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Abstract

Despite its incredible complexity, the nervous system is a part of the human anatomy
that is particularly vulnerable. Neurodegenerative diseases such as Alzheimer’s and
Parkinson’s disease wreak havoc on this vulnerable system, causing irreparable and ex-
tensive damage to the ones affected, and casting heavy economical burdens on society.
In pursuit of greater insight into detection and treatment of such neurodegenerative
diseases in early onset, novel disease model systems are in dire need.

In recent years, advancements within microfabrication and stem cell technologies
have given rise to powerful in vitro model systems of the human nervous system and
its pathologies. By culturing neurons in microfluidic compartments embedded with
microelectrode arrays, growth of neural networks can be carried out in controlled en-
vironments and network activity recorded and analysed to determine state of function
or dysfunction. Critical to the clinical relevance of such model systems is their abil-
ity to recapitulate the small-world network architecture of the nervous system – an
architecture enabling complex thought but also rapid disease spread. Traditional in
vitro neural network systems have been based on planar substrates, neglecting the
important role of the physical micro- and nanoscale environment of the brain in guid-
ing network organization. Consequently, grown networks have exhibited architecture
diverging from the important small-world principles of the nervous system.

In an effort to improve network architecture and, by extension, clinical relevance,
this project set out to develop a novel in vitro neural network recording platform with
nanotopographies mimicking the physical environment of the brain at the nanoscale.
A plasma etch based roughening process for nanotopographical structuring of SU-8
resist was established, demonstrating excellent flexibility in achieving a range of nan-
otopographies by tuning of etching parameters. Nanotopographical SU-8 was further
demonstrated to be a viable direct replacement for the previously used planar Si3N4

base substrate on neural network recording platforms. Herein, it was proved compat-
ible with bonding of microfluidic structures, and as insulation for electrodeposition
of platinum black electrodes and during neural network recording. Crucially, nano-
topographies were found to promote clustering of neurons and axon fasciculation, as
well as lower synchrony in global network activity – characteristic structural and func-
tional features of small-world networks. While further optimization and investigation
with larger sample sizes are needed before definitive conclusions can be drawn, the de-
veloped nanotopographical platform have, in conclusion, shown promise in improving
clinical potential of in vitro neural disease model systems.

iii





Sammendrag

På tross av sin vanvittige kompleksitet er nervesystemet en del av menneskets ana-
tomi som er spesielt sårbar. Nevrodegenerative sykdommer som Alzheimers og Par-
kinsons forårsaker omfattende og uopprettelig skade hos de som blir rammet, og ut
over de emosjonelle kostnadene for individ og familier pålegger det også samfunnet
store økonomiske kostnader. Nye sykdomsmodellsystemer trengs sårt i utviklingen av
bedre behandling og mer effektiv diagnostisering av nevrodegenerative sykdommer.

De siste årene har fremskritt innen mikrofabrikasjon og stamcelle-teknologier gitt
grobunn for kraftige in vitro-modellsystemer av det menneskelige nervesystemet og
dets patologier. Ved å dyrke nevroner i mikrofluidiske kammer spedd med mikro-
elektroder kan vekst av nevrale nettverk utføres innenfor kontrollerte rammer, mens
målt nettverksaktivitet gir indikasjon på nettverkets tilstand av funksjon eller dysfunk-
sjon. Avgjørende for den kliniske relevansen til slike modellsystemer er deres evne til
å gjenskape nervesystemets småverksnettverksarkitektur – arkitektur som muliggjør
komplekse tanker, men også rask spredning av sykdom. Tradisjonelt har in vitro nev-
rale nettverks-systemer vært basert på plane substrater, og neglisjert den viktige rol-
len hjernens fysiske mikro- og nanoskala-miljø spiller i å lede nettverksorganisasjon.
Resultatet har vært nettverksarkitektur som har fraveket de viktige småverdensprins-
ippene i nervesystemet.

I et forsøk på å forbedre nettverksarkitektur, og derav klinisk relevans, satt dette
prosjektet som mål å utvikle en ny in vitro nevral nettverksplattform med nanoto-
pografier som etterligner hjernens nanoskala fysiske miljø. En plasmaetsingsbasert
ruprosess for nanotopografisk strukturering av SU-8-resist ble etablert, og viste utmer-
ket evne til å oppnå en rekke forskjellige nanotopografier ved modifisering av etsepara-
metre. Nanotopografisk SU-8 ble videre vist å kunne erstatte det tidligere brukte plane
Si3N4-basesubstratet på nevrale nettverksplattformer. Her ble det vist å være kompat-
ibelt med binding av mikrofluidstrukturer, og som isolasjon for elektrodeponering av
platinum sort-elektroder og under målinger av nevral nettverksaktivitet. Et avgjørende
funn var at nanotopografier kan fremme klynging av nevroner og aksonfascikulasjon,
samt lavere grad av global synkronisering i nettverksaktivitet - karakteristiske struk-
turelle og funksjonelle trekk for småverdensnettverk. Samtidig som det er behov for
ytterligere optimalisering og eksperimenter med større utvalgstørrelser før endelige
konklusjoner kan trekkes, viste den utviklede nanotopografiske plattformen således
potensiale for å forbedre kliniske relevans av in vitro nevrale sykdomsmodellsystem.
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Chapter 1

Introduction

Comprised of approximately 86 billion neurons, each forming thousands of connec-
tions with others, the human nervous system is an incredibly complex machine [1].
Despite its breathtaking complexity, however, the nervous system is also a part of our
anatomy that is particularly vulnerable to chronic damage. With the exception of cer-
tain regions in the hippocampus, the neurons that make up the human nervous system
lack the ability to proliferate after maturation [2]. In other words, the death of neurons
constitutes a permanent loss, without the potential for regeneration. Neurodegener-
ative diseases that spread throughout the nervous system, such as Alzheimer’s dis-
ease, cause irreversible damage as they progress, and wreak havoc on the vulnerable
nervous system. With an aging global population, the prevalence of neurodegenerat-
ive diseases increases, along with the weight of their extensive societal and economic
burdens. Evidently, understanding how to detect and treat these diseases in early onset
is of vital importance, and the subject of numerous recent research efforts [3, 4].

Across various fields of biomedical research, including neuroscience, animal mod-
els have historically been considered the golden standard in studies of both disease
conditions and potential treatment. Apart from the ethical concerns associated with
using animal models in neuroscience research, cross-species genetic and systemic dif-
ferences of the nervous system raises questions about the validity of animal models in
reflecting neurodegenerative diseases in humans. Illustrating the limitations of animal
models, no non-human species, including other primates, have thus far been found
to develop Alzheimer’s disease [5]. With the advents of microfabrication and stem
cell technologies, increasingly sophisticated reductionist in vitro model systems have
emerged as a promising alternative. Forming the fundament of such in vitro neural
network model systems is the culturing of human neural cells, derived from induced
pluripotent stem cells, on microfluidic chips [6]. Microfluidics represent a controlled
and confined environment – a venue on which to study neurons, networks and dis-
ease in isolation from the myriad of unrelated biological processes in a living organ-
ism. Expanding on this blank canvas, relevant mechanical, biological and chemical
cues can be incorporated to mimic conditions of the in vivo brain [7, 8]. Importantly,
these platforms can further be fitted with arrays of microelectrodes for recording of
the all-important electrical activity in neural networks, a key indicator of the state of
function and dysfunction [9].
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1.1 Project Background

In recent years, several in vitro neural network model systems have surfaced with
demonstrated ability to recapitulate several aspects of the human nervous system [10,
11]. Nonetheless, important discrepancies between neural networks grown on these
platforms and those growing naturally in vivo have also been uncovered, comprom-
ising the reliability of these platforms as models of both brain function and degener-
ation. Electrical recording of in vitro neural networks have exposed activity patterns
largely incompatible with the complex so-called small-world architecture of the in vivo
nervous system. Crucially, small-world architecture has been shown to facilitate the
spread of disease to a greater extent than other network architectures, raising ques-
tions about the validity of neural network disease models that diverge from these
architectural principles. So how can we better capture the network architecture of the
in vivo brain in in vitro neural network models? Evidence suggest that the answer to
recapitulating the network architecture of the nervous system lies in the architecture
of the physical scaffolding surrounding it [12].

To understand the importance of the physical scaffolding of the brain in shaping
its network architecture, we need to look at its process of construction. Leaving little
to chance, the incredible process of human nervous system development is a tightly
orchestrated one. Individual building blocks – neurons – and circuitry between them
demonstrate an extraordinary ability to organize in to the complex, but purposeful,
architecture that drives sensing, motion and consciousness. In the developing brain,
newly born neurons trek across the brain, relying on guidance cues from their envir-
onment to arrive at the right place, at the right time [13]. Once there, similar cues
direct the neurons to form circuitry with the right partners.

Traditional in vitro neural network model systems have been based on planar two-
dimensional substrates, neglecting and missing out on the guiding effects of physical
environments in formation of small-world neural networks [14, 15]. In recent years,
however, researchers have sought to replicate these guiding effects by engineering en-
vironments on in vitro neural network platforms that mimic the physical environment
of the brain [16]. The sensing apparatus of the neuron, the environmental features by
which it is guided and the components through which they interact are all on the low
micro-/nanoscale [17]. Hence, it is clear that nano- and microfabrication tools must
be applied in the pursuit to mimic the physical environment of the brain.

1.2 Aim and Structure of Project

In this project, the goal was to develop a nanotopographically surface structured neural
network recording platform. With introduction of nanotopographies on the platform,
the aim was to induce neuronal organization into network architecture with a higher
degree of the small-world characteristics found in the nervous system. Specifically, a
plasma etch-based roughening effect on the photoresist SU-8 would be utilized and
tuned to develop surfaces with nanotopographies promoting small-world topology in
networks of neurons grown on the surface. Processes would then be established for
incorporating these surfaces on an advanced neural network recording platform.
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The progression of the project was structured into three phases, each with their
own primary aims and objectives.

1. Establishing photolithography protocols and small-scale platform for test-
ing of surfaces with neurons. Photolithography protocols for would be es-
tablished for SU-8 photoresist films adhering to a 24x24 mm glass cover slip
substrate interfaced with a petridish, forming a neural culturing platform. The
photolithography and culturing platform would be evaluated on two criteria –
ability of the SU-8 film to maintain adhesion to the glass throughout culturing
and absence of adverse effects on neurons not related to the topography of the
SU-8 surface. Progressing further in the project, the platform would be used for
testing of neuronal culturing on SU-8 surfaces with different nanotopographies.

2. Optimizing nanotopographies for small-world neural networks. Utilizing
the photolithography protocol and testing platform established in phase one,
phase two would focus on optimizing the SU-8 plasma etch-based roughening
process for topographies ranging across the nanoscale. Optimization of plasma
etch process would be carried out by tuning of five parameters, which would be
gas composition, gas release rate, chamber pressure, etch time and bias power,
while keeping all other parameters constant. Achieved surface nanotopographies
would be characterised qualitatively with microscopic imaging and quantitively
by measurements of surface roughness metrics. Surfaces would subsequently
be cultured with neurons and evaluated on two criteria – biocompatibility and
ability to induce in grown neural networks structural characteristics adhering to
small-world network principles.

3. Incorporation on complete neural network recording platform. From phase
two, the etch condition and resulting nanotopographies found to induce the
most promising effects on cultured neural networks would be selected. Using
the selected etch condition, nanotopographical roughened SU-8 surfaces would
be incorporated on a complete neural network recording platform, replacing
the planar Si3N4 previously used as the base of the platform. In replacing Si3N4,
nanotopographical SU-8 would have to be proved compatible with fabrication
processes necessary for the complete neural network recording platform that
had previously relied on Si3N4. Herein, bonding of a microfluidic structure to
the SU-8 and use of SU-8 as an insulating layer during electrodeposition of plat-
inum black microelectrodes would have to be proved viable. Finally, the com-
plete platform would be cultured with neurons and used for electrophysiological
recording to determine whether activity patterns could be observed that would
imply improved small-world architecture.

While this particular project focused on the aspect of development, fabrication and
characterisation of SU-8, nanotopographies and neural network recording and cultur-
ing platforms, a complimentary project focused on the neuronal cell work. All neur-
onal cell culturing as well as imaging and electrophysiological recording of neurons
on the developed and fabricated platforms was performed in a simultaneous project
conducted by Edevard Hvide. Therefore, the reader is encouraged also to read the
thesis written by Hvide for more extensive descriptions and analysis related to that
aspect of this double-faceted project [18].





Chapter 2

Theory

2.1 Neurobiology and in vitro Neural Networks

Neurons (nerve cells) are the fundamental functional units of the nervous system,
exhibiting a wide variety of morphological, molecular, functional and connectional
properties [19]. No two neurons are exactly the same, and classifying neurons into
distinct categories has challenged neuroscientists since their discovery by Purkinje in
1837 [20, 21]. Critically, however, they all share the ability to interconnect and form
functional networks capable of transmitting and processing information, forming the
basis of the incredible and vastly complex machinery called the brain.

The following section will give a brief overview on select neurobiology topics. Sec-
tions on the anatomy, electrophysiology and signaling of a neuron should provide a
basic understanding of how the fundamental building blocks of the brain function and
how they can be monitored using extracellular recording techniques. Expanding bey-
ond individual and connected pairs of neuron, an introduction to the establishment of
neural networks and characteristics of the in vivo networks of the brain will be given,
followed by a description of how neurons sense and utilize the physical environment
in the formation of networks. More thorough coverage of these topics can be found in
a number of excellent pieces of literature [22–24].

2.1.1 Anatomy of the Neuron

Although morphology varies between individual neurons, certain key features are
found in all. Like any eukaryotic cell, neurons have a cell body (called a soma), contain-
ing its nucleus. Distinguishing the neuron from other cells, projections called neurites
extend from the soma into the extracellular matrix. These projections allow neur-
ons to form complex networks, branching out and establishing connections with up
to thousands of other neurons whose soma are not in the immediate vicinity of the
neuron from which the neurites originate [25]. Neurites are subdivided into axons
and dendrites, which in broad strokes act as transmitter and receiver ends, respect-
ively, of communication between neurons. While most neurons have several thousand
dendrites, they commonly only have one axon, with the ability to branch out and
form connections with numerous other neurons. During signaling events, electrical

5
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Figure 2.1: Illustration of a neuron, showing the protruding neurites. Dendrites branch
off from the soma, along with a single axon. Starting at the axon hillock, the axon
initial segment is a protein dense uninsulated segment of the axon. Beyond the axon
initial segment, insulating sheaths of myelin wrap around the axon, interrupted by
exposed patches of membrane called Nodes of Ranvier. The axon terminates at the
axon terminals, with synaptic terminals situated at the very tip of axon terminals to
form synaptic connections with other neurons.

signals flow along the axon of one neuron and are transmitted through connecting
junctions (termed synapses) between the axon terminals of the transmitting neuron
and the dendrites, soma or axon of receiving neurons. In recent years, several non-
synaptic signaling mechanisms between certain neurons have been uncovered [26,
27], but synaptically transmitted signals remain the primary means of communication
in the nervous system, and the primary signaling mechanism studied with the neural
network recording platform this work aims to advance.

Providing a semi-permeable barrier to the extracellular environment, a plasma
membrane consisting of a lipid bilayer and integrated proteins encloses the cyto-
plasm of the soma and protruding neurites. The plasma membrane barrier enables
the neuron to maintain an intracellular environment that is chemically and electric-
ally distinct from the extracellular environment. As will be discussed further in the
sections below, this chemical and electrical distinction from the surrounding environ-
ment is of vital importance to the function of the neuron.
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2.1.2 The Membrane Potential

By now it has been established that neurons are adept at forming networks of complex
circuitry, and somehow rely on the ability to distinguish themselves electrically and
chemically from their environment to perform their role in these networks. In order
to understand the way in which neurons communicates with its connected partners,
and how this communication can be recorded extracellularly on a neural network
recording platform, a description neuron membrane polarization is warranted. Herein,
two concepts are of particular importance and will be presented throughout, namely
resting membrane potential and action potential.

In order to store energy (and thus information), the neuron utilizes separation
of charges, analogous to a battery. Charges, in the context of neurons, refers to ions
present in the intra- and extracellular fluid. Specifically, sodium, potassium, chloride
and calcium ions make up the bulk of the charge separation efforts of the neuron
[28]. Although the bulk solutions of both cytoplasm and extracellular fluid are net
neutral in charge, large concentration differences of individual ion species between
the intra- and extracellular solutions gives rise to a polarizing effect locally at the
semi-permeable membrane separating the two. The establishment of local charge im-
balances, and thus a potential difference, over the membrane is driven and controlled
by two opposing forces. Entropic forces drive ions down their concentration gradient,
while electrostatic forces drive ions down their electrostatic potential gradient. Move-
ment of ions down their concentration gradient, driven by entropic force, leads to an
increasing charge imbalance across the membrane resulting in a stronger electrostatic
force counteracting the movement, and a steady state potential is reached where there
is no net movement of ions in either direction. The movement is however limited to
membrane bound ion channels, which are specific to certain ion species and by their
opening and closing – in response to electrical, chemical or mechanical cues – determ-
ine the rate of movement of specific ions, and thus the degree by which they contribute
to the polarization of a patch of membrane.

When uninterrupted by internal or external stimuli, a steady state potential is
maintained, called the resting membrane potential. At the resting membrane potential,
a large amount of potassium channels called "leak" ion channels are open, providing a
high basal permeability of potassium. While other basal ion conductances occur, they
are far lower than that that of potassium, and hence the resting membrane poten-
tial of approximately −70 mV is chiefly determined by the concentration gradient of
potassium [29, 30]. Voltage-gated ion channels, on the other hand open upon depol-
arization of the membrane from internal or external depolarizing stimulus, and are
responsible for the sudden spikes in potential we call action potentials (APs). Voltage-
gated Na+ channels open in large numbers once a threshold depolarized potential of
approximately −55 mV is reached, suddenly drastically increasing the permeability to
Na+, causing a vast influx. The membrane potential shoots up, switching polarization
and approaching a positive value of around 40 mV, determined primarily by the con-
centration gradient of Na+. As the potential approaches the peak value, the voltage-
gated sodium channels become inactivated, while voltage-gated potassium channels
open. Potassium permeability once again dominates, and the membrane quickly repol-
arizes to a negative potential, even dipping below the resting membrane potential and
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becoming hyperpolarized before the voltage-gated potassium channels become inac-
tivated and the membrane settles back to the resting membrane potential determined
by basal conductances.

Although fluxes of ions take place both during resting membrane potential and an
AP, concentration gradients of ions over the membrane are kept virtually constant,
thus maintaining a constant level of resting membrane potential. Making up one of
the pieces of the membrane machinery, a family of proteins called ion pumps consume
chemical energy in the form of ATP to pump ions against their concentration gradients.
As the largest contributor, the Na+/K+-pump exports 3 sodium ions and imports 2
potassium ions in a cycle, using a single molecule of ATP.

