnight in the fume
hood. Cells were plated and incubated in 37°C, 4% CO, for 5 hours. Neu7 and A7 cells were
plated on different chips so that only one cell line was on each chip. Both lines were plated in
the same concentration (100,000 cells/ml). This concentration was found to give the optimal

confluency (~ 60%) during optimization.

After incubation, media was removed and the chips were transferred to a 48 well plate for
staining. Chips were washed once in PBS (10 minutes) and incubated for 15 mins in 4%
Paraformaldehyde (200 uL/well) at room temperature. Chips were then washed 3 times in 1
x PBS before being blocked by PBS containing 0.2% Triton (PBST) with normal donkey
serum (NDS) (3% volume) for 1 hour in room temperature. Next, the solution was replaced
with PBST, containing 3% NDS and Anti-GLAST1 (glutamate asparate transporter; highly
glial selective membrane protein) primary antibody before being incubated for 18 hours in
the dark at 4°C. After being washed in PBST 3 times, chips were then incubated with 200
pL/well of the PBST-NDS mix containing the anti-mouse Alexa fluor 568 secondary
antibodies for 2 hours in the dark at room temperature. Chips were washed in PBST once,
before being incubated with PBS containing DAPI (1:2000 dilution) for 2 minutes at room
temperature in the dark. Finally, chips were washed once in PBS before being mounted onto

slides using fluoromount G mounting medium. This process is summarised in figure 13 B.
3.7.2 Cell Counting

Cells were imaged using a LSM 700 (Zeiss) laser scanning confocal unit attached to an
inverted Axio Observer (Zeiss) microscope with an EC Plan-Neofluar 20x objective (NA =
0.5). Images were captured at a 128 x 128 pixel definition and visualised using Zen Black
(version 8.1) software. An argon laser was used to provide excitation at 405 nm (DAPI -
blue) and 555 nm (Alexa flour 568 - red). Cells were counted from a 64 image tile scans (8 x
8 images; figure 14) of equal size. Each chip had only one tile scan, taken of a random
location on the chip surface. DAPI stain was used to count the cells in each tile in ImageJ.
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Staining was taken to be cells if 3 criteria were fulfilled: First, it was within the chip perimeter.
Second, DAPI staining overlapped with Alexafluor 568 and the DAPI stain was within the
Alexafluor 568, as with figure 14 insert. Third, if the DAPI stain was within a defined area
range. The DAPI area range (Neu7: 32 - 80 um? A7: 22.4 — 64 pm?) was defined for each
cell line by measuring the largest and smallest nuclei for that cell line across multiple tiles.
DAPI images were converted to black and white and the defined size range was used to
count nuclei using the ‘Analyse Particles’ function in ImageJ. As in figure 14, this method

was validated for each cell line by overlaying the counted nuclei with the Alexafluor 568

Figure 14 Example tile image with counted DAPI stained nuclei (white — pseudo colour) overlaying
Alexafluor 568 stained cell bodies (red). Tile is divided into 64 squares to allow for subtraction of
regions outside of the chip. White arrow highlights edge of chip. Insert magnification shows how DAPI

stain is within the cell body.
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image, and size range was adjusted accordingly. Due to the random process of which parts
of the chips surface image, regions outside of the chip were sometimes imaged (figure 14
gives an example). To account for this (as in figure 14), tile images were divided into 64
squares of equal size and the average cell density (i.e. cell count / square count) was
calculated. Squares containing regions outside of the chip were not included. Cells within

those squares were also not included.

3.8 Statistics

All ANOVA and correlations were done using Origin software. For all correlations, data
points qualified as outliers if they were 1.5 * the interquartile range (calculated in Origin)
outside of either the upper or lower quartiles (Devore et al. 1999). Alternative correlations

are given to establish whether outlier removal increased correlation strength.
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Chapter 4: Results

Au and SU8 roughened to different degrees were tested in several different scenarios to
establish which degree of roughness may be the optimal choice for enhancing electrode

performance.

4.1 Surface Roughness Characterisation

The effects of surface roughening using different RIE plasma power values on the degree of
roughness of Au (gold) surfaces were measured using atomic force microscopy (AFM). As
shown in figure 15, Au surface features increased in size with RIE power. Figure 16 shows
how roughness increases with increasing RIE power. This data was collected and analysed
by Dr. Christopher Russell. It has been included in this thesis as a baseline, allowing us to
compare the surface roughness values - as opposed to just the RIE power - to other results.
Figure 16 includes both Ra and Rms roughness. Since both Ra and Rms are different ways
of analysing the same data, only Ra has been used to compare degrees of roughness to
other results since it is used in previously published literature (Chung, et al. 2015; Bhandari

etal. 2011).

ow 150 W

Figure 16 Example 3 dimensional representations of AFM scans. Surface features increase in size with

greater RIE power.
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Figure 17 Measure of roughness of Au chips for each roughening power. The roughness was
measured as average roughness (Ra) and root mean squared (Rms) in nm (x SD) and the mean

of 3 measures per chip. This work is presented here with the permission of Dr. Chris Russell.

4.2 Electrode Impedance

The number of electrodes recorded from for each degree of roughness is listed in table 2.
Electrode impedance was compared for all degrees of roughness. The objective was the find
the degree of roughness with the lowest impedance. The effect of surface roughening on
electrode impedance was measured in both aCSF and PBS. Figure 17 A and B give the
mean impedance (at 1 kHz) for each degree of roughness in both aCSF (figure 17 A) and
PBS (figure 17 B). Roughening significantly increased (p<0.05; 1 way ANOVA, Bonferroni’s

post hoc) impedance in aCSF for all degrees of roughness, except 200 W. 200 W had a

Table 2 The number of electrodes used for measurements for each degree of roughness
RIE Power (W) O 25 50 75 100 150 200 250 300

Electrodes 4 8 7 7 7 7 8 4 0
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significantly lower impedance than 25, 50, 100 and 150 W, implying 200 W is the most

desirable degree of roughness.

Roughening significantly increased impedance measured in PBS for 25 and 150 W in
comparison to 0 W (p<0.05; 1 way ANOVA, Bonferroni’s post hoc). 150 W was also
significantly higher than 50, 75, 100 and 200 W. This suggests that when measured in PBS,
150 and 25 W are the least desirable degrees of roughness. Correlations were performed to
establish if there was any relation between roughness and impedance (figures 17 C and D).
They were done using the Ra roughness values in figure 16. As shown, there was no
correlation between impedance measured in either aCSF (figure 17 C; r* = 0.006) or PBS

(figure17 D, r* = 0.03).
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Figure 18 The impedance measured at 1 kHz for each array (mean £ SEM). Electrolyte was either aCSF
(A) or PBS (B). For n numbers see table 2. C is impedance correlated against Ra measured in aCSF. D

is the correlation between Ra and impedance in PBS.
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4.3 Charge Storage capacity

