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ABSTRACT 

Optimal integration of artificial interfaces with neural tissue is critical to develop novel neural 
regeneration scaffolds and neuroprosthetic implants. The topography of the implantable device can 
promote nerve repair as it affects neuronal growth via contact guidance. Furthermore, topography 
may be utilized to establish a stable and close contact with neural tissue required to improve the 
electrical neuron-device coupling. The goal of this thesis is to investigate the effects of nano- and 
microtopographies on the development and adhesion of embryonic cortical neurons. Three different 
polymer surfaces with topographical structures of varying dimensions were used – namely, i) 
anisotropic poly(N-isopropylacrylamide) (PNIPAAm) nanogels, ii) isotropic OrmoComp 
nanopillars, and iii) isotropic poly(3-hexylthiophene-2,5-diyl) (P3HT) micropillars.  

Anisotropic PNIPAAm nanogel arrays induced perpendicular alignment of major neurites and  
accelerated axon development, resulting in an ~80% increase in axon length compared to either 
unstructured nanogel substrates or glass substrates. Despite being relatively soft compared to glass 
substrates, unstructured nanogels did not induce substantial changes in neuronal morphology, 
indicating that neurons “perceive” unstructured nanogels as equivalent to glass. Isotropic 
OrmoComp nanopillars aligned neurites along topographically dictated angles (0°, 90°) with higher 
pillars (400 nm) confining neurites to a greater extent compared to lower pillars (100 nm). 
Furthermore, higher nanopillars promoted growth cone elongation and axon development resulting 
in ~40% longer axons compared to flat substrates. A larger surface area of the nanopillars was 
correlated with higher density of point contact adhesions in the growth cone and a reduction in 
actin retrograde flow rates, indicating a stronger coupling between the growth cone and the 
substrate which enables accelerated and persistent neurite outgrowth. Furthermore, F-actin 
accumulations and paxillin-rich adhesions were observed in the neuronal soma at nanopillars, 
indicating that neurons form a close contact with the nanoscale topography. Isotropic P3HT 
micropillars represent a relatively soft interface that enables neurons to achieve a close and 
conformal contact mediated by membrane rearrangements. Optical stimulation of embryonic 
neurons growing on photosensitive P3HT substrates induced a significant increase in neurite 
outgrowth compared to control substrates without deleterious effects on neuronal viability. The 
effects of photostimulation were further enhanced by the microtopography, indicating that P3HT 
acts as an active interface with possible applications in in vitro neural regeneration scaffolds. 
Furthermore, MEAs functionalized with P3HT micropillars yielded a significant increase in the 
signal-to-noise ratio (SNR) compared to flat MEAs, indicating that micropillars improve the cell-
electrode coupling. Optical stimulation of spontaneous network activity on P3HT-functionalized 
MEAs induced neuronal firing and increased the firing rate. Although the process was not fully 
reproducible, optical excitation of P3HT interfaces provides a promising strategy for modulating 
network activity in a non-invasive manner.  

 





ZUSAMMENFASSUNG 

Die optimale Integration künstlicher Schnittstellen in Nervengewebe ist entscheidend, um Gerüste 
zur Nervenregeneration und neuroprothetische Implantate zu verbessern. Die 
Oberflächentopographie der implantierbaren Schnittstelle spielt bei der Nervenreparatur eine 
wichtige Rolle, da sie durch Kontaktführung das neuronale Wachstum fördert. Darüber hinaus kann 
die Topographie verwendet werden, um einen stabilen und engen Kontakt mit Nervengewebe zu 
schaffen, die zur Verbesserung der elektrischen Kopplung zwischen Neuronen und Elektroden 
erforderlich ist. Ziel dieser Dissertation ist es, den Einfluss mikro- und nanostrukturierter 
Polymeroberflächen auf die Entwicklung und Adhäsion embryonaler Neuronen zu untersuchen. 
Dabei wurden drei Polymeroberflächen mit Mikro- und Nanostrukturen verwendet, nämlich i) 
anisotrope Nanogele aus Poly(N-Isopropylacrylamid) (PNIPAAm), ii) isotrope Nanosäulen aus 
OrmoComp und iii) isotrope Mikrosäulen aus Poly(3-hexylthiophen-2,5-diyl) (P3HT). 

Anisotrope Substrate bestehend aus PNIPAAm-Nanogelen führten zu einer senkrechten 
Ausrichtung der Hauptneuriten über die Nanogellinien. Strukturierte Nanogele beschleunigten die 
Entwicklung der Axone und führten zu einer Erhöhung der Axonlänge um ~80% im Vergleich zu 
unstrukturierten Nanogelsubstraten und Glassubstraten. Obwohl unstrukturierte Nanogele weicher 
als Glassubstrate sind, hatten sie keinen großen Einfluss auf die neuronale Morphologie, was darauf 
hinweist, dass Neuronen die unstrukturierten Nanogeloberflächen als äquivalent zu 
Glasoberflächen "wahrnehmen". Isotrope OrmoComp-Nanosäulen richteten die Neuriten entlang 
topographisch vorgegebener Winkel (0°, 90°) aus, wobei dieser Effekt für die höheren Säulen (400 
nm) im Vergleich zu niedrigeren Säulen (100 nm) stärker ausgeprägt war. Außerdem förderten die 
höheren Nanosäulen die Dehnung des Wachstumskegels, was eine beschleunigte Axonentwicklung 
hervorrief und zu ~40% längeren Axonen im Vergleich zu flachen Substraten führte. Die größere 
Oberfläche der Nanosäulen wurde mit einer erhöhten Dichte von Punktkontaktadhäsionen im 
Wachstumskegel und einer Verringerung der retrograden Aktinflussraten korreliert. Dies deutet 
auf eine stärkere Kopplung zwischen dem Wachstumskegel und dem Substrat hin und könnte ein 
beschleunigtes und anhaltendes Neuritenwachstum ermöglichen. Darüber hinaus konnten 
Akkumulationen von F-Actin und mit Paxillin angereicherte Adhäsionen im neuronalen Soma an 
Nanosäulen beobachtet werden. Dies deutet darauf hin, dass Neuronen einen engen Kontakt mit 
der Nanotopographie bilden. Isotrope P3HT-Mikrosäulen stellen eine relativ weiche Schnittstelle 
dar, die einen engen Zell-Substrat-Kontakt durch Umlagerungen der Membran ermöglicht. Die 
optische Stimulation von embryonalen Neuronen auf lichtempfindlichen P3HT-Substraten förderte 
einen signifikanten Anstieg des Neuritenwachstums im Vergleich zu Kontrollsubstraten ohne 
nachteilige Auswirkungen auf die Lebensfähigkeit der Neuronen. Dabei wurden die Auswirkungen 
der optischen Stimulation durch die Mikrotopographie weiter verstärkt. Dies könnte eine 
potenzielle Anwendung in In-Vitro-Gerüsten für neuronale Regeneration ermöglichen. Darüber 
hinaus lieferten die Multielektrodenarrays mit P3HT-Mikrosäulen Signale mit einem höheren 
Signal-Rausch-Verhältnis im Vergleich zu planaren MEAs, was darauf hindeutet, dass 
Mikrosäulen die Zell-Elektroden-Kopplung verbessern. Außerdem führte die optische Stimulation 
der spontanen Netzwerkaktivität auf P3HT-modifizierten MEAs zur Entstehung von 
Aktionspotentialen und zur Steigerung der Aktionspotentialfrequenz. Obwohl der Prozess nicht 
völlig reproduzierbar war, bietet die optische Stimulation von P3HT-Schnittstellen eine 
vielversprechende Strategie zur nichtinvasiven Modulation der neuronalen Netzwerkaktivität.
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CHAPTER 1                        

INTRODUCTION 

Although the complexity of the human brain surpasses that of any other known structure in the 

universe, it has arguably been the most underappreciated organ in history. For millennia, the 

centre of consciousness and intelligence was thought to reside in the heart and even as late as 

1662 a British philosopher Henry More said that the brain showed “no more capacity for 

thought than a cake of suet, or a bowl of curds.” Nevertheless, this interconnected system of 

billions of neurons and glial cells1 is what separates Homo sapiens sapiens from other animal 

life. The brain is the integration centre for voluntary and involuntary actions as well as higher 

cognitive functions such as memory, learning, abstract thought, reasoning, language, etc. In 

fact, it seems its only limitation is to understand itself. The first modern glimpses into the 

functioning of the brain and the nervous system came about in the 18th and 19th century with 

seminal works establishing the role of electricity in information processing and neuronal cells 

as the fundamental units of the nervous system.2 These studies laid the foundation of modern 

neuroscience, which aims to understand the processes that underlie the human condition using 

an ever expanding toolkit of techniques and devices. The most common techniques for non-

invasive brain imaging and mapping of functional areas as well as finding pathological 

abnormalities include electroencephalography, computerised tomography, positron emission 

tomography, and magnetic resonance imaging. However, these external devices provide a 

macroscopic insight into the nervous system with a relatively low resolution that is inadequate 

for studying single cell behaviour and the complex interactions at the subcellular and molecular 

level.  

The development of micro-/nanotechnology has ushered in a new age of neural interface 

systems that artificially connect the nervous system to the outside world by directly stimulating 

and recording neural activity at the single cell or network level.3–5 These devices not only 

expand our understanding of the organization and functionality of the nervous system but could 

also restore or attenuate impaired sensory function and motor control. Neurological disorders 

(e.g., deafness, paralysis, blindness, epilepsy, Alzheimer’s, Parkinson’s disease) are 

particularly debilitating due to limited capabilities of the central nervous system (CNS) for self-

repair. Therefore, the field of neural interface systems, including brain-machine interfaces and 

neural prosthesis, aims to develop viable treatments for sensory and motor disabilities and 
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provide a direct link to the virtual world. The first neural interfaces used to stimulate and record 

neural activity in humans and animals6,7 propelled the development of modern macro-

/microdevices for treatment of neurological disorders.8,9 The most successful neural implants 

include the cochlear implant10 to treat deafness and the deep brain stimulator11 that stimulates 

basal ganglia to treat the symptoms of Parkinson’s disease. Generally, neural interfaces consist 

of electrodes that record and transduce electric signals to and from neurons,12 ideally providing 

reliable and sensitive recording/stimulation of neural activity on a large scale. Furthermore, 

implants have to be made of biocompatible materials that enable seamless integration with 

neural tissue and remain functional for long periods of time.4 Traditional electronic materials 

such as metals are not inherently compatible with living tissue both due to their rigidity, several 

orders of magnitude greater than neural tissue’s <1 kPa, as well as their chemical composition, 

thereby posing a serious risk of infection and inflammation due to mechanical trauma upon 

implantation. Inflammation response is triggered by the mechanical incompatibility of the 

implant and results in necrosis and activation of glial cells that surround the site of implantation 

creating a glial scar and insulating the electrode, thus impeding signal recording.5 The many 

challenges of modern neural interfaces may be resolved by applying material science and 

micro-/nanotechnology to develop functional and biocompatible interfaces that could 

seamlessly integrate with neuronal cells, minimize inflammation and necrosis, and preserve 

long-term device functionality.13,14 Therefore, in order to assess the feasibility of in vivo neural 

interfaces as well as to develop new interface designs, a comprehensive in vitro approach 

operating on the level of individual cells is necessary. 

Although in vitro cultures are a mere approximation of physiological conditions, they provide 

a chemically and mechanically defined environment which can be used to investigate neuronal 

responses to various modifications at the interface. Advanced in vitro interfaces aim to 

recapitulate physiological environments by modifying standard culture platforms (e.g., glass, 

plastics) with various topographical features or modifying their mechanical properties (i.e., 

rigidity). Here, micro-/nanotechnology provides the tools to simulate the micro-/nanoscale 

features of the extracellular matrix (ECM) that surrounds the cells and affects their 

functionality.15 Moreover, such structural features may be employed to increase the number of 

electrodes and provide a larger effective surface area for signal transduction than planar 

electrodes, thereby achieving a higher sensitivity and charge injection density.13 Exploring 

different materials and producing new ones may open new possibilities towards the realization 

of soft conductive coatings that alleviate the mechanical mismatch between the tissue and 

implant as well as achieve higher biocompatibility and a reduced inflammation response.14 

Furthermore, as developing neurons encounter various topographical, mechanical, and 

biochemical cues, these affect their growth and behaviour by promoting adhesion, alignment, 

neurite outgrowth, and changes in gene expression.16,17 Interactions between different cues are 

complex and often intertwined acting in synergy or opposition. Although it is not possible to 

fully recreate the physiological conditions in vitro, precisely designed topographical and 

mechanical variations of standard culture platforms enable disentanglement of their effects in 
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a controlled environment. Moreover, understanding how artificial features induce a specific 

response may lead to new platforms for nerve regeneration. In fact, the phenomenon of contact 

guidance, where neurons respond to and are guided by the topographical features of their 

environment, has been observed as early as 1912.18 During development, neurons migrate 

along glial tracts and oriented ECM fibres, which is crucial for establishing proper wiring of 

the nervous system.19 Similarly, looking toward repair of nerve injuries, glial Schwann cells 

have been reported to provide directional guidance cues to regenerating axons in the peripheral 

nervous system (PNS).20 In contrast, healing CNS damage is hindered by the formation of a 

glial scar, which imposes physical and chemical barriers to regenerating axons.21,22 Since, 

topographical and mechanical cues as well as various combinations thereof, can promote 

neuronal adhesion and neurite outgrowth, integrating these into neural engineering scaffolds 

may promote regeneration of damaged tissues both in vitro and in vivo.23,24 Numerous studies 

demonstrated that topographical cues on the surface, in the form of grooves or pillars, can direct 

and promote neurite alignment and growth in a particular direction.25–27 The ability to direct 

neurite growth is particularly interesting in developing tissue engineering conduits for neural 

repair, as it was suggested that neurons sense the curvature of the conduit as a topographic cue 

and that microgrooves or channels inside the lumen of the conduit may promote neural 

repair.3,28 Thus, the benefits of substrate topography for developing neural interfaces for tissue 

engineering and neuroprosthetics are the topic of this work. 

The aim of this work is to provide a comprehensive investigation of neuronal responses to 

precisely defined (deterministic) topographies integrated on culture platforms and how these 

responses vary with the dimensions of the topographical features as well as the mechanical 

properties of the material. The following chapter will lay out the theoretical foundations of 

biological processes relevant to this work and touch upon the relevant concepts in the field of 

neural interfaces (Chapter 2). Chapter 3 will present the methodology used to conduct the 

various studies in this work. Three different polymers, originally developed for various 

applications ranging from dentistry to solar cells and photosensors, were successfully 

integrated in neural in vitro platforms. These were functionalized with different topographic 

patterns, namely anisotropic poly(N-isopropylacrylamide) (PNIPAAm) lines (Chapter 4), 

isotropic OrmoComp nanopillar arrays (Chapter 5), and isotropic poly(3-hexylthiophene-2,5-

diyl) (P3HT) micropillar arrays (Chapter 6). The neural interfaces were employed to study 

different morphological aspects of growth and behaviour of embryonic cortical neurons 

including adhesion, cell-substrate interface, neurite outgrowth, alignment, and growth cone 

(GC) dynamics. Moreover, photosensitive P3HT micropillars were used to promote neurite 

outgrowth and stimulate spontaneous network activity by combining topographical and optical 

stimulation. Finally, Chapter 7 summarizes the findings of this study and their significance 

for future designs of neural interfaces. 

 





 

CHAPTER 2                        

FUNDAMENTALS AND THEORY 

This chapter introduces the biological and technological foundations required to grasp the key 

issues presented in this work. The first section briefly outlines the structure of neuronal cells 

and the existing knowledge on neuronal growth in vitro. The various strategies for modulating 

neuronal architecture, polarity, and growth will be summarized with a focus on primary cells, 

as a first step towards understanding the complexity of brain tissue and its interaction with 

bioelectronic devices. Furthermore, the functional properties of neuronal cells will be briefly 

described along with an overview of recent advancements in recording and modulation of 

neuronal activity. Finally, the last section will introduce the properties of polymer materials 

used to fabricate the neural interfaces employed in this work. 

 

2.1 Neuronal cells – structure and growth 

Neuronal cells are the basic functional units of the nervous system specialized to receive, 

integrate, and transmit sensory information via electrochemical signalling.29 Unlike many other 

somatic cell types, neurons possess distinct morphological features that vary greatly in their 

structural complexity and size. A typical neuron consists of the cell body (soma) as the 

metabolic centre and numerous processes or neurites (dendrites, axon), which connect multiple 

neurons into complex neural circuits (Figure 2.1). The term neurite is generally used to refer 

to any neuronal process and as such will be used throughout this work. Dendrites are fine, 

branched processes that receive incoming signals from neighbouring neurons and transmit 

them to the soma. In contrast, axons are long processes that carry the outgoing signals from the 

soma to the axon terminal. Axon terminals and dendrites form synapses where the signal is 

transferred from one neuron to the other. Thus, the inherent polarity of neurons establishes 

signal transmission underlying neural functionality.  
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Figure 2.1 Neuronal cell. Schematic depiction of a neuron and its main functional compartments: soma, 

dendrites, axon, and axon terminal. 

 

On a macroscopic scale, neurons form the central (CNS) and the peripheral nervous systems 

(PNS) of vertebrates. CNS consists of the brain and the spinal cord, which process and 

coordinate sensory information coming from the body. PNS comprises a complex network of 

cranial and spinal nerves as well as the intramural nervous system, which connect the CNS 

with the sensory and effector organs in the body. These two anatomical units of the nervous 

system are comprised of many types of neuronal cells, classified according to their structural 

and functional properties.30 This work focuses exclusively on cortical neurons as these 

represent the functional cells of the human cerebral cortex involved in perception, attention, 

thought, memory, and consciousness. However, it bears noting that the nervous system is 

mostly comprised of non-neuronal glial cells. Although traditionally considered to provide a 

mechanical scaffold to neurons, glial cells fulfil a multitude of different functions. They 

maintain homeostasis,31 provide nutrients to neurons, act as elastic shock-absorbers protecting 

neurons from mechanical trauma,32 build the myelin sheet around neuronal processes to enable 

fast signal transmission, and are even involved in neuronal information processing.33  

 

2.1.1 Cytoskeleton 

In order to understand the processes involved in neuronal development and neurite outgrowth, 

a brief introduction of the cytoskeletal components is necessary. The cytoskeleton represents a 

dynamic network of transiently cross-linked protein polymers that give structure and shape to 

the cell and govern its mechanical properties.29 The cytoskeletal network consists of 

microtubules, actin, and intermediate filaments, as the three major components. Microtubules 

are polar cylindrical structures, 23 nm in diameter, commonly comprised of 13 protofilaments 

(Figure 2.2 a). Microtubules grow by the addition of tubulin dimers (α- and β-tubulin) to the 
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plus end of the protofilaments, reaching lengths of hundreds of micrometres to a few 

millimetres.34 Generally, microtubules alternate between slow growth, rapid disassembly at the 

plus end (catastrophe), and microtubule rescue, i.e., recovery of slow assembly.35 In mature 

axons, microtubules are organized in parallel with their plus ends pointing distally to enable 

orderly transport of cell organelles, while in dendrites microtubule polarities are mixed.36 

Throughout this work, neurons were stained against a specific tubulin variant, β-III-tubulin 

(Tuj-1), characteristic for cortical neurons and involved in neurogenesis and axon guidance. 

Actin cytoskeleton consists of semiflexible polar filaments (F-actin) composed of actin 

monomers (G-actin). G-actin polymerizes continuously into a double-stranded helix at the 

barbed (+) end and depolymerizes at the pointed (−) end in a process called treadmilling 

(Figure 2.2 b). Although paraxial F-actin can be found within the axon, most of the F-actin in 

neurites is organized into a cortical mesh. The most prevalent type of intermediate filaments in 

neurons are flexible neurofilaments that provide mechanical resistance against large 

deformations.37 In addition, numerous helper proteins (e.g., cross-linkers, motor proteins) are 

involved in regulation and modulation of the cytoskeletal network.29 Microtubules in mature 

axons and dendrites are stabilized via microtubule-associated proteins (MAPs) such as MAP1, 

MAP2 and Tau. In fact, Tau-1 protein is used as an axonal marker in this work. Furthermore, 

motor proteins, such as dyneins and kinesins, mediate intracellular transport along the 

microtubules, while actin-associated myosins are involved in neurite elongation.38 Finally, 

transmembrane proteins, such as integrins and cadherins, connect the cytoskeleton with the 

extracellular environment.39 
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Figure 2.2 Cytoskeleton. a) Microtubules consist of 13 protofilaments going through phases of growth via 

addition of tubulin dimers and dissasembly at the (+) end while being usually capped at the (-) end. Tubulin 

addition is mediated by GTP (guanosine triphosphate). b) Actin filament (F-actin) undergoing polymerization 

of G-actin monomers (ATP-actin) at the barbed (+) end and depolymerization at the pointed (-) end 

(treadmilling). The orientation of G-actin monomers in the filament and the non-covalent attachment of 

adenine nucleotides (ATP/ADP) determine the filament polarity. 

 

2.1.2 Maturation in vitro 

Neuronal development begins in the outermost embryonic layer, the ectoderm, and involves 

neuronal migration through distinct tissue layers during which neurons mature and extend their 

processes to form neural circuits. All experiments in the presented work were conducted on 

embryonic cortical neurons in vitro, whose development differs from that in vivo. Generally, 

in vitro maturation of embryonic cortical and hippocampal neurons can be divided into five 

stages (Figure 2.3).40,41 Upon isolation from the embryonic cortex, immature neurons adhere 

to the substrate and sprout many dynamic filopodia and lamellipodia (Stage 1). These structures 

eventually become immature neurites (Stage 2). The leading tip of a growing neurite, called a 

growth cone (GC), is a highly motile structure that directs neurite growth through cycles of 

growth and retraction,40 resulting in a symmetrical cell morphology. During Stage 3, one 

neurite starts growing rapidly and breaks the cell symmetry,42 becoming the axon. It bears 

noting that neuronal polarization in vitro is a stochastic process resulting in a random choice 

of axonal specification, while in vivo this process is affected by the non-uniform chemical and 

topographical signals.43 Dendritic differentiation commonly occurs after axon establishment or 

when an axon connects to its target.44 Dendrites develop complex dendritic trees (Stage 4) and 
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dendritic spines that facilitate the connections between neighbouring cells via synapses (Stage 

5). While dendrites are characterized by complex branching in many directions, the axon 

usually continues growing toward its destination.45 As some branches are created and extended, 

others may be eliminated to establish the final branching tree.46 The following sections will 

introduce the molecular and biophysical mechanisms underlying neurite growth.  

 

Figure 2.3 Neuronal development in vitro. Upon plating embryonic neurons settle on the substrate and 

begin extending lamellipodia and filopodia (Stage 1, 0–6 h). In Stage 2 (6–24 h), neurons typically have 

multiple immature neurites until one starts growing more rapidly and becomes the axon (Stage 3, 24–72 h). 

The final phases include dendritic differentiation and arborization (Stage 4, 3-7 DIV), followed by formation 

of dendritic spines and synapses (Stage 5, 7-28 DIV). DIV – days in vitro. 

 

2.1.3 The growth cone – structure and force generation 

GCs are sensory structures that navigate the growing neurite to precisely connect neuronal 

networks in the developing brain,47 as well as re-wire damaged neural pathways.48 They contain 

all the molecular machinery required to guide neurite growth and were shown to extend in vivo 

and in vitro even without a connection to the soma.49 GCs continuously transduce extracellular 

guidance cues through cycles of protrusion and retraction (1–4 μm/min) of their filopodia into 

neurite extension in a certain direction.50,51 Filopodia are microscale extensions (5-20 µm) rich 

in actin bundles that contain membrane receptors that detect cell adhesive ligands and extrinsic 

guidance cues (Figure 2.4 a). They are separated by regions of dense actin meshwork, called 

lamellipodia. These two actin-rich structural motifs represent the sensory part of the GC and 

form the peripheral (P) domain of the GC (Figure 2.4 b). The central (C) domain encloses 

stable, bundled microtubules, numerous organelles, vesicles, and actin bundles. Finally, the 

transitional (T) domain, containing contractile actin, separates the C- and the P-domain.50  
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Figure 2.4 Growth cone structure. a) TRITC-phalloidin stained F-actin cytokeleton in the GC of a rat 

cortical neuron showing densely packed F-actin bundles in filopodia protruding from an actin network in the 

lamellipodia (arrows). Image is pseudocolorized using the Red-Hot LUT (brighter colors denote higher 

intensity). Scale bar: 5 µm.  b) Schematic representation of GC domains. The peripheral (P) domain (yellow) 

consists of a flat lamellipodium filled with an actin meshwork and spike-like filopodia composed of F-actin 

bundles. Microtubules extend the full length of a neurite and splay apart into the central (C) domain (grey) of 

the GC. The transitional (T) domain (red) contains actin/myosin II contractile structures (F-actin arcs).  