Figure 2.2: Schematic of the cycle of events occurring throughout an AP. Initial depol-
arization stimulus above the threshold potential results in opening of Na+-channels,
and subsequent depolarization up-shoot of the membrane potential. Approaching the
Nernst potential for Na+, the Na+-channels close and K+-channels open. Thus the
membrane repolarizes, and reaches a hyperpolarized state before settling back to the
resting potential.

Forming the basis of extracellular neuron recordings, the sudden explosive fluxes of
ions that make up the AP cause detectable charge disruptions and current flows in the
extracellular solution. While these extracellular charge disruptions dissipate quickly
with distance from the neuron, electrodes situated within approximately <100 µm
from the neuron source can pick up the signals [31]. A single electrode picks up sig-
nals from multiple neurons in its proximity simultaneously, but the activity can be
discerned and traced back individual neurons by spike sorting algorithms [32]. In this
way, neural network recording platforms – such as the one this work aims to improve
– monitor the all-important electrical signalling activity of neural networks.
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2.1.3 Signal Transmission

Crucial to the function of neurons, the event referred to as an AP does not occur in
isolation at one patch of membrane, but rather initiates or partakes in a chain reac-
tion traversing the axon of the neuron. APs propagate down the axon to the synapses
at the axon terminals, constituting a traveling neural signal. An AP is initiated at the
axon initial segment (AIS), an event referred to as firing, and propagates towards the
terminal ends of the axon by means of a domino effect. An AP at one patch of mem-
brane causes a large local influx of sodium. The surplus of sodium ions diffuses in all
directions, depolarizing adjacent patches of membrane sufficiently to open voltage-
gated sodium channels there. Temporary inactivation of voltage-gated ion channels
following a depolarization-repolarization cycle, disabling the channels from opening
immediately after regardless of membrane potential, ensures that the AP travels uni-
directionally.

Propagation of an AP strictly by means of continuous depolarization of adjacent
ion channels is comparatively slow, propagating at a speed of 0.5-10 m s−1. In order to
transmit signals over large distances more rapidly, neurons with long axon projections
overcome this limitation by insulating large parts of the axon. Rather than having the
entire length of the axon membrane covered by ion channels, ion channels are located
densely in non-insulated nodes, termed nodes of Ranvier, separated by long sections
of insulated membrane. Patches of membrane from supporting non-neuronal cells in
the nervous system wrap around the axon forming insulating sheaths called myelin.
Signals propagate along the insulated axon sections at a speed of up to 150 ms−1 and
are re-innervated at the nodes of Ranvier to ensure that the signal does not dissipate
as it is traveling down the length of the axon.

Upon reaching the axon terminals where the neuron synapses on to another, the
AP is translated to a stimulus of the postsynaptic neuron. Two categories of synapses
facilitate the translation of a presynaptic AP to a postsynaptic stimulus, namely elec-
trical and chemical synapses. In the case of electrical synapses, the AP is conducted
directly from one neuron to another via conducting channels coupling the neurons.
In the far more numerous chemical synapses, the presynaptic AP triggers release of
chemicals dubbed neurotransmitters into the extracellular gap, the synaptic cleft, sep-
arating the pre- and postsynaptic structure. Neurotransmitters bind to ligand-gated
ion channels on the post-synaptic structure of the receiving neuron, triggering the
opening of the channel and subsequent fluxes of ions in to or out of the postsynaptic
neuron. Depending on the type of neurotransmitter and the channel it binds to, this
stimulus can either be excitatory or inhibitory, ie. causing ion fluxes that depolarize or
inhibit depolarization of the neuron. Furthermore, the amount of neurotransmitters
released modulates the strength of the stimulus on the postsynaptic neuron. Thus, the
chemical synapse, in contrast to the electrical, contributes a modulated and flexible
mode of signal transmission that is crucial for the complex computations of the brain
[33]. While depolarization from a single synaptic transmission is generally not enough
to single-handedly cause firing of the postsynaptic neuron, the combined depolariza-
tion from thousands of synapses or rapid successive transmission from a single neuron
integrating at the soma can be.
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Figure 2.3: Illustration of AP propagation through a neuron and subsequent signal
transmission via a chemical synapse to a postsynaptic neuron. The AP propagates
quickly through myelinated patches of the axon, and is reinnervated at regular in-
tervals at the nodes of Ranvier. Reaching the synaptic terminal, the AP induces release
of neurotransmitters binding to ligand-gated ion channels on the postsynaptic neuron,
resulting in fluxes of ions in to the postsynaptic neuron.

2.1.4 From Neuron to Network

By now it should be clear what makes up the base components of a neuron, how its
electrical state is established and tuned, and how communication between pairs of
neurons occurs. However, as mentioned in the introduction (Ch. 1), the extraordinary
complexity and vulnerability of the brain arises not primarily from single neurons or
neurons connected in pairs, but from the formation of intricate networks composed
of billions of neurons each connected to thousands of others [34]. It is at the scale of
networks we find the characteristic differences of in vivo and in vitro neural networks
this project aims to help bridge the gap between.

During the development of the central nervous system (CNS), three major pro-
cesses occur in sequence and are neatly orchestrated to form intricate networks of
high computational efficiency – neurogenesis, neuronal migration and circuit forma-
tion. Progenitor cells in epithelium around the neural tube proliferate and differentiate
to neurons and glia – an umbrella term for supporting non-neuronal cells of the brain.
Newly differentiated neurons, in turn, migrate and disperse throughout the CNS under
tight guidance by mechanical and chemical cues to arrive at their designated location
in the network [35]. Arriving at their destination, neurites begin to protrude from
the neuron to form signalling circuitry, integrating the neuron into the wider neural
network.

Axon outgrowth and expansion in to the surrounding environment is preceded by
a fan-shaped structure at the tip of the axon called the growth cone. Responding to
attractive and repulsive stimuli the growth cone senses environmental cues and steer
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the growth and branching of the axon towards its target. Among possible guiding en-
vironmental cues is other axons; in a process called fasciculation an axon zips together
with one or a bundle of axons to grow towards a common target region [36]. Once
the axon reaches its targets, it finalizes the connection between the originating and
target neurons by forming synapses.

Adhering to this sequence of events, the connected network in the CNS is formed.
During development, neurons extend axons to more targets than required in the ma-
ture network, and undergo axon pruning to reduce the amount of connections. Addi-
tionally, the mature CNS undergoes continual restructuring in various processes col-
lectively referred to as plasticity. However, in the interest of brevity, the curious reader
is referred to other elaborate works on these topics [37, 38].

Matured, connected neural network can be examined in terms of structural and
functional connectivity. Structural connectivity refers to the anatomical connectivity –
synaptic and physical connections between neurons on a small scale or brain regions
on a larger scale. Functional connectivity captures the temporal correlation in firing
activity – i.e. close and distal neurons or regions often firing together. The two aspects
of network connectivity are however closely interrelated [39]. Directness and strength
of structural interconnections between neuron ensembles have been shown to determ-
ine and constrain the funtional interactions they can form [40]. Conversely, functional
connectivity patterns can induce plasticity, reshaping the structural connectivity of a
network – hence the old saying "neurons that fire together wire together" [41]. In the
field of network neuroscience, both structural and functional connectivity on different
scales are commonly analysed using the framework of graph theory [42]. In accord-
ance with graph theory, neural networks are topologically represented by nodes – in-
dividual neurons, groups of neurons or brain regions – connected by edges – structural
or functional connections.

Two major principles govern the organization of the in vivo brain – functional se-
gregation and integration. As an example of functional segregation, in the visual cor-
tex, separate brain areas are functionally specialized for perception of different visual
aspects, such as color, shape and motion [43]. Building on the visual example, func-
tionally segregated areas responsible for color, shape and motion must be integrated
to make out a pedestrian crossing the road and appropriately respond by stepping
on the brakes while driving. Advances in network neuroscience have in recent years
identified important topological network characteristics that promote segregation and
integration in the brain [12]. Exhibiting small-world attributes, in vivo neural networks
are characterised by prominent local clustering and short average path length, with
highly interconnected nodes within clusters and sparse long-range connections linking
the clusters globally [44]. Here, path length between two arbitrary nodes in the net-
work is defined as the minimum number of edges that must be crossed to get from one
node to the other. Emergence of richly connected hub nodes, which integrate signals
from clusters and are strongly interconnected to each other to further integrate signals
from separate specialized regions, is another characteristic accompanying small-world
networks [42]. By theoretical modeling, these attributes have been demonstrated to
be strongly associated with functional segregation and integration [45]. An illustration
of the small-world characteristic of the brain is displayed in fig. 2.4.
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Figure 2.4: Illustration of the small world network topology found in the brain, rep-
resented with nodes and edges in accordance with graph theory. Outlined with gray
dashes, clusters of highly interconnected nodes are found on multiple scales – smaller
and larger dashed circles. Connections between clusters are few and largely concen-
trated to richly connected hub nodes.

Hallmarks of small-world network topology manifest on both a structural and func-
tional level, and on the scale of neurons and groups of neurons as well as larger brain
regions. On the structural level at the scale of neurons, extensive clustering of neurons
is an intuitive indication of small-world networks. Fasciculation forming stable and
strong connections – axon bundles – between local clusters can indicate the emer-
gence of hubs [46]. Functionally, small world networks are characterised by local and
within-cluster activity, with low to intermediate synchrony in activity on a larger net-
work scale [47].

Conversely, electrophysiological recording of many neural networks cultured in
vitro have pointed towards emergent behaviour that is largely incompatible with the
small world topology of the brain. in vitro neural networks have shown a propensity
for highly synchronous burst activity across the entire network, indicating a topology
that deviates from the small world principles [48, 49]. This discrepancy in network
characteristics from the in vivo neural networks limits the accuracy of in vitro net-
works as models for conditions of the human brain. Particularly, small world networks
have been demonstrated to facilitate spread of neurodegenerative diseases, such as
Alzheimer’s and ALS, emphasizing the importance of network topology in in vitro brain
disease models [50, 51].

Clearly there is a need to improve the topological similarity of in vitro networks to
those of the in vivo brain. One key ingredient missing from the culturing platforms for
in vitro could be surface topography – a physical landscape mimicking the extracellular
environment the neurons experience in the brain [16]. As mentioned in the start of
this section, several developmental processes of the CNS rely in part on physical and
mechanical cues for guidance. Inspiring this project, mimicking these physical and
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mechanical cues in neural network culturing platforms might induce topology more
similar to the brain, and thus improve relevance as function and disease models. So
how does the neuron sense the physical environment, and at what size scales?

2.1.5 Sensing the Physical Environment

In the CNS, developmental processes such as neuronal migration and neurite growth
rely on a symphony of chemical and physical guidance cues. Guidance dependency for
development of the neural networks in in vitro recording platforms is however likely
skewed towards physical cues, as neurons are placed in a relatively homogeneous
chemical environment. Neurons have been shown to utilize axons of other neurons,
blood vessels and glial fibers for guidance [52, 53]. However, this introduction will
be limited to interaction with the environmental landscape topographic network cul-
turing platforms seek to mimic, namely the extracellular matrix (ECM). The ECM is
the extracellular structural scaffold, composed primarily of a matrix of collagen fibers
lined with interspersed proteins, as well as polysaccharides and water. Collagen forms
the structure and the proteins the specific interaction sites making up the physical
guidance cues.

Although the specific response to the physical cues of the ECM differ between dif-
ferent developmental processes and between different neuronal cell types, the sens-
ing apparatus is largely the same [54]. As the primary mechanism of physical sensing,
neurons interact with the ECM through adhesion complexes formed between trans-
membrane receptor proteins of the neuronal membrane and ligand molecules of the
ECM. Specifically, the transmembrane protein integrin binds to ECM proteins such as
fibronectin, vitronectin and laminin – the protein used to coat surfaces in the neural
network cultures of this project [55].

On the side of the neuron, slender membrane protrusions called filopodia act as
environment sensing probes. They are supported by dynamic actin fibre bundles ori-
ented towards the tip of the filopodia, and extend rapidly outwards until they reach
a threshold extension and collapse [56]. In growing axons they are situated at and
protrude from the growth cone, as mentioned in section 2.1.4. Along with a thin
actin fibre supported membrane sheat called lamellipodia, they form the character-
istic "fan-shape". On migrating neurons they protrude densely from the tip of a larger
membrane protrusion leading the migration called the leading edge, but also protrude
less densely along the entire edge of the migrating neuron [57]. Actin bundles in the
extended filopodia adhere to surfaces mediated by integrin, bound to the actin via
adaptor proteins, binding to ligand proteins on the surface [58]. Depending on a com-
plex set of mechanisms, involving molecular pathways and the neuron applying force,
these adhesion complexes either dissolve or mature into larger focal adhesions. Focal
adhesions, in turn, act as anchorage points and relay information about the environ-
ment to the neuron – inducing branching in or directing growing axons or guiding the
locomotive migration of the neuron [59, 60]. Contact angle of the filopodia with the
surface, the mechanical stiffness and rigidity of the surface and other surface proper-
ties induce different levels of force and stress exerted on the adhered filopodia [61].
Thus, filopodia are able to sense and relay a breadth of information about a surface,
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such as its topographical features, to the neuron.
When considering the scale of the components involved – both intracellular and

extracellular – in neurons sensing their physical environment in vivo, it becomes clear
that micro- and nanofabrication are indispensable tools to replicate the effect in vitro.
Probing filopodia are typically around 100-200 nm in width, while the collagen fibrils
shaping the ECM they probe are tens to hundreds of nanometers [62, 63]. Adhesion
complexes are on the scale of 5-200 nm, while focal adhesions are between 200 nm
and 10 µm [64, 65]. The sensing apparatus of the neuron is finely tuned, and capable
of detecting features with nanometer sensitivity.

Figure 2.5: Illustration of a neuron growing an axon and sensing the ECM via probing
filopodia. a) displays the neuron perched on the ECM collagen fibrous matrix. b) is
a zoomed in view of the growth cone at the tip of the growing axon, composed of a
lamellopodium and protruding filopodia, interacting with the ECM. c) overview of the
main components in the interaction of the filopodia with ECM. Integrin is bound to
the actin filaments (F-actin) of filopodia via adaptor proteins. Integrin also binds to an
ECM protein – in this case laminin – on the ECM collagen matrix to form an adhesion
complex which can mature into a focal adhesion and direct the growth of the axon.

Efforts to induce different behaviour in neurons by culturing on structured surfaces
with features on the micro- and nanoscale have been numerous, and have employed a
multitude of structuring strategies. For an extensive review of structuring experiments
and induced effect, the interested reader is referred to the work of Marcus et al. in 2017
[16]. Anisotropic features, such as directed ridges, groves and parallel fibers have been
demonstrated to enforce directionality on developmental processes. On the scale of a
few micrometers down to tens of nanometers, anisotropic features on different sub-
strates have directed both neuron migration and neurite growth, either parallel or
perpendicular to the feature direction [66–68]. Isotropic features, such as roughened
surfaces, fibers of random orientation and random or regular matricies of beads and
pillars, have shown effects on degree of migration, neurite outgrowth and surface ad-
hesion. Demonstrating the sensitivity of the sensing apparatus, isotropic features have
switched form increasing to decreasing, and vice versa, all of the aforementioned ef-
fects by nanometer-scale changes in dimensions [64, 69, 70]. Important to this project,
in their work in 2017, Onesto et al. found evidence of nanoscale surface roughness in-
ducing small world topology in in vitro neural networks. In the low nanometer range,
for surface roughness values of 0 to 30 nm, they found the small-worldedness of neural
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networks to increase with increasing roughness of a silicon substrate. Based on these
findings, this project set out to incorporate surface roughened nanotopography on a
neural network recording platform by means of microfabrication.

2.2 Fabrication and Characterization Techniques

In the pursuit of establishing a novel in vitro neural network recording platform, a
wide range of fabrication and characterisation techniques were applied. As they are
presented in this section, a general description of each technique will be preceded by
a short note of which part of the project they apply to.

2.2.1 Microfabrication

Microfabrication encompasses a variety of fabrication techniques aimed at producing
features on the micrometer scale by means of patterning, deposition and etching tech-
niques. Particularly defining of microfabrication, processes are often based on an ini-
tial patterning of a film on a substrate, which in turn acts as a mask in subsequent
deposition or etching (removal) of material.

This sub-section will outline the theory behind the microfabrication techniques
chosen for the project. A more thorough theoretical description of the techniques ap-
plied can be found in a variety of microfabrication literature [71–73].

Photolithography

At the heart of many microfabrication projects – including this work – is the patterning
technique photolithography. In particular, photolithography was utilized to apply pat-
terned SU-8 films on both the 24x24 mm glass cover slips of the reduced-scale neural
culturing testing platform and the 4" glass wafers of the complete neural network re-
cording platform. It was additionally used to create a mask for metal deposition of
the wiring, electrode bases and contacts for recording of neurons on the complete
platform.

Photolithography is a technique in which a photosensitive polymer solution called
a resist is selectively exposed to light to imprint geometric patterns. Upon exposure
to light of a wavelength within the sensitivity-regime of the resist, the polymer com-
pounds in the resist are rendered either less or more soluble. These alterations in the
solubility of the resist are owed to the forming or breaking of cross-linking chemical
bonds between polymer strands, catalyzed by a sensitizer chemical in the resist activ-
ated by light. Depending on whether the solubility of the resist increases or decreases
during exposure, the resist is classified as positive or negative, respectively. After ex-
posure, the more soluble resist is removed with a solvent, while the less soluble resist
remains, forming geometric patterns according to the design of the light exposure.

In practice, the photolithographic fabrication process is a multi-step one, in which
several parameters and techniques can be tweaked at each step to modify the char-
acteristics of the end-result. Although additional steps may be required when using
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certain types of resist, or optionally added to further improve resist characteristics,
the following steps make up the base of the process:

1. Cleaning – Prior to deposition of resist, the wafer is cleaned to minimize con-
taminants and improve the adhesion of resist to the wafer substrate. The initial
cleaning of the wafer involves submerging the wafer in organic and/or inorganic
solvents and cleaning it for a couple minutes to remove contaminants. Plasma
cleaning is often used as an additional cleaning step, in which the substrate is
exposed to high energy plasma (typically based on O2 or Ar gas) capable of
breaking most organic bonds, dissolving organic contaminants on the surface.

2. Dehydration bake – Following the cleaning procedure, a baking step is neces-
sary to remove remaining humidity on the substrate. The presence of water on
the wafer surface during deposition of resist could interfere with the adhesion
of the resist to the substrate.

3. Spin coating — In order to obtain a layer of resist of uniform thickness across
the entire substrate, centrifugal force is utilized to distribute the resist. After
depositing drops of liquid resist in the middle of the substrate, the substrate is
spun at high RPM, exerting centrifugal force on the resist that pulls it out towards
the edges of the substrate. Eventually, a homogeneous layer forms across the
entire substrate, the thickness of which is determined by the viscosity of the
resist and the spinning RPM.