To assess whether roughening had enhanced our electrodes potential to stimulate neural
activity, cyclic voltammetry (CV) was used to measure the charge storage capacity (CSC) of
each electrode array. The objective was to find the degree of roughness with the highest
CSC. CSC is divided into cathodic (CSCc) and anodic (CSCa). Figures 18 A and B give the
mean CSCa for each degree of roughness measured in aCSF (figure 18 A) and PBS (figure
18 B). In both aCSF and PBS, 50 W was the only roughness to have a significantly greater
CSCa than others suggesting it is the optimal degree of roughness for increasing CSCa (p <
0.05, one way ANOVA, Bonferroni post hoc). Ra was correlated against CSCc and CSCa to
establish if there was any relation between roughness and CSC. There was no correlation

between CSCa measured in aCSF and either Ra with (figure 18 C, r? = 0.42) or without
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Figure 19 Anodic CSC (CSCa) data. A and B are the CSCa (mean + SEM) for each array, using
either aCSF (A) or PBS (B) electrolyte. For n numbers see table 2. C and D are the correlations
between Ra and CSCa in aCSF with (C) and without (D) outliers. E is CSCa in PBS correlated

against Ra. Outliers are circled in blue. See text for r? values.
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outliers (figure 18 D, r* = 0.27). There was also no correlation between Ra and CSCa

measured in PBS (figure 18 E, r* = 0.09).

Figures 19 A and B give the mean CSCc for each degree of roughness measured in aCSF
(figure 19 A) and PBS (figure 19 B). In aCSF, there was no statistical difference between any
degrees of roughness (one way ANOVA, Bonferroni post hoc). However in PBS, 50 W was
significantly larger than all other values, and 75 W was significantly larger than all values
except 0, 25 and 50 W. 200 W was also significantly larger than 0 W (one way ANOVA,
Bonferroni post hoc). CSCc measured in aCSF did not correlate against either Ra with
(figure 19 C, r* = 0.21) and without (figure 19 D, r* = 0.68) outliers. CSCc measured in PBS
also did not correlate against either Ra with (figure 19 E, r* = 0.25) and without (figure 19 F,

r> = 0.23) outliers.
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Figure 20 Cathodic CSC (CSCc) data. A and B are the CSCc (mean + SEM) for each array, using
either aCSF (A) or PBS (B) electrolyte. For n numbers see table 2. C and D are Ra correlated with
CSCa in aCSF with (C) and without (D) outliers. E and F are CSCa against Ra in PBS with (E) and

without (F) outliers. Outliers circled in blue. See text for r? values.
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4.4 Impedance Change Following Incubation with Protein Solution

Impedance for each RIE power was measured before and after incubation with protein
solution. From this, a before vs. after impedance difference was found. Impedance
difference was compared between degrees of roughness. The objective was to find the
degree with the smallest impedance increase. Figure 20 gives the mean change in
impedance for each degree of roughness following incubation with either RIPA or aCSF
protein solution. There was no significant change in impedance difference in protein
adhesion for RIPA + protein (figure 20 A; one way ANOVA, Bonferroni’'s post hoc). There
was a weak correlation between impedance change from RIPA protein solution and
roughness (figure 20 C, r* = 0.88). The trend implies that for Ra between 1-6 nm, impedance

increases with roughening following incubation with RIPA protein solution. However, at
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Figure 21 Impedance change for each RIE power following incubation with protein solution. A and B are
the impedance change (mean + SEM) for each array following incubation with either RIPA buffer (A) or
aCSF (B) containing protein. For n numbers see table 2. C and D are impedance change from RIPA
protein solution against Ra with (C) and without (D) outliers. E and F are impedance change from aCSF

solution against Ra with (E) and without (F) outliers. Outliers are circled in blue.
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greater degrees of roughness, impedance then decreases. The point causing this decrease
corresponds to 250 W, suggesting it is the most desirable degree of roughness for lowering
impedance following incubation with RIPA protein solution. Outlier removal reduced

association strength (figure 20 D, r* = 0.5).

Incubation of aCSF protein solution with 25, 50, 75 and 100 W resulted in a significantly
smaller impedance increase with time than 0 W (figure 20 B; p<0.05; 1 way ANOVA,
Bonferroni post hoc), which was the only roughness to increase in impedance. This suggests
that all degrees of roughness tested are desirable for reducing impedance increase from
biofouling. As highlighted in figures 20 E (r* = 0.69), 0 W was outlying from the rest of the
data. Removal of O W outlier creates a strong correlation between roughness and
impedance change (figure 20 F, r> = 0.96). This trend suggests the effects of aCSF protein
solution incubation increase with roughness to a plateau at points corresponding to 150 and
200 W. In the same trend, the effects (i.e. impedance reduction) are greatest at 50 W. In line
with this, in figure 20 B 50 W undergoes the greatest reduction in impedance. This implies
50 W is the optimal degree of roughness for reducing impedance increase following

incubation with aCSF protein solution.

4.5 Biocompatibility

Astrocytic cell lines were cultured on Au and SUS8 surfaces, or ‘chips’, roughened to different
degrees and then counted. The amount of chips used for each RIE power in this study is

summarised in table 3. Neu7 cells were chosen to model activated astrocytes, whilst A7 non-

Table 3 The amount of chips used for each cell line in this study

RIE Power W) 0 25 50 75 100 150 200 250 300
Au A7 4 4 4 4 4 4 3 4 4
Au Neu7 4 4 4 4 4 4 3 4 4
SuU8 A7 3 0 4 0 4 0 4 0 3
SU8 Neu7 3 0 4 0 4 0 4 0 3
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activated (Elizabeth M Powell et al. 1997; Smith-Thomas et al. 1995). A high density of A7
and a low density of Neu7 is therefore desirable (see section 2.3). The objective was to

establish which degree of roughness had the highest A7 and lowest Neu7 cell density.

For each degree of roughness, figure 21 A gives the cell density of both A7 and Neu7 cell
lines cultured on Au. 25 W had a significantly higher A7 cell density than all degrees of
roughness except 100 W (p<0.05, one way ANOVA, Bonferroni’'s post hoc). 256 W A7 cell
density was significantly higher than 0, 50 and 150 W, whilst 100 W significantly higher than
150 W, suggesting they are the most favourable. 200 W has a significantly higher Neu7 cell
density than all degrees of roughness except 100, 250 and 300 W (p<0.05, one way
ANOVA, Bonferroni’s post hoc). 300 W Neu7 density is significantly higher than 25, 50 and

75 W. This suggests both 300 and 200 W are the least desirable degrees of roughness.
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Figure 22 Cell densities counted on Au. A is the A7 and Neu7 cell density (mean £+ SD) from 3 different Au
chips for different RIE powers. B and C are A7 density correlated against Ra difference both with (B) and

without (C) outliers. D is Neu7 density Ra. Outliers are circled in blue.
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There was no correlation between roughness and A7 cell density both with (figure 21 B, r* =
0.03) and without (figure 21 C, r* = 0.03) outliers. This suggests that there is no trend
between the degree of roughness and A7 cell survivability. There was a weak correlation

2

between Neu7 and roughness (figure 21 D, r* = 0.66), suggesting Neu7 cell density

increases with the degree of roughness.