 

Neurite outgrowth and guidance depend on highly dynamic and coordinated interactions 

between actin filaments, microtubules, and numerous associated proteins.52,53 Filopodial and 

lamellipodial protrusions are driven by continuous assembly of actin filaments at the leading 

edge producing tensile forces. Tensile forces are distributed between membrane protrusion 

pushing the GC forward and rearward movement of F-actin bundles.38,54 Actin polymerization 

at the leading edge is offset by ADF-cofilin-mediated F-actin depolymerization at the pointed 

(-) end, which provides G-actin for further F-actin polymerization.55,56 At the same time, 

myosin-II-driven forces centripetally contract antiparallel F-actin toward the C-domain.57,58 

Thus, myosin-II-driven contractions and the rearward movement of F-actin bundles generate a 

net retrograde flow (RF) of the F-actin network relative to the direction of neurite elongation, 

which prevents the microtubules from invading into the P-domain, blocking GC advance.59 As 

long as these two processes (i.e., anterograde polymerization and RF) proceed at the same rate, 

the GC neither advances nor retracts. During protrusion, actin polymerization rate overtakes 

the RF rate due to either increased actin polymerization or decreased myosin-II contraction. 

Conversely, during retraction or membrane collapse, the RF rate exceeds actin polymerization 
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at the leading edge due to reduced polymerization, increased depolymerization, or increased 

myosin-II contraction. Therefore, GC protrusion and retraction is regulated by the equilibrium 

of contractile (myosin-driven) and pushing (cytoskeleton polymerization) forces, which is 

influenced by the complex interplay between biochemical and mechanical signalling within 

GCs.60,61  

 

2.1.4 Growth cone motility 

In order to achieve GC extension, the forces generated by F-actin have to be physically coupled 

to the extracellular environment. The extracellular environment provides a plethora of both 

diffusible (morphogens,62 transcription factors,63 neurotrophic factors, neurotransmitters64) as 

well as cell/substrate-associated guidance cues (laminin, fibronectin).51 These navigational 

cues activate GC’s surface receptors and modulate signal transduction cascades involved in 

cytoskeletal dynamics, membrane trafficking, protein translation, etc.65,66 Transmembrane 

integrin receptors physically link to immobilized ligands on the substrate or a neighbouring 

cell surface.67 This leads to integrin-mediated formation of point contact (PC) adhesion 

complexes related to focal adhesions in migrating cells (Figure 2.5 a). Thus, much like in 

motile non-neuronal cells, PC adhesions serve as molecular “clutches”, thought to transmit 

traction forces to the environment and restrain myosin-II contractile forces to redirect actin 

polymerization toward GC protrusion. PC adhesions usually assemble within filopodia and are 

stabilized upon reaching an activated integrin receptor by adding additional integrins, actin 

filaments and other scaffolding and signalling proteins, such as paxillin, talin, vinculin, focal 

adhesion kinase (FAK), zyxin, and α-actinin (Figure 2.5 b).67,68 RF clutching likely occurs at 

adhesion sites69 since higher adhesion density has been linked to slower RF.70 Moreover, 

numerous studies showed that GC guidance and motility is controlled by local changes in 

RF.38,69,71,72 The protrusive forces at the leading edge resulting from RF clutching are balanced 

by traction (adhesive) forces at adhesion sites in the P-domain.73 Upon detecting a guidance 

cue, PC complexes assemble, which likely leads to a redistribution of the traction forces on the 

substrate. Therefore, the GC preferentially grows in the direction of stronger traction forces 

created by localized assembly of adhesion complexes. Upon reaching an adhesive contact, the 

P-domain gets stabilized and protruding filopodia extend rapidly via actin polymerization-

driven elongation and eventually move to the lateral sides. This enables microtubules from the 

C-domain to invade further into these protrusions in a process called engorgement resulting in 

F-actin depolymerization at the neck of the GC and filopodia retraction. The membrane then 

consolidates to form a cylindrical axon shaft around the microtubule bundles.50 



12 CHAPTER 2. FUNDAMENTALS AND THEORY 

 

 

Figure 2.5 GC-substrate coupling. a) A representative GC of a rat cortical neuron stained for F-actin 

(TRITC-phalloidin; red) and paxillin adhesions (anti-paxillin antibody; green puncta). Note multiple 

adhesions in the filopodia (arrows). Scale bar: 5 µm. b) Schematic representation of PC adhesion coupling to 

extracellular guidance cues. Activation of transmembrane integrin receptors (αβ-heterodimer; grey) leads to 

assembly of scaffolding proteins, such as talin, paxillin, and vinculin at the cytoplasmic tail of integrins. FAK 

and Src kinase modulate PC assembly via phosphorylation. Adhesion complexes crosslink integrin receptors 

and F-actin and likely restrain the actin retrograde flow allowing the force of actin polymerization to generate 

membrane protrusion. 

 

2.2 Neuronal interactions with environmental cues 

GCs navigate diverse environments and integrate a variety of guidance cues in order to reach 

their destinations. Apart from biochemical cues, which can be either gradients of diffusible 

molecules or molecules bound to cellular or extracellular surfaces, GCs also respond to various 

physical stimuli. These will be summarized in the following sections along with their 

implementation in artificial platforms for a variety of potential applications. 

 

2.2.1 Topography 

Topography, i.e., the arrangement of spatial and structural features of the extracellular 

environment, affects functional characteristics of neurons during physiological (e.g., growth, 

differentiation) and pathological states (e.g., wound healing).74 The spatial organization of 

secreted molecules in the ECM creates a variety of different natural scaffolds where cells grow 

and organize into tissues.75 In 1914, R. G. Harrison observed that embryonic frog spinal 
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neurons preferentially extended along spider web filaments and, 30 years later, P. Weiss 

established the term contact guidance to describe the tendency of cells to orient themselves 

along anisotropic topographical features (e.g., fibres or ridges).18,76 These observations opened 

a new field of research, which benefited from the advancements in micro- and nanofabrication 

techniques enabling the design and fabrication of novel culture platforms to study the effects 

of substrate topography in a controlled manner. Numerous techniques used for controlled 

fabrication of patterned surfaces enable creation of three-dimensional (3D) topographical 

features or roughness with high spatial resolution at micro- and nanoscales. These include 

photolithography, microcontact printing, microfluidic patterning, and electrospinning.77,78 

Patterned surfaces consist of either deterministic topographies with defined geometrical 

dimensions or random roughness described in terms of statistical roughness parameters.17 

Deterministic topographies can be continuous (e.g., grooves, fibres) or discontinuous (pillars, 

cones). These are further classified into anisotropic and isotropic topographies. The following 

sections will summarize some of the findings made on anisotropic and isotropic topographies. 

However, it has to be noted that any comparison between different studies must consider the 

cell types used (e.g., PNS or CNS neurons), the age and physiological state of the animal of 

origin, and the materials employed to fabricate the topographies. 

Anisotropic topographies are directionally aligned with topographical cues distributed along 

a single axis (Figure 2.6 a). In fact, continuous anisotropic topographies of alternating grooves 

characterized by feature width and depth were one of the first topographical structures used in 

neuronal studies.79,80 These were created to study neuronal contact guidance reminiscent of 

aligned radial glia and subventricular cells found in a developing brain that act as tracts to direct 

neuronal growth and migration.79,81,82 According to these studies, groove depth and width seem 

to be the critical parameters for axonal guidance, polarization, oriented neurite growth, and 

branching.25,79,83 Hippocampal neurons grew parallel to 800 nm/2 µm microgrooves 

(depth/width), while as the groove depth decreased to 400 nm the fidelity of alignment also 

decreased (Figure 2.6 b).26 Increasing the groove width further was shown to confine neurons 

inside the grooves and make them orient parallel to groove walls exhibiting decreased 

branching as the groove width decreased.84 Notably, hippocampal neurons were observed to 

align perpendicular to shallow grooves (< 1 µm; Figure 2.6 c).85 Rajnicek et al.85 showed that 

hippocampal neurons use different mechanisms for perpendicular and parallel contact guidance 

and suggested the influx of calcium and protein kinase C activity as crucial components in the 

signalling pathway for perpendicular guidance. A similar study on aligned fibres showed that 

perpendicular growth was myosin II-dependent, while parallel growth was not, suggesting that 

these are differentially regulated.86 
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Figure 2.6 Anisotropic topography. a) A 3D representation of an anisotropic topography consisting of 150 

nm high lines with a 2 µm pitch. Schematic representation of b) parallel and c) perpendicular alignment. 

Circle depicts a high-resolution image of a neurite growing perpendicular to the direction of topographical 

line features. 

 

Isotropic topographies generally provide discontinuous cues along multiple axes in the form 

of micro- or nanoscale pillars, posts, cones, and holes characterized by their spacing or pitch, 

feature height, and diameter (Figure 2.7 a-b). In particular, feature spacing/pitch was found to 

be the critical parameter for oriented neurite outgrowth with a spacing range of 0.5-3 µm 

suitable for optimal alignment (Figure 2.7 c).87,88 Hippocampal neurites tended to span the 

smallest possible distance between square-shaped silicon pillars, aligning either at 0° or 90° 

relative to the vertical and horizontal axes of the pattern.87 Here, the highest alignment was 

observed on larger pillars with the smallest spacing (2 µm diameter, 0.5 µm spacing), while 

the fidelity of alignment decreased as the spacing increased. Furthermore, hippocampal 

neurons cultured on conical posts (10-100 µm diameter; height 1/10 of the diameter; 10-200 

µm spacing) exhibited the strongest neurite alignment on smaller features and spacing.89 

Increasing the microcone diameter resulted in neurite wrapping around the microcone base and 

the formation of 3D networks. High aspect ratio vertical nanowires (72 ± 8 nm diameter; 7-10 

µm length) were reported to accelerate polarization of embryonic hippocampal neurons 

compared to the growth on the flat control substrates.90 Li et al.91 cross-examined the growth 

hippocampal neurons on a large library of continuous and discontinuous microscale features 

(2-15 µm diameter; 0.5-20 µm pitch). Notably, axon length at DIV2 was smaller on the 

discontinuous patterns compared to continuous topographical features, although still longer 

than on flat substrates. However, neurite branching was reduced on all discontinuous patterns 

compared to flat substrates.  
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Figure 2.7 Isotropic topography. a) Frustum-shaped pillars (D = 2 µm; H = 400 nm; P = 4 µm). b) Cone-

shaped pillars (D = 2.3 µm; H = 6.4 µm; P = 7.2 µm). Adapted from Tullii et al.92 Insets represent enlarged 

images of individual pillars. D – diameter, H – height, P – pitch. c) Axon alignment along cone-shaped 

pillars. Inset depicts a GC interacting with micropillars (green). Cells were stained with TRITC-phalloidin to 

label F-actin (red). Scale bars: a) 2 μm/500 nm, b) 10 μm/2 μm, c) 20 μm/5 μm. 

 

Neurons are functionally conditioned to explore their environment, create connections with 

neighbouring neurons, and form the nervous system. In order to elucidate the mechanisms 

underlying various responses to substrate topography, one must consider the fact that as 

neurons encounter many different topographical cues, disentangling their effects becomes very 

difficult. Hoffman-Kim et al.16 summarized some of the ideas on how topography exerts the 

aforementioned effects. Neuronal alignment may be mediated by cytoskeleton reorganization 

so as to achieve an energetically favourable conformation, i.e., cells assume the shape that 

requires minimal cytoskeletal bending.93 The imposed changes in shape may in turn affect cell 

function and behaviour, possibly via differential gene expression caused by nuclear distortions 

as it has been shown that nuclear architecture can modulate gene expression.94 Furthermore, 
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topography may change the way neurons adhere to the surface by affecting how proteins 

interact with topographical features. This pertains particularly to the notion that cells react to 

the protein layer that accumulates on the surface of the implant rather than to the implant 

itself.95 In fact, nanoscale topography was shown to affect protein stability, structure, and 

activity,96 while nanoroughness was shown to promote adhesion,97 indicating that protein 

adsorption on the substrate surface may play a role in topography-induced responses. This can 

further affect the localization of transmembrane receptors, thereby influencing downstream 

signalling cascades. Micholt et al.98 showed that the first neurite sprout and the Golgi-

centrosome complex, an indicator of hippocampal polarization, preferentially localized on 

pillar surfaces (3 µm height, 1-5.6 µm width, 0.6-15 µm spacing). Moreover, they observed 

colocalization of actin filaments and phosphorylated tyrosine in the axon on the pillars, 

indicating increased activity of growth signalling on the pillar-axon contacts.98 

 

2.2.2 Rigidity 

Unlike fibroblasts, which preferentially grow toward stiffer substrates,99 neurons prefer to grow 

on compliant substrates in vitro100,101 and migrate along compliant radial glial cells in vivo.102 

Thus, neurite outgrowth and guidance may be influenced by the mechanical properties of their 

environment. Hippocampal neurons have an elastic modulus of ~1 kPa, about twice as stiff as 

glial cells (~400 Pa).32 Generally, neural tissue is one of the most compliant tissue types in the 

body with an elastic modulus on the order of a few hundred Pa to a few kPa (Figure 2.8), 

depending on the age, species, region, mode of testing, etc.32,100 In contrast, standard in vitro 

platforms (e.g., glass, plastic) are several orders of magnitude stiffer than the normal neuronal 

environment. Deformable substrates were shown to induce changes in neuronal morphology 

and growth dynamics in various ways depending on the substrate type and stiffness, cell type, 

and data analysis. Viscoelastic polydimethylsiloxane (PDMS) substrates (18-173 kPa) induced 

decreased neurite elongation in dorsal-root ganglia (DRG) neuron-glial co-cultures compared 

to rigid glass substrates.103 In contrast, cortical and spinal cord neurons cultured on grafted 

bisacrylamide crosslinked polyacrylamide (PAA) hydrogels (200–300 Pa) exhibited increased 

neurite branching and neurite number, while their neurite length remained unchanged.101,104 

Notably, the change of the neurite number reached a minimum in the range 30-100 kPa.104 In 

contrast, on PAA hydrogels cross-linked by DNA (6-30 kPa), the number of neurites increased 

towards stiffer gels and was associated with shorter axons and a reduction in the expression of 

FAK.105 Koch et al.70 compared substrate-stiffness-dependent outgrowth and traction forces 

from DRG (PNS) and hippocampal (CNS) neurons. Hippocampal neurite outgrowth was 

independent of substrate stiffness while DRG neurons exhibited maximal outgrowth on 

substrates with a Young’s modulus of ~1000 Pa. Moreover, DRG GCs exerted significantly 

larger traction forces compared to hippocampal GCs with more rigid substrates inducing 
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stronger forces. Although different culture systems are difficult to compare, neurons seem to 

preferentially grow on soft substrates with an elastic modulus of a few hundred Pa, similar to 

CNS tissue stiffness.106 

 

Figure 2.8 Tissue stiffness. The schematic indicates the stiffness (elastic modulus) of neuronal cells relative 

to other cells in the body and glass culture dishes. Adapted from Chen et al.107 

 

2.3 Electrophysiology 

Neural electrophysiology studies the electrical properties of neuronal cells and their roles in 

the proper functioning of the nervous system. It encompasses measurements of both voltage 

changes as well as electric currents on the level of single ion channels, individual cells, 

networks, or entire organs. Generally, the main challenge in electrophysiology is the 

achievement of the highest recording sensitivity in a reliable and high-throughput manner. 

Thus, the recent advances in the field of biointerfaces and micro-/nanotechnology have yielded 

novel designs of multielectrode arrays (MEAs) and biosensors for measuring neuronal activity 

in vitro and in vivo. In this work, network activity of primary cortical neurons was measured 

on topographically functionalized MEAs (Chapter 6.3). Therefore, the following sections will 

briefly describe the biological origins of neuronal signalling and introduce the technical aspects 

of MEAs as neural interfaces. 

 

2.3.1 Neurons as electrogenic cells 

Neuronal signals are generated in the form of electrochemical potentials (action potentials) that 

propagate through the presynaptic cell and activate synapses resulting in an excitatory or 

inhibitory response in the postsynaptic neuron. Action potentials (APs) are created when a local 

change in the cell membrane’s electrochemical potential reaches a certain threshold. The cell 
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membrane is a 5 nm thick phospholipid bilayer that serves both as an insulator and a diffusion 

barrier to the movement of ions.29 It incorporates a myriad of transmembrane proteins including 

ion channels and pumps which make the membrane a semi-permeable barrier between the 

intracellular and the extracellular space (Figure 2.9). Ion pumps (transporters) actively 

transport ions across the membrane creating concentration gradients between the extracellular 

and the intracellular space, while ion channels allow ions to move passively down these 

gradients. The permeability to a certain ion species is determined by the channel’s selectivity 

to ions of a certain charge and/or size. Moreover, ion channels can be regulated by gating 

mechanisms which open and close the channels in response to different cues.29,37 Two 

important gating mechanisms, crucial for neuronal signalling, are ligand- and voltage-

mediated. Ligand-gated channels are regulated by a messenger molecule (ligand) that 

specifically binds a receptor on the channel resulting in conformational changes, which open 

the channel. Voltage-gating is mediated by changes in the electric potential across the 

membrane in the vicinity of the channel. Additionally, leakage channels have a relatively 

constant permeability allowing ions to flow down their concentration gradients thereby 

contributing to the establishment of the membrane resting potential. Channels are often highly 

specific for certain ion types due to different pore sizes, charge distributions, and binding sites. 

 

Figure 2.9 Cellular transmembrane channels. The cell membrane contains several types of ion channels. 

Active ion transporters are enzymes that use the energy from ATP to move ions against the concentration 

gradient. For example, the Na+/K+-ATPase exports 3 Na+ ions and imports 2 K+ ions. Leakage channels allow 

ions to flow down their concentration gradient and have a relatively constant permeability. Active 

transporters and leakage channels contribute to the resting potential of the membrane. Ligand-gated channels 

open in response to binding of a specific ligand (e.g., neurotransmiter) causing conformational changes of the 

channel complex. Voltage-gated channels are activated by changes in the cell membrane potential resulting 

from changes in the electrochemical gradient across the membrane. 

 

Both extracellular and intracellular spaces are electrolytes containing different ionic 

compositions and concentrations with K+, Na+, and Cl- being the most common ion species. 

Concentration gradients established by ion pumps cause charge separation and provide the 
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potential energy to establish the membrane potential (Em),37 described by the Goldman-

Hodgkin-Katz equation: 

 𝐸𝑚 =  
𝑅𝑇

𝐹
 ln (

𝑃𝑁𝑎[𝑁𝑎+]𝑜𝑢𝑡 +  𝑃𝐾[𝐾+]𝑜𝑢𝑡 +  𝑃𝐶𝑙[𝐶𝑙−]𝑖𝑛

𝑃𝑁𝑎[𝑁𝑎+]𝑖𝑛 +  𝑃𝐾[𝐾+]𝑖𝑛 + 𝑃𝐶𝑙[𝐶𝑙−]𝑜𝑢𝑡
) 2.1 

where R is the gas constant (8.31 J/mol K), T is the temperature, F is the Faraday constant 

(96,485.3 C/mol), [X]out and [X]in are the external and internal concentrations of ionic species, 

respectively, and Px is the permeability of the ionic species. Ions with the highest permeability 

have the greatest impact on the membrane potential. In equilibrium, i.e., with no net ion current 

flow across the membrane, the cell membrane resting potential is -70 to -80 mV. If a stimulus 

is applied to an excitable neuron, it leads to a transient depolarization of the cell membrane 

(i.e., the membrane potential becomes less negative), which can lead to the creation of an AP 

(Figure 2.10). Since ion channels involved in signal propagation are voltage-gated, 

depolarization must reach a threshold value to induce further opening of Na+ channels and 

allow the flow of Na+ into the cell down the concentration gradient. The threshold potential is 

in the range of -50 ± 5 mV for neuronal cells37 and if it is not reached, no AP is formed. Na+ 

influx leads to a rapid opening of more Na+ channels resulting in a fast depolarization towards 

the equilibrium potential of sodium until the membrane potential reaches +40 ± 10 mV. Upon 

potential reversal, the Na+ channels are inactivated and no more Na+ can enter the cell while at 

the same time Na+ is continuously pumped out by ion pumps. Meanwhile, K+ channels activate, 

allowing the efflux of K+ ions resulting in membrane repolarization. As the membrane 

repolarizes, K+ channels start to close, albeit on a slower timescale than Na+ channels, resulting 

in a brief hyperpolarization phase, in which the membrane potential briefly falls under the 

resting potential, before returning to the equilibrium state. Inactivated Na+ channels cannot 

open again until the resting potential is restored (refractory period). The entire duration of a 

sodium-based AP is ~5 ms, while the refractory period usually lasts ~1 ms.37 Localized APs 

quickly propagate along the membrane in a cascade manner causing further opening and 

closing of ion channels (i.e., APs) to finally reach the synapses connecting to neighbouring 

neurons. 
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Figure 2.10 Action potential. AP occurs upon a threshold stimulus (~ -55 mV) that causes Na+ influx and 

membrane depolarization. Subsequently, the corresponding efflux of K+ ions along the concentration gradient 

repolarizes the membrane. Slower closing of K+ channels may cause a brief hyperpolarizaton phase before 

the resting potential is re-established.  

 

2.3.2 Multielectrode arrays (MEAs) 

The current gold standard for intracellular recording and stimulation of neuronal activity is the 

patch-clamp technique108 where a glass micro-pipette with a silver/silver chloride (Ag/AgCl) 

patch electrode is brought into contact with the cell membrane to detect changes in the 

membrane potential. Although this method provides an excellent signal-to-noise ratio (SNR), 

it is highly invasive and therefore not suitable for long-term measurements. Furthermore, it 

only allows the simultaneous measurement of a very few cells and cannot be used to study 

complex neuronal networks. Attempts to overcome these challenges led to development of 

MEA technology for extracellular recording and stimulation of dissociated cultures, explants, 

or tissue in a non-invasive and stable manner.109 MEA chips consist of multiple microscale 

electrodes on the surface that contact neurons and record the voltage drop in the cleft between 

the cell and the electrode caused by ionic currents from the cell membrane (Figure 2.11). The 

microelectrodes are connected by insulated feed lines and bond pads to amplifiers and other 

electrical elements that amplify and transform the detected signals for further processing. The 

voltage drop recorded in the cell-electrode cleft is coupled capacitively to the MEA device 

generating an electronic current110 and the potential difference is measured relative to a 

reference electrode immersed into the electrolyte. Due to their simple fabrication processes and 

non-invasive nature, MEAs have become a popular method for long-term recording and 

stimulation of neuronal networks with high temporal resolution.111,112 
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Figure 2.11 Multielectrode array. A 64-electrode MEA chip (right) attached to a glass container filled with 

cell culture media is connected to an amplifier (left). The metallic electrodes are connected via feedlines to 

bondpads at the edge of the chip. Feedlines are covered by an insulator (passivation) leaving only electrode 

openings exposed to cells (circle). 

 

However, these devices have a relatively low spatial resolution limited by the number, size, 

and arrangement of electrodes on the surface. Although a higher density of smaller electrodes 

would theoretically improve the spatial resolution, such a design poses fabrication challenges 

and leads to a significant increase in impedance and thermal noise. MEA chips commonly have 

64 electrodes although complementary metal oxide semiconductor (CMOS) technology has 

introduced chips having ~10 000 electrodes by mapping several electrodes onto a single read-

out channel.113 Furthermore, a lot of effort is being made to resolve the problem of device 

impedance, i.e., the total resistance of the electric circuit to the flow of alternating current (AC), 

by increasing the surface area of the electrode while keeping its geometric area relatively small. 