4. Soft bake — Typically carried out at 95 °C, the resist-covered substrate is baked
to remove remaining solvent in the resist. Driving off solvent from the resist
solidifies it and improves its stability [74].

5. Exposure — Inducing the solubility changing photo-activated chemical reac-
tions of the resist, the resist is selectively exposed to light, typically in the UV-
range (<400 nm). Traditionally, selective light exposure was performed by using
a physical mask fabricated with the specific design to be imprinted on the wafers,
through which light from a UV source shone onto the resist. In recent years, how-
ever, advances in photolithography have alleviated the need for a physical mask.
Using either direct printing at the focal point of a laser and lens setup or a Spatial
Light Modulator (SLM), which in essence acts as a dynamic and programmable
mask, current maskless photolithography equipment is able to convert a com-
puter generated design to an accurate photolithography exposure process on the
substrate [75].
An important parameter to consider for the exposure process is the exposure
dose. Measured in energy per unit area (mJ/cm2), the exposure dose determines
the amount of light radiation the exposed parts of the resist will be subject to.
Underexposure, a too low exposure dose, leads to insufficient solubility altering
reaction towards the bottom of the resist, which will be exposed to light at a
lesser extent than the surface. Severe overexposure, an excessive exposure dose,
can cause solubility altering reactions beyond the edges of the designed exposure
pattern, due to diffraction and reflection of light from the underlying substrate
[76].

6. Development —- After exposure, the more soluble sections of the resist, i.e ex-
posed or unexposed resist for positive or negative resist respectively, are removed
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by means of dissolution. Specific to the resist, a solvent called a developer is used
to dissolve the resist.
Of critical importance to the edge features of the final resist pattern, the develop-
ment time is a parameter that must be optimized for any successful photolitho-
graphic process. Underdevelopment is characterised by incomplete dissolution
of the more soluble resist, particularly at the edges of the resist pattern, creat-
ing an outward sloping edge profile. Overdevelopment, on the other hand, is
characterized by partial dissolution of the less soluble resist at the edges of the
resist pattern. Although unfavorable for most applications, overdevelopment is
utilized to intentionally manipulate the edge profile of negative resist metalliz-
ation masks. In negative resist, exposed resist is rendered less soluble, where
the light exposure gradient from the surface of the resist to the bottom causes
the bottom of the exposed resist to be slightly more soluble than towards the
surface. Thus, limited overdevelopment preferentially causes dissolution of the
bottom layers of the resist at the pattern edge, creating an overhanging struc-
ture called an undercut. Following metallization, the resist mask, along with the
metal deposited on top of it, must be removed with a solvent. The process of
mask and metal removal is called lift-off. As shown in figure 2.6, the undercut
structure facilitates the removal of the resist mask in the solvent by leaving an
open gap through which the solvent can reach the resist.

Figure 2.6: Illustration of photolithographic process for a negative photoresist metal-
lization mask. When the resist is developed for time tO (overdevelopment), the res-
ulting metallization mask develops an undercut structure. When developed for time
tU < tO (underdevelopment), it does not. The undercut structure leaves a gap between
deposited metal and resist, facilitating lift-off.

Metallization — Electron Beam Evaporation

Mentioned in the previous section, metallization was used, in conjunction with a
photoresist mask, in this project to form the electrode bases, wiring and contacts of
the in vitro neural network recording platform.
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Characterized by atom-by-atom deposition of metals through condensation from
vapor phase in an inert environment to solid phase on a substrate, physical vapor
deposition (PVD) is a commonly used means of metal deposition in microfabrication
[77]. Sputtering and electron beam evaporation make up the two primary PVD tech-
niques, differing in their method of inducing a gaseous phase from a solid metal target.
In electron beam evaporation, an intense electron beam originating from an electron
gun is directed and accelerated towards a metal target by magnetic fields. Upon hitting
the metal, a highly localized heating and subsequent evaporation of the metal occurs.
Performed in a vacuum chamber, the mean free path of evaporated metal atoms is far
larger than the distance between the metal target and the substrate [78]. Thus, the
atoms are able to traverse the chamber without colliding and precipitate on all exposed
surfaces without external guiding forces. Due to the evaporated atoms taking a direct
path from the target to the deposition substrate, a line-of-sight effect makes it hard to
achieve completely uniform growth over the entire substrate. One strategy to achieve
more uniform growth is to continuously rotate the substrate during deposition.

Placing a substrate prepared with a photoresist mask in the chamber facing the
metal target from which the evaporation occurs, a controlled metal deposition with
growth rate typically ranging from 1 Å s−1 to 10 Å s−1 can be achieved [79]. After metal
deposition, the photoresist mask and the excess metal deposited on top of the resist
are removed by submersion and rinsing in an organic solvent dissolving the resist,
a process referred to as lift-off. Metal deposited directly on the underlying substrate,
through the openings in the photoresist mask, remains on the substrate.

Etching — ICP-RIE

Crucial to the formation of nanotopographical surfaces inductively coupled plasma
(ICP)-reactive ion etching (RIE) was used in this project to etch and roughen SU-8
films. Here, a brief introduction to etching and ICP-RIE will be given, while a more
elaborate description of the characteristic roughening etch of SU-8 is given in a later
section.

Etching is a process of material removal from a substrate, and can be subdivided
into wet etching and dry etching. While wet etching involves submersion of substrate
in a chemical etch solution, dry etching utilizes ion bombardment to dislodge ma-
terial from a substrate. One commonly used dry etching technique called RIE relies
on chemically reactive plasma excited in a vacuum chamber to etch material. High-
energy ions from the plasma are accelerated towards the substrate by an electric field
applied between an electrode in the top of the chamber and the substrate holder. In
ICP, one RF sources excites the plasma, while another RF source produces the electric
field accelarating the ions towards the substrate.

In RIE, bombarding the surface with high-energy ions provides anisotropic etch-
ing normal to the substrate, while the chemical reactivity of the ions further select-
ively etch the materials they react with. Thus, a compromise is struck between an
anisotropic physical etch, allowing smaller features to be etched, and a chemical etch
providing material selectivity [80].
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PDMS Soft Lithography

Forming the microfludic structures of the neural network recording platform, polydi-
methylsiloxane (PDMS) was used, shaped in to its final structure by a soft lithography
technique.

Soft lithography refers to a range of fabrication techniques imprinting geometric
patterns through molding, stamping or embossing of soft matter, specifically elast-
omers. Commonly used as a complement to photolithography, soft lithography offers
the comparative advantage of experimental simplicity, high through-put and low cost
[81]. Once a master – i.e. a mold with the geometric features to be replicated directly
on a structure or indirectly via a stamp – has been fabricated using photolithography
or other microfabrication techniques, it can be reused several times in soft lithography
to fabricate the same features on several samples.

Having found extensive use in biomedical research, PDMS is one of the most com-
mon elastomers used for soft lithography [82]. Several characteristics contribute to
the popularity of PDMS for biomecical applications. A non-exhaustive list includes
biocompatibility, transparency facilitating optical imaging, gas permeability and ease
of deforming [83]. Crucial to its most common application, in microfluidics, PDMS
also has an excellent ability to form waterproof seals with surfaces of glass or other
silicon compounds after simple surface modification. Conveniently, the same surface
modification simultaneously transforms the surface of PDMS from a hydrophobic sur-
face to a hydrophilic one. Thus, PDMS patterned with microchannels, chambers and
other features can easily be bonded to glass and rendered hydrophilic to facilitate
liquid flow, forming excellent microfluidic platforms. Treatment in oxygen plasma re-
moves organic hydrocarbon compounds from the surface of the PDMS and leaves a
surface covered by siloxide groups (SiOx). These siloxide groups render the surface
hydrophilic, but are highly reactive [84]. Immediately bonding the PDMS to glass also
treated in oxygen plasma, SiOx groups on the PDMS surface react with activated SiOH
groups on the glass and form permanent siloxane (Si – O – Si) bonds with the glass,
sealing the PDMS irreversibly to the glass. By wetting the resulting microfluidic struc-
tures following bonding, hydrophobic recovery of the PDMS surface is prevented and
the hydrophilicity maintained.

While irreversible bonding and sealing of PDMS to glass or surfaces of other sil-
icon compounds is readily achieved by a simple oxygen plasma treatment, irreversible
bonding to surfaces of compounds lacking silicon – such as the SU-8 photoresist on
which PDMS is bonded in this project – is not. Several alternative strategies have been
developed for achieving irreversible bonding of PDMS to photoresist surfaces, includ-
ing functionalization with adhesives, N2 plasma treatment and heating to introduce
amino-groups on the PDMS and silanization of the resist surface [85–87]. However,
reversible bonding relying on weak van der Waals interactions between the PDMS and
the substrate have also demonstrated the ability to form waterproof seals with various
surfaces [88]. Although unable to withstand hydraulic pressure in continuous-flow
microfluidics, reversible bond seals could be sufficient in quasi-static systems without
extensive liquid flow, such as neuronal culturing platforms. Additionally, reversible
bonds offer the comparative advantage of the option to remove the PDMS structure
from the substrate after it has served its purpose, e.g. to enable scanning-electron
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microscope (SEM) imaging of neurons after maturation in the microfluidic device.

Electrodeposition of Platinum Black

On the neural network recording platform, platinum black was deposited on top of
planar platinum elecrodes to improve recording quality, as will be described below.
Deposition of platinum black was achieved by electrodeposition.

Electrodeposition is a film growth process in which a metal coating is formed on a
metal substrate by electrochemical reduction of corresponding metal ions in an elec-
trolyte solution. An electrochemical cell is established where a cathode, on which re-
duction and growth of metal occurs, and an anode, where oxidation occurs, are placed
in an electrolyte bath with metal ions and connected via an external circuit. By con-
necting the electrodes through an external circuit, current can be driven through the
system, driving the electron exchanging reduction and oxidation reactions at the elec-
trodes [89]. Fundamentally, an applied potential between the anode and the cathode
acts as the driving force for metal ions in the solution to overcome various energy
barriers associated with the reduction of the ion and incorporation in to the metal lat-
tice at the cathode [90]. Increasing the potential difference between the cathode and
anode equates to an increase in the driving force of the electrochemical reaction, and
thus faster reaction kinetics.

Among common materials deposited by means of electrodeposition is platinum.
Due to its high electrical conductivity, it is a well suited material for electrode fab-
rication. Furthermore, platinum has found extensive use in biological and medical
application, due to its inherent inertness in organic environments and resistance to
corrosion making it highly biocompatible [91]. A highly porous, and thus exhibiting
vastly increased effective surface area compared to its non-porous counterpart, pre-
paration of platinum dubbed platinum black has been used as an electrocatalyst for
well over a century and has in recent years been adopted in neuroscience to produce
highly efficient electrodes for neural recording [92–94]. Increasing electrode surface
area has been proven to result in lower electrode impedance, which in turn increases
signal strength and reduces noise during recording of neurons [95]. At the same time,
the specificity of neural recordings – the ability to discern the signals of individual or
small groups of neurons from one another during simultaneous recording of several
neurons by a single electrode – has been shown to be affected negatively by increas-
ing the lateral dimensions of the electrode [96]. Therefore, porous nanostructured
electrodes with vastly increased surface area compared to planar electrodes of equal
diameter, such as platinum black electrodes, have become popular for neural recording
MEAs [97].

Electrodeposition of porous platinum black, rather than platinized platinum (planar
platinum), is a process that is not fully understood, and is likely the result of a com-
plex combination of interactions. However, based on previous research on the topic,
reactant depletion kinetics is deemed a primary contributing factor [98]. Under high
applied driving potentials, the reaction rate is sufficiently high to cause highly localized
and eventually more global depletion of reactant – i.e. platinum ions in the solution
around the electrode – leading to mass transport limited growth. Growth rate is lim-
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ited by the transport of reactants from the bulk solution to the site of electrochemical
reaction, rather than the rate of the reaction it self and the establishment of deple-
tion zones causes preferential nucleation in certain sites and exclusion of nucleation
in adjacent sites, as illustrated in figure 2.7. The result is ramified, non-homogeneous
growth.

Figure 2.7: Illustration of mass transport limited growth and development of local and
global depletion zones, resulting in exclusion of adjacent nucleation. r denotes radius
of nuclei and δ extent of global depletion zone. Due to the fact that the distance from
the nuclei to the bulk solution outside the global depletion zone is shortest at the top
of the nuclei (δ − r), growth normal to the surface is favored, where the diffusion
length is shortest. As the initial nuclei grow, secondary nuclei (new nucleation on ex-
isting nuclei) form, along with their depletion zones, following the same principles of
excluding growth of adjacent secondary nuclei as the primary nuclei.

2.2.2 SU-8 Photoresist

SU-8 photoresist forms the basis of this entire project, and have as such been devoted a
separate sub-section. The project revolved around the nanotopographical structuring
– explained in this sub-section – of SU-8 and subsequent incorporation as the base
substrate of the neural network recording platform.

Since its introduction by IBM in the nineties, the negative photoresist SU-8 has
been used extensively for a number of applications, ranging from microelectromech-
anical systems (MEMS) and integrated micro-/nano-optics to microfluidic labs-on-a-
chip [99–101]. By virtue of excellent chemical stability, structural integrity and good
biocompatibility – confirmed by decades of characterisation experiments – SU-8 has
become a popular versatile tool in micro- and nanofabrication [102, 103].
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Chemistry and Photolithography

Making up the base components of any photoresist, as outlined in section 2.2.1, SU-
8 is composed of polymer resin (Bisphenol A Novolac epoxy), solvent (cyclopentan-
one) and photosensitizer (triarylsulfonium/hexafluoroantimonate salt). Contrary to
regular negative photoresists, SU-8 is however characterised as a chemically amplified
resist. Rather than directly catalyzing cross-linking of the polymer resin upon expos-
ure to light, the photosensitizing triarylsulfonium/hexafluoroantimonate salt in SU-8
acts as a photoacid generator (PAG), generating hexafluoroantimonic acid upon in-
teraction with light in the UV range. Hexafluoroantimonic acid, in turn, protonates
expoxide groups in the epoxy resin, activating them to the point where cross-linking
reactions will occur at heightened temperatures of 55 °C or above [104]. Single mo-
lecules of hexafluoroantimonic acid can catalyze the activation and cross-linking of
several epoxy monomers – hence the characterisation chemically "amplified". Figure
2.8 displays an overview of the molecules and reactions involved in the cross-linking
of SU-8. Due to the fact that cross-linking does not occur immediately upon expos-
ure, but requires the addition of heat to drive the cross-linking of protonated epoxy
groups, photolithohgraphic processes using SU-8 necessitate an added baking step re-
ferred to as post-exposure bake (PEB) following exposure. In terms of the overview of
photolithography steps listed in section 2.2.1, PEB occurs between step 5 and 6.

One of the major obstacles encountered when utilizing SU-8 in a photolithographic
fabrication process is poor adhesion, which in combination with internal stress in
the photoresist film can cause it to delaminate from the underlying substrate [105].
Among the particularly challenging substrates to achieve satisfactory SU-8 adhesion
on is glass, the substrate used in this project. General optimization of process steps
such as soft bake and PEB could improve adhesion properties, but is often found in-
sufficient. Therefore, in addition to PEB, SU-8 resist films on glass often require yet
another additional processing step, namely coating with an adhesion promoter [106].



Chapter 2: Theory 23

Figure 2.8: Molecular composition for the primary components of SU-8, a) the epoxy
polymer and b) the PAG, as well as c) an overview of the chemical reactions involved
in the crosslinking of SU-8 during photolithography. PAG generates the acid H+SbF6

–

in interaction with UV light, which protonates epoxy groups of the resin (for simplicity
displayed as a single epoxy group with an abbreviated side-group R representing the
remainder of the Bisphenol A Novalac epoxy molecule) leading to a series of reactions
cross-linking the resin at the epoxy groups upon heating.

Roughening by Etching

As mentioned previously in section 2.2.2, achieving proper adhesion of an SU-8 film to
a substrate can prove exceedingly difficult. Conversely, SU-8 is also considered among
the most resistant photoresist to removal once cross-linked. Excellent chemical stabil-
ity renders conventional chemical resist strippers and organic solvents such as acetone
largely useless in removing cross-linked SU-8. In stead, researchers have frequently
turned to oxygen based RIE [107, 108].

Oxygen based RIE has proven effective in removing cross-linked SU-8 films, but
a pure oxygen plasma etch inevitably results in a sample defect characteristic for
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plasma etched SU-8. Complete or partial oxygen plasma etching of SU-8 leaves a white
residue on the surface of the sample where SU-8 has been etched. Additionally, par-
tial oxygen plasma etching of SU-8 renders the surface of the remaining SU-8 film
rough on a micro-/nanoscale, with roughness increasing with the extent of the etch
[109]. Although research on the topic is scarce, the source of the white residue and
cause of the roughening of partially etched SU-8 is widely believed to be the antimony
present in the PAG and its generated acid upon photoactivation, as presented above
in section 2.2.2. Antimony compounds are believed to be mechanically rigid enough
to largely resist the physical sputtering component of the RIE, and form thermally
stable compounds in reaction with the reactive ionized oxygen species in the plasma
– i.e. antimony oxide (Sb2O3) and atomic antimony with high boiling points of 1425
and 1587 °C respectively [110]. High boiling points result in low vapor pressure of
antimony compounds, which means only very small amounts evaporate and leave the
surface of the SU-8. Concentrated micro-/nanoscale deposits of antimony compounds
appearing on the resist surface effectively shield underlaying resist from etching, cre-
ating protruding surface structures of non-etched SU-8, as illustrated in figure 2.9.
Supporting the theory of antimony deposits in the resist surfacing during etching and
shielding underlying resist to form protruding structures, x-ray photoelectron spec-
troscopy (XPS) and energy-dispersive x-ray spectroscopy (EDX) performed by several
research groups have measured the surface concentration of antimony on SU-8 sur-
faces to increase significantly after oxygen plasma etching compared to before etching
[111, 112].

Figure 2.9: Simplified illustration of the principle of non-etchable antimony deposits
in the SU-8 film acting as etch masks, protecting SU-8 immediately underneath the
deposits. Resulting structures become more protruding with etch time, t etch

2 > t etch
1 .

Adding some fluorides – e.g. CF4 or SF6 – to the plasma gas mixture has become
the convention when performing oxygen based plasma etching of SU-8. Addition of
fluorides drastically reduces the roughening effects and amount of white residue ex-
perienced in pure oxygen etches. While no definitive explanation has been offered for
how the addition of fluorides counteracts the surface roughening and accumulation
of residue, a possible mechanism is the generation of antimony fluorides such as an-
timony trifluoride (SbF3) and pentafluoride (SbF5) in reaction with reactive fluorine
ions in the plasma. SbF3 and SbF5 have significantly lower boiling points than atomic
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antimony and antimony oxide, of 376 and 141 °C respectively, and thus exhibit much
higher vapor pressure, evaporating from the surface throughout etching [110].