As shown in figure 5B (section 3.2.2), the majority of the probe surface area is SUS.
Increasing the biocompatibility of the SU8 surface would therefore be a powerful tool in
reducing immune response. The biocompatibility of different SU8 degrees of roughness was
compared for this reason. Figure 22 gives the difference in cell density for each degree of
roughness for both A7 and Neu7 cell lines cultured on SU8. We did not compare SU8 and
Au biocompatibility since we were unable to perform AFM on our roughened SUS8 surfaces.
Au surface morphology is also likely to be different as it was coated onto roughened SUS8.
Unlike with Au, A7 cell densities were significantly lower than 0 W for all degrees of
roughness except 200 W (p<0.05, one way ANOVA, Bonferroni’s post hoc). 200 W was

significantly greater than all degrees of roughness, except 0 W. There was no significant
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Figure 23 The A7 and Neu7 cell density (mean + SD) from 3 different SU8 chips for different RIE
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difference in Neu7 cell densities. Taken together, this data suggests 0 W and 200 W are the

most desirable degrees of roughness for SU8.
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Chapter 5: Discussion

The aim of this study was to find the degree of roughness at which both impedance and
compatibility were at their optimal, that is identify the range where compromises can be
made towards choosing electrodes for stimulation, recording or both. Whilst, as shown in
table 4, we did not find any overlap between degrees, we did succeed in finding the optimal

degree of roughness for each condition. Explanations for our findings will now be discussed.

Table 4 The most desirable degrees of roughness in each scenario.

Impedance CSCc CSCa Biofouling Biocompatibility
(initial)
PBS No sig. diff. 50, 75W 50w
aCSF 0, 200 W 50 W 50, 75 W 50, 100 W
RIPA 250w
Au 25, 100 W
SuU8 0, 200 W

5.1 Electrode Impedance

Low electrode impedance is desirable for neural electrodes as it allows for sensitive
detection of neural electrical activity in-vivo. Consistent with theory (section 2.1), electrode
surface roughening has been used to lower impedance in literature (Bhandari et al. 2011;
Seker et al. 2012; Koklu et al. 2016). Whilst studies have shown that roughened Au
electrodes have lower impedance than non-roughened electrodes, they have only compared
one degree of roughness to non-roughened (Chung et al. 2015; Koklu et al. 2016; Seker et
al. 2010; Zhang et al. 2012). We measured the impedance across several degrees of
roughness. Furthermore, in the studies listed, the electrode materials were roughened
directly, as opposed to being layered over a pre-roughened surface like in our study. The
objective here was to establish which degree of roughness had the lowest impedance.

Based on previous literature, it was hypothesized that impedance would be inversely
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proportional to roughness. In this study, impedance was measured in both phosphate

buffered saline (PBS) and artificial cerebral spinal fluid (aCSF).

Unlike in the literature, we found impedance for all degrees of roughness (except 200 W)
was greater than 0 W when measured in aCSF (figure 17A, section 4.2). In PBS, impedance
was higher only for 25 and 150W compared to 0 W (figure 17 B, section 4.2). This
discrepancy in the relationship between impedance and roughening, along with the

difference between PBS and aCSF, is intriguing and is perhaps explained below.

5.1.1 Capacitance Reduction as a Factor for Impedance Increase

As described in section 2.1, capacitance is inversely proportional to impedance, so a
decrease in capacitance will increase impedance. It is possible that with surface roughening,

capacitance was decreased contributing to an increased impedance.

Electrode surface heterogeneities at the atomic scale have been shown to cause a decrease
of capacitive behaviour, increasing impedance (Kerner 1998; Kerner & Pajkossy 2000;
Bidola et al. 1994). Pajkossy (2005) argues that this type of capacitive decrease is due to
two factors: 1) the locally conductive regions on the electrode - electrolyte interface allowing
for ion adsorption 2) the varying affinity to adsorb onto the electrode surface amongst
molecules. It is possible that Au deposited onto roughened SU8 has a large number of
atomic scale surface features which reduce the capacitance at the electrode surface. This
effect is characterised by consistently low phase angle over a large frequency range (1 Hz —
10 kHz) (Pajkossy 2005). Future tests to that may be done to provide evidence in support

capacitance reduction from surface features will now be given.

Electrical impedance spectroscopy may be used. In electrochemical impedance
spectroscopy, a sinusoidal AC voltage is generated between the counter and working
electrodes and the current phase relative to the voltage is measured (figure 23). If the
impedance is capacitive then the voltage changes fall behind the current changes. This is

represented by a positive phase angle (as with figure 23, A and B). A phase shift of +90°
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therefore implies impedance is completely capacitive, whilst 0° implies it is completely
resistive. As a result, a surface with low capacitance behaviour would typically be
characterised by a low positive phase angle. As shown in Appendix 2, figure 29, phase angle
is lower for 100 W compared to 0 W throughout the frequency range, consistent with
(Pajkossy 2005; Pajkossy 1991). Further analysis may be required to establish if a low

capacitance is consistent with all roughened electrodes involving circuit modelling.

Circuit modelling involves the fitting of computer models of different theoretical circuit
designs to impedance data over a range of frequencies. Different theoretical circuits would
result in different phase responses for impedances measured over a frequency range (figure
24). In electrical impedance spectroscopy, phase response is presented by plotting real
impedance against imaginary (figure 24C). Having a model that fits the data allows you to
calculate the capacitive and resistive elements from it. Circuit modelling is the best way to
accurately estimate capacitance and is the next step towards understanding capacitive

change with roughness.
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Figure 26 Diagram demonstrating how phase shift is calculated. Phase angle (©) between a sinusoidal
AC voltage and current is calculated from phase shift between the two. Figure A shows a low phase

angle implying mostly resistive impedance. B is a high phase angle implying mostly capacitive.
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Figure 27 Example circuit models and their phase response. A and B are example circuit models. C
is an example of how the phase response is displayed (Nyquist plot), including the phase response
for the circuits A and B. The magnitude of the imaginary impedance is plotted against the magnitude

of the real impedance (see section 2.1) over a limited range of frequencies.

Flame annealing is another way to provide evidence for capacitance reduction. Flame
annealing is a process where the surface of the electrode is heated to below the melting
point, leaving roughness unchanged on a scale detectable by a scanning electron
microscope (Kerner & Pajkossy 2000). It has been shown to reduce capacitance dispersal
on Au electrodes as it removes surface energetic heterogeneities (Kerner 1998). An
increased capacitance after annealing would therefore be evidence suggesting atomic

heterogeneities are the cause of impedance increase.

5.1.2 Impedance was Greater in aCSF

Impedance was higher in aCSF compared to PBS (figure 17, A and B, section 4.2). It is likely
the impedance difference between aCSF and PBS is partly due to glucose (not in PBS —
Table 1), which has been shown to increase impedance previously when added
independently into solution (Tura et al. 2007; Park et al. 2003). This could be confirmed by

repeating the impedance measurements in aCSF without glucose.
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5.1.3 No Correlation between Roughness and Impedance

Correlations between Ra and impedance were conducted to see if impedance decreased
with roughness. As shown in figures 17 C and D (section 4.2), there was no correlation when
using either aCSF or PBS as electrolyte. It is possible that the size of the roughened
electrode surface features were not large enough to increase capacitance as a result of
being smaller than the Debye length. The Debye length (or radius) is a measure of a charge
carrier's net electrostatic screening effect in solution. It is the distance from the atomic
nucleus where the electric potential decreases by 1/e, where e is the charge of one proton
(Debye 1936). If surface features are smaller than the Debye length of the ions in the
solution, then capacitance increase is smaller as a result. If the features are small enough,

then there is no measurable increase (Daikhin et al. 1996; Daikhin et al. 1997).