This can be achieved by implementing topographical features (e.g., porous metal surfaces,114 

3D electrodes115), carbon nanotubes,116 or conducting polymers.14 Another aspect pertaining 

particularly to signal quality is the coupling efficiency of the cell-electrode interface (i.e., cleft 

between the electrode and the cell). Since MEAs are extracellular devices, the recorded signals 

have an inherently lower amplitude (~1% of the intracellular signal) and SNR compared to 

intracellular measurements.117  

 

2.3.3 The cell-electrode coupling 

Neurons attach to the electrode via electrostatic or chemical interactions between adhesion 

molecules on the membrane and molecules deposited on the electrode.118 Cell-electrode 
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coupling is commonly described using the point contact model consisting of the cell, the 

electrode, and the cleft formed between the neuron and the electrode filled with the electrolyte 

(Figure 2.12).119 The model takes into account the junctional membrane that faces the electrode 

and the non-junctional membrane facing the medium. Both are comprised of capacitance 

resulting from the phospholipid bilayer and resistance resulting from transmembrane ion 

channels. APs produce extracellular ionic flow across the membrane into the cleft between the 

neuron and the electrode. The cell-electrode cleft generates the seal resistance (Rseal), which 

can be described as the quality of the cell-electrode contact.117 The voltage formed over the 

Rseal directly affects the charge dispersal across the electrode.120 The electrode is described by 

its capacitive and resistive behaviour. Electrode capacitance results from the double-layer 

formed at the electrode-electrolyte interface by the diffusive layers of water molecules and ions 

attracted to the oppositely charged electrode. In fact, the electrical properties of this electrified 

layer are crucial for the signal transduction in MEAs.121 Electrode resistance is caused by the 

polarization resistance of the adhered molecules in the double-layer and charge transfer 

between the electrode and the electrolyte.  

 

Figure 2.12 Point contact model. Schematic depiction of the cell-electrode contact and the analogue passive 

electrical circuit. The cell body (blue) is in contact with the electrode (yellow) coupled to an amplifier. The 

cell membrane is divided into i) the junctional membrane facing the the electrode (red) characterized by the 

junctional membrane resistance (Rj) and the junctional membrane conductance (Cj) and ii) the non-junctional 

membrane facing the bulk electrolyte characterized by the non-junctional membrane resistance (Rnj) and the 

non-junctional membrane capacitance (Cnj). The cleft between the junctional membrane and the electrode is 

filled with culture medium (electrolyte) and generates the seal resistance (Rseal). The electrode impedance is 

characterized by the electrode resistance (Rel) and capacitance (Cel). The signal detected in the cleft (Vj) arises 

from the current flowing due to membrane capacitance and the total current flowing through membrane 

channels and is related to the membrane potential (Vm). 
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Electrode capacitance and resistance are characterized using electrode impedance. In the case 

of a perfect resistor, impedance simply amounts to the ratio of the voltage and the current 

(Ohm’s law), while the impedance of a perfect capacitor accounts for the angular frequency of 

the AC signal (2πf) and the capacitance of the capacitor (C): 

 𝑍𝐶 =  
−𝑖

2𝜋𝑓𝐶
  2.2 

where i is the imaginary unit (i2 = −1).121 Generally, higher impedance increases the thermal 

noise during voltage-based recordings110 and particularly pertains to the area of the electrode 

exposed to the cleft since capacitance is proportional to the electrode area. Smaller electrodes, 

although providing a higher spatial resolution, have a higher impedance and thereby a smaller 

SNR. The cell electrode coupling is defined as the ratio between the maximal voltage recorded 

and the maximal voltage generated by the cell. Patch-clamp recordings commonly exhibit a 

coupling ratio of 1, substantially higher than the value achieved in MEA recordings (0.001-

0.01).117 The coupling ratio increases with higher Rseal and depends on the area and resistance 

of the junctional membrane122 since a larger membrane contact area has more ion channels and 

thus a smaller resistance.115 High Rseal ensures that the ionic currents occurring inside the cleft 

during an AP generate a large voltage difference between the cell-electrode cleft and the bulk 

electrolyte. MEA recordings usually have a relatively low Rseal (100 kΩ to 1 MΩ) due to the 

large cell-electrode cleft distance (40-150 nm), compared to patch-clamp recordings (~1 GΩ) 

which establish a direct contact with the cell membrane.117,123 Thus, the sealing resistance is 

inversely proportional to the cell-electrode cleft distance (dcleft) and depends on the ratio 

between the area of the junctional membrane (Aj) and the electrode area (Ae), and the resistance 

of the electrolyte solution (Rs).
120,122,123 

 𝑅𝑠𝑒𝑎𝑙 ~ 
1

𝑑𝑐𝑙𝑒𝑓𝑡
∙  

𝐴𝑗

𝐴𝑒
∙  𝑅𝑠 2.3 

Finally, signal amplitude detected in the cleft depends on the current flowing due to membrane 

capacitance (IM), the total current flowing through membrane channels in contact with the 

membrane (Ichannel), and the Rseal.
117 

 
𝑉𝑗 = (𝐼𝑀 +  ∑ 𝐼𝑐ℎ𝑎𝑛𝑛𝑒𝑙

𝑛

1

) ∙  𝑅𝑠𝑒𝑎𝑙    2.4 

The recorded signals are dominated by the current flowing due to membrane capacitance 

(capacitive coupling)124 and are the first order derivative of the intracellular signal.125  
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2.3.4 Improving the cell-electrode coupling 

There are several strategies to improve the coupling efficiency between cultured cells and MEA 

chips currently under investigation. For example, the conductance of the junctional membrane 

can be increased by expression of ion channels in the cell membrane120 or via localized 

electroporation.124,125 These approaches are, however, highly invasive and often alter the 

functioning of the neural network being studied. Therefore, the primary focus of the field has 

been to reduce the cleft distance between the cell and the electrode and thereby increase the 

Rseal. A promising strategy to reduce the cell-electrode cleft distance is by using 3D electrodes 

such as pillars,126 straws (hollow pillars),127 mushrooms,128 wires,129 etc. Hanson et al.126 

achieved a gap distance below 15 nm on 1 μm high nanopillars (200 nm diameter), compared 

to 50 nm on the flat substrate. Although suitable for achieving a smaller cell-electrode distance, 

nanopillars often cause the membrane to tent on the nanopillar, thereby reducing the effective 

contact area (Figure 2.13 a).130 Spira et al. fabricated mushroom-shaped gold structures (850 

nm stalk width, 1 μm stalk height, 1.8 μm cap width), demonstrating a significantly higher 

signal amplitudes (up to 25 mV) compared to flat electrodes and obtaining signal shapes 

resembling those recorded intracellularly.128 The introduction of a mushroom-like cap was 

shown to  enable a closer cell-electrode contact compared to uncapped pillars.130 Spira et al.131 

suggested that mushroom-shaped structures induce a phagocytosis-like event where the cell 

attempts to engulf and internalize the structure.130 This involves membrane rearrangements 

around the mushroom cap and the formation of an actin ring around the mushroom stalk which 

might mediate the mechanical coupling and result in a higher Rseal (Figure 2.13 b).132,133 

Alternatively, the membrane wrapping around the 3D mushroom might activate 

mechanosensitive ion channels due to increased mechanical tension thereby increasing 

conductance of the junctional membrane.134 In this work, MEAs functionalized with high 

aspect ratio (HAR) micropillars made of a semiconductive polymer poly(3-hexylthiophene) 

(P3HT) were employed to enhance the cell-electrode coupling and enable optical stimulation 

of primary cortical neurons (Chapter 6.3). 

 

Figure 2.13 3D electrode interface. a) Nanopillar electrode deforming the cell membrane without 

penetrating into the cell. Note the membrane tenting at the nanopillar sides. b) Cell membrane engulfing a 

mushroom-shaped electrode resulting in the formation of actin rings around the mushroom stalk. 
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2.4 Organic polymers for neural interfaces 

In this work, three different polymer materials were processed into neuronal culture platforms, 

namely poly(N-isopropylacrylamide) nanogels (Chapter 4), OrmoComp (Chapter 5), and 

poly(3-hexylthiophene-2,5-diyl) (Chapter 6). Their properties and functionality are outlined 

in the following sections. 

 

2.4.1 Poly(N-isopropylacrylamide) (PNIPAAm) nanogels 

Hydrogels are gels that swell in aqueous media composed of a hydrophilic organic polymer 

cross-linked into a network via covalent or noncovalent interactions.135 Microgels and nanogels 

are hydrogels whose size is reduced to the colloidal regime (0.1-1 µm). PNIPAAm has been 

widely used to make stimuli-responsive hydrogels that adjust their shape and dimensions in 

response to external stimuli such as pressure, temperature, pH, ionic strength, etc.136 

Responsiveness to external stimuli is related to the balance between solvent–solvent, solvent–

polymer, and polymer–polymer interactions. A change in any of the these parameters can affect 

polymer solvation by strengthening one of these interactions and/or weakening others.135 

PNIPAAm gels undergo a transition from a random coil, where the solvent–polymer 

interactions are stronger than the polymer–polymer interactions, to a globular conformation at 

higher temperatures where polymer–polymer hydrophobic interactions become stronger than 

the solvent-polymer interactions. The temperature at which the transition occurs is called the 

lower critical solution temperature (LCST). Another important aspect is gel swelling in solution 

determined by the volume phase transition temperature (VPTT) above which the gel transitions 

from a swollen (hydrophilic) state to a compact (relatively hydrophobic) state. PNIPAAm gels 

typically have a VPTT at around the same value as LCST,137 both depending on cross-linker 

density, ionic strength, hydrophobicity/hydrophilicity, and solvent composition. Moreover, due 

to their small size, nanogels have been proposed as potential drug carriers to the brain as their 

small size and chemical reactivity allows them to penetrate tissues via transcellular 

pathways.138 Furthermore, nanogels exhibit electrophoretic motility likely related to the 

incorporation of charged initiator fragments in the polymer chains during polymerization.139 

At temperatures above VPTT, de-swollen PNIPAAm particles exhibit a sharp increase in 

mobility due to a higher charge density of the de-swollen particle (smaller surface area).140 

Nanogel particles are easily attached to solid substrates (physically or chemically) to form 

monolayers or arrays with pre-defined properties and functions on modular interfaces.141 South 

et al.142 fabricated non-fouling films using PEG-crosslinked PNIPAAm microgels that induced 

200-fold and 30-fold reduction in the number of macrophage cells compared to polystyrene 

and glass substrates, respectively. Therefore, such films could potentially reduce the 
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inflammatory response to an implanted device. Additionally, nanogels can integrate molecular 

switches that respond to changes in temperature,143 pH,144 or light.145 Kawaguchi et al.143 

demonstrated that cells adhere strongly to thermoresponsive microgels at 37 °C and produce 

more oxygen species than at 25 °C due to microgel stiffening at higher temperatures. N-

Isopropylacrylamide (NIPAAm) containing copolymers are thermoresponsive with LCST in 

water around 32 °C. At 37 °C, PNIPAAm surface is relatively hydrophobic allowing cell 

adhesion and proliferation, whereas below 32 °C the surface becomes hydrophilic and swells, 

forming a hydrated layer that causes spontaneous cell detachment. In fact, PNIPAAm surfaces 

have been used as cell detachment switches146,147 for trypsin-free cell detachment from the 

substrate with potential applications in cell sheet engineering for tissue reconstruction.148 

Chemical properties of nanogels can be controlled both by altering synthesis conditions and 

reactants (monomers and cross-linkers) as well as by incorporating different functional co-

monomers such as dyes, biomolecules, and charged species.149,150 Additionally, their 

mechanical properties are largely determined by the amount of cross-linker, with lower 

amounts resulting in softer, deformable gels,151 particularly relevant for neural interfaces since 

neuronal cells are sensitive to the mechanical properties of the environment (Chapter 2.2.2). 

The dependence of cross-linker density on gel stiffness is likely related to a reduced solvent 

diffusion into gels with a higher cross-linker density.152 Sechi et al. developed a printing 

method to functionalize glass substrates with PNIPAAm nanogels patterned using a stretched 

PDMS template to generate anisotropic line arrays (Appendix A.1.1).139,153 Particles had a 

hydrodynamic radius of 371.8 ± 6 nm at room temperature (RT), whereas with increasing 

temperature particles de-swelled and were converted into a collapsed state while still exhibiting 

typical gel properties like softness and reversible deformability (Figure 2.14 a). Nanogel 

particles were printed onto glass substrates both as unstructured films and structured lines 

(Figure 2.14 b). The same substrates were employed in this work to investigate adhesion and 

growth of primary cortical neurons (Chapter 4). 
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Figure 2.14 PNIPAAm nanogels. a) Temperature dependence of the nanogel’s hydrodynamic radius (RH). 

Nanogels had a volume phase transition temperature (VPTT) of ~32.2 °C. Inset shows an atomic force 

microscopy (AFM) image of nanogel particles in the dry state. Scale bar: 2 μm. b) AFM image of wet 

nanogel arrays. Adapted from Sechi et al.139 

 

2.4.2 OrmoComp polymer 

OrmoComp is a commercially available hybrid polymer belonging to the ORMOCER® family 

(ORganically Modified CERamics; Fraunhofer Institute for Silica Research, Würzburg, 

Germany). These polymers are organic-inorganic hybrids composed of urethane- and thioether 

(meth)-acrylate alkoxysilanes, with strong covalent bonds between the organic and inorganic 

components154 giving them exceptional chemical and thermal stability (Figure 2.15 a).155 Due 

to their exemplary chemical tunability156 and relatively straightforward sol-gel preparation,154 

ORMOCER materials have been successfully employed in a wide range of applications from 

electronics and micro-mechanical systems157,158 to dentistry.159 Moreover, these materials are 

ultraviolet (UV) curable making them suitable for micro-/nanofabrication of various devices 

for fast prototyping in medicine and tissue engineering via stereolithography and two-photon 

polymerization.156,160–162 UV-treated OrmoComp can be considered a rigid material relative to 

living tissues with a Young’s modulus in the range of GPa, depending on the duration of UV 

treatment.163,164 OrmoComp-based platforms were shown to be biocompatible and suitable for 

fabrication of various 3D tissue scaffold systems.160,161 Yoon et al.165 developed a 

micropatterned OrmoComp platform consisting of 3 µm thick anisotropic patterns with 

different widths (3-75 µm) to manipulate the migration of NIH 3T3 fibroblasts as a potential 

smart wound dressing (Figure 2.15 b). Furthermore, 3D composite polymer scaffolds 

consisting of protein-binding OrmoComp cubes attached to protein-repelling polyethylene-

glycol-diacrylate (PEG) framework were successfully employed to control adhesion and shape 

of primary chicken fibroblasts (Figure 2.15 c).160 In the presented work, OrmoComp substrates 
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were patterned into nanopillars via nanoimprint lithography (Appendix A.2)166 to study growth 

of primary cortical neurons in response to substrate topography (Chapter 5). 

 

Figure 2.15 OrmoComp-based cell culture platforms. a) Chemical structure of OrmoComp. b)  

Anisotropic OrmoComp micropatterns. Scale bars: 100 mm.165 c) 3D composite polymer scaffolds with 

OrmoComp cubes (red) attached to PEG frameworks.160  

 

2.4.3 Poly(3-hexylthiophene-2,5-diyl) (P3HT) 

P3HT is an organic semiconductor composed of conjugated carbon atoms with π-electrons 

delocalized along their backbone making it intrinsically sensitive to light, similar to light-

sensitive biomolecules like carotenoids or chlorophylls in plants (Figure 2.16 a). Although 

conjugated polymers, like P3HT, have been successfully employed in organic solar cells and 

photo-sensors, they are now attracting considerable interest in tissue engineering and 

bioelectronics due to their intrinsic optoelectrical properties along with chemical and 

mechanical compatibility with living tissues.167,168 Moreover, their optical band gap is in the 

visible range (Figure 2.16 b) and can be modulated via chemical tailoring. Conjugated 

polymers are compatible with simple processing technologies and are, generally, able to form 

stable interfaces with water, conducting both electrons and ions. This, along with their intrinsic 

softness and overall similarity with certain biomolecules (e.g., retinal, carotenoids, 
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chlorophyll), makes these materials promising for biological applications dealing with the 

complexity of interfacing electronics and living tissues.169 For example, implants able to 

substitute degenerate photoreceptors and excite retinal neurons could be used to restore visual 

perception by transducing light stimuli into electric signals.170 A notable example is a P3HT-

coated glass:ITO (indium-tin-oxide) biointerface capable of restoring light sensitivity in blind 

rat retinas ex vivo.171 A 10 ms light pulse (4 mW/mm2) was used to stimulate dissected blind 

retinas in contact with P3HT, achieving activity similar to that of control retinas of normal rats. 

Moreover, a threshold intensity for photostimulation of ~0.3 mW/mm2 was identified, closely 

matching the range of retinal irradiance during outdoor activity (0.1–10 mW/mm2). Therefore, 

organic semiconductors may become a viable alternative to current retinal implants, based on 

inorganic semiconductors and/or metallic electrodes.172 Devices incorporating inorganic 

semiconductors (e.g., silicon) or metals such as the epiretinal Argus device (Second Sight 

Medical Products)173 and the subretinal Alpha device (Retina Implant AG),174 still suffer from 

major disadvantages such as the need for an external power supply, complicated fabrication, 

high impedance, rigidity, or elevated heat production, which pose severe safety issues and limit 

their applicability. In contrast, conjugated polymers do not require an external power source as 

they convert light into an electrical current to achieve electrical stimulation. Moreover, their 

mechanical compliance, low toxicity, limited and spatially confined heat production, and non-

invasive nature makes them suitable active materials for electrically active interfaces and 

prosthetic implants.167  

 

Figure 2.16 P3HT. a) Chemical structure. b) Optical absorption of P3HT films. 

 

Although P3HT was successfully employed in devices for optical actuation of neuronal firing 

in vitro with a high spatial resolution,175,176 its potential applications may be broadened to tissue 

engineering of electrogenic cells, i.e., neuronal differentiation and repair.177 Recently, a novel 
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P3HT-based biointerface patterned into HAR microscale pillars has been obtained using a 

highly repeatable push-coating technique (Appendix A.3).92 The proposed P3HT micropillar 

arrays provided a biocompatible environment for neuronal cultures and human embryonic 

kidney cells (HEK-293). In this work, 3D micropillar topography and intrinsic optoelectrical 

properties of P3HT were harnessed to achieve photostimulation of neuronal growth and 

network activity using visible light (Chapter 6).



 

CHAPTER 3                        

MATERIALS AND METHODS  

The following chapter lays out the experimental and analytical methodology implemented in 

this work. Three different cell culture platforms were used: PNIPAAm nanogel arrays, 

OrmoComp nanopillars, and P3HT micropillars. Since these were designed by various 

collaboration partners, detailed descriptions of their respective fabrication procedures and 

references to original sources are presented in Appendix A. A comprehensive list of all 

substances and reagents along with their respective suppliers is given in Table C.1.1. 

 

3.1 Cell culture 

3.1.1 Isolation of primary cortical neurons 

All animal experiments were done in accordance with the EU Directive 2010/63/EU for animal 

experiments and Landesumweltamt für Natur, Umwelt und Verbraucherschutz Nordrhein-

Westfalen, Recklinghausen, Germany (84-02.04.2015.A173 and 81-02.04.2018.A190). 

Pregnant Wistar female rats were acquired from Charles River Laboratories (Sulzfeld, 

Germany) or Janvier Labs (France) and handled by a certified technician. Primary cortical 

neurons were isolated from E18 rat embryos of either sex. Dissected cortices were stored in 

cold Hibernate A medium used for long term preservation of viable embryonic brain tissue and 

stored at 4 ºC. Cortices were either used immediately or 3 days after dissection. Cortical tissue 

was dissociated using 0.05% trypsin/ethylenediaminetetraacetic acid (EDTA) for 5-10 min at 

37 ºC. The tissue was thoroughly washed five times with cold supplemented Neurobasal (Table 

C.2.1) followed by gentle mechanical trituration. The suspended cells were rested for 3 min on 

ice to allow cell aggregates and glial cells to settle on the bottom of the tube. The upper 2/3 of 

the suspension was transferred to a new tube and live cells were counted using the trypan blue 

exclusion assay. The appropriate number of cells suspended in supplemented Neurobasal 

medium was seeded onto prepared substrates. After settling at RT for 10 min, cultures were 
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transferred to an incubator (5% CO2, 37 ºC, 100% humidity), and the medium was replaced 

after 2 h. 

 

3.1.2 Transfection 

A fluorescent F-actin marker, Lifeact-RFP (Appendix B), was introduced to visualize actin 

dynamics during time-lapse microscopy.178 Lifeact-RFP plasmid was transfected into neurons 

using the Amaxa Rat Neuron Nucleofector Kit (Lonza). Cell suspension containing 3-5 million 

cells was centrifuged at 200 g at RT for 3 min, and the supernatant was carefully removed. The 

neuronal pellet was resuspended in 100 µL of Nucleofector transfection solution and 

transferred into an Amaxa cuvette loaded with 3-6 µg of Lifeact-RFP cDNA plasmid. The 

suspended cells were transfected using the Amaxa Nucleofector device, program G-013. 

Immediately after transfection, 1 mL of warm supplemented RPMI 1640 medium (Table 

C.2.2) was added to the cuvette to promote recovery and resealing of the cell membrane. Live 

cells were counted and seeded at a density of 150 cells/mm2. After settling at RT for 10 min, 

cultures were transferred to an incubator (5% CO2, 37 ºC, 100% humidity), and the medium 

was replaced with warm supplemented Neurobasal medium after 2 h. 

 

3.2 Substrate preparation 

3.2.1 Sterilization and surface modification 

Prior to cell seeding, all substrates were properly sterilized to ensure aseptic conditions. 

Polymer substrates were sterilized in 70% ethanol and dried with nitrogen (N2) gas, while 

standard borosilicate control substrates were briefly exposed to flame. Sterilized substrates 

were treated with poly-L-lysine (PLL; 1 µg/mL) to improve adhesion of immature neurons 

according to Table 3.1. After incubation, substrates were washed twice with deionized water 

and stored at 4 ºC. 
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Table 3.1 PLL coating procedures.  

Substrate Buffer Incubation 

Standard borosilicate HBSS 1 h, RT 

OrmoComp HBSS 1 h, RT 

PNIPAAm  deionized water Overnight, 4 °C 

P3HT deionized water Overnight, 4 °C 

MEAs  deionized water Overnight, 4 °C 
 

 

3.2.2 Substrate cleaning 

All substrates, except PNIPAAm nanogels, could be cleaned and reused for several cultures. 

Substrates were commonly reused up to three times. This required complete removal of cells 

from the surface using 0.05% trypsin-EDTA for 20 min at 37 ºC. After two rounds of 

trypsinization, substrates were incubated with either Somat® detergent (40 mg/mL) for 30 min 

at 60 ºC (OrmoComp substrates) or 2% Hellmanex III® for 15 min at RT (P3HT substrates, 

MEAs). After incubation, substrates were rinsed in running water for at least 2 h.  

 

3.3 Microscopy and image analysis 

3.3.1 Time-lapse microscopy 

Time-lapse microscopy was used to investigate neuronal development and GC actin dynamics 

on different polymer topographies. Primary cortical neurons were seeded at a density of 150 

cells/mm2 to enable individual cell analysis. For the purpose of long-term investigation of 

neuronal development, the samples were transferred to an Axio Observer.Z1 (Zeiss) inverted 

microscope equipped with an incubation chamber (PeCon) containing temperature, CO2, and 

humidity controls approximately 5 h after seeding. Time-lapse sequences of neuronal 

development on nanopillar arrays were acquired every 30 min for 46 hours using a 40x air 

objective (LD Plan-Neofluar, 0.6 NA, Ph2, Zeiss). The sequences were post-processed using 

Fiji software.179 The sample drift in the xy-plane was corrected using Fiji’s StackReg plugin.180 

The individual sequences were visually evaluated to select only the longest neurite (putative 

axon). The GC of the selected neurite was traced back manually using the MTrackJ plugin181 

(Figure 3.1).  
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Figure 3.1 GC tracking. Time-lapse sequences were analyzed using ImageJ’s MTrackJ plugin by recording 

the position of the GC of a putative axon at each time interval. Scale bars: 50 µm. 