Generally highlighted as a caveat for SU-8 use, this characteristic etching behaviour
can also be exploited to form micro-/nanoroughened surfaces. Intentional RIE-based
roughening of SU-8 has been explored for applications in fuel cells, and even to create
nanowires by extensive etching and subsequent pyrolysis of the resulting high aspect
ratio protruding "wires" of non-etched resist [109, 112]. Forming the basis of this pro-
ject, it has been hypothesized that the degree of roughness achieved from plasma
etching of SU-8 can be reproducibly controlled, producing a variety of topographic
surfaces. Control results from tweaking of etch parameters such as gas composition,
chamber pressure and power of the electrical field accelerating the plasma ions to-
wards the etched substrate.

2.2.3 Profilometry

Profilometry encompasses a range of surface analysis techniques aimed at capturing
the topographical features of a sample, such as height of feature profiles and overall
surface roughness metrics.

Mechanical Profilometry

Mechanical profilometry was used in this project to measure thickness of SU-8 films.
As a simple profilometry technique, mechanical profilometry relies on contact-

based measurement, capable of resolving surface features in the range of tens of nano-
meters with high-throughput [113]. A stylus with a diamond tip is kept in contact with
the substrate with a small force of a few millinewton and moved in a one-dimensional
straight trajectory across the surface. As the tip moves along its trajectory, surface fea-
tures cause the stylus to be displaced vertically. Displacements are, in turn, detected
by a displacement sensor connected to the stylus. Feed-back loops keep the force the
stylus exerts on the substrate constant, while the displacement sensor feeds the surface
topology information to a connected computer, forming a two-dimensional profile of
the surface along the trajectory.

Atomic Force Microscopy

As a more central characterisation technique to the project, atomic force microscopy
(AFM) was used for quantitative analysis of nanotopographical surfaces. AFM meas-
urements formed topography maps of nanotopographical SU-8 surfaces, from which
a metric of surface roughness was calculated.

Closely related to mechanical profilometry, AFM operates on a similar working
principle. A tip attached to a cantilever beam is driven across a surface, while the in-
teraction of the tip with the surface is detected through the deflection of the cantilever
to form a topographical map of the surface. In contrast to mechanical profilometry,
however, AFM involves scanning over a surface in two dimensions, forming a 3D map
of the scanned sample surface rather than a 2D profile along a trajectory. Addition-
ally, while the force exerted on the sample is in the millinewton-range for mechanical
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profilometry, it is typically in a far less damaging nanonewton-range for AFM, relying
on interatomic Van der Waals forces and induced dipole-dipole interactions to deflect
the cantilever [114]. Minute deflections of the cantilever are detected by a laser beam
reflected off the top of the cantilever hitting a photodiode, as illustrated in figure 2.10,
boasting vertical resolution down to the subatomic scale and lateral resolution down
to tens of nanometers, depending on the diameter of the tip [115].

Figure 2.10: Working principle of AFM, here displayed in contact mode. A cantilever
with a nanoscale tip attached its end is driven across a sample surface. Surface fea-
tures deflect the cantilever, shifting a laser beam reflected off the top of the cantilever.
The shift in the laser beam results in the beam hitting a spot away from the center of
a detecting photodiode, which in turn communicates the shift in the laser beam to a
computer. Shifts are translated to a topographic image of the surface by the computer,
which also gives a feedback command to the piezoelectric scanner controlling the can-
tilever to counteract the deflection of the cantilever by moving vertically, maintaining
a constant force between the tip and the sample surface.

Two modes of operation are most commonly used in AFM, namely contact mode
and tapping mode. As the name would imply, contact mode relies on direct contact
with the sample, in the repulsive domain of Van der Waals forces. Surface features re-
pulse the tip and thus deflect the cantilever. Deflections of the cantilever beam result
in a shift of the laser beam focus point on the photodiode away from the center, which
in turn feeds the information to a computer controlling the piezoelectric scanner the
cantilever is attached to, maintaining a constant force against the sample. Deflection
feedback is simultaneously translated to an image representation of the surface. While
contact mode is well suited for hard samples, constant contact with the sample as the
tip is dragged along the surface gives rise to lateral friction forces, potentially dam-
aging a soft organic sample [116]. Addressing the issue with sample damage induced
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by lateral friction, tapping mode is usually the preferred mode for characterisation of
soft organic samples. Rather than maintaining contact with a constant force against
the sample, the cantilever is driven to oscillate at a frequency close to its resonating
frequency, only coming into momentary contact with the sample surface. As the tip ap-
proaches the surface during oscillation, Van der Waals forces in the attractive domain
and, as the tip comes into contact with the sample, Van der Waals forces in the repuls-
ive domain act on the tip, interrupt the oscillations of the cantilever and introduce a
shift in the frequency. The oscillations of the cantilever are recorded through the shifts
of the reflected laser beam on the photodiode, and analysed by a computer, forming
an image of the surface based on the shifts in oscillation frequency [117]. Feedback to
the piezoelectric scanner result in continuous height adjustment of the cantilever to
keep the oscillation frequency constant. Due to the fact that the tip only briefly con-
tacts the sample, and experiences minimal lateral movement during contact, lateral
shear forces caused by friction are avoided.

In addition to imaging, AFM and the data acquired from its measurements can
be used to calculate a myriad of different metrics characterising a surface, including
measures of the roughness of a surface. A common surface roughness metric that can
be acquired by analysis of AFM data is arithmetical mean deviation (Sa), defined as the
average absolute value of height deviation from a mid-line for a surface,

Sa =
1
A

∫∫

A

|z(x , y)|d xd y, (2.1)

where A is the total area of the surface.

2.2.4 Scanning Electron Microscopy

For qualitative assessment of nanotopographical surfaces to complement the quantit-
ative measurements by AFM, SEM was chosen.

An SEM replaces the light beams of optical microscopy with a beam of high energy
electrons directed towards a sample in a vacuum chamber. Produced by an electron
gun acting as a cathode, electrons are accelerated towards an anode by the produced
electric field. By adjusting the potential difference between the cathode and anode,
the acceleration of the electrons is controlled. Passing through a gap in the anode,
the electrons are further condensed in a beam and focused towards the sample by
columns of condenser and objective lenses as well as apertures [89]. Lenses, in the
case of electron microscopy, refers to current conducting coils that induce a magnetic
field acting on the electrons. Scan coils are used to deflect the beam in the lateral x
and y-directions, scanning over a patch of the sample surface in a raster pattern.

The electron beam incident on the sample interacts with the sample in multiple
ways, producing various detectable signals, such as secondary electrons (SEs), back-
scattered electrons (BSEs), Auger electrons and x-rays. Differing in the information
they provide about the sample, the signalling source is selected based on what prop-
erties of the sample are of primary interest. Particularly suited for surface topography
investigations, SEs stem from the ionization of sample atoms caused by inelastic scat-
tering interaction with electrons from the incident beam. The SE ejected in the ion-
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ization are ejected with a far lower energy than the incident electrons (<50 eV com-
pared to up to several keV for electrons of the incident beam) [118]. Due to their
low energy, only the SEs generated in close proximity to the sample surface are able
to escape the sample and be captured by the detector. As a consequence of the low
interaction volume for production of SEs, high resolution images of surface features
can be achieved. In the detector, captured SEs are accelerated towards a scintillator,
which emits flashes of light in response to electrons passing through. These flashes
of light are in turn captured, where the intensity of light scales with the number of
SEs detected, forming a light intensity mapped image as the incident electron beam
scans over the surface. An increasing angle of incidence of the electron beam leads to
an increase in the portion of SEs capable of escaping the sample, and thus a brighter
signal [119]. As a result, surface features with slopes appear brighter in the produced
images than flat surfaces, and a topographical representation of the surface forms.

Apart from selecting the appropriate signalling source, several additional paramet-
ers must be considered to optimize the quality of produced images in scanning electron
microscopy. One of the primary parameters to consider is the acceleration potential.
Decreasing the acceleration potential results in a reduced interaction volume, increas-
ing resolution, but can also increase spherical aberrations limiting the resolution of the
image. Beam current is another parameter subject to optimization. An increased beam
current results in an increased signal count, reducing the effects of noise and improv-
ing image contrast, but the increase in the amount of electrons focused in the beam
also leads to an increase in repulsive forces between them, resulting in a widening of
the beam and lower resolution. Artifacts such as astigmatism and charge accumula-
tion due to insufficient conductance of electrons away from the incidence site must
also be considered and counteracted.

2.2.5 Contact Angle Measurement

Establishing an in vitro platform for studies of cells, regardless of whether those cells be
fibroblasts, muscle cells or neurons, inevitably requires consideration of the wettability
of the surfaces the cells will be grown on. Microfluidics with aqueous solutions, such
as cell culture medium, require hydrophilic surfaces, making use of capillary forces
to facilitate fluid flow through its channels. While the optimum grade of wettability
depends on cell type, several studies have also demonstrated a clear effect of surface
wettability on cell adhesion and proliferation on a surface [120, 121].

Defined as the angle a liquid forms at the contact point of a three-phase boundary,
the contact angle is a measurement of the combination of surface tension of the liquid
phase, interphase tension of the gas phase and surface free energy of the solid phase
of the three-phase system [122]. Arguably the simplest, and most frequently charac-
terized, three-phase system consists of air as the gas phase, water as the liquid phase
and the surface of any solid as the solid phase. In such a system, the liquid-gas inter-
face between water and air is well known. The liquid-solid interface between the solid
surface and water is what is of interest – specifically whether and to what degree the
surface is hydrophilic or hydrophobic. Sessile drop measurements determine contact
angle by suspending a droplet of water on the surface to be characterised and monitor-
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ing the angle θ formed at the contact point between the edge of the water droplet and
the surface, illustrated in figure 2.11. Hydrophilic surfaces attract water and induce
the partial collapse of the droplet, resulting in a contact angle of less than 90 degrees.
Hydrophobic surface, on the other hand, repel the water and induce a more spherical
droplet shape on the surface with a contact angle of more than 90 degrees [123].

Figure 2.11: Illustration of the simple principle of sessile drop contact angle meas-
urements of wettability with water. A water drop is suspended on the surface under
analysis, and the resulting angle θ the edge of the water drop forms with the surface
is analysed to determine whether and to what degree the surface is hydrophobic or
hydrophilic. Hydrophobic surfaces result in θ > 90◦, while hydrophilic surfaces result
in θ < 90◦.





Chapter 3

Methods & Materials

Materials and methods presented in the following section are strictly related to the fab-
rication ad characterisation processes, as conducted in this project. All cell work men-
tioned throughout this thesis was performed by Edevard Hvide, and is documented in
his thesis [18].

3.1 Fabrication & Optimization of Roughened SU-8

Fabrication of roughened SU-8 surface chips consisted of primarily two processes -
photolithography and reactive ion etching. An initial phase of fabrication was aimed
at experimenting with etching parameters and characterising surfaces achieved for a
wide range of etching conditions. In the second phase of fabrication, the etching para-
meters deemed to yield the most interesting results in the context of neural culturing
were used to produce chips for seeding of neurons. Outlined in the following section,
the photolithographic processes used in the two phases were different, optimized for
throughput in phase one and for neural culturing in phase two.

In order to facilitate imaging of neurons cultured on the roughened SU-8 surfaces,
170 µm thick transparent glass cover slips of dimensions 24x24 mm from Menzel-
Gläser were chosen as the underlying substrate.

3.1.1 Photolithographic Process

As an initial pre-processing step in the photolithographic process, all glass chips un-
derwent thorough cleaning. Cleaning included submersion and rinsing in acetone and
isopropanol (IPA) followed by a 2 minute plasma cleaning with O2, using the Femto
Plasma Cleaner from Diener Electronics at 200 sccm oxygen flow and 40 kHz gener-
ator frequency. Dehydration bake was carried out on a hotplate at 150 °C for 5 minutes
to remove excess solvents and humidity on the chips. Chips for neural culturing were
additionally coated with hexamethyldisilazane (HMDS) (producer Sigma-Aldrich) to
improve resist adhesion, an addition which was made after the resist on a couple of
chips in the first neural culturing set disassociated from the glass substrate while in cell
medium. Glass cover slips were placed in a desiccator together with a vial containing
a drop of HMDS. The desiccator was pumped to vacuum by a vacuum pump, and left
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at vacuum for 10 minutes, allowing the HMDS to evaporate from the vial and adsorb
on the substrate surfaces, before ventilating the chamber and removing the samples.

Following the cleaning and pre-processing procedure, SU-8 2010 (45% solids made
by diluting SU-8 2100 75% solids from MicroChem Corp. with cyclopentanone from
Sigma-Aldrich) was manually poured onto the cover slips to form a puddle of res-
ist covering approximately two thirds of the cover slip. Distributing the resist evenly
across the glass substrate, slips were spun at 3500 rotations per minute (RPM) for 30
seconds preceded by a 1000 RPM/s ramp-up phase lasting for 3.5 seconds, to achieve
a resist thickness of around 10 µm. Soft bake was subsequently carried out in two steps
on separate hotplates, first at 65 °C for 1 minute and then at 95 °C for 3 minutes.

Two different methods and accompanying equipment were used for exposure of
the resist:

Flood Exposure in Maskaligner

Initially, exposure was carried out with i-line (365 nm) flood exposure from a mer-
cury lamp in the MA6 Maskaligner from Karl Süss. In each exposure run, 4 glass cover
slips were placed on a 4" silicon carrier wafer mounted by vacuum seal to the expos-
ure stage in the MA6 Maskaligner, and were simultaneously exposed with a dose of
150 mJ/cm2. Chips were exposed in their entirety, rendering all SU-8 insoluble. Ex-
posure was followed by post-exposure bake on hotplates at 95 °C for 3 minutes.

Patterned Exposure in Maskless Aligner

After alterations to the photolithographic process, exposure was moved to a maskless
aligner. Exposure was carried out in the MLA 150 maskless aligner from Heidelberg
Instruments according to a simple design created in the software Clewin 4, exposing
a 8 mm ∅ circle in the center of the chip. The extent of the SU-8 film on the glass
substrate was chosen to facilitate bonding of petri-dishes with 14 mm ∅ holes on their
bottom to the chips, as illustrated in figure 4.2. Due to the fact that SU-8 resist is far
less sensitive to the 375 nm light emitted in the MLA 150 than the traditional i-line
exposure commonly applied for SU-8, exposure dose in the MLA 150 had to be set to a
comparatively high 5000 mJ/cm2. Exposure was followed by a two-step post-exposure
bake on hotplates, at 65 °C for one minute and then at 95 °C for 4 minutes. Chips were
consequently developed to remove resist outside the exposed area. Two beakers of
the resist developer chemical mr-Dev 600 from Micro resist technology GmbH were
prepared, along with one beaker of IPA. Chips were submerged in the mr-Dev 600
solution in one beaker for 55 seconds, before being transferred to the other for another
55 seconds of development, for a total development time of 1 minute and 50 seconds.
Development in developer was immediately followed by submersion in and rinsing
with IPA to stop the development process and ultimately drying using a nitrogen gun.

Control chips of planar SU-8 were additionally plasma cleaned for 1 minute in
200 sccm O2 plasma at generator frequency 2 kHz to remove organic contaminants
and increase the wettability of the surface.
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3.1.2 Roughening by Etching

Roughening of SU-8 was performed by means of etching with a primarily oxygen based
plasma in the Plasmalab System 100 ICP-RIE 180 from Oxford Instruments. Glass cover
slips with SU-8 were attached to a 4" quartz carrier wafer by rubbing a small amount
of fomblin oil on the backside of each glass slide, acting as a weak glue to the carrier.
Remnants of fomblin oil were removed by cleaning carefully with cotton swabs soaked
in IPA and ethanol following etching. Prior to each round of etching experiments, the
etch chamber was first cleaned with a 15 minute etch in 80 sccm O2 with just the
carrier wafer loaded.

Three parameters were kept constant throughout the etching runs, namely the
temperature, at 20 °C, main coil power, at 1000 W, and oxygen gas release rate, at
80 sccm. Parameters tuned for optimization of the etching process included chamber
pressure, p, bias power, Pbias, etching time, t, and release rate of gas added in addition
to oxygen, qgas.

3.2 Integration on MEA Neural Recording Chips

In line with the overarching goal of incorporation and utilization of roughened sur-
faces on the neural network recording platform this project aimed to advance, MEA
neural recording chips used by the research group, with minor design changes, were
fabricated and used for testing neural network behaviour on roughened SU-8 surfaces
versus non-roughened ones. The particular neural recording chip chosen was designed
for a two-chamber microfluidic set up.

Apart from the inclusion of a roughened SU-8 surface layer with the fabrication
processes involved, the fabrication of MEA neural recording chips was largely based
on previous work. Metallization and the photolithographic process used to create a
metallization mask was based on the work of Nicolai Winter Hjelm. Electrodeposition
of platinum black electrodes was based on previous work by the author of this thesis,
carried out throughout the completion of his project thesis.

3.2.1 Design

The photolithography design software Clewin 4 was used to create the design for
the photolithographic processes of this work. Shown in fig. 3.1, the design for the
neural recording chips was based on one created by Nicolai Winter-Hjelm, with cer-
tain changes to facilitate a more consistent fabrication and electrodeposition. Forming
the patterns of the photoresist masks to be used for metallization and exposure of
the SU-8 layer, the design consisted of two layers, both of which were inverted before
exposure due to the use of negative resist. Layer 1 corresponded to the first photolitho-
graphic process, creating a resist mask for metallization. All features in layer 1 of the
design would thus be translated to metal present on the fabricated chip. Layer 2 corres-
ponded to the second process, patterning the SU-8 layer. Features appearing in layer
2 represents open areas not covered by SU-8, while the remainder of the substrate
would be covered. Designed for 4 inch circular wafers, features and dimensions were
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Figure 3.1: Overview of the design used in the photolithographic processes involved in
the fabrication of MEA neural recording chips with SU-8 surfaces. Light blue features
correlate with layer 1 of the design, the metallization mask, and would be covered in
metal. Dark green features correlate with layer 2 of the design, the SU-8 layer, and sig-
nify openings in the SU-8 film down to the underlying metal. Dashed red lines illustrate
where the wafer will be cut after completed microfabrication.

as follows; 4 orthogonally situated large contact pads, 38.5 mm wide and stretching
up to 23 mm in to the wafer, present in both layer 1 and 2. These were in turn connec-
ted by 150 µm wide and 8.5 mm long wires in layer 1 to 15 smaller contact pads each
(60 in total) of dimensions 2.2 x 2.2 mm, present in both layer 1 and 2. Wires of width
30 µm stretched from the contact pads towards the middle of the wafer, connecting
the contact pads and electrodes in layer 1. Wire width was originally 20 µm, but was
changed to 30 µm due to problems with narrow wires breaking. At the end of each
wire was a circular electrode of diameter 55 µm and 50 µm in layer 1 and 2, respect-
ively. The 5 µm larger electrode diameter in layer 1 (for metallization) compared to
layer 2 (opening in SU-8 layer) was designed to account for some misalignment of
the second photolithographic process. One wire connected to a set of two larger elec-
trodes, acting as reference electrodes, one in each microfluidic chamber, in the neural
recording set up.