The Debye length was calculated using the concentrations given in table 2 at 18 + 5°C for
aCSF and PBS using an online Debye length calculator (Kocherbitov 2015). The
temperature was measured in the electrolyte during measurements to account for any heat
generated from the electrochemical reactions. It was the same for aCSF and PBS, though it
should be noted that temperature was only measured once for each on the same day. We
have calculated Debye length at 18 + 5°C as an approximation of the effects of lab
temperature fluctuation. Permittivity is a factor in Debye length and is discussed in more
detail in sections 5.2.5 and 4.4.1. A relative permittivity of 80 was used for PBS (Zheng et al.
2013) and 84 was used for aCSF. A relative permittivity value of CSF was used for aCSF as
we were unable to find one. As our aCSF composition was similar to CSF in literature, we
believe this to be a reasonable approximation (Michel et al. 2016). Debye length was 0.29 +
0.01 nm for aCSF and 0.8 £ 0.03 nm for PBS. However as shown in figure 15 (section 4.1),
there are an increased amount of surface features greater than 2.5 nm in size with
increasing RIE (reactive ion etch) powers. This suggests capacitance should also increase,
thus decreasing impedance. The fact there is no correlation between roughness and

impedance implies there is some other factor reducing capacitance. As discussed in section
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5.1.2, we believe atomic scale surface heterogeneities may be a factor. With our data, and
without further experimentation to confirm this theory, it is uncertain what other factors may

have contributed.

5.2 Charge Storage Capacity

Charge storage capacity (CSC) is a measure of the maximal amount of charge that can be
stored at the electrode surface before hydrolysis (Garcia-Gabaldon et al. 2011). A high CSC
is desirable for the stimulation of neural electrical activity in-vivo. CSC was measured using
cyclic voltammetry to understand our electrodes potential as stimulating electrodes. CSC is
divided into anodic (CSCa) and cathodic (CSCc). CSCa is a measure of how much negative
charge can be stored at the electrode surface, whilst CSCc is a measure of how much
positive charge can be stored. As with impedance, measurements were conducted using
both PBS and aCSF as electrolyte. Based on previous literature, it was hypothesized that

both CSCa and CSCc should increase with roughness (see section 2.2).

50 W was the only degree of roughness to increase CSCc in both PBS and aCSF. There
was ho change between degrees of roughness in CSCa when measured in aCSF. In PBS,
50 W CSCa was significantly larger than all degrees of roughness, and 75 W significantly
larger than all except 0, 25 and 50 W. In both PBS and aCSF, correlations with both CSCa

and CSCc against roughness had a very weak negative trend.

5.2.1 50 W Has the Largest CSCc in PBS and aCSF

As discussed in section 2.2, greater electrode surface areas are expected to have greater
amounts of charge passing to/through the electrode-electrolyte interface. It is therefore
surprising that the degrees of roughness with the highest CSC (50 and 75 W; figures 18 &
19, section 4.3) are not the highest degrees of roughness. To understand what may have
caused this, knowledge of the type of charge injection mechanisms occurring is required.
Inspection of the voltammogram (cyclic voltammetry scan) gives insight into what kind of

charge injection mechanisms are occurring over a given voltage range. Explanations of the
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results will now be given in reference to voltammogram shape. A brief explanation of how to

interpret voltammogram data is given in Appendix 3.

50 W had the largest CSCc in both PBS and aCSF and, as shown in figure 16 (section 4.1),
50 W has the lowest degree of roughness. This conflicts with theory that suggests a low
degree of roughness will have a small CSC (Aurian-Blajeni et al. 1987). It is uncertain why
this is, though one possible explanation could be linked with surface feature shape. Different
shaped surface features will give rise to different Au crystalline structures. The atomic scale
surface structure of single crystalline Au has been shown to affect faradaic current
amplitude, suggesting the surface structure of 50 W may result in the greatest rate of
faradaic reactions (Kolb & Schneider 1986; Hamelin & Martins 1996). In line with this,
previous literature theorised ‘jagged’ surface features decrease capacitance whilst
increasing faradaic current (Zhao et al. 1999; Thomas 2012). lonic species capable of
undergoing faradaic reactions at the electrode surface are screened by the double layer.
However, jagged surface features cause a break in the double layer, allowing faradaic
reactions to occur. Admittedly, this effect has been reported on higher degrees of roughness
(Zhao et al. 1999; Thomas 2012). However, it is possible that 50 W had sufficient

jaggedness to measurably increase faradaic current.

As explained in Appendix 3, faradaic currents are typically characterised by a peak in the
voltammogram. As shown in figure 30 (Appendix 3), current increase commonly continued to
the end of the scan with 50 W instead of peaking. An explanation of the cause of this

provides further information about the electrode surface so it is worth briefly discussing.

5.2.2 Unconventional Faradaic Peaks Explained by Edge Effect

Electrodes are commonly fabricated so that they rise above the level of the surrounding
probe, exposing a surrounding edge to the solution (figure 25). Charge is able to build up /
pass through the edge of the electrode. In microelectrodes, the edge is proportionately larger

than macroelectrodes (figures 25 and B). This allows a proportionately larger amount of
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Figure 28 Edge effect. A and B illustrate the proportionate difference between diffusion at the edge vs
the face of the electrode with a macroelectrode (A) vs a microelectrode (B). C and D are example
voltammograms showing faradaic current occurring from edge effect at a macroelectrode (C) vs a
microelectrode (D). Note the faradaic current peaks in C which do not exist in D due to a

proportionately higher diffusion at the edge of the microelectrode compared to the macroelectrode.

Mungo Elms
200688934

current to build up at / pass through microelectrodes surface in comparison to
macroelectrodes. The edge effect is a phenomenon where ionic diffusion towards the edge
of microelectrodes reduces the diffusion limitations that normally cause the peaks shown in
figure 25 C (Oldham 1981; Brownson & Banks 2014). The microelectrode’s proportionately
larger edge allows for a more efficient diffusion of charge towards/away from the electrode,
resulting in a sigmoidal voltammogram (as shown in figure 25 D). The diffusion is less
efficient in macroelectrodes since the diffusion at the edge is negligible in comparison to the
face of the electrode. A voltage window only large enough to incorporate the linear region of

the sigmoidal shape would explain the linearity seen in Appendix 3 figures 31 A and B.

As described in section 3.2.2, it should be noted that the edge of our electrodes are covered

by an SU8 passivation layer. However the edge effect is also seen with domed electrodes

A B

QL .;M&,,//
— S, -— — i
Macro Electrode Micro Electrode
C D
Potential Potential

Triangles denote scan direction.
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which would explain our results (Oldham & Zoski 1988). Further imaging analysis over a

larger region of the electrode would however be required to confirm a dome shape.