 

High-resolution time lapse analysis of GC actin dynamics was conducted on Lifeact-RFP-

expressing GCs using a 63x oil immersion objective (Plan-Apochromat, 1.4 NA, Zeiss) on an 

Axio Observer LSM 880 equipped with an Airyscan detector providing super-resolution 

imaging with increased acquisition speeds. GCs were imaged for 2.5-5 min in 2-3 sec intervals 

with an optical zoom of 2.5-3x. Kymographs were produced using Fiji’s Multiple kymograph 

plugin. 1-pixel-wide lines were drawn perpendicular to the GC leading edge and assembled 

into a kymograph representation where time is measured along the x-axis in seconds, with 2-3 

seconds between each line depending on the acquisition rate. Each GC was sampled with 6-10 

lines and the slopes of the resulting diagonal patterns appearing in the kymograph were used 

to calculate the actin retrograde flow rate (Figure 3.2). 
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Figure 3.2 Kymograph analysis. Time-lapse sequences of GC dynamics were converted into maximum 

intensity projections (MAX) to visualize the area the GC explored. 1-pixel-wide lines (red) were extracted 

perpendicular to the GC’s leading edge and assembled into a kymograph using the ImageJ’s Multiple 

Kymograph plugin. The slopes of the diagonal patterns in the kymograph were measured to calculate the 

actin retrograde flow rate. Scale bars: 5 µm. 

 

3.3.2 Viability assay 

Cell viability was determined using the calcein acetoxymethyl (AM)/ethidium homodimer 

(EtHd) assay (Figure 3.3). Cells were washed with preheated Neurobasal base medium 

(without supplements) and incubated for 20 min at 37 °C with calcein AM and EtHd (1 μM 

each in Neurobasal). Viable cells metabolize the cell-permeable calcein AM into fluorescent 

non-permeable calcein (495 nm excitation/515 nm emission). In contrast, EtHd is a fluorophore 

(528 nm excitation/617 nm emission) that cannot enter healthy cells but easily diffuses into 

damaged unviable cells. After incubation, cells were washed twice with warm Neurobasal base 

medium and imaged using a 10x water immersion objective (N-Achroplan, 0.3 NA, Zeiss) or 

a 20x water immersion objective (N-Achroplan, 0.5 NA, Zeiss). 



36 CHAPTER 3. MATERIALS AND METHODS 

 

 

Figure 3.3 Viability assay. Viable cells metabolize calcein AM into fluorescent non-permeable calcein 

(green). EtHd cannot enter healthy cells but easily diffuses into damaged unviable cells (red). Scale bar: 100 

µm. 

 

3.3.3 Fluorescent immunocytochemistry 

Various aspects of neuronal morphology, such as axons and dendrites, were visualized using 

fluorescent immunocytochemistry. Primary neurons growing on different substrates were 

usually fixed after 3 DIV (unless stated otherwise) with paraformaldehyde (4% in phosphate 

buffered saline (PBS), for 15 min) and permeabilized with Triton X-100 (0.3% in blocking 

buffer (BB) for 10 min). The recipes for PBS and BB can be found in Table C.2.3 and Table 

C.2.4, respectively. Unspecific binding sites were blocked with BB for 1 h at RT. After each 

step, substrates were rinsed three times with PBS. Substrates were incubated with primary 

antibodies for 2.5 h, rinsed with PBS and immediately incubated with secondary antibodies 

and dyes for 1 h. All antibodies used in this work are listed in Table C.2.5. Cell nuclei and F- 

actin were stained with 4’,6-diamidin-2-phenylindol (DAPI) and tetramethylrhodamine 

(TRITC)-phalloidin, respectively. Finally, substrates were rinsed with PBS and deionized 

water and mounted onto microscope slides using mounting medium (Fluoroshield). Neuronal 

morphology (neurite length, neurite number, and alignment) on different substrates was 

visualized using a 20x objective (EC Plan-Neofluar, 0.5 NA, Zeiss) or a 10x objective (Plan-

Apochromat, 0.45 NA, Zeiss) and analysed using Fiji’s NeuronJ plugin182 (Figure 3.4). 

Cortical neurons were characterized with antibodies against β-III-tubulin, while anti-tau-1 

antibodies were used to visualize axons. Neurons that formed clusters were not included in the 

analysis.  
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Figure 3.4 Neurite length analysis. Fluorescent images were loaded into the Fiji’s NeuronJ plugin to 

measure neurite length. Color legend: red – primary neurites, green – secondary neurites, magenta – tertiary 

neurites. Scale bar: 50 µm. 

 

Neuronal alignment was analysed using Fast Fourier Transformation (FFT) analysis based on 

a protocol in Taylor et al.183 FFT analysis represents the pixel intensity of an image in the 

frequency domain (Fourier space) instead of a spatial domain, yielding a grayscale FFT image 

of the frequency distribution.183 For example, if the original image contains pixels arranged in 

a straight line, the FFT image will show a straight line through the origin. The FFT image can 

be further analysed by measuring the radial sum intensity for 360° around the origin (centre) 

of the FFT image. Thus, a straight line would yield a line plot with two peaks, 180° apart, 

representing primary angles of alignment. In contrast, an image with a random distribution of 

pixel intensities having no alignment would yield a relatively constant pixel intensity with no 

pronounced peaks. Since the images were taken with the topographical features aligned to the 

vertical/horizontal axes, the images were rotated in post-processing by 45° to eliminate the 

interference from the vertical and horizontal FFT axes. The fluorescent images of β-III-tubulin-

positive neurons was processed and thresholded in ImageJ to remove substrate 

autofluorescence (Figure 3.5 a). The thresholded images were transferred to Gimp image 

processing software where a circular feather mask (20 pixels) was applied to eliminate edge 

effects and improve pixel sum intensity analysis (Figure 3.5 b). Circular images were 

processed using the FFT function in ImageJ to yield an FFT image with pixel intensity 

distribution in the frequency domain (Figure 3.5 c). Pixel intensities were summed along a 

circle with its origin in the centre of the FFT image (800 pixels radius) using the ImageJ’s Oval 

Profile plugin (Figure 3.5 d). The obtained radial sum intensity was corrected for the 45° shift 

made in post-processing and averaged across multiple images. 
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Figure 3.5 FFT analysis. a) A fluorescent image was processed and thresholded to eliminate substrate 

autofluorescence. b) A circular mask was applied to eliminate edge effects and improve radial sum intensity 

calculation. c) Processed FFT image and the circle along which the pixel intensities were summed. d) Radial 

sum of pixel intensity. 

 

Point contact adhesions were visualized using anti-paxillin antibody [Y113]. Cells were 

additionally stained with TRITC-phalloidin to visualize the actin cytoskeleton. Images were 

acquired with a 63x oil immersion objective (Plan-Apochromat, 1.4 NA, Zeiss) on a confocal 

laser-scanning microscope Axio Observer LSM 880 equipped with an Airyscan detector and 

processed to enhance the individual paxillin puncta.184 Briefly, a paxillin raw image was 

processed to reduce the intensity of the background followed by CLAHE filtering to enhance 

the puncta intensity. An additional exponential filter (Exp) was applied to further reduce the 

background and the image was transformed using a logarithmic filter (Log 3D). This enabled 
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precise thresholding of the individual puncta. Additionally, an actin raw image was processed 

to reduce the background and enable thresholding. The thresholded image of the actin signal 

was superimposed onto the processed paxillin image to quantify the density of paxillin puncta 

in each GC (Figure 3.6). The number of puncta was quantified using the Fiji’s Particle 

analyzer and normalized to the GC area outlined from thresholded images of TRITC-phalloidin 

(actin) signal.  

 

Figure 3.6 Quantification of paxillin adhesions. A raw image of paxillin puncta was processed with 

multiple filters to enhance the visibility of individual puncta, while the actin raw image was thresholded to 

yield an outline of the GC area. The GC outline was superimposed on the processed paxillin image to 

quantify the density of paxillin puncta in the GC. 

 

3.3.4 Scanning electron microscopy 

Scanning electron microscopy (SEM) was used to investigate cell-topography interactions on 

the nanoscale. This method entails specific preparation procedures to dehydrate and preserve 

the cellular structure. Cells were washed three times with preheated PBS and fixed with 

glutaraldehyde (3.2% w/v in preheated PBS) for 15 min at RT. After fixation, samples were 

thoroughly washed with PBS and deionized water followed by dehydration in increasing 

concentrations of ethanol: 10%, 30%, 50% (5 min each), 70%, 90%, and 95% (15 min each). 

The samples were then stored in 100% ethanol and transferred into the critical point drying 

machine (CPD 030, BAL-TEC Company) filled with 100% ethanol. The system was slowly 

cooled down to 10 °C to start the exchange process where ethanol was repeatedly replaced with 

liquid CO2 (10-15 times). Upon completion of the exchange process, the temperature was 
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increased to ~40 °C while simultaneously increasing the pressure. CO2 has a critical point at 

31.1 °C and 73.8 bar representing the boundary between the liquid and gaseous phase. Above 

this point, supercritical CO2 is removed without surface tension effects which would distort 

biological structures. The samples were coated with a thin layer of iridium or platinum via 

sputter deposition (K575X Sputter Coater, Quorum EMITECH) to eliminate charge effects. 

SEM images were made from the top and with a 45° and 52° tilt under beam acceleration of 3-

10 kV using secondary electrons and inLens detectors (1550VP, Zeiss and Helios 600i Nanolab 

Dual-beam, FEI).  

 

3.3.5 Focused ion beam 

Focused ion beam (FIB) in combination with SEM was employed for high resolution 

characterization of the cell-substrate interface. FIB involves ablation or deposition of material 

on the surface of a specimen using a focused beam of gallium ions. Upon hitting the sample 

surface, secondary ions, neutral atoms, and secondary electrons are created and collected to 

produce an image. Moreover, high beam current can remove material from the specimen to 

produce cross-sections of the cell-substrate interface. In order to preserve the structural 

integrity of the specimen as well as to enable high-resolution imaging of intracellular 

structures, samples were stained and prepared using a resin embedding method as previously 

described in Belu et al.185 Samples were washed three times with preheated PBS and fixed with 

glutaraldehyde (3.2% w/v in preheated PBS) for 15 min at RT. All subsequent steps were 

performed by a certified technician. After fixation, samples were washed with PBS and 

cacodylate buffer following a second fixation step with osmium tetroxide (OsO4) for 2 h on 

ice. OsO4 penetrates cells, and organelles and preserves many lipids and stabilizes some 

proteins into clear gels. Moreover, OsO4 increases the electron density of the cell components 

and acts as an electron stain.186 After incubation, samples were rinsed five times with deionized 

water for 2 min at RT and transferred to a solution of tannic acid (1% in deionized water) for 

30 min at RT. Tannic acid interacts with osmium bonds in membranes and facilitates binding 

of uranyl ions, thus enhancing their contrast.186,187 Samples were further treated with uranyl 

acetate (UrAc, 2% in uranium-depleted water) for 5 h at 4 °C. UrAc reacts with both negatively 

and positively charged protein side chains and enables their visualization using SEM.186 After 

fixation and staining, cells were washed with deionized water and dehydrated in increasing 

concentrations of ethanol as described above (Chapter 3.3.4). The resin was prepared by 

mixing 12.5 mL Epon 812 epoxy embedding medium with 20 mL epoxy embedding medium 

hardener DDSA and 17.3 mL Epon 812 with 15.2 mL epoxy embedding medium hardener 

MNA. Both mixtures were combined, thoroughly stirred and mixed with 1.3 mL of 2,4,6-

tris(dimethylaminomethyl)phenol (DMP-30). The resin was stirred for 1 h and gradually 

introduced to the dehydrated samples in different ethanol ratios (Table 3.2).  
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Table 3.2. Ethanol-resin ratios and corresponding incubation times. 

Ethanol:resin Incubation (h) 

3:1 3 

2:1 3 

1:1 12 

1:2 3 

1:3 3 

100% resin 3 
 

 

Finally, the excess resin was carefully removed by splashing the samples with absolute ethanol 

followed by baking for 24 h at 60 °C to ensure resin polymerization. Finished samples were 

mounted on SEM stubs using liquid silver paste to create a conductive bridge and decrease the 

charge effects. Additionally, samples were coated with a thin layer of platinum (45 sec 

deposition time, 15 mA current) via sputter deposition (K575X Sputter Coater, Quorum 

EMITECH) to eliminate charge effects entirely. A complementary dual beam system 

containing both electron and ion beams (Helios NanoLab Dual-beam 600i, FEI) was used for 

FIB cross-sectioning and visualization of the cell-substrate interface. A region of interest 

(Figure 3.7 a) was covered with a 0.4 μm thick layer of platinum via electron beam deposition 

(EBID, 3 kV, 1.4-11 nA) at 0° fixed stage followed by a 0.4 μm layer deposition at 52° tilt via 

ion beam deposition (IBID, 30 kV, 0.23-2.5 nA; Figure 3.7 b). The first cross-section was 

created via gallium ion beam milling at 30 kV and 9.3 nA (Figure 3.7 c) followed by polishing 

at 30 kV and 0.079 nA or 0.08 nA. SEM was performed using the electron column at 3 kV with 

secondary and backscattered electron detectors (Figure 3.7 d).  
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Figure 3.7 FIB cross-sectioning. A selected region of interest (a) was subjected to platinum deposition (b). 

First cross-section was performed via gallium ion milling (c) and polished to visualize the cell-substrate 

interface using SEM (d). Scale bars: a-c) 5 µm; d) 2 µm. 

 

3.4 MEA characterization and extracellular electrophysiology 

3.4.1 Electrical impedance spectroscopy 

All MEA chips used in this thesis were characterized using electrical impedance spectroscopy 

(EIS) on a VSP-300 multichannel potentiostat (BioLogic Science Instruments SAS) operated 

with the EC-lab V10.40 software. A detailed description of MEA fabrication is given in 

Appendix A.4. Prior to EIS, all chips were cleaned in 70% ethanol and rinsed with deionized 

water. Measurements were performed in PBS using the three-electrode mode with a sintered 

silver/silver-chloride pellet electrode serving as a reference electrode (RE), a platinum wire as 

a counter electrode CE), and a chip electrode, exhibiting the impedance of interest, as the 
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working electrode (WE). EIS measurements were performed in a Faraday cage with both the 

cage and the potentiostat grounded to reduce the external noise interference. A 10 mV AC 

potential was applied, and impedance spectra were recorded in the frequency range between 

0.1 Hz and 100 kHz (10 data points per decade). The measurement at each frequency was 

automatically repeated twice and the average value was saved. The basic working principle of 

EIS measurements is depicted in Figure 3.8.188 Potential difference between the WE and RE 

is kept constant at a set value by a negative feedback loop (control amplifier) that modulates 

the amount of current injected into the WE by the AC excitation potential. Resistance RM 

enables the measurement of the injected current as the voltage between the WE and RE via the 

current-to-voltage (I/E) converter. The recorded voltage is used to calculate the impedance of 

the WE. 

 

Figure 3.8 Potentiostat circuitry. An AC potential is applied to create a current between the CE and WE. 

The amount of current injected is modulated to keep the voltage between the WE and RE constant by a 

negative feedback loop (control amplifier). The resulting current is then measured and converted into voltage 

(I/E converter) to calculate the impedance of the WE.188 

 

Using a small sinusoidal excitation potential (Et) results in a pseudo-linear sinusoidal current 

response (It) with the same frequency but shifted in phase. For ideal capacitors, the current is 

shifted by 90° with respect to the voltage.121,188 The impedance of a system is calculated using 

Ohm’s law:188 

 𝑍𝑊𝐸 =  
𝐸𝑡

𝐼𝑡
 =  

𝐸0 sin(𝜔𝑡)

𝐼0 sin(𝜔𝑡 +  𝜑)
=  𝑍0  

sin(𝜔𝑡)

sin(𝜔𝑡 +  𝜑)
 3.1 
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where t is the time, ω the angular frequency, and φ the phase shift. Impedance at each angular 

frequency can be written as:   

 𝑍(𝜔) = 𝑍0  exp(𝑗𝜑) =  𝑍0  (cos 𝜑 + 𝑗𝑠𝑖𝑛𝜑)  3.2 

The real part of the equation represents the pure resistive behaviour (resistive impedance), 

whereas the imaginary part can be capacitive (Equation 2.2) or inductive impedance. The 

impedance amplitude and phase shift at each frequency are commonly presented on a log-log 

Bode plot.121,188  

 

3.4.2 Electrophysiology setup 

Spontaneous neuronal activity was recorded using an in-house developed platform – 

Bioelectronic Multifunctional Amplifier System (BioMAS).189 The BioMAS setup consists of 

a pre-amplifier (MEAIII.1 headstage), main amplifier, analog-digital converter (ADC; USB-

6255 DAQ, National Instruments), and a software written in LabVIEW (National Instruments). 

Signal amplification is vital to enable meaningful recordings since extracellular signals are 

much smaller than intracellular potential change during an AP.117 The pre-amplifier consists of 

64 amplifiers (LM124, Texas Instruments), providing a gain of 10.1 for each sensor. MEA 

chips are placed on a socket and contacted via spring pins that connect each electrode. The 

output goes from the pre-amplifier into the main amplifier (Figure 3.9). The main amplifier 

provides the choice of 1, 10, or 100-fold gain resulting in a total amplification of 10.1, 101, or 

1010, respectively, when combined with the pre-amplifier. Additionally, it contains filter 

circuitry consisting of a parallel RC circuit (2.2 µF) with resistances of either 5 MΩ, 500 kΩ, 

50 kΩ, 5 kΩ, or 1 kΩ that provide a variable 3 dB high-pass filter (0.01-72 Hz). Ag/AgCl pellet 

electrode immersed in the medium in the chip is connected to the zero-point set by the low 

noise power supply and used as a reference for the recorded and amplified potential. The 

amplified voltages are fed into the ADC which converts them to 16-bit digital values divided 

into ranges from ±0.1 V to ±10 V. All 64 electrodes on a MEA chip were recorded 

simultaneously at a sample frequency of 10 kHz per electrode. The entire setup is placed in a 

Faraday cage on a vibration isolated table to minimize any environmental distortion. The chip, 

seeded at a density of ~800 cells/mm2, was placed into a headstage holder equipped with a pre-

amplifier and a silver/silver-chloride reference electrode was immersed into the culture 

medium. Time traces lasting 30-60 s were recorded and analysed with a Python-based script 

and R software. 
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Figure 3.9 BioMAS amplifiers. The photograph shows the main amplifier (back) and the pre-amplifier 

headstage (front) with a mounted MEA chip and the reference electrode (inset).  

 

3.5 Statistical analysis 

Data was analysed and plots produced using R software (version 3.4.1). Quantitative 

measurements were analysed via a Shapiro-Wilk test to assess normality and compared using 

the nonparametric Mann-Whitney U-test or the parametric Student’s t-test. Multiple 

comparisons correction was done using the Holm-Bonferroni method. All boxplots are Tukey 

type with the median denoted as a line and the mean as a black cross. A p-value less than 0.05 

was considered statistically significant. The statistical test is noted below each figure 

containing quantified data. The symbols for significance values are: ns (not significant), * (p < 

0.05), ** (p < 0.01), *** (p < 0.001).





 

CHAPTER 4                        

ANISOTROPIC NANOGEL ARRAYS 

The following chapter presents a biointerface based on poly(N-isopropylacrylamide) 

(PNIPAAm) nanogel particles structured into lines to obtain an anisotropic array. PNIPAAm 

nanogel arrays were characterized and seeded with primary cortical neurons to investigate the 

effects of anisotropic topography on neuronal growth. A systematic investigation of neuronal 

adhesion and neurite outgrowth in response to both unstructured nanogel substrates as well as 

anisotropic nanogel arrays was conducted and compared to standard glass substrates. Time-

lapse microscopy was used to study the influence of PNIPAAm nanogels on neurite growth 

dynamics. Finally, the analysis of GC adhesion density in response to nanogels was conducted. 

 

4.1 Characterization of PNIPAAm nanogel arrays 

PNIPAAm nanogels were synthesized via precipitation polymerization of N-

Isopropylacrylamide (NIPAAm) and N,N’-Methylenebisacrylamide (BIS) at a ratio of 97:3 

(mol%) to obtain colloidal particles (Appendix A.1). The Young’s modulus of PNIPAAm gels 

depends on temperature and concentration of crosslinking molecules (BIS) and is ~100 kPA.190 

Solution containing nanogel particles was placed onto the glass substrate and moulded using 

the uniaxially wrinkled PDMS template with a wavelength of 2 µm. Nanogels were grafted 

onto glass substrates using argon plasma treatment to improve their stability in long-term 

biological experiments while retaining their properties even after covalent attachment.139 

Nanogel arrays were characterized in the dry state using AFM. Unstructured nanogel particles 

had an average diameter of 280.4 ± 7.2 nm in the dry state (Figure 4.1 a). Generally, PNIPAAm 

nanogel particles swell in solution and have a hydrodynamic radius of 371.8 ± 6 nm at RT.139 

Nanogel particles incorporate initiator fragments (AMPA) into their polymer chains, resulting 

in particles having a positive surface charge.139 A representative 3D depiction of a randomly 

chosen area structured into equidistant lines can be seen in Figure 4.1 b. The cross-section 

profiles of structured nanogel lines showed that the arrays had a regular pitch of 2 µm and 

height of ~150 nm (Figure 4.1 c-d).  
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Figure 4.1 AFM characterization of nanogel substrates. a) AFM image of unstructured nanogel particles. 

b) 3D representation of the nanogel lines. c-d) Representative AFM scans across six adjacent nanogel lines 

along the dashed lines. Scale bars: a) 1 µm; c) 2 µm. 

 

Thus, nanogel substrates consisted of an anisotropic array of nanogel particles moulded into 

equidistant lines separated by bare glass regions. As can be observed in Figure 4.2 a, individual 

lines consisted of nanogel particles densely packed in a zig-zag formation. However, individual 

particles could not be clearly discerned due to particle interpenetration likely due to particles 

being moulded together by the force exerted during printing.153 The structured nanogel array 

was surrounded by regions of unstructured NG particles (NG flat; Figure 4.2 b). Notably, the 

unstructured particles did not completely cover the glass substrate but were rather 

heterogeneously distributed on the surface. 
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Figure 4.2 SEM characterization of nanogel substrates. a) Structured nanogel lines. b) Unstructured 

nanogel region. Scale bars: 500 nm. 

 

4.2 Neuronal morphology  

Biological tissues are characterized by gradations in mechanical stiffness ranging from 

hundreds of Pa for brain and fat tissues and up to GPa for bone.191 Moreover, the stiffness or 

rigidity of the ECM was shown to significantly influence cell signalling, proliferation, 

differentiation, and migration.192 PNIPAAm nanogel particles are characterized by a Young’s 

modulus of ~100 kPa,190 making the presented nanogel substrates a relatively soft interface 

compared to glass substrates commonly used in cell culture whose Young’s modulus is in the 

range of GPa. Moreover, PNIPAAm gels belong to the category of “smart” or switchable 

hydrogels since they become hydrophobic and insoluble in water above a certain temperature 

(LCST).193 In general, hydrophobic gel surfaces were shown to promote cell attachment and 

adhesion.194 Since their LCST ranges between 32 °C and 35 °C, close to human body 

temperature, PNIPAAm has become a popular material for biomedical applications, such as 

cell-sheet transplantation.195  

 

4.2.1 Viability 

In order to assess the suitability of nanogel substrates as culture platforms, primary cortical 

neurons were seeded onto PLL-coated nanogel substrates at a density of 150 cells/mm2. The 

structure and dimensions of the nanogel lines remained unaffected by the presence of culture 

medium. Neuronal viability on nanogel substrates was assessed using calcein AM/EtHd assay 
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(Chapter 3.3.2) and normalized to glass substrates. No significant differences in viability were 

observed on either unstructured nanogels (NG flat) or on structured nanogels (NG lines) 

compared to glass controls (Figure 4.3). Therefore, both structured and unstructured 

PNIPAAm nanogels provide a suitable environment for neuronal growth, in accordance with 

previous studies.139,196 

 

Figure 4.3 Neuronal viability. a) Representative image of cortical neurons (DIV3) on PNIPAAm nanogels. 

Cells were treated with calcein AM (viable; green) and EtHd (non-viable; red). Scale bar: 100 µm. b) 

Relative viability of neurons on nanogel substrates normalized to glass controls. Three independent 

experiments for each substrate were analysed and the data is presented as mean ± SE (standard error). 