Alignment marks were used to facilitate alignment of the second photoresist ex-
posure to the existing structures from the metallization step. Additionally, markers
were added to guide the cutting of the wafer after completed microfabrication, cut-
ting away the large contact pads connected to several electrodes each and leaving a
square chip with the individual contact pads for individual electrodes, as necessary for
neural recording.

3.2.2 Metal Deposition of Contacts, Wires and Planar Electrodes

As a first step in the photolithographic process for the metallization mask, the substrate
– 4" 1 mm thick borosilicate wafers from Plan Optic AG – was thoroughly cleaned.
Cleaning included submersion and rinsing in acetone and isopropanol (IPA) followed
by a 5 minute plasma cleaning with O2, using the Femto Plasma Cleaner from Diener
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Electronics (used whenever referring to plasma cleaning from here on out) at 100sccm
oxygen flow and 20 kHz generator frequency. Following the cleaning procedure, a de-
hydration bake was carried out on a hotplate at 100 °C for 2 minutes. Approximately
3 mL of MaN-440 photoresist was deposited on the wafer before initiating a spin cycle
of 3000 RPM for 42 seconds with a 500 RPM/s ramp-up lasting for the first 6 seconds
of the cycle, to achieve a resist thickness of around 3.5 µm. Soft bake was subsequently
carried out on a 95 °C hotplate for 5 minutes, followed by a 10 minute rest to allow
the resist to settle. Using the MLA 150 maskless aligner from Heidelberg Instruments,
the resist was exposed with a 405 nm laser at a dose of 2400 mJ/cm2 according to the
layer 1 design described in section 3.2.1. After a 10 minute rest, the resist was de-
veloped by submersion in a MaD-332/S developer solution for a period of 1 minutes
and 40 seconds, and rinsed thoroughly in DI water to stop development.

Prior to metallization, the wafer was plasma cleaned with 100sccm O2 at 20 kHz to
remove organic contaminants such as dust and resist residues. Subsequent evaporation
of 50 nm of titanium, as an adhesion layer, followed by 100 nm of platinum onto the
wafer was performed, using the electron beam mode for the E-Beam Evaporator &
Sputter from AJA International Inc. Deposition was set to a rate of 5 Å s−1. Removing
the metallization mask, as well as the metal deposited on top of the mask resist, lift-off
was carried out by submersion in acetone for approximately 5 minutes. The wafer was
rinsed in IPA to remove traces of acetone.

3.2.3 Application of SU-8

Prior to the photolithographic process involved in applying SU-8 on the neural record-
ing chips, the same pre-processing procedure was followed as described in section
3.1.1, involving cleaning of the chip, dehydration bake and treatment with HMDS.

For planar SU-8 control chips, a more diluted solution of SU-8 was used. To reduce
distance between cultured neurons on top of the resist and the base of the platinum
electrodes at the bottom of the electrode holes in the resist, a thinner layer of SU-8
was deposited than for the roughening etch parameter testing. Approximately 4 mL
of SU-8 2001 (25% solids made by diluting SU-8 2100 75% solids from MicroChem
Corp. with cyclopentanone) was deposited on the chips with a pipette, and spun in a
cycle of 500 RPM for 10 seconds, followed by 30 seconds at 6000 RPM. Resulting res-
ist thickness was around 1 µm. Chips to be roughened by etching were prepared with
the same dilution ratio, SU-8 2010, and spin parameters as described in etch testing
experiments, resulting in a 10 µm thick film. Soft bake was performed in two steps,
a 1 minute bake at 65 °C followed by a 3 minute bake at 95 °C. The MLA 150 mask-
less aligner from Heidelberg Instruments was used for exposure, exposing the chips
with 375 nm wavelength light up to a total dose of 5000 mJ/cm2. Exposure was fol-
lowed by a two-step post-exposure bake at 65 °C for 1 minute and 95 °C for 3 minutes.
Chips were subsequently developed by submersion in mr-Dev 600 from Micro resist
technology GmbH. 1 µm SU-8 chips were developed for 25 seconds in one beaker and
20 seconds in another, for a total development time of 45 seconds, while 10 µm SU-8
chips were developed for a minute in each beaker. After the designated development
time, development was immediately stopped by rinsing chips in IPA.
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Figure 3.2: Schematic overview of the primary process steps involved in the fabrica-
tion of SU-8 topographical neural recording chips. The top view of the chip presented
on the right hand side is a simplified and reduced version of the design with contact
pads, wires and electrodes. Platinum is deposited on the borosilicate glass substrate,
according to the design of the MaN-440 resist mask. An SU-8 layer is deposited on
the chip to cover all areas other than contact pads and electrodes, and subsequently
roughened by etching. Finally, electrodeposition of platinum black is performed on the
electrodes

3.2.4 Electrodeposition of Platinum Black

Electrodeposition was carried out using the pump system, elecrolyte bath setup, counter
electrode slot (mounted with a large Pt plate counter electrode), paddle agitator and
temperature controller of a 2-4-inch Silicon Wafer Plating Electroplating Laboratory
system (PP-type) from Yamamoto. During deposition, the wafer was placed in a custom
built wafer holder and partially submerged in the electrolyte bath. A wire connected
to the potentiostat was clamped on one of the large contact pads with a conducting
crocodile clamp, as shown in figure 3.3. While the set of 15 electrodes to be deposited
on were submerged in the electrolyte, the corresponding contact pads (both the large
and the 15 individual ones) were kept above the electrolyte, thus ensuring that plat-
inum black growth only occurred on the electrode and not the contact pad. Between
each deposition, the wafer was taken out of the bath, cleaned with DI water and dried
with a nitrogen gun before switching the connection to the contact pad of the next
electrode set to be deposited on.

As the potentiostat for electrodeposition with controlled potentials, a PalmSens4
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from PalmSens was used. A Red Rod REF201 Ag/AgCl Reference electrode from Hach
was used as the reference electrode. The electrodeposition solution contained 2.5 mM
chloroplatinic acid diluted in watera (H2PtCl6, 8wt% H2O from Sigma-Aldrich). The
temperature was set to 30 °C, and the paddle agitator was set to stir back and forth in
the solution at an RPM of 60. Deposition was carried out in a chronoamperometric set
up, with potential set to −0.4 V. Deposition time was 5 minutes for chips with planar
SU-8 surfaces and 3 minutes for chips with roughened SU-8 surfaces.

Figure 3.3: Simplified schematic of the three-electrode electrodeposition setup used in
this project. The wire from the potentiostat is clamped with an electrically conducting
crocodile clamp on to the contact pad (above the electrolyte soltion) of the electrodes
on which deposition of platinum black will occur (suspended in the electrolyte solu-
tion) on the chip. The connected deposition electrodes on the chip act as working
electrode (WE) and a plate of platinum acts as counter electrode (CE). An Ag/AgCl
reference electrode (RE) is suspended in the electrolyte bath adjacent to the chip. A
paddle agitator moves back and forth at a set rate to stir the solution around in order
to ensure an even concentration of electrolyte across the whole bath.
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3.2.5 PDMS Microfluidic Culture Wells

Forming the microfluidic chambers for neuron culturing, PDMS structures were made
using a mold created by Nicolai Winter Hjelm. 70 g of PDMS elastomer was mixed with
7 g of Dow Cornings Sylgard 184 curing agent and stirred manually with a spoon for 5
minutes to create a uniform mixture. After stirring, the mixture was put in a dessicator
connected to a vacuum pump and left in vacuum for for 15 minutes to draw out air
bubbles, followed by pouring in to a mold and another 10 minutes in the dessicator.
Remaining bubbles having surfaced during treatment in vacuum were drawn out of
the mixture by lightly blowing on the surface with a rubber bulb attached to a pipette.
To solidify the PDMS, the mixture was baked at 65 °C for 4 hours. Each run yielded 10
complete PDMS structures, with 2 culturing wells each and channels connecting the
wells, according to the 2-node neural network culturing design.

PDMS structures were bonded to the fabricated and cut up MEA neural record-
ing chips, completing the fabrication steps of the neural network recording platform.
Chips and PDMS structures were first plasma cleaned at 100 sccm oxygen flow and
2 kHz generator frequency to functionalize both surfaces. Immediately after plasma
cleaning, two drops of ethanol were pipetted on the chips to facilitate alignment, and
PDMS structure chambers were aligned to the MEAs of the chips under a inverted mi-
croscope. Bonding was performed on a heated 95 °C hotplate while applying a light
pressure to the top of the PDMS structure. Using a pipette, bonded microfluidic struc-
tures were filled with DI water to maintain hydrophilicity

3.3 Characterization

3.3.1 Mechanical Profilometry

Mechanical profilometry was used to measure the height profiles of the photoresist
prior to and following etching to determine etch depth and etch rate for certain etching
conditions. Throughout this project, a Dektak 150 Profilometer from Veeco was used
with a 12.5 µm radius stylus. Scan length varied between 200 and 500 µm, with scan
duration set to 60 s. Force was set to 3.00 mg and vertical deflection range to 65.5 µm.

3.3.2 Atomic Force Microscopy

In order to evaluate degree of roughness, AFM measurements were taken of the
roughened SU-8 surfaces. All measurements were taken with the Dimension Icon AFM
from Bruker using the ScanAsyst mode, which combines tapping and contact mode and
automatically optimizes parameters such as feedback gain, setpoint and scan rate for
high quality imaging [124]. Two different probes were used depending on the approx-
imate degree of roughness of tested samples. For less rough samples, the ScanAsyst
Air probe from Bruker was used, with resonance frequency 70 kHz and spring constant
0.4 N/m. Rougher samples were measured with the RTESPA-300 probe from Bruker,
with resonance frequency 300 kHz and spring constant 40 N/m.
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Figure 3.4: Simplified illustration of central region on complete two-node neural net-
work recording platform. PDMS structure consists of two microfluidic compartments
interconnected by microchannels only permissible to axons. Culturing chambers and
channels connecting them are covered by microelectrodes recording spiking activity
within chambers and passing between chambers through axons traversing the chan-
nels. Seeding of neurons and subsequent supply of nutrients is facilitated by holes in
the PDMS structure leading down to the culturing chambers.

Acquired images were processed and analyzed, extracting surface roughness meas-
urements, using the software Gwyddion. Processing of images consisted of performing
the same three data cleaning steps for all measured samples. First, the surface leveling
function was used, which compensates for potential tilt of the sample during measure-
ment by performing mean plane substraction. Second, row alignment was performed,
compensating for jumps in height the AFM tip occasionally does when starting the
scan of a new row in the raster scan pattern. Lastly, correction of horizontal scars was
performed, compensating for "scars" of lost data in the measurements often resulting
from sudden drastic changes in cantilever deflection caused by particularly large and
sudden surface features. Surface roughness measured by Sa is automatically calculated
by the software and given in the overview of statistical data for a given measurement.

3.3.3 Scanning Electron Microscopy

An SEM was used for high magnification imaging of SU-8 surfaces, to evaluate the
nano- and microscale topographical structures of etch roughened surfaces. The SEM
used for this project was the APREO Field Emission Scanning Electron Microscope
(SEM) from FEI, with all images being taken in the immersion mode setup.

Prior to imaging, the 24 x 24 mm chips were manually cut into smaller samples,
of approximate dimensions 6 x 6 mm, using a diamond tip scriber. Samples were then
coated with a 2 nm conducting metal layer of Pd/Pt using a 208 HR B Sputter Coater
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from Cressington, to prevent a build up of charge at the site of imaging. Coated samples
were mounted on a 8 mm ∅ sample holder with double sided copper tape, which in
turn was mounted on the SEM sample stage. Samples were electrically connected to
the sample stage by conductive copper tape attached at one end to the top of the
sample and at the other to the sample stage. Beam current was set to 6.3 pA and
acceleration voltage to 2 kV. All images were acquired using secondary electrons as
the detected signal.

Simple image processing, including the addition of scale bars, was performed in
the Fiji ImageJ software.

3.3.4 Drop Shape Analysis

The hydrophilicity of SU-8 surfaces, roughened and planar, was tested by means of
contact angle measurements. Using the Drop Shape Analyser DSA25 from Kruss in the
sessile drop mode, 20 µL drops of water were ejected from a syringe and suspended
on the chip surfaces. Interaction of the drop with the surface was captured with a built
in camera and automatically analysed to determine contact angle.
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Results

Outline

In the following chapter, the experimental results of this work will be presented. By
and large, the experimental work of this project can be divided in to three separate
phases, and the results presented in this chapter will be structured accordingly. The
first phase was centered around establishing general photolithography protocols for
fabrication of SU-8 films on 24x24 mm glass slips and integration with cell culturing.
Following the protocols established in the first phase, the second phase shifted the fo-
cus to experimenting with a wide variety of etch gas compositions and etch parameters
for surface-roughening of SU-8. Etch conditions were tuned to achieve a multitude of
surface topographies, with the aim of determining which topographies had the most
desired effect on neural culturing. The final phase was aimed at developing a complete
MEA neural network recording platform with SU-8 surfaces, exploring the viability of
using SU-8, both roughened and planar, as an insulating layer during electrodeposition
and subsequently as the bottom surface in a microfluidic PDMS platform. Additionally,
neurons were cultured on MEA chips with both planar SU-8 surfaces and SU-8 sur-
faces roughened with the set of parameters deemed most promising from the second
phase, to look for electrophysiological differences in networks grown on planar versus
roughened surfaces. Results presented for each phase will have an emphasis on the
aspect of fabrication, and present a summary of the main results obtained by Edevard
Hvide in neural culturing on fabricated platforms. A thorough description of the cell-
work and in-depth analysis of results related to neural culturing can be found in the
thesis written by Hvide [18].

41



42 Isdal, L. B.: Nanotopographical Neural Network Recording Platform

4.1 Phase 1 — Establishing Protocols

Prior to experimentation with neural culturing on roughened topographic SU-8 sur-
faces, general fabrication protocols for the photolithography of SU-8 films had to be
established, including integration with culturing of neurons.

Having prepared two dilutions of SU-8 resist, namely SU-8 2010 and 2001, spin
coating was first optimized, aiming at resist films of thickness 10 and 1 µm respect-
ively. Illustrated by mechanical profilometry measurements in figure 4.1, spin cycles
mentioned in section 3.1.1 were found to yield resist thicknesses of 9.95 and 1.08 µm
respectively for prepared films of SU-8 2010 and SU-2001, supporting the nominal
film thickness given by the recipe.

Initially, films covering the full 24x24 mm surface of the glass slides were exposed
in their entirety with flood exposure in a maskaligner following parameters suggested
in SU-8 resist datasheets, with i-line exposure of dose 150 mJ/cm2 [125]. However,
flood exposure of the entire SU-8 film covering the glass substrate proved incompatible
with the method used for neuronal culturing on the fabricated samples. Petri-dishes
were bonded to the substrates by applying parafin around the edges of the 14 mm ∅
hole on the bottom of the petri-dish and pressing it against the substrate to form a seal.
Owing to capillary forces, micro- and nanostructures on the roughened SU-8 surfaces
pulled parafin from the edges to the center of the hole in the petri dish, detrimentally
contaminating the open SU-8 surface area where neurons were to be cultured. In order
to address the issue, a new exposure protocol had to be established, outlined in section
3.1.1. Rather than exposing the entire substrate surface, only a central region of 8 mm
∅was exposed, thus enabling petri dish bonding directly on the glass around the SU-8
film, as illustrated in figure 4.2. Exposing with 375 nm wavelength laser – to which
SU-8 is far less sensitive than the 365 nm in i-line exposure – in a maskless aligner,
doses of 1000, 3000 and 5000 mJ/cm2 were tested. Only 5000 mJ/cm2 yielded fully
cross-linked SU-8 resistant to dissolution during development.

Attempting neuronal culturing on surface roughened chips, SU-8 film on 8 out of
9 chips detached completely from the glass substrate while placed in the cell cultur-
ing solution, indicating poor adhesion. Several alterations of the photolithographic
process were subsequently made in the attempt to improve resist adhesion. Dehydra-
tion bake at 150 °C was extended from 3 minutes to 5 minutes, based on the hypo-
thesis that 3 minutes was insufficient to drive off residual moisture from the surface
of the glass substrate before deposition of SU-8. Water on the substrate surface repels
the photoresist solvent, and thus inhibits proper adhesion of resist. Allowing a more
gradual evaporation of residual solvent in the resist, thus inducing less film stress,
both soft-bake and PEB time was changed from a single step to a two-step process,
adding a preliminary 1 minute 65 °C bake to both processes before baking at the final
temperature of 95 °C. Finally, a pre-processing step for the glass substrate was added
after dehydration bake and before spin coating of SU-8 – coating with a monolayer of
the adhesion promoter HMDS, rendering the surface hydrophobic and thus improving
resist wetting and adhesion [126]. Proving effective in improving the adhesion prop-
erties of SU-8 films to the glass substrate, these alterations resulted in the detachment
of only 3 out of 16 SU-8 films during neuronal culturing, a significant reduction.
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Figure 4.1: Mechanical profilometry measurements of the thickness of SU-8 a) 2010
and b) 2001 films after complete photolithographic process, measured from the top of
the resist film to the glass substrate beneath at the edge of the resist film.

Figure 4.2: Schematic overview of the process steps involved in the fabrication of
roughened SU-8 surfaces and subsequent culturing of neurons. SU-8 film is applied
and patterned through exposure and development to a central circle of the glass slide,
and roughened through etching. A petri-dish with a hole larger than the SU-8 structure
on its bottom is then bonded to the glass slide, forming a platform for culturing of
neurons.
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4.2 Phase 2 — Tuning Etch Parameters
for Optimization of Topography

Having developed protocols for photolithography compatible with the neuronal cul-
turing platform, focus in the second phase of the project shifted to experimentation
with plasma etch roughening of SU-8 to produce different nanotopographic surfaces.
With the aim of improving the physiological relevance of a neural network recording
platform by incorporating these nanotopographic surfaces, surfaces were evaluated
on two primary criteria: Biocompatibility was one – healthy neurons is a prerequisite
for the formation of physiologically relevant neural networks. As the second criteria,
surfaces were evaluated on whether they induced in cultured neural networks more
hallmarks of behaviour characteristic for networks of the brain – as outlined in section
2.1.4 – than planar control surfaces.

4.2.1 Etching in Pure Oxygen Plasma

Based on the work of Oruganti et al. in 2013, pure O2 plasma etches were chosen for
the first round of surface roughening [109]. Without the addition of fluorinated gases
to the plasma mixture, only three parameters were left – i.e. chamber pressure p, bias
power Pbias and etching time t. Further reducing the amount of parameters to tune,
chamber pressure and bias power were fixed to p = 20 mTorr and bias power Pbias =
300 W, respectively, leaving etching time as the only variable.