5.2.350 and 75 W CSCa was Greater in PBS but not in aCSF

The fact that 50 and 75 W had significantly higher CSCa in PBS but not in aCSF begs two
guestions 1) why were 50 and 75 W the highest as opposed to higher degrees of roughness
and 2) why was this not seen in aCSF? First, high CSCa for both 50 and 75 W seen in PBS
appeared to be due primarily to faradaic currents (as with Appendix 3, figure 31). It is
uncertain why these currents are so much larger with just 50 and 75 W, though it is possibly
due to a combination of favourable Au polycrystalline surface structures (Kolb & Schneider
1986; Hamelin & Martins 1996) and increased current flow from jagged edges (Zhao et al.

1999; Thomas 2012), as discussed in section 5.2.2.

Second, different ionic species undergo redox reactions at different potentials (Rodriguez et
al. 2000). It is therefore likely that the difference between CSCa in aCSF and PBS is due to
interactions from different electrolyte species. However it is not possible to differentiate
redox peaks due to the edge effect (section 5.2.2). The next step to understanding the role
of different ions in creating these faradaic currents would be cyclic voltammetry in PBS with
the removal of different ionic species. To better understand the faradaic peak current

potential, electrodes with larger surface areas would be required to eliminate the edge effect.

5.2.4 Higher RIE Powers Had Minimal CSC

As shown in Appendix 4, figure 32 A, there was often an extremely low (< 20 pA) current
during cyclic voltammetry for 150, 200 and 250 W. This occurred in both PBS and aCSF,
though more commonly in aCSF. This is the reason 150, 200 and 250 W have the lowest
CSC in aCSF. Due to this, correlations for both CSCc and CSCa against roughness showed
a negative trend (figures 18 C-E and 19 C-F, section 4.3). It is uncertain what may have
caused CSC to be so low for these electrode arrays. An obvious answer would be an

insulating layer on the electrode surface. However, for a layer to produce so little current
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during cyclic voltammetry, it would have to cause sufficient charge separation from the
solution to eliminate capacitance (Thomas 2012). To test this, impedance was measured
immediately after cyclic voltammetry scans. As shown in Appendix 4, figure 32 B, impedance
at smaller frequencies (< 10 Hz) was lower than another electrode with a larger CSC,
suggesting current was unaffected at frequencies greater than 1 Hz. However, it is possible
current could be affected at frequencies less than 1 Hz. This could be tested by increasing
cyclic voltammetry scan rate. Alternatively, the low CSC may be due to a poor connection
between the Au wire bonding and the electrode array. Poorer connections may be found with
higher degrees of roughness and only allow for current in the range required for impedance
spectroscopy. This could be tested by comparing current increase to an AC voltage of
increasing amplitude with an electrode array with a larger CSC. An upper limit in the current
at the working electrode would suggest bonding issues. This was not done to protect the

electrodes from corrosion.

It is possible permittivity is also a factor. Permittivity is the resistive force experienced when
creating a flux of charge towards a dielectric, meaning a higher permittivity equates to less
electric flux (see section 5.4.1). Permittivity is marginally higher in aCSF (84; Michel et al.,
2016) than PBS (80; zZheng et al., 2013), which could contribute to low CSC was seen more

in aCSF.

5.2.5 CSC is Greater in aCSF than PBS

As shown in figures 18 A and B and 19 A and B, CSC was higher in aCSF than PBS. As
explained in Appendix 3 (figure 30 A), predominately capacitive CVs are recognisable by
their rectangular like shape. There generally appeared to be a larger capacitance for CVs
measured in aCSF. Unlike with double layer capacitance, psuedocapacitance
voltammograms deviate from the rectangle form due to redox peaks connected with kinetic
charging processes (Frackowiak & Beguin 2001). An example of this is highlighted in
Appendix 3, figure 31). As psuedocapacitance amplitude differs with ionic species,
voltammetry with each aCSF species in solution individually is required to understand their
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individual roles pseudocapacitance. Since aCSF and PBS give different results, it is worth

discussing the use of each of them as a model.

5.3 aCSF May Be a Superior Electrolyte Compared to PBS

PBS is typically used as an electrolyte for electrode measurements as it allows for
comparison with other studies. aCSF contains the same ionic species as cerebral spinal
fluid, making it a more biologically accurate model (Michel et al. 2016). As shown in table 1,
PBS contains several different ionic species, making it less biologically accurate.
Unsurprisingly, the two provide different results when used as electrolyte (as discussed in
sections 5.1.3, 5.2.2 and 5.2.6). The point of measuring electrode performance in-vitro is to
understand how the electrodes may perform in-vivo, meaning an accurate model of the in-
vivo environment is desirable. Whilst aCSF has been used as an electrolyte to model in-vivo
electrode use previously (Vahidpour et al. 2016), to the authors knowledge it has not been
compared with PBS for its accuracy in modelling in-vivo. We suggest that this comparison

should be done as it seems likely aCSF may provide a more accurate model.

5.4 Impedance Change due to protein adhesion

Protein adhesion at the electrode surface, or ‘biofouling’, is thought to increase electrode
impedance in-vivo. The difference in impedance was found by comparing impedance before
and after incubation with protein solution for different degrees of roughness. Publications
have previously only used a single protein to model biofouling in-vitro (Patel et al. 2013;
Moulton et al. 2004; Sommakia et al. 2014; Sommakia et al. 2009). The objective was to find
which degree of roughness underwent the smallest impedance increase from biofouling. We
tested this using a multiprotein model which is more biologically accurate than single protein
models previously used. It consisted of a tissue homogenate dissolved in either RIPA
(radioimmunoprecipitation assay) buffer or aCSF. The hypothesis was that impedance
increase would be greater for larger degrees of roughness. Interestingly, we found that
impedance decreased following incubation with aCSF protein solution for all degrees of
roughness except 0 W (figure 20 B, section 4.4). With RIPA protein solution, impedance
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decreased for all degrees except 75 and 150 W (figure 20 A, section 4.4). With aCSF protein
solution, 25, 50, 75 and 100 W had a significantly smaller impedance increase than 0 W,
whilst no difference between degrees of roughness from RIPA protein solution. To
understand why impedance decreased, impedance theory must be expanded. As mentioned
(section 5.1.1), impedance consists of both capacitive and resistive elements. As it is
possible that protein adhesion affects both of these, this discussion will now look at them

individually, starting capacitance.