 

4.2.2 Adhesion and spreading 

Neuronal adhesion and interactions with nanogel substrates were qualitatively investigated 

using SEM. On unstructured nanogels, somas appeared elongated and adhered by pulling the 

grafted nanogel particles from the surface (Figure 4.4 a). Even though the particles were 

deformed by cellular forces, they remained bound to the surface indicating a strong surface 

attachment of the PNIPAAm particles (Figure 4.4 b). Neurites growing on unstructured 

nanogels extended thin lateral projections which adhered both to the heterogeneously 

distributed particles as well as to the glass surface (Figure 4.4 c). In contrast, somas on nanogel 

lines did not pull the individual particles indicating that the moulded nanogel lines were less 

compliant than the unstructured nanogels (Figure 4.4 d). Interestingly, most neurites grew 

perpendicular to the direction of the lines and often grouped together into neurite bundles 

(Figure 4.4 e). Neurites bridged over lines either without contacting the glass surface or by 

adhering to both the nanogels and the glass surface via thin lateral extensions (Figure 4.4 f). 
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Figure 4.4 SEM characterization of cell-nanogel interactions. a) Cortical neuron on unstructured 

nanogels. b) Nanogels being pulled by cellular forces. c) Thin projections extending underneath the nanogels. 

d) Cortical neuron on nanogel lines. e) Neurites oriented perpendicular to nanogel lines. f) A neurite oriented 

perpendicular to the nanogel lines with lateral projections. Scale bars: a, d) 5 µm; b, c, e, f) 1 µm. 

 

Since substrate stiffness influences cytoskeleton assembly, cell spreading, and even 

differentiation processes,192 primary cortical neurites were stained with TRITC-phalloidin to 

visualize the actin cytoskeleton in response to nanogel substrates (Figure 4.5). Neurons on 

glass substrates adopted a spread morphology with defined stress fibres (Figure 4.5 a), whereas 

neurons on nanogels appeared smaller with diffuse F-actin lacking stress fibres (Figure 4.5 b-

c), in accordance with previous studies.192 Interestingly, cortical neurons on NG lines had 

pronounced F-actin accumulations parallel to NG lines as well as numerous actin extensions 

along the lines (Figure 4.5 c, arrowhead). The observed F-actin accumulations might be related 

to the increased membrane curvature induced by the nanogel lines as these were observed both 

in the soma and along the neurites extending over lines. Soma morphology was quantified by 

measuring the soma area. Neurons on unstructured nanogels had a soma area of 113.3 ± 7.9 

µm2, significantly smaller than on glass substrates (173.1 ± 13.0 µm2; Figure 4.5 d). Similarly, 

neurons on NG lines had a smaller soma area (123.6 ± 12.0 µm2) compared to those on glass 

substrates albeit with a much more spread distribution compared to unstructured nanogels, 

possibly reflecting the fact that nanogel lines present both glass and nanogel regions allowing 

the cells to achieve a larger attachment area. These findings suggest that, despite inducing a 

reduction in soma spreading, nanogel substrates did not impair the viability of primary cortical 

neurons.  
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Figure 4.5 Soma spreading on nanogel substrates. Representative images of neurons on a) glass, b) 
unstructured nanogels (NG flat), and c) nanogel lines (NG lines). Insets are zoomed-in frames of F-actin 

cytoskeleton coloured with a Red-Hot LUT (brighter colors denote higher intensity). Double-headed arrow in 
(c) indicates the direction of the nanogel lines, whereas the arrowhead points to actin extensions parallel to 
the direction of the NG lines. Scale bars: 10 µm; 2 µm (insets). d) Soma area. Number of somas analysed: 

glass = 40, NG flat = 28, NG lines = 27. Data was compared using the Student’s t-test with Bonferroni-Holm 
multiple comparison correction (0.05 significance level). * p < 0.05, *** p < 0.001, ns – not significant. 

 

4.2.3 Neuronal alignment  

The spatial organization of neuronal branching influences the functional properties of the 

nervous system.197 Thus, controlling neurite directionality and organization in vitro could be 

promising for the development of neural prostheses,198 artificial neural networks,199 and 

regenerative scaffolds.16 Neuronal directionality on anisotropic nanogel arrays was 

investigated and compared to unstructured nanogel substrates. Cortical neurons displayed 

normal development on both unstructured and structured nanogels with defined axons and 

dendrites. Neurons on unstructured nanogels displayed random growth in all directions (Figure 

4.6 a). In contrast, neurons on anisotropic nanogel lines tended to grow long processes 
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perpendicularly to the direction of the lines (Figure 4.6 b), while shorter processes were often 

aligned along the nanogel lines. Neurite alignment was further evaluated using FFT analysis 

of the immunostained micrographs (Chapter 3.3.3) to obtain angular pixel distributions of the 

β-III-tubulin signal (Figure 4.6 a-b, lower panels).  

 

Figure 4.6 Neuronal alignment on nanogel arrays. Cortical neurons on unstructured nanogels (a) and 

nanogel lines (b). Neurons were fixed and fluorescently labelled for: β-III-tubulin (green) and actin (TRITC-

phalloidin; zoomed-in insets). Scale bar: 100 µm; 20 µm (insets). Lower panels represent the FFT-generated 

angle distribution of the β-III-tubulin signal acquired on NG flat (left) and NG lines (right). 

 

Angular distribution of the pixel intensity on unstructured nanogels clearly showed that 

neurons grew randomly without any directional preference. In contrast, pixel distribution on 

nanogel lines showed a strong peak around 90º (± 15º) relative to the direction of the lines and 

substantially smaller peaks at 0º and 180º. These findings indicate that neurites preferred to 

extend perpendicularly to the direction of the lines. Although anisotropic topographies such as 

microgrooves and -ridges commonly induce parallel guidance,79,83 the phenomenon of 

perpendicular guidance has been previously reported.26,79,85 In fact, Nagata and Nakatsuji200 

found that neuroblasts from CNS, but not PNS, migrated and aligned their processes both 

parallel and perpendicular to homotypic and heterotypic neurite bundles, indicating that 
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perpendicular contact guidance might play a role in histogenesis of CNS. In a similar study, 

Nagata et al.80 demonstrated a similar behaviour of CNS neuroblasts (including those from the 

cerebral cortex) on artificial microgrooves with perpendicular orientation observed on 

microgrooves/ridges with 1-2 µm width and 0.3-0.8 µm of depth/height, which is in the range 

of both aligned neurite bundles (~0.5 µm diameter)200 as well as the nanogel lines presented 

here (~0.5 µm line width, 2 µm pitch). Rajnicek et al.79 showed that rat hippocampal neurites 

aligned perpendicular to shallow, narrow grooves (130 nm deep, 1 µm wide) similar to the 

nanogel lines presented here (~150 nm high, ~500 nm wide). In contrast, when the microgroove 

width increased above 4 µm, almost no perpendicular orientation was observed.80 Xie et al.86 

demonstrated that DRG neurites extended perpendicularly to pristine nanofibers, while on 

laminin-coated nanofibers they preferred parallel alignment due to strong integrin-mediated 

adhesion to the nanofibers. Thus, neurites aligned parallel to the nanogel line arrays might not 

be able to form stable adhesions necessary to generate enough traction to enable growth. 

Conversely, neurites growing perpendicular to the lines could achieve enough traction by 

pulling the lines along the perpendicular direction60 and interacting with the glass substrate 

between the lines. This is in accordance with the finding that longer processes were commonly 

aligned perpendicularly, while shorter ones were found to have either parallel or random 

alignment relative to the lines (Figure 4.6 b). Additionally, the prominence of lateral filopodia 

along the perpendicular neurites on nanogel lines (Figure 4.4 f) also indicates that these are 

stabilized parallel to nanogel lines as the neurite elongates and remain stable during neurite 

outgrowth.85 Fozdar et al.201 observed that axons growing perpendicular to 300 nm wide quartz 

lines extended lateral filopodia at each of the ridges that were bridged by the axon, in contrast 

to parallel axons which had a random distribution of lateral filopodia. Thus, lateral filopodia 

may play a role in perpendicular guidance.  

 

4.3 Axon development  

Time-lapse microscopy was used to investigate the dynamics of axon development on nanogel 

substrates. Immature neurons seeded at a density of 150 cells/mm2 were allowed to attach to 

the substrate surface for 5 h before starting time-lapse imaging. Time-lapse sequences were 

acquired at 30 min intervals for 2 days and the GC position of the longest neurite (putative 

axon) was tracked (Chapter 3.3.1). Overall, embryonic cortical neurons exhibited 

characteristic maturation phases as described in Figure 2.3. Approximately 5 h after seeding, 

neurons sprouted microscale protrusions which developed into immature neurites (12 h). These 

went through cycles of growth and retraction without significant net elongation.40 After 

approximately 24 h in culture, one neurite extended rapidly and established neuronal polarity, 

thus becoming a putative axon (Figure 4.7 a). In fact, Yamamoto et al.202 showed that axon 
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outgrowth to a certain length is required for axon specification. GC trajectories of the longest 

neurites growing on nanogel substrates were plotted at origin and depicted in Figure 4.7 b. As 

previously observed, axons on NG flat grew randomly reaching a smaller length compared to 

those on NG lines. Moreover, most of the axons on NG lines grew perpendicular to the direction 

of the lines and reached a higher length compared to those growing parallel to the lines. A 

similar behaviour was observed on 300 nm wide quartz lines, with hippocampal axons growing 

perpendicularly to the direction of the lines being longer compared to those growing at other 

angles.201 

 

Figure 4.7 Neuronal growth on nanogel substrates. a) Neuronal maturation on NG lines. Red arrowheads 

show the GC of a putative axon. Scale bar: 50 µm. b) GC trajectories plotted at origin of a Cartesian 

coordinate system on NG flat and NG lines. The arrow indicates the direction of the nanogel lines. 

 

The time from plating until a neurite exceeded the length of 100 μm was measured and defined 

as the initiation time since it was shown that once a neurite exceeds 100 μm, it is likely that it 

will become an axon.203,204 Initiation time on nanogel substrates was compared to flat 

OrmoComp (OC flat) substrates (Chapter 5.3), as these have a similar rigidity like standard 

glass substrates.163 Structured nanogel lines significantly accelerated axon establishment with 

an initiation time of 30.8 ± 1.8 h, compared to 44.77 ± 2.89 h on unstructured nanogels and 

41.4 ± 1.89 h on flat OrmoComp substrates (Figure 4.8 a). Thus, neurites on structured nanogel 

lines differentiated into axons ~30% faster compared to NG flat and OC flat. Notably, no 

significant difference in initiation time was observed on NG flat compared to OC flat, 

indicating that, in contrast to topographically patterned nanogel substrates,  the unstructured 

nanogel particles did not affect neuronal polarization. Since axons go through saltatory 

growth,205 cycling between periods of elongation, retraction, and pausing, the effects of 

nanogel substrates on axon growth dynamics were further investigated. GC trajectories were 

visually analysed to determine velocity thresholds of elongating, pausing, and retracting events. 
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Vector velocity of 8 μm/h in the direction of growth was taken as a threshold to classify the 

growth phases as it approximately corresponds to a movement spanning two topographical 

pitches every 30 min (i.e., one time frame). GC vectors with velocities exceeding 8 μm/h in the 

direction of elongation were considered elongating, while those below -8 μm/h (i.e., in the 

opposite direction) were considered retracting. Pausing was defined as periods with velocities 

between 8 and -8 μm/h followed by an elongation/retraction phase. For every GC, the duration 

of elongation, pausing, and retraction periods observed during 2 DIV was expressed as a 

percentage of time spent in each growth phase (Figure 4.8 b). GCs on nanogel lines appeared 

to have significantly more elongation phases compared to unstructured nanogels and flat 

OrmoComp substrates, in agreement with the observed earlier axon establishment. No 

significant difference in the percentage of elongation phases was found between NG flat and 

OC flat. Interestingly, GCs on nanogel substrates had slightly more pausing and retraction 

phases compared to those extending on rigid OrmoComp substrates.  

 

Figure 4.8 Time-lapse analysis of putative axon growth. a) Initiation time (time until a putative axon 

reaches a length of 100 µm). b) Percentage of time GCs spent in each growth phase (elongation, pausing, and 

retraction). Number of GCs tracked: OC flat = 49, NG flat = 36, NG lines = 45. Data was compared using the 

Student’s t-test with Bonferroni-Holm multiple comparison correction (0.05 significance level). * p < 0.05, 

** p < 0.01, *** p < 0.001, ns – not significant, OC – OrmoComp. 

 

These results indicate that nanogel topography influences neuronal polarization and axon 
growth dynamics, whereas unstructured nanogel particles have little to no influence on either 
parameter. Sechi et al.139 observed that migratory mouse melanoma cells (B16F1) migrate at a 
reduced speed on unstructured nanogel substrates and at an even lower speed on nanogel lines, 
in agreement with previous work on PAA hydrogels showing that cells on soft PAA hydrogels 
tend to move toward more rigid PAA hydrogels.206 Similar observations have been made for 
other cell types (e.g., fibroblasts), where cells preferred to extend on stiffer substrates in vitro 
likely due to the inability to exert traction forces on softer surfaces required for cell motility.99 
In contrast, neurons were shown to prefer softer substrates, exhibiting increased branching101 
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and neurite extension rate on softer gels.207 Nanogel substrates presented here have a Young’s 
modulus of ~100 kPa,190 substantially higher than brain tissue’s <1 kPa.191  Since unstructured 
nanogel substrates had no influence on axon establishment and only a slight increase in the 
number of retraction and pausing phases, it is likely that GCs “perceived” the nanogel stiffness 
as equivalent to glass. GCs are soft structures with a low elastic modulus around hundreds of 
Pa,208 producing relatively weak forces in the range of tens of pN/μm2 mainly in the peripheral 
zone (filopodia, lamellipodia).70 Therefore, earlier axon establishment and increased 
percentage of growth phases observed on nanogel lines are likely a consequence of the 
anisotropic topography rather than the mechanical properties of the material. 

 

4.4 Neurite outgrowth  

Neurite growth was quantified by measuring the length of β-III-tubulin-positive primary, 

secondary, and tertiary neurites at DIV3 (Figure 3.4) on nanogel substrates compared to glass 

controls. Average length of all neurites per cell was significantly increased on nanogel lines, 

reaching 85.1 ± 3.64 µm, compared to 50.8 ± 2.21 µm and 42.7 ± 1.23 µm on flat nanogels and 

glass substrates, respectively (Figure 4.9 a). Additionally, axon length on nanogel lines was 

increased with an average value of 345.9 ± 11.3 µm reaching a maximum value of 890.5 µm, 

significantly higher compared to 193.2 ± 9.2 µm and 164.9 ± 7.5 µm on flat nanogels and glass 

controls, respectively (Figure 4.9 b). Moreover, unstructured nanogels seem to slightly 

increase axon length compared to glass controls (p = 0.02), while the average neurite length 

was not significantly affected (p = 0.05) by unstructured nanogels. These results indicate that 

the topography of anisotropic nanogel arrays significantly promotes neurite outgrowth, in 

accordance with previous reports on anisotropic topographies.85,91 Nanogels also affected axon 

branching with unstructured nanogels having a slightly increased number of axon branches 

normalized to axon length (Figure 4.9 c). Moreover, axon branches were significantly longer 

on nanogel substrates compared to glass controls (Figure 4.9 d).  
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Figure 4.9 Quantification of neurite outgrowth in response to nanogel substrates. a) Average neurite 

length. b) Axon length. c) Average number of axon branches normalized to the axon length. d) Average 

length of axon branches. Number of neurons analysed: Glass = 135, NG flat = 130, NG lines = 145. Data was 

compared using the Mann-Whitney U test with Bonferroni-Holm multiple comparison correction (0.05 

significance level). * p < 0.05, ** p < 0.01, *** p < 0.001, ns – not significant.  

 

Neurite branching can depend on the vicinity of neighbouring neurons.209 However, all 

substrates presented here were plated at a low density (150 cells/mm2) to limit the biochemical 

signalling from neighbouring cells and ensure comparability. Thus, the increased axon 

branching and branch length observed on nanogel substrates is related either to the substrate 

material or the topography presented by the nanogel particles. Flanagan et al.101 observed that 

neurite branching was increased on soft gels (100 Pa), compared to rigid glass substrates. 

Branching decreased sharply with increasing stiffness with gels with an elastic modulus of 600 

Pa inducing a similar branching density as glass substrates. The nanogel particles used in this 

study are substantially stiffer than the aforementioned gels (~100 kPa), and thus unlikely to 

exert a similar effect. Alternatively, heterogeneously distributed nanogel particles (150 nm 

height) likely present a random topography on the surface which might promote axon 

branching. 
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4.5 Growth cone adhesions  

Axon growth and guidance requires coordinated remodelling of the GC cytoskeleton (Chapter 
2.1.4) to generate protrusions (i.e., filopodia and lamellipodia) and contractions transmitted as 
traction forces onto the substrate.53 Myosin-mediated F-actin contractions in the GC are 
physically coupled to the substrate via PC adhesion complexes, similar to focal adhesions in 
motile cells.210 The physical coupling between F-actin retrograde flow and the substrate, 
described as a molecular clutch, restrains F-actin retrograde flow and enables translation of 
actomyosin forces into traction forces applied to the substrate to allow GC extension.211,212 In 
order to investigate whether nanogel particles and/or topography in the form of nanogel lines 
affect GC adhesions, cortical neurons (DIV2-3) were fixed and labelled with the anti-paxillin 
antibody and TRITC-phalloidin to visualize paxillin-rich PC adhesions and the F-actin 
cytoskeleton, respectively. Paxillin, a multidomain scaffolding protein, is one of the many 
proteins recruited to adhesions that link the actin cytoskeleton to transmembrane receptors. 
Paxillin-rich puncta were observed both in the filopodia and the GC’s central domain. 
Furthermore, GC’s on nanogels and particularly on structured nanogel lines appeared to have 
more paxillin puncta compared to those on glass substrates (Figure 4.10 a-c). Paxillin puncta 
were observed both on top of nanogel lines as well as in between the lines. Moreover, GCs on 
nanogel lines were significantly smaller compared to those on unstructured nanogels and glass 
substrates (Figure 4.10 d). Larger GCs were correlated with a decrease in neurite outgrowth 
rate as well as GC turning or decision making.213,214 Here, GCs on nanogel lines were shown 
to be more motile, having more elongation phases, and extending into longer axons. Paxillin 
puncta density, i.e., the number of puncta per GC area, was quantified as described in Figure 

3.6. GCs on nanogel lines had the highest density of paxillin puncta, significantly higher than 
on either unstructured nanogels or glass substrates (Figure 4.10 e).  
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Figure 4.10 Point contact adhesions on nanogels. Representative images of GCs cultured on a) glass 

substrates, b) unstructured nanogels (NG flat), and c) nanogel lines (NG lines). GCs were fluorescently 

labelled for: F-actin (TRITC-phalloidin, red) and paxillin (anti-paxillin antibody, green). Scale bars: 5 μm. d) 

GC area. e) Paxillin puncta density (mean ± SE). Number of GCs analysed: Glass = 17, NG flat = 15, NG 

lines = 18. Data was compared using the Mann-Whitney U test with Bonferroni-Holm multiple comparison 

correction (0.05 significance level). * p < 0.05, ** p < 0.01, *** p < 0.001, ns – not significant. 

 

Nichol et al.212 showed that the assembly of new PC adhesions is temporally and spatially 
linked to the reduction of F-actin retrograde flow rates. Local reductions in retrograde flow 
were correlated with increased GC motility38,71 and its movement toward areas of strong 
adhesion.72 Thus, a higher adhesion density on structured nanogel lines could indicate stronger 
GC-substrate coupling leading to persistent GC extension and increased axon length. 
Interestingly, unstructured nanogels appeared to also induce a higher paxillin density compared 
to glass substrates. Koch et al.70 showed that paxillin assembly in hippocampal GCs was not 
affected by the stiffness of PAA hydrogel substrates and that PAA stiffness ranging from 150-
5000 Pa did not affect average neurite length of hippocampal neurons. Similarly, no significant 
difference in average neurite length and only a slight increase in axon length was observed on 
unstructured nanogel substrates compared to glass substrates, indicating that the nanogel 



4.6 Summary 61 

 

stiffness had very little effect on cortical neurons. Alternatively, the heterogeneously 
distributed nanogel particles on unstructured substrates might provide a random topography 
with randomly distributed features of varying dimensions due to particle interpenetration and 
deformation caused by the grafting process. The spatial organisation and distribution of 
adhesion sites on nanotopographies were shown to modulate adhesion assembly and 
maturation which might affect force generation in the GC.215 In fact, random (stochastic) 
topographies in the form of monodispersed silica colloids216 or anodized aluminium oxide 
nanostructures217 were shown to promote neuronal polarization and neurite outgrowth. 
Therefore, topography introduces physical discontinuities on the surface that exert mechanical 
forces on neurons. The discontinuities of the nanogel substrates presented here affected 
filopodial distribution, GC morphology, and the density of paxillin-rich adhesions, which may 
promote axon growth and guidance. Since axon growth and guidance depend on timely 
assembly, distribution, and turnover of GC’s adhesions,67,218 a more dynamic approach 
involving time-lapse microscopy of adhesion assembly/disassembly would be necessary to 
investigate the manner in which nanogel particles affect GC-substrate coupling. 

 

4.6 Summary 

Collectively, the findings presented in this chapter demonstrate that substrates grafted with 

PNIPAAm nanogel particles provide a biocompatible environment for embryonic cortical 

neurons. Grafted nanogels remained bound to the glass surface in culture even upon 

deformation by the soma. Nanogel particles structured into anisotropic lines induced 

perpendicular alignment with major neurites crossing the nanogel lines and extending lateral 

filopodia parallel to the lines. Time-lapse microscopy of axon growth indicates that the 

anisotropic topography accelerates axon establishment and affects GC motility and dynamics, 

resulting in increased elongation compared to unstructured nanogel particles and glass-like 

OrmoComp films. Moreover, axons growing perpendicular to nanogel lines were substantially 

longer compared to those growing parallel to the lines. After 3 DIV, cortical neurons on 

anisotropic nanogel arrays had significantly longer neurites and axons compared to the 

unstructured nanogels. Unstructured nanogels appeared to induce slightly longer axons and a 

higher number of axon branches likely due to the random topography presented by the 

heterogeneously distributed nanogel particles. The observed promotion of neurite outgrowth 

on nanogel substrates might be a consequence of better GC coupling to grafted nanogels via a 

higher density of paxillin adhesions. Nanogels have many advantages over other materials 

mainly due to their adaptable and switchable nature. Thus, incorporating functional groups or 

tuning the mechanical properties of the nanogels could be used to design switchable neural 

regeneration scaffolds that release biochemical cues and/or modulate their mechanical 

properties to promote directional axon growth and regeneration.





 

CHAPTER 5                        

ORMOCOMP NANOPILLAR ARRAYS 

In this chapter, isotropic nanopillar arrays were used to investigate the effects of highly ordered 

isotropic topography on adhesion and early development of primary cortical neurons in vitro. 

A biocompatible hybrid polymer OrmoComp (Chapter 2.4.2) was patterned into nanoscale 

pillar arrays resulting in a transparent culture platform compatible with conventional optical 

microscopy. Details on procedures employed to fabricate moulds and OrmoComp replicas can 

be found in Appendix A.2. Firstly, high-resolution SEM and confocal microscopy were used 

to characterize the cell-substrate adhesion. A systematic study of axon growth dynamics on 

nanopillar arrays was conducted followed by characterization of neuronal morphology and 

alignment after 3 DIV. Finally, paxillin PC adhesions and F-actin retrograde flow in the GC 

were quantified to elucidate the influence of pillar topographies on GC coupling and 

subsequent growth. Investigations of axon growth, length, and alignment build on previous 

work from the author’s Master’s thesis219 and the data presented is the combined set. 