SEM micrographs of three samples etched in pure oxygen with the aforementioned
bias power and chamber pressure for an etch time of 1, 3 and 5 minutes are displayed
along with a sample of planar non-etched SU-8 for reference in the first two columns
of figure 4.3. As is apparent from the SEM micrographs, strictly altering the etch time
while keeping all other parameters costant during pure oxygen etching resulted in
similar structures, but at different size scales. Consistent with theory presented in
section 2.2.2, increasing the extent of the etch by extending the etch time led to the
formation of more protruding, larger aspect-ratio surface features. Demonstrated in
figure 4.3d, none of these surface structures were present in the SU-8 film prior to
plasma etching.

AFM measurements were taken of the surfaces of the samples, and are displayed
in rightmost column in figure 4.3. Acquired AFM measurements were further analysed
– see section 3.3.2 for work flow – to calculate surface roughness given as arithmet-
ical mean deviation Sa, as defined in section 2.2.3. Based on measurements of two
samples per etching time parameter and 3 measurements at different places on each
sample, samples etched for 60 seconds resulted in Sa = 26±4 nm, 180 seconds in
Sa = 72±6 nm and 300 seconds in Sa = 152±8 nm. It should however be noted that
AFM measurements strictly capture the outline of surface features, incapable of meas-
uring the intricacies of porous structures. Analogous to measuring a tree with all its
branches as a solid pillar with width defined by the widest reaching branch and height
by the tallest reaching, AFM measurements underestimate the roughness of porous
structures. Hence, the measured surfaces were likely significantly more rough than
the AFM data indicated. Planar non-etched SU-8 control samples proved nominally
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flat at a surface roughness of Sa = 0.25±0.01 nm.
Upon culturing neurons on chips roughened with the 3 different etching times

along with non-etched control chips, all roughened surfaces were found to have det-
rimental effects on the neurons. After two days in vitro (DIV), the vast majority of
neurons cultured on all surfaces had not adhered to the surface and had undergone
necrosis, and thus the cultures were promptly terminated. Poor cell viability was at-
tributed to the surface structures, even for the samples with the lowest roughness out
of the three sets, being too protruding and extreme, preventing adequate cell adhesion
to the surfaces. Brunetti et al. in 2010 determined roughness values Sa of over 80 nm
to be inhibiting to adhesion for neuroblastoma cells on gold surfaces [64]. Similarly,
Khan et al. in 2005 found adhesion of primary cortical neural cells on silicon surfaces
to decrease rapidly at roughness values over 100 nm [127]. While the samples etched
for 1 minute were measured to a surface roughness below both of these values, at
Sa = 26±4 nm, the threshold for adhesion could be lower for the combination of cell
type and substrate in this project – primary neural stem cells and SU-8. Expanded on
in section 5.2, an alternative theory for the extensive cell death revolves around the
potential cytotoxic effect of a high surface concentration of antimony resulting from
the roughening etch. While none of the surfaces proved promising for integration on
the neural network recording platform, the results steered the project on-wards in the
direction of less rough surfaces.

Rather surprisingly, neurons cultured on planar control chips also exhibited cell
viability lesser to expectations, though better than for the roughened samples. Con-
sidering the proven biocompatibility of SU-8, low wettability caused by organic con-
taminants on the untreated planar surfaces was proposed as an explanation for the
poor cell viability.
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Figure 4.3: From left to right: SEM micrographs of SU-8 film surfaces at two magni-
fications, followed by AFM measurements of the same surface. For samples a-c, SEM
micrographs were taken at 8 000x and 35 000x magnification, and imaged surfaces
were achieved by etching in pure O2 plasma with pressure p=20 mTorr and bias power
Pbias=300 W for time a) t = 60 s, b) t = 180 s and c) t = 300 s. Sample d) was a non-
etched control chip of planar SU-8, imaged at 35 000x and 65 000x magnification.

4.2.2 Introduction of Fluorinated Gases

After attributing poor neural cell viability to the protruding surface features and high
roughness values resulting from the pure oxygen etches tested in section 4.2.1, priority
was put on reducing the extent of the roughening. In the work of Rasmussen et al. in
2013, etching of SU-8 was optimized to minimize surface roughness while adding
SF6 in the plasma gas mixture along with O2 and fluorine in the gas mixture was
proposed as the key to reducing the roughening. Inspired by this work – and driven
by the objective to produce surfaces of less rough and protruding nanotopographies –
fluorinated gases were introduced in the etch.

In a phase of high-throughput testing, rather than testing each set of etch para-
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meter on three samples, a single etching condition was only tested on a single sample.
An overview of tested etch conditions is listed in table 4.1. For ease of referral, all
etch conditions will from here on out be referred to by their given abbreviated name,
as listed in the table. While a sample etched with conditions SF6:C1 was deemed too
planar, ruling out SF6 in subsequent experiments, addition of different concentrations
of CF4 and CHF3 was found to produce surfaces of non-porous topographies on the
nanoscale. The significantly less extensive pure oxygen etch O2:C2, featuring reduced
etch time, increased chamber pressure and greatly reduced bias power compared to
the pure oxygen etches presented in section 4.2.1, was also found to result in less
protruding and porous topographies. Figure 4.4 displays SEM micrographs of a selec-
tion of achieved topographies. Three etching conditions, O2:C2, CHF3:C2 and CF4:C2,
were selected for roughening of samples for the next batch of neuronal culturing based
on a qualitative assessment of the resulting surfaces as less rough and porous, and
thus dissimilar enough to the previous pure oxygen batch to induce new effects on
the neurons. Samples etched with conditions CHF3:C3 and CF4:C3 were considered
too rough, exhibiting similar topographies to the previous batch, and were thus dis-
carded. Nevertheless, they serve as a demonstration of how the etch process and res-
ulting topographies are tunable and strongly dependent on plasma gas composition
and concentration, showing topographies less rough than for equivalent etches with
pure oxygen and rougher than equivalent etches with higher concentrations of the
same fluorinated gas.

Gases
qgas

[sccm]
p

[mTorr]
Pbias

[W]
t
[s]

Sa

[nm] Name Comment

O2 N/A
30

30

30

20

60

30

U

10.3

O2:C1

O2:C2

Deemed too
rough
SEM and AFM
in fig. 4.6a

O2 + CHF3

10

8

5

20

20

20

200

200

300

300

300

300

U

6.8

U

CHF3:C1

CHF3:C2

CHF3:C3

Etched through
resist
SEM and AFM
in fig. 4.6b
SEM in fig. 4.4d

O2 + CF4

5

5

3

20

20

20

300

300

300

180

120

120

U

1.3

U

CF4:C1

CF4:C2

CF4:C3

Etched through
resist
SEM and AFM
in fig. 4.6c
SEM in fig. 4.4c

O2 + SF6 10 20 200 180 U SF6:C1
Deemed too
planar

Table 4.1: Overview of etching parameters used to produce the surface-roughened SU-
8 samples displayed in phase two. qgas represents release rate of gas added in addition
to oxygen, p chamber pressure, Pbias bias power, t etching time and Sa measured sur-
face roughness. U means no AFM measurements were taken of samples etched with
the given parameters.
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Figure 4.4: SEM micrographs of SU-8 film surfaces produced with various etch com-
positions, at 8 000x – 35 000x – 65 000x magnification. Samples were etched with
conditions a) O2:C2, b) CHF3:C2, c) CF4:C3, d) CHF3:C3 and e) CF4:C2.
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Mentioned in section 4.2.1, poor neuron viability on planar SU-8 surfaces was hy-
pothesized to result from low wettability. Therefore, the wettability of planar SU-8
surfaces, along with samples etched with the etch conditions selected for neuronal
culturing, was measured by sessile drop contact angle measurements. Displayed in
figure 4.5c, d and e, all roughened surfaces demonstrated strong hydrophilicity, with
contact angles θ < 20◦ and in the case of samples in d and e too low for the analysis
software to calculate. Non-treated planar SU-8, displayed in figure 4.5b, was found
significantly less hydrophilic, with a contact angle of θ = 69.4◦. Although optimum
surface wettability for biocompatibility with neurons is disputed, several works have
concluded that contact angles of θ > 50 − 60◦ result in poor biocompatibility [128,
129]. Hence, the attribution of poor biocompatibility to the low surface wettability of
non-etched SU-8 seemed warranted, and wettability would have to be increased for
non-etched SU-8 to act as a viable control. A plasma cleaning treatment with 200 sccm
O2 at 40 kHz plasma generator frequency for 1 minute drastically reduced the contact
angle of the same planar sample, to θ < 20◦, without significant effect on the surface
topography, as displayed in figure 4.5f.

Figure 4.5: Sessile drop contact angle measurements of selected surfaces from the
batch displayed in figure 4.4. Illustrated in a), each image displays the suspension
of a drop of water on top of SU-8 films on glass slides, forming a contact angle θ
based on the wettability of the surface. For each sample, a x65 000 magnification SEM
micrograph of the sample surface is attached. c), d) and e) correspond to samples
etches with conditions O2:C2, CHF3:C2 and CF4:C2, respectively. b) is a planar non-
etched SU-8 sample prior to plasma cleaning and f) the same sample after plasma
cleaning.



50 Isdal, L. B.: Nanotopographical Neural Network Recording Platform

Based on the selected three etch conditions, O2:C2, CHF3:C2 and CF4:C2, a new
neuronal culturing sample batch was fabricated with two chips for each parameter
set, along with two planar samples treated with plasma cleaning acting as control. Dis-
played in figure 4.6a and b, topographies of samples etched with conditions O2:C2 and
CHF3:C2 were found largely identical to the samples etched with the same parameters
during high-throughput testing. Conversely, a notable discrepancy of surface features
between samples etched with CF4:C2 displayed in figure 4.6c and the sample with the
same parameters in high-throughput testing was discovered. While nanoscale ridges
and valleys were apparent in both, samples fabricated for neuronal culturing lacked
the characteristic microscale craters found on the sample etched with the same para-
meter in high-throughput testing, displayed in figure 4.4e. Microscale craters were
also not found on the surface of succeeding full-scale SU-8 covered MEA neural re-
cording chips treated with the same etch condition, suggesting that the craters were
an artefact of the high-throughput sample SU-8 film rather than a general feature
of the roughening etch. Proposed as an explanation, microscale air bubbles regularly
appear and reside in photoresist – resulting from trapping of air in the resist during
transfer from the bottle to the sample or by shaking of photoresist bottles – and would
upon bursting during etching leave open craters on the surface of the resist.

Figure 4.6: From left to right: SEM micrographs of SU-8 film surfaces at 8 000x mag-
nification, further magnified to 65 000x and finally AFM measurements of the same
surface. Samples were etched with the etch parameters deemed most promising from
the batch displayed in figure 4.4. Etching conditions were a) O2:C2, b) CHF3:C2 and
c) CF4:C2.
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Surfaces were measured with a single AFM measurement on one sample per para-
meter set. AFM measurements are presented in the right-most image column in figure
4.6, and equate to surface roughness Sa = 10.6 nm for the sample etched with condi-
tions O2:C2 and Sa = 1.3 nm for sample etched with CF4:C2. The sample etched with
conditions CHF3:C2 was however measured in two locations on the sample. Upon op-
tical inspection of the sample after etching, central areas of the SU-8 film appeared
significantly more cloudy and white in color than peripheral areas of the film. Further-
more, the cloudy and white area corresponded perfectly to where the bottom of the
glass substrate had been covered by fomblin oil for mounting on a carrier wafer. As
mentioned in section 2.2.2, white appearance on plasma etched SU-8 film is a hall-
mark of the antimony induced roughening effect, suggesting central areas situated on
the top of the glass directly above the fomblin oil brushed on the bottom were affected
in a way that increased the roughening effect. For reference, an illustration of the pro-
cedure of mounting glass cover slides with fomblin oil to a 4" carrier wafer and the
resulting roughening effect is illustrated in figure 4.7.

Figure 4.7: Illustration of the procesure for mounting 24x24 mm glass cover slides with
SU-8 film to 4" carrier wafers for etching in the ICP-RIE machine. A drop of fomblin oil
is rubbed on the back of the glass cover slide before mounting it on the carrier wafer,
SU-8 film facing up and fomblin oil on the back affixing the glass substrate to the
carrier wafer. After etching, detaching the substrate and cleaning remaining fomblin
oil off the back of the glass, a white and cloudy patch is apparent on the SU-8 film
corresponding perfectly to where the backside of the glass was covered by fomblin oil.

Confirmed by SEM micrographs and AFM measurements displayed in figure 4.8,
central areas of the film were indeed an order of magnitude more rough than peri-
pheral areas, with surface roughness Sa = 53.4 nm in the central area against Sa =
6.8 nm in the peripheral area. While not investigated by means of SEM and AFM, the
same pattern – exceedingly white and cloudy areas of etched SU-8 film correspond-
ing precisely to where fomblin oil had been brushed on the bottom of the glass – was
found upon optical inspection of other samples etched with gas mixtures containing
fluorinated gases. This was especially the case for gas mixtures containing CHF3. Fur-
ther interpretation and discussion of this result will be presented in section 5.3.
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Figure 4.8: SEM micrographs at 8 000x magnification and AFM measurements from
two areas of a single sample, etched with conditions CHF3:C2. a) corresponds to a
peripheral area of the SU-8 film, outside the region in which the bottom of the glass
substrate was covered by fomblin oil during etching, while b) corresponds to a central
area directly above the fomblin oil.

Contrary to the previous neuronal culturing sample set etched with extensive pure
O2 etches, a variety in induced neuronal response was observed on the new batch of
samples etched with parameter sets O2:C2, CHF3:C2 and CF4:C2. Microscopy images
of randomly selected locations on samples taken after 14 DIV are presented in figure
4.9. After plasma cleaning treatment, planar SU-8 surfaces demonstrated excellent cell
viability on par with glass control surfaces, pointing to low wettability of untreated
planar SU-8 as the cause of poor cell viability in the previous culturing batch. Similar
to more extensive pure O2 etches, samples etched with conditions O2:C2 – low bias
power and short etch time with pure O2 – were found to induce cell death, despite
their significantly less porous and rough topography at roughness Sa = 10.6 nm. Cent-
ral regions of pronounced roughness, at Sa = 53.4 nm, on the samples etched with
CHF3:C2 also induced cell death. Peripheral regions of significantly lower roughness,
at Sa = 6.8 nm, displayed good cell viability and signs of neuron clustering and axon
fasciculation. Demonstrating the most promising network characteristics was how-
ever the networks grown on samples etched with conditions CF4:C2, with the lowest
roughness in the batch, at Sa = 1.3 nm. Neurons grown these samples showed a clear
increase in propensity for clustering and fasciculation of neurites compared to control
chips of planar SU-8 and exposed glass regions around the roughened film. As outlined
in section 2.1.4, fasciculation and clustering are both hallmarks of small-world topo-
logy and indications of a network topology more similar to that of the in vivo brain
than networks without these features. Tendency of cultured neurons to cluster and
fasciculate combined with uniformity in the surface topography and neuron response
led to the selection of etching conditions CF4:C2 for the incorporation of roughened
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surfaces on the full neural network recording platform. Further analysis and results
related to the neuronal culturing can be found in the thesis written by Hvide [18].
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Figure 4.9: Representative images from regions of neural networks grown on
roughened nanotopographical SU-8 and planar control surfaces. The regions of interest
were selected at random, to avoid bias in analysis. Green circles in image of a) planar
control highlight regions exemplifying tendencies of neuronal networks forming. In
image of b) sample etched with condition CF4:C2, the green circle highlights an area
with large clusters and fasciculation of axons between cluters. In image of c) peripheral
region of sample etched with CHF3:C2, the green circle indicated area with networks
forming, with a clearly lower density than in image b). In image of d) sample etched
with O2:C2, red circles show cells exhibiting a shrunken and non-polarized morpho-
logy, indicating cell death. All images have a scale bar of 150 µm. Images were acquired
by phase contrast microscopy at 14 DIV, and were taken by Edevard Hvide.

4.3 Phase 3 — Incorporation on Neural Network Re-
cording Platform

4.3.1 Fabrication

Photolithography protocols for SU-8 with improved adhesion had been established
and RIE conditions for roughening of SU-8 to achieve topographies inducing behaviour
reminiscent of that in the in vivo brain optimized. For the incorporation of rough SU-8
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surfaces on the neural network recording platform, three primary fabrication concerns
remained. Firstly, the observation that fomblin oil smeared on the bottom of glass
slides affected the plasma etch process raised concerns about discrepancies in etch
and roughening characteristics between the 170 µm thick glass cover slides mounted
on carriers with fomblin oil and 1 mm thick 4" borosilicate wafers placed directly on the
sample stage without mounting to a carrier. Both the second and the final concerns
were centered around the replacement of Si3N4 – previously used as the insulating
layer for electrodeposition and for irreversible bonding of PDMS to the surface on the
neural network recording platform – with roughened SU-8. In order for SU-8 to be a
viable direct replacement for Si3N4, it would have to provide sufficient insulation for
electrodeposition and not adversely affect the resulting platinum black electrodes, and
form a sufficiently strong seal upon reversible bonding of PDMS to prevent leakage or
detachment during culturing.

As a first step towards determining the viability of incorporating roughened SU-8
on the neural network recording platform, the surface roughening process was tested
on the 4" borosilicate substrate used for the platform. A wafer was covered with SU-
8, etched with selected conditions, CF4:C2, and characterised with SEM and AFM to
determine whether resulting topographies deviated from those achieved on the thin
24x24 mm glass cover slides. SEM micrographs of the wafer surface, displayed in fig-
ure 4.10a, showed a topography clearly similar to those found on identically etched
SU-8 on glass cover slides, displayed in figure 4.6c. Although the surface appeared
somewhat less rough in SEM imaging, it was likely the result of the 4" wafer being im-
aged at 0◦ stage tilt while all surfaces on cut-out pieces of thin glass cover slips were
imaged at 25◦ tilt. AFM measurements taken at three spots on the 4" wafer conversely
revealed a higher roughness for the 4" wafer compared to the measurement on the
glass cover slide, at Sa = 4.1±0.4 nm versus Sa = 1.3 nm respectively. Similar rough-
ness values were later found for the two completed roughened surface neural network
recording chips, at Sa = 4.8±0.3 nm on one and Sa = 4.7±0.6 nm on the other. AFM
measurements of the chips are displayed in figure 4.10b and c.

Figure 4.10: a) and b): AFM measurements of the two MEA neural recording chips
with surface-roughened SU-8 films. c): 65 000x magnification SEM micrograph of the
roughened SU-8 surface of a 4 inch wafer covered entirely by SU-8 and etched with
the same parameters as the roughened MEA chips, condition CF4:C2.