5.4.1 Impedance Decrease - Capacitance

In-vivo studies suggested impedance increase from biofouling was due purely to a rise in
resistance (Malaga et al. 2016; Otto et al. 2006; Johnson et al. 2005). However contrary to
this, previous in-vitro studies have reported an capacitance increase accompanying an
increase in resistance following protein adhesion (Moulton et al. 2004; Sommakia et al.
2014). Capacitance may have also increased in this study since an increased phase angle
was often associated with a reduction in impedance (an example of this is given in Appendix
5, figure 33). Capacitance increase may be possible because proteins commonly become
charged in solution (Ohno et al. 2009), resulting in a build-up of charged protein molecules at
the electrode surface. Double layer capacitance formed by a mixture of proteins and ions
may be greater than if formed purely by ions due to an increase in permittivity. As
mentioned, permittivity is a measure of the resistance encountered when forming an electric
field. When creating an electrochemical double layer, a solution with larger sized charged
particles will have a higher permittivity as it will require a larger amount of energy to move
the particles close to the electrode. This also means there is a greater amount of energy
stored at the electrode. Protein molecules are far larger than the ions and generally have a
much lower charge density (Park et al. 1992). This means a greater amount of charge is
required pull protein molecules through solution in comparison to the smaller, more charge
dense ions, resulting in an increased permittivity. Double layer capacitance is a function of

permittivity and, as mentioned, the electrode surface area. This relationship is given in
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equation 1 where C is capacitance, €, is the relative permittivity, €, the vacuum permittivity
(8.9E™ F/m), A is the area of the electrode and d is the distance between the electrode
surface and the centre of the ion layer.

€oEr A

C= 1

Equation 1

It is important to note that since studies have reported an increase in capacitance in-vitro
(Moulton et al. 2004; Sommakia et al. 2014), in-vivo models suggestions of biofouling
causing an increased impedance purely from an increased resistance may not be accurate
since the capacitive increase caused by biofouling are not accounted for. This discrepancy
has two potential causes: First, the in-vivo studies circuit modelling estimations of the cause
of impedance increase were inaccurate. Second, the in-vitro studies have not accurately

modelled the in-vivo environment.

5.4.2 Impedance Decrease - Resistance

Whilst other studies have found increased capacitance, they have also found an increased
solution resistance that has the net effect of raising impedance (Moulton et al. 2004;
Sommakia et al. 2014). As mentioned, previous in-vitro models have only used a single type
of protein for each measurement (Moulton et al. 2004; Sommakia et al. 2014; Patel et al.
2013; Sommakia et al. 2009). Naturally, this limits the types of interactions occurring
between the electrode and electrolyte proteins. If capacitance increase from protein
adhesion occurred alongside a proportionately smaller resistive increase, the net effect
would be impedance decrease. Examples of this have been reported previously: Martic et al.
(2013) showed that copper ions binding to tau protein immobilized on Au electrodes enabled
the tau protein to take part in reduction/oxidations reactions, increasing the flow of charge
between the electrode/electrolyte. Similar effects have also been shown following the
binding of amyloid-beta oligomers and cellular prion protein (Rushworth et al. 2014) and

following exposure of silicon electrodes to tetracycline (Zhang et al. 2012). If such
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interactions exist, it seems reasonable to speculate that other protein-electrode, or protein-
protein-electrode, interactions that ameliorate the increase in the solution resistance caused
by protein adhesion may have occurred here. Considered alongside an increase in
capacitance, this could explain why there was a decrease in impedance following incubation

with protein solution.
5.4.3 The Effect of Biofouling Reduced with Roughness

Impedance decrease from biofouling was negatively correlated with roughness linearly for
RIPA protein solution (figure 20 D, section 4.4) and in a sigmoidal fashion for aCSF protein
solution (figure 20 F, section 4.4). It is possible this is due to a decrease in capacitance.
Protein has been found to adhere in greater quantities to roughened surfaces
(Salakhutdinov et al. 2008). If we assume this is the case here, then an increase in the
amount of protein at the electrode surface is causing either the decreased capacitance or
increased resistance. As shown in equation 1 (section 5.4.1), an increase in the distance
between the surface of the electrode and the centre of the electrochemical double layer
would lower capacitance. Since roughened electrodes have an increased surface area, an

increased amount of protein adhesion is possible if you assume the protein layer is of

@ Water Molecule e Protein == Electrode Surface

Figure 29 Difference between the distance (d) between electrode surface and the centre of the
electrochemical double layer on smooth electrode surface vs rough. A is smooth and B is rough.
Protein molecules between the surface features on rough electrode surfaces have the effect of

thickening the electrochemical double layer.
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uniform thickness. This would not increase electrode-double layer distance. However as
shown in figure 26, protein may instead form a layer of uneven thickness if it fills pores on
the roughened surface. This would increase the electrode surface-double layer distance,
reducing capacitance. Increase protein build-up at the surface would however also increase
permittivity. In figure 20F (section 4.4) there appears to be a saturation in the correlation.

This may be due to a balancing in the effects of increased distance and permittivity.

5.4.4 Greater Impedance Reduction from aCSF Protein Solution

There are a larger amount of data points (including error bars) that have had a negative
change in impedance following incubation with aCSF protein solution in comparison to RIPA
(figures 20 B and A, respectively, section 4.4). This may be due to the pH of the solutions. A
protein’s isoelectric point is the pH value at which the mean charge of the protein molecule is
zero. pH is therefore important when considering changes in both capacitance and
resistance from protein adhesion: Capacitance would be altered as a change in the amount
of charged molecules will affect the size of the double layer formed. Resistance would be
altered as a change in the amount of charged molecules will affect the way in which proteins
interact with each other and the electrode. In line with this, Chen et al. (2005) showed that
faradaic impedance following incubation with IgG was pH dependant, as well as all the
studies referenced that reported a decrease in solution resistance (Martic et al. 2013;
Rushworth et al. 2014; Zhang et al. 2012). These emphasize the importance of using a
biologically accurate pH when modelling biofouling. Extracellular pH has previously been
reported to be ~ 7.3 (Chesler 2008; Cragg et al. 1977). As aCSF pH is closer to in-vivo than
RIPA (7.83 vs 8.08, respectively), aCSF is more likely to provide a more accurate model.

This point will now be expanded upon.
5.4.5 aCSF Protein Solution is a Better Model Than RIPA Buffer Solution?

aCSF and RIPA buffer protein solutions were designed to model the in-vivo environment

following protein release after cell lysis. However unlike aCSF, RIPA contains ingredients
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such as sodium deoxycholate and nonyl phenoxypolyethoxylethanol which are not found in
the brain or spinal cord making it a less accurate model. As well as not being found in the
brain or spinal cord, deoxycholate and nonyl phenoxypolyethoxylethanol are lysing agents
which can denature proteins (Ngoka 2008). Interestingly, we found that within group to out
of group variance ratio was larger for impedance change following incubation with RIPA
buffer protein solution compared to aCSF protein solution, suggesting RIPA has less
consistent results. Protein denaturation (i.e. disruption and/or destruction of structure) may
possibly have contributed to this. The presence of denatured proteins would increase the

range of protein interactions.

Interestingly, as shown in figure 20 (section 4.4), there are a larger amount of data points
(including error bars) below the 0 MQ line with aCSF protein solution in comparison to RIPA.
This suggests that incubation with aCSF protein solution lowers impedance more than RIPA
protein solution. This may partly be explained by diffusion. Following electrode incubation
with RIPA solution, the electrode array was submerged in aCSF with the RIPA buffer
solution still on the surface (as in figure 27). Upon submersion, a diffusion gradient between
the protein solution and electrolyte would form. As there is a greater difference between
RIPA proteins solution and aCSF compared with aCSF protein solution and aCSF, there
would also be a greater diffusion gradient (figure 27). A larger diffusion would result in a

larger migration of protein away from the electrode surface, thus reducing electrode — protein

aCSF Electrolyte aCSF Electrolyte

aCSF + Protein

Electrode Surface Electrode Surface

Figure 30 Diffusion between aCSF electrolyte and protein solution on the electrode surface. Protein
solution is on the electrode surface as the electrode array is submerged in aCSF electrolyte, resulting in a

diffusion gradient between the protein solution and electrolyte. There is a higher diffusion gradient

between aCSF electrolyte and RIPA as shown by the arrows.
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interaction in RIPA protein solution.