Furthermore, findings in this chapter have been published as a research article in Advanced 

Biology (2021), 5, F. Milos et al. Polymer Nanopillars Induce Increased Paxillin Adhesion 

Assembly and Promote Axon Growth in Primary Cortical Neurons.220 

 

5.1 Characterization of OrmoComp nanopillar arrays 

Nanostructured Si/SiO2 moulds were replicated onto OrmoComp-coated quartz wafers using 

nanoimprint lithography followed by UV curing to obtain topographical patterns. OrmoComp 

replicas consisted of pillars with defined dimensions distributed in a square lattice (Figure 5.1 

a, c). A square lattice is characterized by a uniform unit size (n) uniformly ordered along the 

vertical and horizontal axes with the nearest structure located in the 0° or 90° direction at a 

centre-to-centre distance of n, while the second nearest structure is located along the 45° 

direction at a centre-to-centre distance of √2n. A total of six topographies with different pillar 

base diameters (500 nm, 750 nm, and 1000 nm) and heights (100 nm and 400 nm) were used 

(Table 5.1, Figure 5.1). The pitch of all the arrays was twice their respective diameter (thus 1 
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μm, 1.5 μm, and 2 μm, respectively). The nanopillars were shaped as conical frustums (Figure 

5.1 b, d) with a frustum angle of ~115° for 100 nm high pillars and ~120° for 400 nm high 

pillars. Since topographic patterns have a higher surface area than a flat substrate, the increase 

in surface area (ΔA) due to pillar dimensions was calculated as: 

 ∆𝐴 =  
(𝑅 + 𝑟) ∗ 𝑠 ∗ 𝜋

𝑝2
∗ 100 5.1 

where R is the radius of the pillar top, r the radius of the pillar bottom, s the slope height, and 
p is the pitch (centre-to-centre distance). H500 arrays had the greatest increase in surface area 
(39.4% larger than the flat surface area), comparatively greater than the surface area of its 
corresponding L-array (L500, 18.5% larger than the flat surface area; Table 5.1). 

 

Table 5.1 Dimensions of nanopillars used in the presented study. 

Arrays Diameter (nm)a) Pitch (µm) Height (nm) Surface area (%)b) 

L500 500 1 100 118.5 ± 0.37 

L750 750 1.5 100 112.4 ± 0.26 

L1000 1000 2 100 110.5 ± 0.55 

H500 500 1 400 139.4 ± 0.06 

H750 750 1.5 400 136.1 ± 0.29 

H1000 1000 2 400 127.3 ± 0.35 

a) Diameter of the frustum base 
b) Compared to the flat surface area (100%). Data is presented as mean ± SE 

Cured OrmoComp can be considered as a rigid material due to its Young’s modulus in the GPa 

range.221 HAR structures, such as vertical nanopillars, can decrease the effective Young’s 

modulus.222 However, pillar bending by cellular forces common for softer materials and HAR 

structures222,223 was not observed on nanopillars presented in this chapter since their aspect 

ratio (height/diameter) was relatively small (0.1-3.1). Water contact angles of flat and 

nanopillar surfaces were similar: 70 ± 3° and 80 ± 5°, respectively. Nanopillar surfaces were 

more hydrophobic (higher water contact angle) likely due to the increase in surface roughness 

on pillar sidewalls (Figure 5.1 d). All substrates were coated with PLL to enable cell 

attachment in the absence of biochemical coatings (e.g., laminin, fibronectin) that could 

interfere with topography-induced effects.224  
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  Figure 5.1 OrmoComp nanopillar arrays. Representative SEM images of a, b) L-arrays (100 nm high 

nanopillars) and c, d) H-arrays (400 nm high nanopillars). Scale bars: a, c) 1 µm; b, d) 500 nm. 

 

5.2 Neuronal viability and morphology  

Embryonic cortical neurons were seeded onto PLL-coated nanopillar arrays at a density of 150 

cells/mm2. Neuronal viability on OrmoComp nanopillar arrays was evaluated and quantified 

after 3 DIV and compared to glass controls commonly used in cell culture. OrmoComp arrays 

showed no significant detrimental effects on cell viability compared to PLL-coated glass 

substrates (Figure 5.2 a), in accordance with previous studies.161,225 Moreover, neurons 

remained viable for long periods of time (DIV16) and formed networks (Figure 5.2 b-c) on 

nanopillar arrays. 
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  Figure 5.2 Neuronal viability on nanopillar arrays. a) Relative viability of cortical neurons on 

OrmoComp substrates after 3 DIV. Viability was normalized to glass controls for each group. Data for each 

group was collected from 4 independent cultures and presented as mean ± SE. Representative images of 

neurons at 16 DIV on b) OrmoComp flat substrate and c) OrmoComp nanopillar array. Neurons were 

fluorescently labelled for: β-III-tubulin (green), Tau-1 (red) and nuclei (DAPI, blue). Scale bars: 100 µm. 

 

Furthermore, topography can be used to improve neural interfaces by improving adhesion and 

reducing the cell-electrode gap.116,226 In fact, vertical nanopillars have been used to improve 

cell adhesion227 and as 3D electrodes to measure neuronal APs.124,129 Neuron-substrate 

interaction was investigated using SEM (Figure 5.3). Neurons on L-arrays (100 nm pillar 

height, Figure 5.3 a-c) grew both on the top part of the pillars and on the flat surface between 

them, while on 400 nm high pillars (H-arrays) neurites were often confined between the pillars 

and adhered to pillar sidewalls either directly or via lateral filopodia-like processes (Figure 5.3 

d-f).  

 

  Figure 5.3 Neuron-nanopillar interactions. a-c) L-array (100 nm high pillars). d-f) H-arrays (400 nm high 

pillars). Images in c) and f) were acquired with a 45° tilt angle. 
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Actin cytoskeleton and paxillin-rich adhesions were investigated using confocal microscopy 

(Figure 5.4). Neurons on H-arrays often had F-actin accumulation in the form of ring-like 

structures visible around the pillars both in the soma and in larger neurites (Figure 5.4 c-d, 

arrows). Lou et al.228 observed that F-actin accumulated at vertical nanostructures and 

established that the membrane curvature plays a key role in modulating intracellular actin 

organization and subsequent topography-induced cell signalling. Actin accumulations 

observed at nanopillars may be related to the increased membrane area at nanopillar locations. 

F-actin rings often overlapped with paxillin-rich adhesions (Figure 5.4 c-d, zoomed-in insets) 

indicating a close contact between the cell membrane and the pillars which is important for 

improving bioelectronic devices that interface with neurons.126 Similar formations were not 

observed on flat substrates and less often on L-arrays (Figure 5.4 a-b), indicating that higher 

pillars (400 nm) have a much stronger effect on the actin cytoskeleton and possibly membrane 

rearrangement. These findings indicate that OrmoComp nanopillars support neuronal growth 

and may achieve a close contact with neuronal cells often causing membrane and cytoskeletal 

rearrangements. 
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  Figure 5.4 Neuronal adhesion on nanopillar arrays. Neurons growing on a flat substrate (a), L1000 array 

(b), and H1000 array (c, d). Nanopillars perturbed the actin cytoskeleton (red) visible by the formation of 

ring-like structures around the pillars (arrows). These structures often overlapped with paxillin-rich adhesions 

(green; zoomed-in insets). Similar formations were not observed on flat substrates and less frequently on L-

arrays. Scale bars: 5 µm. 
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5.3 Axon development  

Topographical features provide contact guidance cues to the GC’s filopodia and influence 

neuronal development, differentiation, and neuritogenesis.17 Moreover, it has been proposed 

that interrupted isotropic features may be stronger cues for promoting axonal specification than 

anisotropic features.229 Time-lapse microscopy was used to study individual axon development 

in response to substrate topography. Time-lapse sequences were taken at 30 min intervals 

starting from 5 h after seeding and ending at DIV2. After settling and adhering to the substrate, 

embryonic neurons exhibited normal in vitro maturation (Chapter 2.1.2; Figure 5.5 a). The 

time from plating until a neurite exceeds the length of 100 μm was measured and defined as 

the initiation time, as described in Chapter 4.3. Topography significantly accelerated axon 

establishment on all H-arrays (400 nm height) with an initiation time of 32.2 ± 1.25 h, 32.3 ± 

1.35 h, 32.2 ± 1.36 h on H500, H750, and H1000, respectively, in comparison to the flat surface 

(41.4 ± 1.83 h, a 20% decrease, Figure 5.5 b). The L500 array (100 nm height) also accelerated 

axon establishment (33.6 ± 1.30 h), similar to H-arrays, while L750 and L1000 arrays had an 

average axon establishment time (38.3 ± 1.87 h and 40.2 ± 1.59 h, respectively) similar to the 

flat surface (p > 0.05). Additionally, time-lapse imaging was used to analyse the effects of 

topography on axonal GC dynamics that may contribute to earlier axon establishment. GCs do 

not grow steadily: they pause, elongate, and retract and neurons studied in vitro have a similar 

behaviour.205 GC trajectories were visually analysed to determine velocity thresholds of 

elongating, pausing, and retracting events. GC vectors with velocities exceeding 8 μm/h in the 

direction of elongation were considered elongating, while those under -8 μm/h (i.e., in the 

opposite direction) were considered retracting. Pausing was defined as periods with velocities 

between 8 and -8 μm/h followed by an elongation/retraction event. For every GC, the duration 

of elongation, pausing and retraction periods observed during 2 DIV was measured and 

expressed as a percentage of time spent in each growth phase normalized to the respective 

value on a flat substrate. Topography of the L-arrays did not significantly affect the amount of 

time GCs spent in periods of growth or nongrowth (pause or retraction; Figure 5.5 c). 

Interestingly, GCs on the L500 array had considerably less retraction events which, although 

not reaching statistical significance, concurs with the observed earlier axon establishment on 

this array (Figure 5.5 b). In contrast, H-arrays significantly reduced the amount of retraction 

phases, while increasing the amount of elongation phases (Figure 5.5 d). Thus, nanopillar 

topography significantly affects axon growth dynamics, particularly on higher nanopillars (400 

nm), by increasing elongation and reducing retraction, resulting in earlier polarization 

compared to the flat substrate. 
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  Figure 5.5 Axon initiation and GC dynamics on nanopillar topographies. a) Maturation of embryonic 

cortical neurons on nanopillar arrays. Scale bar: 20 µm. b) Axon initiation time. Growth phases (elongation, 

pausing, and retraction) normalized to the flat substrate on c) L-arrays (100 nm high pillars) and d) H-arrays 

(400 nm high pillars). Data in c) and d) is presented as mean ± SE. Number of GCs analysed: flat = 49, L-

arrays (L500 = 58, L750 = 45, L1000 = 55), H-arrays (H500 = 56, H750 = 55, H1000 = 53). Data was 

compared using the Student’s t-test with Bonferroni-Holm multiple comparison correction (0.05 significance 

level). Asterisks indicate a statistically significant difference between the flat polymer substrate and 

nanostructured substrates: * p < 0.05, ** p < 0.01, *** p < 0.001. 

 

5.4 Axon length and alignment 

Due to their characteristic morphology, neurons show specific responses to micro- and 

nanotopographies such as increased neurite elongation, branching, and orientation of neuronal 

processes.17 Asymmetric poly(dichloro-p-xylene) films with dense nanocolumns were shown 

to promote neurite branching, axonal elongation, and strongly influence axonal initiation 

direction.230 Axon alignment and orientation in a desired direction is particularly interesting 

for nerve regeneration and guidance in tissue engineering applications. OrmoComp nanopillar 
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arrays were used to study axon length and topographical alignment of primary cortical neurons. 

The initial and final axon angles were measured and compared to those on flat substrates. Since 

the pillars were arranged in a square lattice, axons were considered aligned to the pattern if 

these angles were 0º, 90º, or 45º (± 5°) relative to the direction of the pattern. Initial and final 

angles on flat substrates had a random distribution (Figure 5.6 a, lower panel). In contrast, 

axons extending on nanopillar arrays grew along the topographical pattern. Angle distributions 

on 400 nm high pillars (H-arrays) showed the strongest peaks centred on 0º and 90º, indicating 

that a large fraction of axons did not deviate from topographically dictated angles (Figure 5.6 

c, lower panel). Axons were far less aligned along the diagonal direction (45°) suggesting a 

very high sensitivity to the distance between the pillars, i.e., neurites tended to predominantly 

extend to the nearest possible pillar (centre-to-centre distance of n) and very rarely to the 

second nearest pillar (√2n). Distributions on pillars with 100 nm height (L-arrays) had peaks 

around the topographically non-dictated angles, indicating greater variability in axon alignment 

by lower topographical cues (Figure 5.6 b, lower panel). Furthermore, axon alignment was 

quantified by calculating the ratio of the number of aligned axons (0°, 45°, 90°; ±5°) and the 

number that would be expected in a uniform distribution without guidance cues, i.e., on a flat 

surface (guidance ratio). All nanopillar arrays had a significantly higher guidance ratio 

compared to the flat substrate with H-arrays having significantly higher guidance ratios than 

the L-arrays (Figure 5.6 d). No significant differences were observed in relation to different 

pillar diameters. These results suggest that topographic alignment is primarily sensitive to the 

height of the underlying pillar patterns (Figure 5.6 c) and may reflect the tendency of neurites 

to grow between the higher pillars (Figure 5.3 d-f). If higher pillars constrain axon growth 

only along the topographical pattern, then neurites that initiate and start growing along the 

pattern could have a higher probability to develop into axons than unaligned neurites. Since 

GCs and neurites are able to crawl over 100 nm high obstacles but less frequently over those 

higher than 300 nm,231 the 400 nm high pillars used in this work may pose a spatial constraint 

to the growing axons. Moreover, neurite alignment was preserved even in long-term cultures 

after 16 DIV (Figure 5.2 c), indicating that topography exerted a guiding effect on the growing 

neurites even under the presumed influence of biochemical signalling from neighbouring cells 

typical for later stages of neuronal development. However, the observed effect could also be 

due to the relatively low cell density on the substrate (150 cells/mm2), possibly limiting the 

effects of biochemical signalling. 
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  Figure 5.6 Axon growth and alignment on nanopillar arrays after 3 DIV. Cortical neurons cultured on a 

flat polymer substrate (a), L750 array (b), and H750 array (c). Neurons (3 DIV) were fixed and fluorescently 

labelled for: β-III-tubulin (green), Tau-1 (red). Scale bars: 50 μm. Adapted from Milos (M.Sc. thesis).219 

Lower panels represent the distribution of axon initiation and final angles. d) Topographical guidance ratio 

based on initial and final angles on each array compared to the flat substrate. e) Axon lengths. More than 200 
neurons from 3 independent experiments were analysed for each substrate. Data was compared using the 

Student’s t-test (d) or the Mann–Whitney U test (e) with Bonferroni-Holm multiple comparison correction 

(0.05 significance level). Asterisks above boxplots without significance bars indicate a statistically significant 

difference between flat polymer substrate and nanostructured substrates: * p < 0.05, ** p < 0.01, *** p < 

0.001. 

 

Furthermore, all topographies promoted axon growth, resulting in neurons having longer axons 

compared to those on the flat polymer substrate (Figure 5.6 e). Neurons on H750 array had the 

longest axons after 3 DIV compared to other arrays. Kang et al.232 observed a similar behaviour 

with 670 nm silica beads inducing the highest neurite lengths. Neurons had an increase in 
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median axon length of ~40% on H-arrays (400 nm high pillars) in comparison to the flat 

substrate and a ~20% increase compared to their corresponding 100 nm high counterparts (L-

arrays, Figure 5.6 e). Chua et al.233 demonstrated that neurite elongation, alignment, and 

neuronal differentiation were increased with increasing depth of gratings. Similarly, these 

results show that increasing the pillar aspect ratio 4 times (height/diameter), leads to 

considerable changes in the growth dynamics of extending axons, i.e., more elongation and 

less retraction phases, resulting in longer axons (Figure 5.5 d, Figure 5.6 e). Notably, axons 

on the L500 array did not achieve the same length as those on H-arrays after 3 DIV even though 

the L500 array induced earlier axon initiation time similar to that on H-arrays (Figure 5.5 b). 

This could indicate that axon differentiation and subsequent outgrowth are differently affected 

by the presence of topographical features.  

 

5.5 Growth cone-nanopillar coupling  

Numerous filopodia protruding from the GC’s peripheral domain explore the environment and 

adhere to the substrate through PC adhesions.210 These adhesions, coupled with the rapid 

assembly of actin filaments and myosin which together generate the retrograde flow of F-actin, 

facilitate the transmission of actomyosin activity onto the substrate in the form of traction 

forces enabling GC extension (Chapter 2.1.4). Nanopillar topographies present a larger 

surface area (Table 5.1) and more adhesion opportunities to anchor the GC’s filopodia. 

Therefore, neurons (DIV3) were fixed and labelled with the anti-paxillin antibody and TRITC-

phalloidin to visualize paxillin-rich adhesions and the F-actin cytoskeleton, respectively. 

Paxillin, along with other scaffolding and signalling proteins, is recruited to adhesions upon 

activation of integrins.70 As can be observed in Figure 5.7, paxillin puncta were localized both 

in the GC’s central domain as well as in filopodia. GCs on nanopillar arrays appeared to have 

substantially more paxillin puncta compared to those on the flat substrate and this was 

especially pronounced on H-arrays (Figure 5.7 c). The number of paxillin adhesions was 
quantified and normalized to the GC area obtained using an outlined mask of the actin signal 
(Figure 3.6). GCs on nanopillar arrays formed significantly more adhesions in comparison to 
the flat substrate (Figure 5.7 d). Moreover, GCs on H-arrays had considerably more paxillin 
puncta in comparison to L-arrays (p = 0.00004), possibly reflecting the larger surface area 
provided by pillar sidewalls. 
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  Figure 5.7 GC adhesions on nanopillar arrays at 3 DIV. Representative images of GCs on a flat substrate 

(a), L750 array (b), and H750 array (c). GCs were labelled for: F-actin (TRITC-phalloidin, red) and paxillin 

(anti-paxillin antibody, green). Scale bars: 5 μm. d) Number of paxillin (PAX) puncta normalized to the GC 

area. Number of GCs analysed: flat = 29, L-arrays (L500 = 19, L750 = 15, L1000 = 13), H-arrays (H500 = 

17, H750 = 24, H1000 = 28). Data is presented as mean ± SE and compared using the Student’s t-test with 

Bonferroni-Holm multiple comparison correction (0.05 significance level). Asterisks indicate a statistically 

significant difference between the flat substrate and nanostructured substrates: * p < 0.05, *** p < 0.001. 

 

A higher adhesion density has been linked to slower retrograde flow.70 Moreover, assembly of 

new PC adhesions is temporally and spatially linked to the reduction of F-actin retrograde flow 

rates at sites of forward membrane protrusion.212 Several studies suggested that local reductions 

in retrograde flow are correlated with increased GC motility38,71 and its movement toward areas 

of strong adhesion.72 A slower actin retrograde flow indicates a stronger molecular clutch 

through increased number of adhesion points (Chapter 2.1.4). Moreover, evidence of similar 

mechanisms was observed during contact guidance in vivo.234 Cortical neurons were 

transfected with a fluorescent F-actin marker (Lifeact-RFP) and imaged using high-resolution 

time-lapse microscopy. Each Lifeact-RFP-expressing GC was imaged for 2.5-5 min in 2-3 s 

intervals and 1-pixel line kymographs were generated from different regions of the GC (Figure 
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3.2; Figure 5.8 a). The slopes of the generated kymographs were used to calculate retrograde 

flow velocities, with higher slopes indicating a slower flow rate (Figure 5.8 b, arrows). 

Nanopillars induced a reduction in the average actin retrograde flow rates (Figure 5.8 c) in 

relations similar to the increase in adhesion density (Figure 5.7 d), with the largest decrease 

found on H-arrays. These results indicate that increased surface area available to the GC on 

nanopillar arrays is correlated with increased assembly of paxillin-rich adhesions in the GC 

and a reduction in F-actin retrograde flow rates (Figure 5.8 d). Higher pillars and a high 

frequency of lower pillars (L500 array) may cause the GCs to achieve more contacts with the 

pillar sidewalls, thus resulting in the traction force along the neurite to be concentrated in the 

GC in contact with the pillars.235–237 Therefore, the observed accelerated outgrowth could be 

attributed to stronger GC-pillar coupling. Additionally, neurites are more likely to adhere 

strongly to structures possessing grooves and ridges than to smooth surfaces.238 Therefore, 

nanoscale grooves and ridges on pillar sidewalls may further increase the effective surface area 

(Figure 5.1 d) and contribute to increased adhesion on pillar sidewalls. Furthermore, higher 

pillars acted as angular constraints by confining neurite outgrowth along the topographical 

pattern (Figure 5.3 d-f), leading to assembly of adhesions on pillar sidewalls, and possibly 

creating the greatest traction forces to preferentially extend the neurites along the topographical 

pattern. Ferrari et al.239 showed that neuronal guidance was sensitive to ridge widths of 500 nm 

to 1000 nm since these constrain the growing neurites. Maturation of adhesion only on the tips 

of aligned neurites may lead to aligned neurites receiving a continuous positive feedback and 

persisting longer.239 Neurite alignment was weaker on 100 nm high pillars since they could not 

constrain neurite outgrowth as much as 400 nm high pillars. Moreover, neurites were often 

suspended above the surface between contact sites (Figure 5.3 f) which could cause neurite 

tension due to the spacing between adhesion points being determined by the nanopillars. 

Neurite stretching and ensuing tension may lead to accelerated neurite outgrowth and axon 

differentiation.235 In fact, Xu et al.240 observed periodic actin rings in the axon wrapped around 

their circumference which may be involved in sustaining the mechanical strains caused by 

stretching.  
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  Figure 5.8 F-actin retrograde flow. a) A Lifeact-RFP-expressing GC with a kymograph line scan (dashed 

red). Scale bar: 5 µm. b) Actin kymographs generated from 5 min time-lapse videos (2.5 sec interval). 

Arrows indicate the slopes used to calculate flow rates. c) Average actin retrograde flow (RF) rate. Number 

of GCs analysed: flat = 26, L-arrays (L500 = 8, L750 = 11, L1000 = 8), H-arrays (H500 = 21, H750 = 9, 

H1000 = 5). d) Increase in surface area on nanopillar arrays relative to the flat substrate (denoted as 1) is 

correlated to increased paxillin (PAX) adhesion density and a reduction in F-actin retrograde flow rates. Data 

in c) and d) is presented as mean ± SE and compared using the Student’s t-test with Bonferroni-Holm 

multiple comparison correction (0.05 significance level). Asterisks indicate a statistically significant 

difference between the flat substrate and nanostructured substrates: ** p < 0.01, *** p < 0.001. 

 

5.6 Summary 

OrmoComp nanopillar arrays are a cost-efficient and reproducible platform for studying 

nanotopographical modulation of neuronal development. Moreover, OrmoComp provides a 

biocompatible environment supporting neuronal cultures for extended periods of time. Cortical 

neurons formed a close contact with the nanoscale pillars, as manifested by the assembly of 
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adhesions and F-actin accumulations around the pillars, which may be relevant for 

bioelectronic devices to ensure optimal communication between the device and living tissue. 

Furthermore, nanopillars promoted GC elongation and axon growth resulting in longer axons 

compared to flat substrates. Physical constraints provided by the 400 nm high pillars were able 

to confine neurite growth along topographically dictated angles to a greater extent compared 

to 100 nm high pillars. Furthermore, a larger surface area presented by the nanopillars was 

correlated with increased assembly of adhesions in the GC and a reduction in actin retrograde 

flow rates. These findings highlight the importance of the surface area provided by highly 

ordered nanotopographies for stronger GC coupling and accelerated neurite outgrowth. The 

ability to manipulate neuronal growth using substrate topography has great implications in 

guiding novel designs of neural interfaces in tissue engineering and bioelectronics.