To determine whether PDMS could be reversibly bonded to roughened SU-8 and
form a seal of sufficient strength to prevent detachment and leakage during neuronal
culturing, another 4" wafer was prepared with SU-8 roughened with the selected para-
meters and bonded with PDMS. Neuronal culturing chambers and channels between
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chambers were filled with water stained with blue food dye to make detection of leak-
age from the microfluidics simpler. After two weeks the microfluidic structure showed
no signs of leakage or detachment, indicating a sufficiently strong seal between the
PDMS and the roughened SU-8. During subsequent culturing of neurons, however, the
PDMS on one of the neural network recording chips with roughened SU-8 detached
completely after 8 DIV, out of a total of 4 neural network recording chips cultured with
neurons.

Electrodeposition of platinum black with SU-8, roughened and planar, was the fi-
nal aspect of fabrication of the neural network platform that needed to be explored.
Addition of platinum black is strictly not necessary for comparatively large electrodes,
such as the 50 µm ∅ electrodes fabricated in this project, as the signal to noise ratio
for such electrodes is adequate even with simple planar electrode morphology. Never-
theless, electrode size is continuously decreased to improve specificity of recording –
i.e. ability to record individual or small groups of neurons and distinguish them from
others – and platinum black addition is required to keep the signal to noise ratio high.
Thus, for roughened and planar SU-8 to be a viable option to replace Si3N4 in the long
term, it should be compatible with platinum black deposition.

Platinum black electrodeposition was initially tested on chips with planar SU-8.
Presented in figure 4.11, exposed electrodes positioned at the end of wires covered by
insulating SU-8 appear white in color prior to deposition and change to the character-
istic black color of platinum black after deposition. Growth of platinum black was not
found to occur on any insulated wires, demonstrating excellent insulating capabilities
for the SU-8 film. SEM micrographs of the platinum black electrodes grown on chips
with planar SU-8, displayed in figure 4.12a, reveal a growth characterised by scattered
highly porous "roses" of platinum black interspaced with relatively non-porous plat-
inum. Maximizing effective surface area, highly porous platinum black should ideally
cover the full electrode. Hence, while planar SU-8 was demonstrated to be compatible
with platinum black electrodeposition, the process is certainly subject to optimization
of parameters such as deposition driving potential and deposition time.

Figure 4.11: Optical microscopy images of wires and electrodes on a planar SU-8
MEA neural recording chip, a) before and b) after electrodeposition of platinum black.
Sites of platinum black deposition are indicated with red arrows, prior to and after
deposition. The color of the microelectrodes changes from the white color of the wires
to a deep black color, confirming the growth of platinum black.
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As can be seen in figure 4.12b, platinum black on chips with roughened SU-8 ex-
hibited significantly more homogeneous porous growth across the entire electrode
than that grown on chips with planar SU-8. On some electrodes grown on chips with
roughened SU-8, however, a far more detrimental defect than sub-optimal platinum
black morphology was observed. Demonstrated in the SEM micrographs in figure 4.13,
flakes of platinum black were delaminating, and in certain cases completely detach-
ing, from some of the electrodes. SEM micrographs taken of both the delaminating
flake and the remaining electrode consist of platinum black. No apparent defects were
found in the surrounding roughened SU-8 film, leading to the conclusion that the
delamination of platinum black was caused by poor mechanical stability of the plat-
inum black structure itself – as a result of non-ideal electrodeposition parameters –
rather than defects on the sample prior to deposition. Due to concerns with delamin-
ating and detaching platinum black adversely affecting neurons during culturing, a
decision was made to fabricate two new MEA recording chips with planar platinum
electrodes without deposition of platinum black.

An image of a completed neural network recording platform is displayed in figure
4.14.

Figure 4.12: Overview and 35 000x magnification SEM micrographs of platinum
black electrodes grown potentiostatically with the same driving potential of −0.3 V
for samples with a) planar and b) roughened SU-8 as the insulating layer.
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Figure 4.13: SEM micrographs showing delamination of platinum black occuring on
electrodes for MEA chips with surface roughened SU-8. a) displays an overview of a
delaminating platinum black electrode, b) a magnified view of the right side fold, c)
65 000x magnified view of the middle of the delaminating electrode and d) 65 000x
magnified view of the edge of the right side delamination fold. e) displays an overview
of a fully delaminated layer of platinum black having completely detached from the
electrode and moved to the top of the SU-8 film.
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Figure 4.14: Birds-eye view of the complete neural recording chip, including the cut-
out chip from the initial 4 inch glass wafer with MEAs and corresponding individual
contact pads as well as the bonded PDMS microfluidic structure.
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4.3.2 Recording Neurons on Nanotopographical Surfaces

Completed neural network recording platforms were successfully cultured with neur-
ons and electrical activity of cultured networks was recorded through maturation.
As mentioned, the PDMS microfluidic structure detached from one of the chips with
roughened nanotopographical surface shortly after spontaneous network activity star-
ted emerging. Thus, significant network recording data was only acquired from a
single nanotopographical surface chip and two planar surface control chip. It should
therefore be stated that the statistical significance of the results that will be presen-
ted is poor. However, from the data that was acquired, observations were made that
could indicate an increased degree of small world topology in the network grown on
the nanotopographical surface. Some of the data acquired from electrophysiological
recordings are displayed in figure 4.15.

Data on firing rate, displayed in figure 4.15a, serves as a validation of the health
and stability of grown networks. Networks grown on both nanotopographic and planar
surfaces exhibit a consistent increase in firing rate from the emergence of electrical
spiking activity to the termination of the networks after 18 DIV. Resulting from the
integration of progressively more signalling neurons in to the network, this increase
is expected of healthy maturing networks [130].

Network bursts are characterised as periods of synchronized rapid firing in groups
of neurons – such as neuron clusters, groups of clusters or the whole network – fol-
lowed by periods of silence without activity [131]. As can be seen from figure 4.15b,
the maturing network grown on the nanotopographical surface developed a higher
rate of network bursts than networks grown on planar surfaces. This result arguably
becomes more interesting when considered together with the data for the size of the
frequent network bursts on nanotopography compared to those on planar surfaces.
Demonstrated in figure 4.15c, network bursts in the network grown on the nanoto-
pographic surface are of a significantly smaller scale than those in networks grown
on planar surfaces. At the final point of recording, where networks had matured the
longest, network bursts on average spanned 22.7 out of 59 actively recording elec-
trodes on networks grown on nanotopography, and 36.7 out of 59 on planar surfaces.
These results indicate more localized and frequent bursting behaviour in networks
on nanotopographical surfaces, and less frequent and more globally spanning burst
on planar surfaces. As outlined in section 2.1.4, highly synchronized global bursting
activity is largely incompatible with the small-world topology principles of the in vivo
brain neural networks. As such, these results, while not of particular statistical relev-
ance due to low sample size, indeed imply a higher degree of small-worldedness in
networks grown on nanotopography.

For further interpretation and discussion of results related to electrophysiological
measurements, the reader is referred to the complimentary work of Hvide [18].
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Figure 4.15: Data calculated from electrophysiological recordings performed at dif-
ferent points of maturation (DIV). Data relates to the single remaining chip with
roughened SU-8 surface (red graphs, denotation 4.7 nm corresponding to its rough-
ness) and the average from two planar SU-8 control chips (blue graphs, denoted 0 nm).
Firing rate measured in spikes per minute given in a), network burst rate in bursts per
minute given in b) and mean burst size given as average number of electrodes simultan-
eously active in a burst given in c). Electrophysiological measurements and subsequent
calculation of statistical data was performed by Edevard Hvide.
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Discussion

Outline

In the following chapter, the impacts of the work performed in this thesis will be dis-
cussed on a general level, along with more elaborate discussion around some of the
specific results presented in chapter 4. At the focal point of this project, a discussion
will first be held on the development of the novel 2.5D network recording platform
that was developed. Impact and prospects of the platform will be discussed, along
with limitations and fabrication challenges. Discussion about the novel platform will
be followed by a discussion on the observed effects of nanotopographical roughened
SU-8 surfaces on neural networks cultured on the surfaces. Once again, the reader is
referred to the complimentary thesis of Hvide for description of neural cell work and
more thorough analysis of the effect of surfaces on neurons [18]. Finally the discus-
sion will be steered towards observations, results and limitations from the fabrication
processes not directly related to the developed neural network recording platform, as
well as characterisation techniques.

61



62 Isdal, L. B.: Nanotopographical Neural Network Recording Platform

5.1 Development of 2.5D in vitro Neural Network Re-
cording Platform

5.1.1 Progress Towards Aim

Throughout the course of this project, the aim was to develop a 2.5D – termed 2.5D,
between a 2D planar surface and more extensive 3D structure – nanotopographical
neural network recording platform. Development of the platform would involve the
establishment of new fabrication processes to replace the previously used planar Si3N4

base substrate with nanotopographically surface structured SU-8 photoresist. Incor-
poration of nanotopographies on the platform was aimed at mimicking the physical
environment of the in vivo brain, and by extension replicate the physical guidance
cues that contribute heavily to the formation of small-world network architecture. As
mentioned in section 2.1.4, neurodegenerative diseases have been demonstrated to
spread more quickly in networks with the small-world architecture of the nervous sys-
tem than in other network topologies [50, 51]. Hence, inducing small-world network
architecture similar to the brain would signify an improved efficacy of the in vitro
platform in modeling the dynamics of neurodegenerative diseases in the in vivo brain.

With these initial aims and objectives in mind, three important results achieved in
the course of this project should be highlighted.

• Biocompatible SU-8 nanotopographic surfaces were successfully implemented
on the neural network recording platform. Nanotopographically structured SU-8
films were proved to be a viable direct replacement for planar Si3N4. Herein, nan-
otopographic SU-8 was found compatible with bonding of PDMS microfluidics,
achieving sealing capable of withstanding 18 days in neuronal culture medium,
and as insulation for electrodeposition of platinum black and during electro-
physiological recording. This was achieved without than addition of new com-
ponents, other than the nanotopographic SU-8 in itself, or large chip design
changes to support the replacement. Thus, while this project specifically carried
out implementation on a two-chamber 59 electrode neural network recording
platform, the SU-8 nanotopographic surfaces should be implementable on exist-
ing platforms of any microfluidic design and with any number of electrodes.

• Nanotopographic surfaces of SU-8 fabricated with roughening by etching condi-
tions CF4:C2 (table 4.1 in section 4.2.2) were found to result in neural networks
exhibiting an increase of structural and functional characteristics correlated with
small-world architecture. While further investigation, with larger sample sizes,
is needed before conclusions can be drawn, these results indicate an ability of
nanotopographical SU-8 surfaces to improve small-world topology in in vitro
neural networks.

• Through tuning of RIE process parameters – gas composition, gas release rate,
chamber pressure, bias power and etch time – a breadth of SU-8 surface nano-
topographies varying in morphology, scale and pitch was achieved. At one end,
slender and porous "seaweed" structures of height up to 1.5 µm, pitch 1-2 µm and
roughness Sa = 152±8 nm (figure 4.3c) were achieved for a 5 minute pure oxy-
gen etch. At the other, ridges and grooves of few nanometers in width and height
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and roughness Sa = 1.3 nm (figure 4.6c) were achieved with conditions CF4:C2
(table 4.1). Results were found to be in congruence with theory presented in
2.2.2, with the roughening increasing with extent of etch – e.g. by increasing
etch time while keeping other parameters constant – and decrease with increas-
ing addition of fluorinated gases. As such, the established method for plasma
based roughening of SU-8 demonstrates excellent flexibility in controlled tun-
ing of nanotopographies, with clear potential for further optimization.

5.1.2 Comparison with Existing Platforms & Future Perspectives

As highlighted in the section above, one of the prominent advantages of the novel SU-
8 based 2.5D nanotopographical neural network recording platform developed in this
project is its flexibility for adaptation on previously planar 2D platforms. Nanotopo-
graphical SU-8 was demonstrated to be a viable direct replacement of the traditionally
used planar Si3N4 insulation layer, compatible with bonding of PDMS microfluidics
and as insulation during electrodeposition of platinum black and electrophysiological
recording. Rather than complicating the fabrication process, the replacement of Si3N4

with nanotopographical SU-8 brings a reduction in fabrication process steps. Applica-
tion of Si3N4 involves chemical vapor deposition of Si3N4 covering the whole substrate,
followed by patterning of an etch mask with photolithography and finally etching to
remove insulation on electrodes and contact pads [132, 133]. In comparison, the ap-
plication of nanotopographical SU-8 merely involves photolithography and etching,
alleviating the need for the chemical vapor deposition step. In summary, the SU-8
plasma etch based nanotopographical surface structuring developed and incorporated
on a neural network platform in this project is a promising and simple way of incor-
porating physical environment on previously planar platforms.

No published works have been found to have incorporated 2.5D nanotopograph-
ical surfaces on a complete in vitro neural network recording platform – herein defined
as a platform incorporating microfluidics and electrical recording with neural cultur-
ing. However, some 2.5D surface structuring strategies have been tested that could
have potential on a neural network recording platform. In their work in 2014, Kang
et al. cultured neurons on top of monolayers of silica beads placed on a planar sub-
strate [134]. Bead monolayers were made of beads of uniform diameter in a regular
lattice, with monolayers of different bead diameters tested in the range 600-1800 nm,
and reportedly resulted in accelerated neurite growth – the circuitry of neural net-
works. No investigations in to the larger scale architecture of grown neural networks
were made, but a hypothesis can be raised for accelerated circuit formation resulting
in organization in to more complex networks, potentially of higher degree of small-
worldedness. However, as presented in section 2.1.5, the sensing apparatus of neurons,
components of the ECM and the structures mediating their interaction span across the
low nanometer to low micrometer scale. Hence, it seems reasonable to assume that
while uniformly sized beads in a regular lattice may capture some of the important
physical guidance cues of the in vivo brain, it neglects others and thus likely would
not induce the same small-worldedness as in the brain. Additionally, incorporation on
neural network recording platforms would have to involve scaffolding surrounding the
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microelectrodes and shielding them from the beads, so as not to damage the porous
platinum black electrodes or interrupt recording.

Employing a different strategy, Baranes et al. in 2015 investigated behavior of neur-
ons grown on top of an electrospun polymer fiber matrix with fibers of approximate
diameter 270 nm decorated with gold nanoparticles of diameter 10 nm. Baranes et al.
studied effects on neural stem cell differentiation rather than effects on network form-
ation [135]. Nevertheless, the substrate intuitively seems like a promising candidate
in recapturing the network growth guiding cues of the in vivo brain. The polymer fiber
matrix closely reassembles the collagen fibril dimensions – 100-200 nm in diameter –
and structure making up the major scaffolding compound of the ECM. Nanoparticles
at low nanometer dimensions can reassemble the physical structure of various pro-
teins decorating the collagen fibrils. In addition to the complication of fabrication that
would be involved in electrospinning polymer fibers on neural network platforms and
then decorating them with nanoparticles, making the structure compatible with the
current microelectrodes embedding for recording would be challenging at best. Men-
tioned in section 2.1.2, the electrodes of embedded MEAs can record neural activity
up to 100 µm away from the electrode, although signal strength and quality dissipates
rapidly with distance. Isotropic electrospun polymer fibrous matricies can usually be
achieved with a thickness of a few hundred micrometers, down to 50 µm [136]. Thus,
a process would have to be established for fabricating an exceptionally thin mat of
electrospun fibers for recording of neurons grown on top of the mat to be possible.
Additionally, this would have to be achieved through millimeter openings in bonded
microfluidic structure down to culture chambers, as bonding of sealed microfluidics on
top of electrospun fibers would be impossible. In comparison to both of these methods,
SU-8 based nanotopographical surfaces developed in this project have been proved far
more compatible with current neural network recording platforms, and have demon-
strated excellent flexibility in shaping into a myriad of different topographies.

Rather than recapitulating the nano- and low microscale components of the ECM
and interaction with neurons, some work has been aimed at fabricating larger scaf-
folding for formation of 3D neural networks. 3D neural networks are herein defined as
networks of neurons and circuitry distributing in layers in all three dimensions rather
than as a monolayer on top of planar or topographic surfaces. In the work of Li et al.
in 2018, a matrix of interlocked angled PDMS pillars of diameters approximately 5 µm
and height 40 µm made with a photoresist mold created with three exposures [137].
Exposures were performed by tilting the sample 45◦ in relation to the light source
and rotating it 120◦ around the its own axis between exposures. This 3D matrix was
found to promote neuron distribution and circuit forming at different points along
the height of the pillars, forming a 3D network. No analysis was however made with
regards to the network characteristics of grown 3D networks in relation to 2D ones.
In 2019, however, Valderhaug et al. grafted polymer particles of diameters between
100 and 1000 µm on a recording MEA chip from producer MultiChannel Systems to
induce growth of 3D networks and test for characteristics of small-world topology
[138]. Allowing neurons to form networks of three dimensions rather than two was
found to increase prevalence of clustering and fasciculated axon "short-cuts" between
clusters forming on top of separate polymer particles. Recording of activity of neurons
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in the network situated up to 100 µm away from the electrodes at the base showed
signs of less network-wide synchrony between populations in the 3D network than for
2D networks. In other words, similar changes in network architecture were indicated
for these 3D networks as for the networks grown on the nanotopographical platform
developed in this project.

In order to fully recapitulate the network architecture of the nervous system, a
combination of larger scale 3D structuring approaches, such as those employed by Li
et al. and Valderhaug et al., with nanotopographical structuring will likely have to be
applied. 3D scaffolding enable neurons and circuitry to organize in three dimensions
rather than two, as in the brain, while nanotopographies can capture the physical
guiding cues steering development towards small-world architecture. One of the clear
advantages of basing the nanotopographic neural network platform developed in this
project on SU-8 is the versatility in structuring of SU-8 photoresist. SU-8 photoresist is
widely regarded in research for its capability of producing high aspect ratio structures
with height of hundreds of micrometers [139–141]. While high aspect ratio pillars
and similar three dimensional structures protruding normal to the surface can readily
be fabricated with traditional lithography methods, SU-8 has also been shaped in to
more complex three dimensional structures using advanced lithography techniques
such as gray-scale lithography and diffraction lithography [142, 143]. Larger 3D SU-8
structures could in turn be treated with the plasma based roughening process estab-
lished in this work, introducing nanotopography in addition to the 3D scaffold. Thus,
a future alteration of the established neural network recording platform could be to
pattern part of the SU-8 film directly under the open culture chambers of the micro-
fluidics into 3D scaffolds and subsequently imprint nanotopography by RIE. In doing
so, the platform could benefit from both 3D network structure and nanoscale physical
guidance cues, likely resulting in networks of higher small-worldedness and greater
clinical relevance.

5.1.3 Challenges & Limitations

While incorporation of SU-8 nanotopographical surfaces on the neural network record-
ing platform was largely successful, some aspects of the complete platform fabrication
proved are subject to improvement.