5.5 Biocompatibility

Electrode insertion into the brain and spinal cord causes the formation of an electrically
insulating tissue known as glial scarring around the probe which is generally believed to be a
primary cause of electrode failure (Kozai et al. 2014). Reducing glial scar formation - or
improving biocompatibility - is therefore highly important for increasing the functional lifespan
of electrodes in-vivo. One idea is to improve adhesion of non-pro-inflammatory cells (i.e.
non-activated astrocytes), reducing glial scar formation. In an attempt to do this, we have

tested surface roughening using an in-vitro model.

As discussed in section 2.3, it is desirable to create a probe that is more conducive to non-
activated astrocyte survival than activated. To test if this was the case for roughened Au
surfaces, astrocytes were cultured on roughened surfaces and cell density was measured
for each degree of roughness. We have chosen Neu7 and A7 astrocytic cell lines to model
activated and non-activated cells, respectively (Fidler et al. 1999; Elizabeth M Powell et al.
1997; Smith-Thomas et al. 1995). A comparatively high density of A7 and a low density of
Neu7 was therefore desirable. The objective was to find the degree of roughness with

highest A7 and lowest Neu7 density on both Au and SU8.
5.5.1 Findings

On Au, we found that 25 and 100 W had higher A7 cell densities than other degrees of
roughness suggesting they were the most desirable for increasing biocompatibility (figure 21
A, section 4.5). Conversely, 200 and 300 W had higher Neu7 cell densities than other
degrees suggesting they are the least desirable degree of roughness for increasing
biocompatibility. There was no correlation between roughness and A7 density. A weak
correlation (r* = 0.66, figure 21 D, section 4.5), between Neu7 and roughness suggests

Neu7 density increases with roughness.
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Unlike Au, on SUS8 all degrees of roughness (except 200 W) had significantly lower A7
densities than 0 W (figure 22, section 4.5). There were no significant differences in Neu7
densities. This suggests roughening decreases biocompatibility on SU8. Cell density differs
as varying amounts of cells fail to anchor to the Au or SU8 surface. The potential causes for

these results will now be discussed.
5.5.2 Cell Density Varies, But Does Not Correlate, With Roughness

As discussed in section 2.4, cell binding is highly sensitive to surface feature shape, size and
spacing. As also mentioned, Biggs et al. (2010) argue protrusions with a height and spacing
> 70 nm, and widths < 70 nm are disruptive to cell binding, whilst protrusions with the
opposite dimensions aid binding. It must be noted that many of the studies listed in Biggs et
al. (2010) had surface features of consistent size and spacing. As shown in figure 15
(section 4.1) the surface features on each of our roughened Au surfaces consisted of a
variety of sizes. In this case, it would seem that the degree of roughness most conducive to
cell survival is the surface with the highest amount of feature sizes within the specified
range. It is possible that by increasing the roughness, you increase the amount of surface
features in the specified size range. However if this was the case, there would be a
correlation between roughness and cell density. One explanation for this may be linked to
how surface features form during RIE. As shown in figure 16 (section 4.1), increasing RIE
power will etched the surface to increasing depth. As with literature, this resulted in the
formation of increasingly large surface features (Oehrlein & Lee 1987; Oehrlein & Kurogi
1998). However as the material is etched, some surface features are also decreased in size.
This means that whilst you are increasing surface roughness, you may not be increasing the
amount of surface features within the optimal size range for cell binding. This would explain
why there is not a consistent increase in the amount of cells binding with an increase in
roughness. To confirm this would require obtaining a surface feature size range for each RIE

power from the AFM data.
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5.5.3 A7 Density is Lower than Neu7 on SU8

Cell density was measured on roughened SU8 surfaces. As shown in figure 5 B (section
3.2.2), the majority of the probe surface area is SU8. Improving cellular interactions with
SU8, or any other passivation material, would therefore be a powerful tool in reducing
gliosis. As with Au, the objective was to find the degree of roughness with the highest
biocompatibility. We found that A7 cell densities were significantly lower for all degrees of
roughness in comparison to 0 W (figure 22, section 4.5). This suggests that 0 W is the
optimal degree of roughness. There was no significant difference for Neu7. Interestingly,
unlike Au mean Neu7 cell densities were higher on SU8 than A7 for all degrees of
roughness except 0 W. This suggests that roughening decreases biocompatibility on SUS8.
We suspect the difference between cell binding affinities on Au and SU8 are due to two

reasons.

First, as described in section 3.2.3, Au surfaces were fabricated by plating Au onto a
roughened SU8 surface. It is therefore uncertain how similar the surface morphology is
between Au and SU8 chips of the same RIE power, though it is likely a smoothing effect
occurs with Au plating (Tian et al. 2002). To clarify this, AFM imaging is required. Sadly it
was not possible to image SU8 chip surfaces, so we are unable to compare them. This is

also why no correlations between cell density and roughness were conducted.

Second, proteins have different binding affinities to different materials. There are many
complex factors effecting protein adsorption affinity relating to surface properties including
surface energy, intermolecular forces, hydrophobicity, and ionic or electrostatic interaction.
These differ between SU8 and Au. For example, SU8 is more hydrophobic than Au (Xue et
al. 2014). The difference in protein affinity will alter the formation of the extracellular matrix at

the SU8 surface, thus altering cell adhesion.
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5.5.4 Highest Neu7 and A7 Cell Densities are on Different RIE Powers

The fact that there were different optimal binding conditions for Neu7 and A7 implies there
are factors related to the cell line affecting binding. Neu7 was chosen to model activated
astrocytes because it produces chondroitin sulphate proteoglycans such as NG2 and
versican (Fidler et al. 1999). These block neurite extension and form part of the extracellular
matrix (Smith-Thomas et al. 1995; Fidler et al. 1999). They may also change Neu7 binding

affinity to different Au degrees of roughness by altering extracellular matrix conformation.