 

CHAPTER 6                        

SEMICONDUCTING MICROPILLAR 

ARRAYS 

This chapter presents a novel biointerface involving a semiconductive polymer poly(3-

hexylthiophene-2,5-diyl) (P3HT) with optoelectronic properties patterned into HAR 

microscale pillars. A comprehensive characterization of the cell-substrate interaction was 

conducted. The effects of micropillar topography on early neuronal development and adhesion 

were characterized and compared with flat substrates. Furthermore, 3D topography and 

intrinsic optoelectronic properties of P3HT were harnessed to achieve wireless 

photostimulation of neuronal growth. Finally, MEAs were functionalized with P3HT 

micropillars to investigate the benefits of microscale topography for extracellular recording 

and optical modulation of neuronal network activity using visible light. The findings in this 

chapter have been published as a research article in ACS Applied Materials and Interfaces 

(2021), 13, F. Milos et al. High Aspect Ratio and Light-Sensitive Micropillars Based on a 

Semiconducting Polymer Optically Regulate Neuronal Growth.241 

 

6.1 Neuronal adhesion and growth on HAR micropillar arrays 

P3HT micropillar arrays were fabricated using the push-coating technique in which a small 

amount of polymer solution was pushed between a glass support and a PDMS mould 

(Appendix A.3).92 This method allows for precise tuning of various structural parameters, i.e., 

size, aspect ratio, three-dimensional shape, and pitch, known to directly influence cell adhesion, 

viability, and proliferation.17,242 Microscale pillars had a conical shape with an average pitch 

(centre-to-centre distance) of 7.2 ± 0.2 μm (Figure 6.1 a). Average pillar height, base diameter, 

and half-height width were 6.4 ± 0.3, 2.3 ± 0.1, and 1.2 ± 0.2 μm, respectively (Figure 6.1 b). 

Moreover, micropillars presented nanoscale roughness on their sidewalls determined by the 

surface roughness of the PDMS layer. Moreover, the presented fabrication procedure was 

applied to fabricate OrmoComp micropillar arrays as an optically inert control to decouple the 
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effects of light excitation from those exerted by topographical cues. The details on the 

fabrication of OrmoComp micropillar arrays can be found in Appendix A.3.3. 

 

  Figure 6.1 P3HT micropillar array. Representative SEM images of the micropillar array (a) and an 

individual pillar (b). Micropillars had a conical shape with a high degree of nanoscale roughness on their 

sidewalls. Images were acquired with a 45° tilt angle. Scale bars: a) 5 µm; b) 2 µm. 

 

Vertical HAR structures have been successfully employed to facilitate membrane 

penetration,126 adhesion,225 and axon development.243 Although HAR structures were 

previously shown to penetrate cell bodies or hinder their motility,244,245 neither flat nor 

microstructured P3HT substrates impaired neuronal viability compared to standard glass 

controls (Figure 6.2), in accordance with previous studies on P3HT substrates.92,246,247 
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  Figure 6.2 Neuronal viability on P3HT substrates. Cortical neurons growing on flat P3HT (a) and P3HT 

micropillars (b). Cells were treated with calcein AM (viable; green) and EtHd (non-viable; red). Scale bars: 

50 µm. c) Relative viability of cortical neurons on P3HT substrates normalized to glass controls after 3 DIV. 

Three independent experiments for each substrate were analysed and the data is presented as mean ± SE. 

 

6.1.1 Neuronal adhesion  

Neuronal adhesion and morphology on P3HT micropillars were investigated using SEM. 

Neurites were found to wrap around the pillars and were occasionally suspended between them 

(Figure 6.3 a), resulting in a network of numerous branched and intertwined processes adhered 

to the nanoscale roughness on pillar sidewalls (Figure 6.3 b). Nanoroughness on pillar 

sidewalls was previously shown to promote formation of 3D neuronal networks and enhance 

neurite adhesion.238 Furthermore, micropillars were often bent through cellular forces (Figure 

6.3 c), as previously observed on HAR structures.222 Although HAR structures are often broken 

by cellular forces,248 the conical shape of P3HT micropillars ensures both mechanical stability 

due to the microscale pillar base as well as reduced stiffness of the nanoscale pillar tip. 

Neuronal somas were localized between the pillars (Figure 6.3 d) due to the high array pitch. 

A higher pitch and a lower density of structures on the surface were shown to promote cell 
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spreading and adhesion,88 while a lower pitch (< 2 µm) often impairs cell adhesion and 

proliferation due to the reduced contact area with the underlying flat surface.242,249 

Furthermore, a subset of neuronal bodies was found to be suspended over the micropillars with 

apparent membrane spreading in the proximity of the pillar tips (Figure 6.3 e, arrows), as 

previously observed on various vertical micro- and nanostructures.126,185,245  

 

  Figure 6.3 SEM characterization of cell-micropillar interactions. a-b) Representative images of neurites 

wrapping around the micropillars. c) Micropillar bending through cellular forces. d) Neuronal soma growing 

between the pillars and e) suspended over two pillars (arrows). Scale bars: a, c) 5 µm; b, d, e) 2 µm. 

 

6.1.2 Cell-micropillar interface 

Generally, the cell-substrate interface provides insight into the potential benefits of substrate 

topography as 3D electrodes could provide a tight cell-electrode contact and achieve a higher 

sealing resistance.117 Vertical nanopillars were shown to facilitate delivery of biomolecules 

into cells250 and recording of electrical signals with high SNR.124,129 Improving the cell-

substrate contact pertains particularly to the distance between the cell membrane and the 

surface. On a flat surface, the membrane-surface distance is usually ~50 nm due to the poor 
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cell adhesion on the flat substrate.251 In contrast, Hanson et al.126 measured an average gap 

distance of ~15 nm on nanopillars of 200 nm in diameter and 1 μm height. In this work, P3HT 

is an active polymer with optoelectronic properties and the benefits provided by P3HT 

micropillars could enhance the optoelectronic effects to achieve wireless stimulation of 

neuronal growth and electrical activity. Therefore, it is imperative to understand how the cell 

membrane interacts with the micropillar surface. The nature of the cell-micropillar interface 

was investigated using FIB cross-sectioning (Chapter 3.3.5; Figure 6.4). When the soma was 

positioned between the pillars, the cell membrane attached at multiple sites to the substrate 

with the rest of the membrane being suspended above the surface (Figure 6.4 a-b). Somas that 

were suspended on the pillars deformed the flexible upper part of the micropillars, whereas the 

base of the pillar remained unchanged (Figure 6.4 c-f). No membrane rupturing was observed 

and the organelles were present in the vicinity of micropillars, in accordance with previous 

studies on similar structures.252 The manner of pillar deformation was dependent on the 

position of the pillar with respect to the soma. When the pillar was positioned near the soma 

periphery, it was pulled towards the centre (Figure 6.4 c-d), whereas the pillars positioned in 

the centre of the soma were pushed down (Figure 6.4 e-f). The pulling at the periphery is likely 

mediated by cytoskeletal forces pulling the junctional membrane (i.e., facing the substrate) 

toward the free membrane,253 while the relatively stiff nucleus could push the pillar down.254 

In fact, even though the upper part of the pillars was easily deformed by the cell membrane, 

the larger pillar base remained mechanically stable which induced upward bending of the 

nuclear membrane (Figure 6.4 f). Vertical structures have been reported to cause chromatin 

perturbations255 and nuclear deformations248,256 which could, in principle, alter gene 

expression. While the cell membrane wrapped around the upper part of the micropillars, it 

fanned out in a tent-like fashion near the pillar base (Figure 6.4 e-f). The tent-like shape was 

previously observed on cylindrical non-capped structures as opposed to the hourglass shape 

observed on mushroom-shaped structures which was attributed to engulfment resembling 

phagocytosis (Figure 2.13).130  
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  Figure 6.4 Cell-micropillar interface. FIB/SEM cross-sections of a neuronal soma positioned on the flat 
surface between the pillars (a-b), on a pillar at the soma periphery (c-d), and on the pillar at the soma centre 
(e-f). Arrows in d) and f) indicate the pillar being pulled toward the centre and the pillar being pushed down, 

respectively. Scale bars: a, c, e) 2 µm; b, d, f) 1 µm. 

 

Membrane wrapping induced by P3HT micropillars was quantified as the ratio between the 

total junctional membrane length and the cell diameter where a higher ratio denotes more 

membrane bending. For this purpose, the membrane facing the substrate was defined as the 

junctional membrane, while the rest of the membrane was disregarded since it was not affected 

by the microstructures on the surface (Figure 6.5 a). The ratio between the total junctional 

membrane and the cell diameter was 1.12 ± 0.02 and 1.85 ± 0.13 for somas on the flat surface 

and pillars, respectively, indicating that the pillars induced significantly more membrane 

bending compared to the flat surface (p = 0.005; Figure 6.5 b). Thus, increased membrane 

bending along with a smaller cell diameter (8.91 ± 0.28 µm on pillar compared to 17.8 ± 1.43 

µm on flat) indicates a higher membrane/volume ratio. Approximating the cell to a partial 

hemisphere allows the calculation of its volume by: 
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 𝑉 =  
1

3
𝜋ℎ(3𝑟2 −  ℎ2) 6.1 

where h is the cell height at the centre and r the cell radius. Cells on pillars had a junctional 

membrane/volume ratio of 0.09 ± 0.01 µm-2, 4 times higher than for cells on the flat surface 

(0.02 ± 0.003 µm-2). Tullii et al.92 measured a higher membrane capacitance on P3HT 

micropillars which could be associated with a higher junctional membrane/cell volume ratio.257 

Thus, P3HT micropillars provide a combination of a compliant upper part easily deformed by 

cytoskeletal forces and a mechanically stable base which together induce substantial membrane 

rearrangements around the pillars and provide sufficient attachment area to ensure cell survival 

on the pillars. 

   

  Figure 6.5 Membrane wrapping. a) The total junctional membrane and the soma diameter are outlined in 

blue and yellow, respectively. Scale bar: 2 µm. b) Quantification of membrane wrapping. Data is expressed 

as mean ± SD (standard deviation) of 7 cells on the flat substrate and 5 cells positioned on a pillar. Data was 

compared using the Student’s t-test with Bonferroni-Holm multiple comparison correction (0.05 significance 

level). ** p < 0.01. 

 

6.1.3 Actin cytoskeleton and adhesions 

Actin cytoskeleton is involved in many cellular behaviours and was shown to be significantly 
affected by surface topography.16,90 Primary cortical neurites were transfected with a 
fluorescent F-actin marker (Lifeact-RFP) and imaged using high-resolution confocal 
microscopy. F-actin accumulated at micropillars visible as rings in the neuronal soma (Figure 

6.6 a). F-actin accumulations around nanopillars above 400 nm in diameter were associated 
with increased membrane area, while on smaller nanopillars these were associated with high 
membrane curvature.228 The sites of membrane curvatures are recognized by curvature 
dependent proteins that could lead to modulation of intracellular actin organization and 
subsequent topography-induced cell signalling and behaviour.228 Due to their conical shape 
with numerous nanoscale irregularities (i.e., grooves and ridges), the structures presented in 
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this work combine a regular microscale topography (base diameter: 2.3 ± 0.1 µm), a nanoscale 
tip, and a highly irregular sidewall surface. Therefore, the F-actin accumulations observed in 
this work are likely a combination of both increased membrane area at the pillar tip and 
membrane curvature. The following section will focus only on the large F-actin rings observed 
around the pillars, since these could mediate the mechanical contact of the membrane to the 
pillar (Figure 2.13).132,133 Time-lapse imaging of Lifeact-RFP-expressing neurons showed that 
these structures were relatively stable, indicating that they are indeed due to the increased 
membrane area since curvature-dependent F-actin accumulations are highly dynamic structures 
(Figure 6.6 a).228 Moreover, confocal imaging of Z-stack slices indicated that F-actin 
distributes along the pillar sidewalls and their top, following the pillar shape closely (Figure 

6.6 b-b’). Finally, paxillin-rich adhesions often overlapped with encircling F-actin 
accumulations (Figure 6.6 c, inset). These were present both in the soma and the neurites and 
were localized on pillar sidewalls (Figure 6.6 c’), indicating strong adhesion to the pillars. 
Moreover, there appeared to be substantially more paxillin puncta in the soma positioned on 
the pillar (Figure 6.6 c, left) compared to the one positioned between the pillars (Figure 6.6 c, 
right), further indicating the importance of the actin cytoskeleton and paxillin adhesions in 
mediating the mechanical coupling of the membrane to the pillar. Thus, neuronal cells interact 
strongly with P3HT micropillars often deforming them to achieve a close contact which is 
important for improving biointerfaces.126  
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  Figure 6.6 Actin rings and adhesions on P3HT micropillars. a) Time-lapse sequence of stable F-actin 

structures around the pillars. Additionally, the formation of a fourth ring can be observed. b-b') F-actin ring-

like accumulations formed around the micropillars indicate membrane wrapping. c-c') These structures often 

overlapped with paxillin-rich adhesions (zoomed-in inset; green puncta). Images in b') and c') are Z-stack 

orthogonal projections of 30 slices (400 nm and 200 nm thickness, respectively), along the dashed lines in 

images b) and c). Scale bars: a, b, b', c, c' – 5 µm; inset – 2 µm. Cells in a-b) were transfected with a 

fluorescent F-actin marker (Lifeact-RFP). Cells in c) were stained with TRITC-phalloidin (actin, red) and 

anti-paxillin antibodies (green). 

 

6.1.4 Neuronal development 

Neuronal development on P3HT micropillars was investigated and compared to P3HT flat 

films and glass substrates. Neurons were fixed and stained with anti-β-III-tubulin (cortical 

marker) and anti-Tau-1 antibodies (axonal marker) after 3 DIV. Cortical neurons showed 

normal development on both flat and micropillar P3HT substrates with defined axons and 
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dendrites strongly aligned to the micropillar topography (Figure 6.7 a-b). Neurite alignment 

was evaluated using FFT analysis of the immunostained micrographs (Figure 3.5) to obtain 

angular pixel distributions (Figure 6.7 a-b, lower panels). Angular distribution of the pixel 

intensity clearly showed that neurites were strongly aligned to the topographically dictated 

angles (i.e., 0º and 90º relative to the direction of the pattern), while those on flat substrates had 

a random distribution. Interestingly, in contrast to OrmoComp nanopillars (Chapter 5.4), 

neurites did not discriminate against diagonal alignment (35°-55°). This is likely a consequence 

of the large pitch (~7 µm) on P3HT arrays which leaves enough space for neurites extending 

between the pillars to bend at intersections and wrap around the micropillars (Figure 6.3 b). 

Additionally, the diagonal growth can also ensue upon occasional neurite branching upon 

encountering a pillar.27 Time-lapse imaging of Lifeact-RFP-expressing GCs showed that these 

extended from pillar to pillar occasionally bending and changing the direction of growth 

(Figure 6.7 c). Thus, micropillars angularly confine neurite outgrowth27,258 and provide regular 

adhesion points to enable neurite growth from one pillar to the next, as it was observed that 

paxillin adhesions often localize on pillar sidewalls (Figure 6.6 c).  
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  Figure 6.7 Neuronal development on P3HT substrates at 3 DIV. Cortical neurons cultured on flat P3HT 

(a) and P3HT micropillars (b). Neurons were fixed and fluorescently labelled for: β-III-tubulin (green) and 

Tau-1 (red). Lower panels represent the FFT-generated angle distribution of neurite alignment. c) Time-lapse 

sequence of a Lifeact-RFP-expressing GC extending between the pillars. Scale bars: a) 100 µm; c) 10 µm. 

 

Neurite growth was further quantified by measuring the average neurite and axon length. 

Neurite length was significantly increased by the microtopography, in line with numerous 

studies of topography-induced responses during neuronal development.237,258 Moreover, 
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nanoscale grooves and ridges on P3HT pillar sidewalls could further promote neurite growth238 

through stronger GC coupling that generates traction forces necessary for neurite extension. 

After 3 DIV, the average neurite length on P3HT micropillars was 84.2 ± 2.85 µm compared 

to 61.7 ± 1.95 µm and 57.3 ± 1.31 µm on flat P3HT and glass substrates, respectively (Figure 

6.8 a). Cortical neurons on P3HT micropillars had an average axon length of 262.5 ± 9.03 µm, 

significantly longer compared to 181.3 ± 5.86 µm and 179.8 ± 5.58 µm on flat P3HT and glass 

substrates, respectively (Figure 6.8 b). Therefore, P3HT micropillars induced a ~40% increase 

in overall neurite growth, further confirming the benefits of ordered microscale topographies 

for promoting neuronal growth. 

 

  Figure 6.8 Quantification of neurite growth in response to microscale topography. a) Average neurite 

length. b) Axon length. Number of neurons analysed: Glass = 257, Flat P3HT = 225, Pillar P3HT = 229. Data 

was compared using the non-parametric Mann–Whitney U test with Bonferroni-Holm multiple comparison 

correction (0.05 significance level). *** p < 0.001, ns – not significant. 

 

6.2 Photostimulation of neuronal development 

Intrinsic optoelectronic properties of P3HT were combined with 3D topography to investigate 

the photoexcitation effects of P3HT micropillar substrates on neuronal growth in the early 

stages of development. Although electrical stimulation on poly(3,4-ethylenedioxythiophene) 

(PEDOT) was reported to promote neurite outgrowth,259 PEDOT-based devices require an 

external power source and complicated wiring which add to their complexity and pose safety 

issues. In contrast, semiconducting polymers, such as P3HT, capable of converting light into 

an electrical signal do not require external power sources or additional wiring. Hsu et al.177 

demonstrated that P3HT devices generate photocurrent when illuminated by green laser or 

visible spectrum light, leading to increased differentiation and growth of hiPSC-derived retinal 

ganglion cells. Embryonic cortical neurons on both flat and pillar ITO-P3HT substrates were 
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6.2 Photostimulation of neuronal development 91 

 

stimulated on DIV1 and 2 using a Colibri LED light source (Zeiss) mounted onto an incubated 

microscope. The ITO layer underlying P3HT was used to promote the photoconductive effect 

and minimize the photothermal effect.246 Since P3HT absorbs strongly in the visible spectrum 
(450-630 nm), green (555 nm) and red (625 nm) LEDs at a photodensity of 0.5 mW/mm2 were 

chosen (Figure 6.9 a). Photostimulation was applied as 1 s pulses every 1 min for 1 h each day 

to limit phototoxicity effects that could impair cell viability. Standard glass substrates and 

micropillar substrates fabricated using an optically inert polymer OrmoComp were subjected 

to the same stimulation treatment to serve as controls. No detrimental effects on cell viability 

were observed as a result of the described stimulation regimes (Figure 6.9 b). After 3 DIV, 

cultures were fixed and stained for β-III-tubulin. Neurons showed normal development with 

clearly defined neurites on all substrates. Neurons grown on glass substrates were relatively 

unchanged by the photostimulation regime, whereas neurons grown on photostimulated P3HT 

substrates appeared to have longer neurites compared to unstimulated cultures (Figure 6.9 c-

e).  
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  Figure 6.9 Photostimulation of neuronal growth on P3HT substrates. a) P3HT absorption spectrum. 

Colorized lines depict the wavelengths used for photostimulation of embryonic neurons. b) Relative viability 

of cortical neurons after optical stimulation on P3HT substrates normalized to glass controls after 3 DIV. 

Data is presented as mean ± SE of 3 independent cultures for each substrate/condition. Representative images 

of primary neurons labelled for β-III-tubulin (DIV 3) grown with/without photostimulation on c) glass, d) flat 

P3HT, and e) P3HT micropillars. Scale bar: 50 µm. 

 

Average neurite and axon length were statistically analysed and compared to glass and 
OrmoComp controls. Photostimulation of neurons on control substrates had no observable 
effect on neurite growth (Figure 6.10). In contrast, average neurite length on P3HT substrates 
stimulated using a green LED was significantly increased compared to the unstimulated ones. 
The average neurite length of the stimulated neurons was 83.6 ± 2.33 µm (flat P3HT) and 115.5 
± 4.27 µm (pillar P3HT), while unstimulated neurites had an average neurite length of 61.7 ± 
1.95 µm (flat P3HT) and 84.2 ± 2.85 µm (pillar P3HT; Figure 6.10 a). Similarly, stimulated 

0

30
60

90
120

No LED
Green LED

Red LED

R
el

. v
ia

bi
lit

y 
(%

)b



6. 2  P h ot osti m ul ati o n of n e ur o n al d e v el o p m e nt  9 3  

 

n e ur o ns h a d si g nifi c a ntl y l o n g er a x o ns ( 2 3 1. 7 ± 6. 9 µ m a n d 3 1 3. 9 ± 1 0. 4 µ m o n fl at a n d pill ar 

P 3 H T, r es p e cti v el y) t h a n t h e u nsti m ul at e d o n es ( 1 8 1. 3 ± 5. 9 µ m a n d 2 6 2. 4 ± 9. 1 µ m o n fl at 

a n d pill ar P 3 H T, r es p e cti v el y ; Fi g u r e 6 .1 0  b ). P h ot osti m ul ati o n usi n g a r e d L E D di d n ot yi el d 

si g nifi c a nt diff er e n c es i n n e urit e gr o wt h , li k el y d u e t o s u bst a nti all y  w e a k er li g ht a bs or pti o n i n 

t hi s r a n g e (Fi g u r e 6 .9  a ). M or e o v er, si n c e p h ot osti m ul ati o n di d n ot i nfl u e n c e n e ur o n al gr o wt h 

o n c o ntr ol  s u bstr at es, t h e o bs er v e d eff e cts o n P 3 H T s u bstr at es c a n b e attri b ut e d t o t h e e x cit ati o n 

of t h e a cti v e m at eri al  ( P 3 H T). 

 

  Fi g u r e 6 .1 0  Q u a ntifi c ati o n of n e u rit e  g r o wt h aft e r p h ot o sti m ul ati o n. a ) A v er a g e n e urit e l e n gt h. b)  A x o n 

l e n gt h. M or e t h a n 2 0 0 n e ur o ns fr o m 3 i n d e p e n d e nt e x p eri m e nts w er e a n al y s e d f or e a c h s u b str at e a n d 

c o n diti o n. D at a w as c o m p ar e d u si n g t h e n o n -p ar a m etri c M a n n – W hit n e y U t est wit h B o nf err o ni -H ol m 

m ulti pl e c o m p aris o n c orr e cti o n ( 0. 0 5 si g nifi c a n c e l e v el). * p < 0. 0 5, * * p < 0. 0 1, * * * p < 0. 0 0 1, n s  –  n ot 

si g nifi c a nt , O C –  Or m o C o m p.  

 

F urt h er m or e , n e ur o ns o n mi cr o pill ar arr a ys e x hi bit e d a sli g ht r e d u cti o n i n t h e n u m b er of 

pri m ar y n e urit es c o m p ar e d t o fl at s u bstr at es ( Fi g u r e 6 .1 1 ), as pr e vi o usl y r e p ort e d o n v ari o us 

t o p o gr a p hi es.1 6  Si n c e it w as s u g g est e d t h at n e urit e i niti ati o n r e q uir es a c ert ai n a m o u nt of 

p h ysi c al s p a c e t o a c hi e v e a pr o p er ori e nt ati o ns of c yt os k el et al fil a m e nts t o s pr o ut a n e w 

pr o c ess, t h e d e cr e as e i n t h e n u m b er of n e urit es mi g ht b e r el at e d t o s o m a c o nfi n e m e nt b et w e e n 
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the pillars that act as obstacles to neurite initiation.25 Additionally, Baranes et al.260 showed 

that neurons exhibit different growth strategies before and after contacting a physical barrier. 

Neurons tend to have more primary neurites and dendritic branches before contact, possibly to 

increase the probability to contact target cells.260 Contacting a target neuron results in 

simplification of the dendritic tree and a reduction in the number of primary neurites.209,261 In 

fact, Kim et al.262 demonstrated that neurons attached to topographic structures exhibit up-

regulation of gap-junctional proteins commonly involved in neuron–neuron interactions. 

Interestingly, illumination with the green LED further reduced the neurite number, while the 

red LED had no observable effect on the neurite number. Neurite growth and initiation are 

energetically costly processes involving cytoskeletal rearrangements263 and intracellular 

transport.264,265 Thus, the observed reduction in neurite number might also be related to the 

high energetic cost of sustaining a large number of longer processes in vitro.  

 

  Figure 6.11 Average number of neurites. More than 200 neurons from 3 independent experiments were 

analysed for each substrate and condition and compared using the non-parametric Mann–Whitney U test with 

Bonferroni-Holm multiple comparison correction (0.05 significance level). * p < 0.05, *** p < 0.001, ns – not 

significant. 

 

These results indicate that the combination of substrate topography and optical stimulation on 

P3HT substrates significantly promotes neurite outgrowth of embryonic cortical neurons. 

Therefore, the combinatorial approach that exploits the benefits of surface topographical cues 

and wireless optical stimulation could be applied in neural engineering scaffolds in vitro to 

develop new strategies for treating neurodegenerative diseases. However, a major disadvantage 

of optoelectrical stimulation for in vivo applications is the relatively low penetration of visible 

light into tissues266,267 which limits the potential applications of this approach to tissues 

accessible to visible light.  