As outlined in section 2.2.1, bonding of PDMS to SU-8 after functionalization by
oxygen plasma treatment results in reversible bonding and sealing. The advantage of
reversible bonding is the option to remove the microfluidic structure after matura-
tion and recording of neural networks to facilitate imaging with SEM. SEM imaging
of physical network, neuron and neurite structure after recording of functional activ-
ity patterns could in turn help elucidate the bridge between structural and functional
connectivity in neural networks. On the other hand, reversible bonding and sealing
runs the risk of breaking and detaching during neural culturing, ruining ongoing ex-
periments in cultures that take days to weeks to mature. Throughout the 18 DIV of
culturing neurons on the neural network recording platform developed in this pro-
ject, 1 out of 4 microfluidic structures detached, ruining one of the two platforms with
nanotopographies. Hence, the current bonding procedure entails a trade-off between
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reliable sealing and ability to detach PDMS for imaging. Considering the number of
fabrication steps for a single platform and subsequent time spent maturating cultured
neural networks, reliable sealing is arguably more desirable than the option to de-
tach PDMS. With the aim of improving sealing, two strategies could be employed.
Further optimization of steps involved in reversible sealing – such as oxygen plasma
functionalization time or heating time and temperature during bonding – could poten-
tially improve sealing capabilities, and reduce the ratio of detaching to stable bonds.
Alternatively, the option to detach PDMS could be sacrificed in favor of reliable irre-
versible bonding and sealing. Several strategies have been demonstrated to achieve
irreversible bonds between SU-8 and PDMS, including functionalization in nitrogen
plasma rather than oxygen plasma [144, 145].

While electrodeposition of platinum black was demonstrated with nanotopograph-
ical SU-8 as insulation, some delamination of formed platinum black led to the decision
of using planar platinum electrodes on the final chips to avoid potential adverse effects
on neurons. As mentioned in section 2.2.1, as electrodes are progressively reduced in
size to improve specificity in recording, application of porous platinum black is neces-
sary to maintain signal quality. Consequently, reliable electrodeposition of platinum
black must be achieved with nanotopographical SU-8 for it to be viable as a direct
replacement for planar Si3N4 in future platforms. Deemed the most likely cause of
delamination of platinum black deposited on electrodes of nanotopographical samples
is the difference in film thickness compared to planar SU-8 (2.2 µm after etching from
10 µm versus 1 µm of planar film). Supply of reactant from bulk solution to reaction
site in deeper electrode holes might be slower than for the more shallow holes in
thinner films. Presented in section 2.2.1, the porous ramified structure of platinum
black is a result of mass transport limitation, and thus reduced availability of react-
ant in the deeper electrode holes would accelerate the onset of mass transport limited
growth and thus the porosity of resulting structures. Higher porosity entails lower
mechanical stability, which has been a reported challenge in growth of platinum black
structures [146]. Hence, reducing the film thickness of nanotopographic SU-8 by de-
positing a thinner original film before etching would be a first step in attempting to
improve the reliability of use in electrodeposition of platinum black. An alternative
theory is the nanotopographies having a destabilizing effect on platinum black. Coun-
teracting this destabilizing effect, deposition voltage could be decreased, for example
to −0.2 V, to produce less porous growth of higher mechanical stability. Less porous
growth would however also signify a reduction in signal-to-noise ratio during record-
ing. As a consequence, the viability of using nanotopographical SU-8 in deposition
of platinum black on smaller electrodes, with higher demands on the surface area
increase of porosity to maintain sufficient signal quality, could be compromised.
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5.2 Neuronal Effects of Nanotopographical SU-8 Sur-
faces

In the course of this project, nanotopographical SU-8 fabricated with etching con-
ditions CF4:C2 (table 4.1) was demonstrated to induce more characteristics of small-
world architecture than its planar counterpart. Both structural and functional patterns
emerged that were more consistent with small-worldedness, as per theory presented in
2.1.4, than for planar surfaces. Structurally, it was found to promote clustering of neur-
ons and fasciculation of axon bundles. Thus, it was found structurally coherent with
the segregation into interconnected clusters connected by few but strong connections
at hub nodes characteristic of small-world networks. Functional analysis by electro-
physiological recording additionally revealed signs of reduced synchrony of activity
on a larger network level, also consistent small-world architecture.

The nanotopograhies found to induce the most prominent small-world character-
istics, and as a result were selected for incorporation on the complete neural net-
work recording platform, were those resulting from etch conditions CF4:C2. Based on
AFM measurements, surface roughness Sa of the resulting nanotopographical surfaces
was 1.3 nm for the tested 24x24 mm glass cover slip sample and 4-5 nm for full 4"
samples. Similar structural network characteristics, that is propensity for clustering
and fasciculation, was found on peripheral areas of samples etched with conditions
CHF3:C2, with surface roughness 6.8 nm. Conversely, all tested nanotopographies of
higher roughness, above 10 nm, were found to induce cell death. These result were
to some extent incoherent with previous findings, in terms of both optimal roughness
for organization in to small-world networks and threshold levels of roughness for cell
adhesion and viability.

In their work in 2017, Onesto et al. found small-worldedness of neural networks
grown on rough surfaces of silicon to increase with increasing roughness for Sa <
30 nm [147]. In 2019, the same group reported small-worldedness in networks grown
on surfaces of densely packed zinc oxide nanowires to be most prominent on surfaces
of the lowest roughness tested, at Sa of approximately 35 nm [148]. It should how-
ever be noted that evaluation of small-worldedness in both cases was based not on
electrophysiological recordings, nor on any analysis of formed circuitry, but purely on
the spatial distribution of neurons in relation to each other. Small-worldedness was
estimated using a statistical model called the waxman-model – described in the work
of Edevard Hvide – on data for position of neuron somas, a model for which the valid-
ity is disputed [18]. Nevertheless, roughness threshold for cell viability was also found
incongruent with previous findings. Brunetti et al. reported in their work in 2010 a
roughness threshold on silicon surfaces of 80 nm, above which cell viability fell rapidly.

Two primary hypotheses are raised to explain these discrepancies in optimal and
threshold values for surface roughness in comparison with previous works. Firstly,
surface roughness measured by arithmetical mean deviation, Sa, is merely one metric,
and cannot in itself perfectly capture the characteristics of a surface. As an example,
a surface with densely packed small particles can have the same Sa as a surface with
large, protruding, but scattered pillars. Displayed in AFM measurements and seen on
SEM images in figures 4.3a and 4.6a, surfaces with measured roughness Sa of approx-
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imately 26 and 10 nm, respectively, exhibited protruding structures of dimensions far
higher than their roughness metric would indicate. For the surface achieved with pure
oxygen plasma etch at 300 W bias power for 60 seconds, displayed in 4.3a, the base
of the surface appeared nominally flat, but was scattered at intervals of hundreds of
nanometers with large porous and protruding structures of height up to 400 nm. The
surface achieved with etch conditions O2:C2, displayed in figure 4.6a, is characterised
by general densely packed dots of height below 50 nm, but also scattered with sud-
den protruding structures. The highest of these structures measured in the single AFM
measurement was 120 nm, but SEM images clearly reveal some structures of height
far above that. Thus, while roughness is below previously indicated threshold values
for cell viability, both surfaces include features of dimensions far above their meas-
ured surface roughness and these threshold values. These abrupt and tall structures
that fail to be captured by the surface roughness metric Sa could be the cause of poor
cell viability and by extension prevent formation of complex networks.

An alternative theory revolves around the potential cytotoxic effect of antimony.
As presented in section 2.2.2, the roughening mechanism of SU-8 in plasma etching
is likely based on antimony deposits from the resist PAG surfacing and shielding un-
derlying SU-8 from etching. The result would be surfaces of rough structure, and high
surface concentration of antimony. In their work in 2013, Rasmussen et al. found, sur-
face concentration of antimony on SU-8 to increase from 0.1% to 24.1% from before
to after etching with pure oxygen at 30 W bias power and 20 mTorr pressure for 20
minutes, with all other parameters equal to those used in this project [149]. They fur-
ther found surface concentrations to be lower after etches with less roughening effect,
achieved by addition of SF6 to the plasma gas mixture. Thus, degree of roughening
appears, in congruence with theory, appears closely correlated with antimony surface
concentration and vice versa. In their work in 2009, Bregoli et al. demonstrated a cyto-
toxic effect on hemapoetic progenitor cells of antimony nanoparticles, but they did not
have any observed toxic effect on 7 other cell lines [150]. Neurons were not tested by
Bregoli et al., but cytotoxic effects from antimony on surfaces of nanotopographic etch
roughened SU-8 could potentially be the cause of low neuron viability. Furthermore,
rougher surfaces would in this case lead to lower cell viability due to higher surface
concentration of antimony. Unlike the cells in the experiments of Bregoli et al., neur-
ons are however likely in limited direct contact with antimony, as surfaces are coated
with laminin and PLO before neural culturing. Nevertheless, the potential of antimony
affecting cell viability should be investigated.

5.3 Additional Finding: Fomblin Oil Affecting
Etch Process

As presented and illustrated in section 4.2.2, fomblin oil used for mounting 24x24 mm
glass slides with SU-8 film to a 4" carrier wafer during RIE was found to have a clear
affect on certain etches. Under some etching conditions involving fluorinated gases
– particularly etches with CHF3 in the gas mixture – fomblin oil increased the ex-
tent of the roughening of areas situated above it. Based on the SU-8 etching theory
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presented in section 2.2.2 suggesting fluorinated gases reduce roughening by forming
compounds with antimony with lower boiling points, an hypothesis for the fomblin oil
effect is offered.

Addition of fluorinated gases was proposed to reduce the etch roughening effect
by introducing reactive fluorine ions forming SbF3 and SbF5 compounds with signi-
ficantly lower boiling points (376 °C and 141 °C) than those of atomic antimony and
Sb2O3 (1425 °C and 1587 °C). Thus, these antimony compounds more readily evapor-
ate from the surface upon local heating at the surface of SU-8 produced by the etch
process, reducing the amount and retention time of antimony on the SU-8 surface
shielding underlying resist. Local heat accumulation at different parts of the SU-8 res-
ist will however vary based on how well heat can be conducted away from the surface
and through the substate to the sample stage. While no specific information on the
conductivity of fomblin oil could be found, oils are significantly better conductors of
heat than air. As such, areas of SU-8 film situated directly above fomblin oil will have
a more direct path of heat conduction to the sample stage than areas under which
air separates the sample from the sample stage. From these peripheral areas, heat will
have to be conducted through a longer path of glass substrate before reaching fomblin
oil or be conducted through comparatively insulating air. With less heat accumulating
at areas of SU-8 directly above fomblin oil, less antimony compounds evaporate from
the surface and the roughening effect is consequently less impaired. As an explana-
tion for the more prominent effect on etches with addition of CHF3 compared to CF4,
a lower atomic concentration of fluorine in CHF3 (3 per molecule against 4 in CF4)
likely favors the formation of SbF3 to a larger extant than SbF5. With a higher boiling
point than SbF5, more heat would have to be locally accumulated to produce high
vapor pressure of SbF3 from the surface. Thus, the effect of less accumulated heat
causing less evaporation of antimony over fomblin oil might be more apparent and
larger differences in roughness come as a result.

This theory would also help explain the increased roughness of substrates etched
with CF4 on 4" inch glass wafers placed directly on the sample stage compared to
glass slides mounted with fomblin oil. With direct contact between the glass substrate
and the sample stage, and glass exhibiting significantly higher heat conductivity than
oils, heat is conducted more readily away from the SU-8 surface. Consequently, less
heat accumulates and the roughening effect of the plasma etch is less impaired by the
fluorinated gas.

5.4 Limitations of Methods

5.4.1 Surface Roughness Sa as Surface Metric

Throughout the course of this project various nanotopographical surfaces were tested
for their effect on neurons and their organization into networks. To compare differ-
ent surfaces and link surface characteristics to neuronal effects, the surface roughness
metric arithmetical mean deviation Sa was utilized. However, as pointed out in sec-
tion 5.2, Sa is a rather ambiguous metric which on its own cannot fully describe a
surface and its characteristics. Particularly, surfaces of discontinuous nature charac-
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terised by abrupt and scattered features are poorly captured by the metric Sa. Without
metrics capturing surface characteristics more definitely, it is difficult to establish a
link between surface topography and elicited neuronal response.

In an effort to provide a more complete basis of comparison between surfaces, Sa

should be supplied with other metrics of surface characteristics. Root mean squared Sq,
defined as the arithmetic mean of the square of deviation, by virtue of calculating a
squared value puts higher weight on larger deviations. Fractal dimensions Df provides
a metric for complexity of the roughness profile of a surface. Combined, these metrics
would provide a more complete picture of nanotopographical surfaces, and form a
better basis of comparison.

5.4.2 Sample Sizes

Due to the constraint of time, several of the experiments conducted throughout this
project used small sample sizes, compromising the statistical significance of the find-
ings. In measuring surfaces of the last culturing batch on 24x24 mm glass cover slides,
displayed in figure 4.6, only a single AFM measurement was taken on a single sample
per set of etching parameters. While a minimum of three measurements per set of
etching parameters was planned, problems with the AFM equipment making engage-
ment of the probing tip to the surface difficult and time consuming led to the decision
to take one measurement per set instead. After the PDMS structure on one of two nan-
otopographical neural network recording platforms detached during culturing, only a
single sample was left. With a single nanotopographical sample and two planar control
samples, data on differences in activity patterns between neural networks cultured on
nanotopographical and planar samples is of poor statistical significance.

In future works, larger sample sizes could make results more conclusive.

5.4.3 Photolithographic Exposure Time

Presented in section 4.1, the photolithography protocol established for exposure of
1 and 10 µm films of SU-8 in this project involved exposure in a maskless aligner
with exposure dose 5000 mJ/cm2. Due to SU-8 being far less sensitive to the 375 nm
wavelength light from the laser in the maskless aligner, the exposure dose had to be
increased drastically from the 150 mJ/cm2 dose found sufficient with i-line exposure
in the mask aligner. The result of the high exposure dose and exposure method in the
maskless aligner, scanning over the sample and directly imprinting small parts of the
design for a total of thousands of steps, was extensive exposure time. Exposing the
SU-8 layer on a single chip for the neural network recording platform took approx-
imately 6 hours. With i-line exposure and 150 mJ/cm2 dose in the mask aligner, in
which the entire design is exposed simultaneously through a mask, the same exposure
would take approximately one minute. Small sample size and limited time to wait for
delivery of a tailored mask from a producer led to the decision to carry out expos-
ure in the maskless aligner. In future works, however, the purchase or fabrication of a
mask and subsequent transition over to exposure in the mask aligner would be highly
recommended to severely reduce fabrication time.



Chapter 6

Conclusion

In vitro neural network platforms hold tremendous potential for shining light on fea-
tures of neural network function and, importantly, degeneration. However, a vital cri-
terion for these platforms to be clinically significant is that they capture features of the
in vivo neural networks important to the course of the degenerative diseases they seek
to model. The nano- and microscale physical environment of the brain has been shown
to steer formation of neural networks with architecture facilitating complex function,
but also rapid disease spread. Traditional in vitro neural network platforms based on
planar substrates neglect the importance of the in vivo physical environment, and res-
ult in network architecture of lesser clinical relevance. As such, this project set out to
develop a nanotopographical surface in vitro neural network recording platform, in an
effort to improve the resulting neural network characteristics and clinical relevance of
the platform.

Firstly, a method for nanotopographical structuring of SU-8 surfaces was estab-
lished, based on a plasma etch roughening process unique for SU-8. The established
method demonstrated excellent flexibility in producing a breadth of nanotopograph-
ies, with scale and nature of nanotopographies changing reliably with tuning of etch
parameters. Importantly, nanotopographical SU-8 was demonstrated to be a viable
direct replacement for the traditionally used planar Si3N4 base substrate of neural
network recording platforms. Accordingly, incorporation was proved possible on any
neural network recording platform previously using Si3N4. Herein, nanotopograph-
ical SU-8 was found compatible with bonding of PDMS microfluidics and as insulation
during electrodeposition of platinum black electrodes and neural recording. Addition-
ally, nanotopographical SU-8 incorporated on the developed in vitro neural network
recording platform was found to promote small-world characteristics in neural net-
work. Cultured neurons were found to organize more persistently into clusters and
form axon bundles, and resulting networks exhibited less global synchrony than on
planar surfaces, implying higher degree of small-worldedness and, by extension, clin-
ical relevance. Nevertheless, further optimization and investigation with larger sample
sizes are needed before definitive conclusions about the improvement of network to-
pology and clinical relevance can be drawn.
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Chapter 7

Future Directions

As argued in section 5.1.2, an exciting direction to continue this work in could be in-
corporation of nanotopographies with larger three dimensional structures. With the
utility of the photoresist SU-8, advanced photolithography techniques such as gray-
scale and diffraction photolithography can be employed to create larger three dimen-
sional patterns of SU-8. Nanotopography can in turn be imposed on these three di-
mensional structures by using the plasma etch roughening process established in this
project. Combining larger three dimensional scaffolding, allowing neurons to organize
into three dimensional networks, with nanotopography, providing additional physical
guidance cues for network development, intuitively seems like a promising approach
to recapitulate the network development effects of the in vivo ECM.

In addition to expanding the project in exciting new directions, focus should be put
on further investigations and optimization of the developed platform to determine its
utility. Proposed changes and additional work to the developed platform are listed
below, in no particular order.

• Electrodeposition of platinum black and bonding of PDMS to nanotopographical
SU-8, while clearly viable, are subject to optimization. Unstable growth causing
delamination of some platinum black electrodes should be prevented to avoid
adverse effects on neurons. Reducing film thickness and/or reducing deposition
potential are proposed as approaches to make the growth more stable. Reversible
bonding of PDMS should be optimized to improve the ratio of stable to unstable
sealing, by optimization of bonding parameters such as oxygen plasma function-
alization time and heating time and temperature during bonding. Alternatively,
irreversible bonding, with stable sealing but lack of option for removal, could be
achieved by techniques outlined in section 5.1.3.

• Analysis of surfaces should be expanded to calculation of more metrics than
merely Sa to capture the complexities of the topography to a better extent. By
calculating a set of metrics more clearly defining the surface topographies, a
clearer link between surface characteristics and elicited neuronal response can
be established. Among proposed additional metrics are root mean squared, Sq,
and fractal dimensions, Df .

• A wider selection of topographies should be tested with neurons to optimize
effects on formed networks, along with larger sample sizes to achieve results of

73



74 Isdal, L. B.: Nanotopographical Neural Network Recording Platform

higher statistical relevance.
• Exposure of SU-8 films should be changed from exposure with 375 nm wavelength

light in a maskless aligner to i-line exposure in a mask aligner, using a fabricated
or purchased mask with the design presented in section 3.2.1. In doing so, ex-
posure time would be drastically reduced, from 6 hours to a mere minute, thus
improving the efficiency of fabrication.

• The potential for neuron viability to be affected by antimony concentration on
roughened SU-8 surfaces should be investigated.
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