Proteoglycans fill the majority of the extracellular space and aid cell binding as well as
provide force resistive properties (Schaefer & Schaefer 2010). As well as proteoglycans, the
extracellular matrix also consists of fibrous proteins such as fibrinogen and collagen which
bind to cells and provide structural support (Frantz et al. 2010). The addition of different
proteoglycan or fibrous protein species into the extracellular matrix will alter extracellular
matrix structure (Wight 2002; Frantz et al. 2010). Versican expression is high in the cervix
during pregnancy but is known to drop dramatically during involution, implying its presence
creates a more loosely organised extracellular matrix to accommodate developmental
events (Westergren-Thorsson et al. 1998). Thus, it seems likely that the addition of versican
will change the interaction between the roughened Au surface and extracellular matrix

components. This could explain the difference between A7 and Neu7 densities.
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Chapter 6: Conclusions and Future Works

6.1 Concluding Remarks

Chronic in-vivo electrode function requires the electrode to be able to surpass the effects of
both biofouling and biocompatibility, either of which may cause electrode failure. It is
therefore essential to investigate the effects of both of these whilst testing extra cellular
electrodes in-vitro. This is the first study to compare electrode roughening’s ability to combat
both glial scarring and biofouling in the same study. We also compared electrode function
between degrees of roughness. The aim of this study was to find the roughness at which

impedance, CSC, biofouling and biocompatibility were at their best.

We found that roughening increased impedance and only increased CSC for two degrees of
roughness (50 and 75 W). As shown in table 4 (section 5), the most biocompatible degrees
of roughness do not overlap with those most desirable for recording or stimulating. We
suspect that our fabrication technique increased the amount of atomic scale surface
heterogeneities which reduced capacitance. This appeared to supersede the effects of
roughening in the range of roughness fabricated. As such, we conclude we did not have the

optimal size range for roughening with our fabrication method.

This was the first study to use a multiprotein biofouling model. This likely to be far more
biologically accurate than the single protein models commonly used in literature. Our results
suggest that a combination of increased capacitance and protein-protein interactions may be
responsible for lowering impedance following biofouling. This is intriguing as it may be cause

to re-evaluate the cause of impedance increase from biofouling.

This was the first study to compare the electrolytes aCSF and PBS. The choice of aCSF as
an electrolyte was significant as it provided different results to the less biologically accurate,
though more commonly used, PBS. We suggest in-vivo modelling accuracy of PBS and

aCSF accuracy be compared.
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6.2 Future Directions

As discussed above (sections 5.1.2 and 5.4.1), circuit modelling is required to understand
the causes of impedance change. Using it to confirm whether a reduced capacitance is a
leading factor for increasing impedance with roughness (section 5.1.2) is the next step. It will
also be used to understand how our biofouling model changed both capacitance and

resistance (sections 5.4.1 and 5.4.2).

Our finding that a mixture of proteins decrease impedance (figure 20, section 4.4) is in
contradiction to findings in literature which suggest incubation with single protein species
increases impedance (Newbold et al. 2010; Moulton et al. 2004; Di et al. 2011). To validate
our findings, the experiment (as in section 3.6.2) should be redone using fibronectin, human
serum albumin and immunoglobulin G as has been done in the literature. If we find similar
results to the literature, it is likely the difference is due to protein-protein interactions as

opposed to experimental conditions. This would strengthen our claims.

This study was the first to test the biocompatibility of a roughened passivation material.
Polyimide is a widely used alternative passivation material (Fattahi et al. 2014). As
discussed in section 5.5.4, ECM protein-probe surface interactions differ between materials.
Roughened Polyimide will therefore have different biocompatibility to SU8. The
biocompatibility of roughened Polyimide would be the next thing to be tested. A wider range
of roughness should be used to find the degree with the maximal amount of surface features

within the optimal size range.

Finally, PBS and aCSF’s ability to model the in-vivo environment should be compared. The
significant effects of biofouling occur during the first week - not hours - of insertion (Kozai et
al. 2016). Therefore, comparison to electrode impedance during the first few hours of

insertion in-vivo could be compared to both PBS and aCSF.
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Appendix 1

Figure 28 is the BCA standard curve used to estimate the concentration of our RIPA protein

mixture.
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Figure 31 BCA standard curve generated from the absorbance of protein standards at 562 nm.

Appendix 2

Figure 29 is an example of how phase angle changes with different frequencies during
electrochemical impedance spectroscopy. In electrochemical impedance spectroscopy, a
sinusoidal AC voltage is applied over a broad range of frequencies between the counter and
working electrode. Impedance is measured by the current and phase in response to this
voltage. If the current at the working electrode is 90° behind phase from the voltage,
impedance is considered completely capacitive. A perfectly in phase (i.e. 0°) current
response would suggest an entirely resistive impedance. A low phase angle is therefore

suggestive of capacitance dispersion. Capacitance dispersion occurring from monoatomic
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surface inhomogeneity’s is typically characterised by a flat line phase response at a low

phase angle as with 100 W (Pajkossy 1997; Pajkossy 2005; Kerner & Pajkossy 2000). Note

how impedance is higher for 100 W at 1 kHz.
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Figure 29 Example of how a decreased phase angle is associated with a larger impedance on

roughened electrodes. A is the phase angle over a range of frequencies for both 0 and 100 W. B is

the impedance for the same scan. Note the consistently low phase angle for 100 W is associated

with a higher impedance.

Appendix 3

Figure 30 gives example voltammamograms showing the difference in CSC between 0 and

50 W. In the voltamammogram, the shape of the curve plotted allows you to identify different

charge injection mechanisms by their characteristic form. A perfectly capacitive surface will

have a rectangular shape characterised by horizontal cathodic and anodic phases. This is

explained by equation 2 where | is current flowing to/away the capacitor, C is capacitance, V

is voltage and t is time (Compton & Banks 2011).

[=C

\%
t

Equation 2
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Figure 35 Example small and large voltammograms from 0 and 50 W respectively, recorded in PBS and

aCSF. Arrow highlights faradaic peak typical of pseudocapcitance. Please note the different y axis
scales.

This shows that for a constant scan rate (V/t), there is a constant current. Cyclic voltammetry
scans between voltages in a triangular fashion, resulting in a near instantaneous change of

current. An example of this is given in figure 31 A.

A B

Current

i ~

Potential

Figure 36 Example voltammograms displaying capacitive and faradaic charge injection mechanisms. A
is a highly capacitive voltammogram. Note the constant current mid phase and sudden change with the

change of voltage. Conversley, the peaks highlighted by the black arrows in B are examples of faradaic
currents.
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Faradaic charge injection is characterised by sudden peaks in current. The equilibrium

potential is the potential where the rate of redox reactions are equal, and differs between

reactions. If the rate of, for example, oxidation reactions is greater than reduction at the

electrode surface, there will be a net movement of electrons into the electrode from solution,

creating current. As the voltage moves further away from the equilibrium potential, a greater

proportion of redox reactions will be either oxidation or reduction. This increases the amount

of electrons flowing into the electrode as well as the amount of oxidised or reduced ions

around the electrode surface. After a certain point, the current will drop as ions become less

able to diffuse towards the electrode surface, resulting in a peak like in figure 31 B.
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Figure 37 Example of extremely small voltammogram with corresponding impedance magnitude and

phase. A is an example voltammogram with extremely small, noisey current. B is the impedance

magnitude from the same electrode (250 W), measured immediately after A, compared with another
electrode with a larger CSC.
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Appendix 5

Figure 27 gives an example of an increased phase angle following incubation with proteins.

This is associated with a decrease in impedance.
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Figure 38 Example of how an increased phase angle is associated with lower impedance after
incubation with protein solution. A is the phase angle for an electrode before and after incubation

with protein solution. B is the corresponding impedance.
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