Exact mechanisms and pathways through which optical stimulation affects cellular growth 

remain unclear. There are three different photostimulation mechanisms proposed so far: i) 
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generation of a localized electric field (photocapacitive charging);268 ii) establishing a local 

temperature increase (photothermal effect);246,269 and iii) localized changes of extra- and/or 

intracellular pH270 due to oxygen reduction reactions producing reactive oxygen species (ROS) 

and affecting intracellular Ca2+ concentration (photoelectrochemical effect).271 It was 
suggested that photoexcitation of ITO/P3HT interfaces may lead to charge separation, resulting 
in subtraction of positive charges from the electrolyte and the cell-surface cleft to the surface.272 
This could cause depolarization of the cell membrane171,272 and trigger voltage-gated Ca2+ 
channels to open.273,274 Moreover, the presence of local positive charges on the surface was 
shown to be beneficial for neurite growth224,275,276 and for repair of injured nerves.277 However, 
due to a relatively small optical density used in this work (0.5 mW/mm2), the ensuing electric 
field at the interface is expected to be negligible and therefore unlikely to cause membrane 
depolarization. Moreover, it was shown that P3HT interfaces display a photocathodic 
behaviour upon prolonged photoexcitation (>500 ms), indicating that negative charges 
preferentially accumulate at the surface and sustain photo-activated electron-transfer 
reactions.272,278 Since light stimulation used in this work was of comparable duration (1 s) and 
with a two orders of magnitude lower photoexcitation density, no variation in the sign of the 
photocapacitive current is to be expected. Moreover, prolonged stimulation (500 ms) using 
green light was shown to induce membrane hyperpolarization and silencing of neuronal 
spontaneous activity.176 Therefore, photo-activated membrane depolarization, usually observed 
on shorter timescales (20 ms),171,272 is not expected to play a significant role during optical 
stimulation of neuronal growth observed in this work. P3HT photoexcitation may cause 

localized heating at the interface due to generation of different photoexcited states in the 

material that release thermal energy upon non-radiative recombination to the ground state.246 

Prolonged light stimulation, as employed in this work (1 s), may lead to thermally-induced 

hyperpolarization. Martino et al.246 proposed that thermal effects may affect membrane 

conductance by i) increasing ion transport through membrane channels with increasing 

temperature (i.e., decrease in membrane resistance) and ii) a hyperpolarising shift of the 

membrane potential (Em) based on the Goldman-Hodgkin-Katz equation (Equation 2.1) upon 

temperature increase. Additionally, localized temperature variations have been shown to 

activate temperature-sensitive ion channels and subsequent firing of APs in sensory neurons.279 

Finally, photoexcitation of P3HT-based devices was shown to induce faradaic currents, 

electron transfer reactions at the polymer/electrolyte interface, and increased production of 

ROS intracellularly.271,272 Lodola et al.280 demonstrated that photostimulation of endothelial 

colony-forming cells (ECFCs) on P3HT devices, using light intensity similar to that used in 

this work, enhances proliferation and angiogenesis via activation of the Ca2+-permeable 

TRPV1 channels, primarily governed by photoelectrochemical reactions. Activation of TRPV1 

channels was associated with increase in intracellular Ca2+ levels.281 Intracellular Ca2+ 

concentration can influence interactions with calmodulin and modulate activity of 
Ca2+/calmodulin-dependent protein kinase II (CaMKII), thus directly affecting the activity of 
intercellular enzymes and downstream signalling pathways involved in neurite growth273,282 
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and axon guidance.283 Photoactivation of P3HT substrates has been reported to modulate 
intracellular Ca2+ concentration in HEK-cells,271 PC12 cells,284 and in human endothelial 
precursors.280 Although the findings presented in this work clearly demonstrate the benefits of 
P3HT-based devices, the available data are not sufficient to propose a definitive mechanism 
mediating the observed responses.  

 

6.3 P3HT-functionalized MEAs 

Planar MEAs have long been a standard technique for long-term and high-throughput 

extracellular recording and actuation of neuronal networks.109 However, this technology suffers 

from a reduced SNR due to insufficient cell-electrode coupling leading to low signals, reduced 

sensitivity, and subsequent loss of information. Previous studies reported that HAR vertical 

structures285–287 enable a better cell-electrode coupling through membrane wrapping around the 

electrically-active structures or intracellular penetration.115,288 Since MEA technology was first 

introduced as an interface between electronics and living tissues, many novel treatment 

strategies for neurological disorders (deafness,289 blindness,290 movement disorders,291 etc.) 

have been developed. These are often based on active modulation of neural activity by 

electrical stimulation (e.g., deep brain stimulation,11 retinal implants292), chemical stimulation 
using different neuroactive drugs,293 optogenetics,294 and even direct light-induced excitation 
using high-intensity lasers or infrared (IR) illumination.295 However, all these methods suffer 
from high invasiveness, complicated and prohibitively expensive experimental setups, or high 
production costs. In contrast, optoelectronic activation of conjugated polymers (e.g., P3HT) 
that convert light into electrical current could provide a less invasive and wireless option for 
neural interfacing. Moreover, since P3HT absorbs strongly in the visible spectrum (Figure 6.9 

a), simple light sources can be used instead of expensive laser systems. Standard gold MEAs 
with a 64-electrode configuration (12 µm or 24 µm in diameter) were functionalized with flat 
and micropatterned P3HT films to achieve wireless and non-invasive optical modulation of 
neuronal firing (Figure 6.12). The structure and dimensions of the P3HT pillars were retained 
with a coverage of 1-4 and 7-10 pillars on 12 and 24 μm electrode openings, respectively. 



6.3 P3HT-functionalized MEAs 97 

 

 

Figure 6.12 P3HT-functionalized MEA design. Standard 64-electrode gold MEAs were functionalized with 
P3HT micropillars or flat P3HT films and seeded with primary cortical neurons. Electrode openings are 

depicted in red. Top inset shows a representative SEM image of a neuron on an electrode functionalized with 
P3HT micropillars. Bottom inset depicts a schematic of the MEA design layout.  

 

6.3.1 Characterization of P3HT MEAs  

Prior to cell recordings, photoexcitation of P3HT-functionalized MEAs was characterized 

using EIS and compared to standard gold MEAs without P3HT (Au MEA). Generally, a low 

electrode impedance is desired to reduce the thermal noise that can interfere with small 

extracellular signals (µV) commonly recorded on planar MEAs. EIS was performed on at least 

three chips for each substrate (i.e., Au, flat P3HT, and pillar P3HT) in the range of 1 Hz to 100 

kHz, taking 10 data points per decade (Chapter 3.4.1). Measurements of >20 electrodes per 

chip were averaged and normalized to the electrode area. Figure 6.13 displays the 

representative averaged impedance spectra of a standard gold MEA without P3HT, a MEA 

functionalized with a flat P3HT film, and a MEA functionalized with P3HT pillars. The 

logarithmic impedance amplitude (|Z|) decreased with increasing frequency (f) for all chips. A 

standard gold MEA showed a characteristic linear dependency within the considered frequency 

range of 1-105 Hz and was mainly dominated by the capacitive behaviour of the double-layer 

formed at the electrode-electrolyte interface (Figure 6.13 a). The impedance spectra of the flat 

P3HT MEA showed a dominant resistive behaviour at lower frequencies characterized by low 

phase angles (φ) and impedance amplitude flattening around 1-100 Hz (Figure 6.13 b). The 
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phase angle increased steadily with increasing frequency indicating that the capacitive features 

were becoming more dominant. Pillar P3HT MEAs showed a markedly different phase angle 

with a minimum at ~10 Hz and a maximum between 103 and 104 Hz (Figure 6.13 c). The latter 

was also mirrored in the slight curvature of the Z curve within this frequency range. Moreover, 

impedance modulus of pillar P3HT MEAs at low (1 Hz) and intermediate frequencies was 

significantly decreased compared to flat P3HT. Tullii et al.92 showed that the impedance 

amplitude of ITO/P3HT micropillars was ~15 times lower at low frequencies compared to 

ITO/P3HT flat films which was ascribed to a higher topographical surface. This is highly 

significant for the implementation of the presented substrates for both optoelectrical 

stimulation of cell growth, described in previous sections, as well as for stimulation and 

recording of neuronal activity, since it could result in a higher SNR and charge injection 

limit.296,297 After recording the impedance spectra in standard conditions (i.e., without light 

treatment), MEAs were exposed to a white LED (1.5 mW/mm2) impinging continuously 

through the electrolyte to determine the impedance response of the photoactivated polymer. 

Tullii et al.272 reported a substantial decrease in the impedance amplitude and phase angle upon 

light exposure of flat ITO/P3HT substrates. Moreover, in the low-frequency regime (<10 Hz), 

where the Helmholtz double layer contribution is expected to be predominant, light exposure 

led to a 5-fold increase in the Helmholtz capacitance as a consequence of capacitive 

accumulation of photoexcited charges at the polymer/electrolyte interface (capacitive 

charging) and a 100-fold decrease in the Helmholtz resistance (charge transfer resistance) of 

flat ITO/P3HT substrates.272 Similarly, in this work, light exposure led to a noticeable decrease 

in the impedance amplitude of P3HT MEAs at low frequencies (1-10 Hz) along with a slight 

decrease in the phase angle, although the overall curve shape remained similar (Figure 6.13 b-

c). Since the changes in impedance spectra are not easily observed on the double logarithmic 

scale, the impedance amplitude and the phase angle measured during light exposure were 

normalized to their respective values in dark along the entire frequency range (Figure 6.13 d-

f). As expected, standard Au MEAs showed little response to light exposure, whereas the 

impedance modulus in the intermediate frequency range for both the flat and pillar MEAs was 

~40% lower upon light exposure. The change in the impedance amplitude for pillar P3HT 

MEAs showed a higher degree of variability possibly due to the different number of pillars on 

electrodes depending on their size (1-9 per electrode).  
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Figure 6.13 Impedance spectra without and during light exposure. a) Standard gold MEA without P3HT, 
b) flat P3HT MEA, and c) pillar P3HT MEA. Data is presented as mean ± SE of >20 electrodes for each 

MEA measured both in dark (squares) and during light exposure (stars). Impedance modulus was normalized 
to the geometrical surface area of the electrode. Change in impedance modulus and phase angle during light 

exposure were normalized to their respective values without light exposure on d) standard MEA, e) flat P3HT 
MEA, and f) pillar P3HT MEA. Data is presented as mean ± SE for each value within the measured 

frequency range of at least 3 chips per substrate. 

 

Equivalent circuit fitting did not yield an optimal result due to parasitic impedance caused by 
small electrode sizes. Instead, the impedance value at 1 kHz was chosen as a comparative 
parameter since the changes during neuronal APs usually occur at this frequency. The 
impedance values at 1 kHz were averaged for each substrate before and upon light exposure 
and presented in Table 6.1. Before light exposure, pillar P3HT MEAs had a substantially lower 
impedance value (9.7 ± 2.99 kΩ/µm2) compared to Au MEA and flat P3HT MEA (18.4 ± 7.74 
and 14.4 ± 6.07 kΩ/µm2, respectively). Light exposure dramatically decreased the impedance 
value of flat P3HT MEAs (5.9 ± 0.97 kΩ/µm2) and pillar P3HT MEAs (3.4 ± 1.14 kΩ/µm2), 
while the impedance value of Au MEAs remained unchanged (17.5 ± 7.37 kΩ/µm2). These 
results indicate that the micropillar topography leads to a substantially lower impedance at 1 
kHz compared to bare Au MEAs and that light exposure of P3HT-functionalized MEAs results 
in a further decrease in the impedance amplitude, making the presented devices potentially 
suitable for recording and modulation of neuronal activity.  
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Table 6.1 The averaged value of electrochemical impedance amplitude at 1 kHz without and 

upon light exposure. Data is presented as mean ± SE of at least 3 MEAs for each substrate 

and condition.  

MEA |Z|NO LED (kΩ/µm2) |Z|LED (kΩ/µm2) 

Au 18.4 ± 7.74 17.5 ± 7.37 

Flat P3HT 14.4 ± 6.07 5.9 ± 0.97 

Pillar P3HT 9.7 ± 2.99 3.4 ± 1.14 
 

 

6.3.2 Optical modulation of neuronal activity on P3HT MEAs 

Primary cortical neurons were seeded on the MEAs at a density of 800 cells/mm2 to achieve 

optimal cell coverage and grown until 14-27 DIV. Cultures exhibited normal growth and the 
P3HT layer did not impair long-term viability of cortical neurons (Figure 6.14). This is crucial 
since dissociated neurons go through a maturation period lasting several weeks to achieve 
membrane excitability (i.e., ion channel expression, ion channel density, synaptogenesis) as 
well as proper formation of coordinated network activity.298–300 In fact, Tullii et al.92 showed 
that both inhibitory and excitatory synaptic connections of primary cortical neurons remain 
unaltered on P3HT micropillars compared to flat P3HT substrates and standard glass substrates, 
indicating that micropillars do not perturb normal network development. Moreover, each chip 
was reused multiple times, going through cleaning and sterilization procedures (Chapter 3.2.2) 
before every culture without any noticeable effect on either the mechanical stability of the 
micropillars or their optoelectrical properties. 

 

Figure 6.14 Primary cortical neurons on P3HT-functionalized MEAs after 19 DIV. Cortical neurons 
growing on a flat P3HT MEA (a) and a pillar P3HT MEA (b). Cells were treated with calcein AM (viable; 

green) and EtHd (non-viable; red). Scale bars: 50 µm. 
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Measurements of spontaneous neural activity were performed using the in-house-developed 

BioMAS amplifier system as described in Chapter 3.4.2. After formation of a mature network 

(14-27 DIV), spontaneous network activity was measured using the MEAIII.1 pre-amplifier 

with an Ag/AgCl pellet electrode as a reference. Data was collected with a 1010-fold gain 

(10.1-fold pre- and 100-fold main amplifier) at a sampling frequency of 10 kHz. Data was 

automatically filtered using a 72 Hz high pass filter since neuronal transients occur on a much 

shorter timescale (1-5 ms). The setup was equipped with a simple cold LED light source (Zeiss 

CL6000) used to characterize the impedance response upon light excitation of the active 

material (Chapter 6.3.1). Each chip was first measured without photostimulation for 60-80 s 

to determine the baseline activity followed by a short LED pulse lasting 0.5-2 s. Spontaneous 

neural activity was stimulated using green LED light (520/44 nm; 1.7 mW/mm2) impinging 

through the culture medium. Short LED pulses were chosen as they did not significantly impair 

cell viability in previous experiments (Chapter 6.2). Moreover, using light wavelengths 

weakly absorbed by water and at a relatively low intensity avoids detrimental and unlocalized 

heating of the extracellular medium. Ghezzi et al.175 demonstrated that illumination with a 

substantially higher intensity (10 mW/mm2) only caused miniscule drifts in the local pH value 

(± 0.02) indicating that photostimulation does not affect the extracellular environment in a way 

that could impair neuronal function. The recorded time-traces of Au MEAs remained 

unchanged upon applying a light pulse (Figure 6.15 a), whereas photostimulation of P3HT-

functionalized MEAs gave rise to a transient potential at the onset and offset of the LED 

(positive and negative, respectively; Figure 6.15 b) similar to capacitive charging/discharging 

of the P3HT/electrolyte interface on ITO/P3HT flat films.171,272 Photostimulation on P3HT-

functionalized MEAs induced neural firing on previously inactive electrodes (Figure 6.15 b) 

or, alternatively, increased the pre-existing firing rate on active electrodes.  
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slightest change in the firing rate was taken into account. While the prevalence of both changes 
was similar for Au MEAs, ~75% of measurements on flat P3HT MEAs and ~60% on pillar 
P3HT MEAs showed an increase in the firing rate. Upon closer analysis, four different 
responses upon photostimulation were identified: i) activation of inactive electrodes, ii) 
increase in the firing rate on active electrodes, iii) silencing of active electrodes, and iv) 
decrease in the firing rate on active electrodes. Silencing and activation were only observed on 
20% of electrodes in total on Au MEAs, likely resulting from changes in the physiological state 
of the measured cell or from changes in the cell-electrode coupling that occur during 
measurement. In contrast, photostimulation resulted in activation in 57% of measurements on 
flat P3HT MEAs and 40% on pillar P3HT MEAs, while silencing was observed in 9% and 
20% of measurements, respectively. The prevalence of activation events on P3HT-
functionalized MEAs suggests that these might result from photostimulation of the active 
polymer. Additionally, light excitation of inhibitory neurons could also silence previously 
active cells. The change in the firing rate after photostimulation was further normalized to the 
firing rate before photostimulation (Figure 6.16 c). Here, only electrodes which were active 
both before and after light exposure were taken into account. Photostimulation increased the 
firing rate by 0.5 ± 7.9% on Au MEAs compared to 199 ± 125% and 60 ± 37% on flat and 
pillar P3HT, respectively. Although the change in firing rate upon photostimulation appeared 
to be higher on flat P3HT MEAs compared to pillar P3HT MEAs, this could not be statistically 
verified due to the high variability between different measurements, indicating that the process 
was not fully reproducible. 
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Figure 6.16 Neuronal firing rate upon photostimulation. a) Average firing rate before and after 
photostimulation with the green LED. Data is presented as mean and interquartile ranges. Grey lines connect 
the values measured on the same electrode before and after photostimulation. b) Photostimulation effect on 

neural firing rate expressed as a percentage of all measurements. c) Average change in firing rate upon 
photostimulation (mean ± SE). Data was compared using the non-parametric Mann–Whitney U test with 

Bonferroni-Holm multiple comparison correction (0.05 significance level). Number of electrodes recorded: 
Au = 23 (4 chips), flat P3HT = 35 (5 chips), pillar P3HT = 28 (7 chips). * p < 0.05, *** p < 0.001, ns – not 

significant.  

 

These results demonstrate that spontaneous network activity can be modulated by 
photoexcitation of P3HT. However, the process is not fully reproducible, often yielding 
opposite responses. This is in contrast to previous studies using patch-clamp measurements 
where neuronal firing was triggered upon illumination with short LED pulses (20 ms) with 
high temporal reliability.171,175 Here, the proposed model states that P3HT photoexcitation 
leads to charge dissociation at the polymer/electrode (Au, ITO) interface that leaves the 
polymer layer negatively charged causing ionic rearrangement in the cell-substrate cleft where 
positive charges are subtracted (positive spike at light onset) from the extracellular membrane. 
The observed capacitive current could, in principle, lead to depolarization of the cell 
membrane, and eventually, neuronal firing. In this work, much longer light pulses were used 
(0.5-2 s) to stimulate entire networks growing on MEAs. Feyen et al.176 observed that 
prolonged illumination (500 ms) leads to hyperpolarization of the cell membrane and 
subsequent silencing followed by a rebound effect of hyperactivity, similar to the increase in 
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the firing rate upon photostimulation observed on the P3HT MEAs presented in this work. It 
was proposed that light absorption leads to generation of different photoexcited states that 
recombine non-radiatively to the ground state via a local release of thermal energy.176 Martino 
et al.246 showed that thermally-mediated hyperpolarization and firing inhibition likely occurs 
due the activation of membrane conductances, changes in the membrane potential towards 
hyperpolarization, and a rebound decrease in membrane capacitance at the light offset. 
Additionally, all the aforementioned studies employed light with a photodensity of 10-15 
mW/mm2, substantially higher than the photostimulation regime employed here (1.7 
mW/mm2). Thus, the stimulation applied in this study was likely not powerful enough to 
achieve reproducible and controllable modulation of neuronal firing. Additionally, the 

direction of light used for excitation and the polymer thickness may play a role in the amount 

of generated photocurrent. Tullii et al.272 observed a lower capacitive spike upon illumination 

of ITO/P3HT flat films with a 30 nm thickness through the electrolyte compared to illumination 

through the ITO. This is caused by the fact that charge dissociation occurs at ITO/P3HT 
interface and electrons undergo recombination in the polymer bulk whose thickness was higher 
than the diffusion length of the exciton (~10 nm).301,302 Flat P3HT films employed here had a 
thickness of 100 nm, while micropillar substrates were composed of ~6 µm high pillars and 20 
nm flat film between them. Thus, the high variability in the outcome of photostimulation 
impinging through the electrolyte could also reflect the higher polymer thickness on flat P3HT 
(100 nm) and the positioning of the cells with respect to the micropillars, i.e., suspended on top 
or sitting between them.  

 

6.3.3 Signal characteristics and SNR 

Since 3D electrodes were first proposed to improve the cell-electrode coupling by reducing the 

gap distance between the cell membrane and the underlying electrode, many studies have 

reported achieving higher signal amplitudes (in the range of mV), signal shapes similar to those 

recorded intracellularly (i.e., positive), or even intracellular signals.128,131,303 In order to 

investigate whether P3HT micropillars improve the extracellular recording in a similar manner 

and whether photostimulation influences the characteristics of the recorded signals, the 

individual signals obtained from all electrophysiological measurements were analysed to 

determine their peak-to-peak amplitude, shape, and SNR. Since the spike detection algorithm 

characterizes each signal by its amplitude, i.e., the highest recorded voltage above a defined 

threshold followed by a second peak of opposite polarity, the peak-to-peak amplitude was 

defined as the sum of the absolute values of the peak amplitude and the corresponding second 

peak. The peak-to-peak amplitude of the recorded signals generally depends on a variety of 

factors – physiological state of the neuronal network, network maturation, cell-electrode 

coupling, etc.304–307 This often leads to multiphasic distributions of the peak voltages measured 
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in different experiments and makes the comparison between different chips and cultures 

challenging. Therefore, peak voltages were presented as density distributions with median and 

interquartile ranges (Figure 6.17). Most of the signals observed on Au and flat P3HT MEAs 

were between 10 µV and 100 µV with a mean value of 51.6 ± 0.61 µV and 56.6 ± 0.59 µV, 

respectively. Pillar P3HT MEAs had a much wider distribution of the peak amplitude with 2 

phases around ~70 µV and ~250 µV with a mean value of 126 ± 0.41 µV and a maximum 

recorded value of 406 µV. Thus, P3HT micropillars yielded signals with a higher amplitude, 

providing more evidence as to the benefits of 3D topography for improving the cell-electrode 

coupling. Photostimulation resulted in similar voltage distributions on Au MEAs and flat P3HT 

MEAs with mean values of 52.8 ± 0.84 µV and 56.6 ± 0.47 µV, respectively, with only 2 

detected signals being higher than 300 µV recorded on a flat P3HT MEA. Photostimulation of 

pillar P3HT MEAs yielded a mean value of 115 ± 0.20 µV, somewhat lower than before 

photostimulation.  

 

Figure 6.17 Peak-to-peak amplitude. Data is presented as a density distribution of peak-to-peak voltage 

recorded on different chips and cultures without and upon photostimulation. Means (horizontal lines) and 

interquartile ranges (vertical lines) are denoted in red.  

 

Further analysis was focused on the signal shape and the SNR achieved using the presented 
MEAs. A total of 21,467 signals detected over multiple cultures and substrates were classified 
into five categories based on their dominant polarity and waveform shape (Figure 6.18 a). 
These included positive monophasic (P), positive biphasic (PB), negative monophasic (N), 
negative biphasic (NB), and negative triphasic (NT). In contrast to measurements obtained on 
flat MEAs (either Au or flat P3HT), which were dominated by negative signals (~75%), those 
recorded on pillar P3HT MEAs were mostly positive (~75%; Figure 6.18 b). Moreover, the 
percentage of all positive signals on pillar P3HT MEAs was statistically significant with respect 
to either Au MEA or flat P3HT MEA (p < 0.001, Fisher’s test). In extracellular measurements 
on flat MEAs, negative signals usually represent the first order derivative of intracellular 
signals obtained in intracellular measurements.125,134,303 Since electrode geometry can affect 
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the recorded signal shape due to the different cell-electrode coupling, protruded 3D electrodes 
were shown to detect significantly more positive signals compared to flat electrodes.308 Thus, 
the positive signals recorded on pillar P3HT MEAs could be related to a better sealing between 
the cell membrane and the P3HT micropillars, as it was observed that the cell membrane tends 
to wrap around the pillars (Figure 6.4 c-f). Additionally, the distribution of cellular 
compartments on the electrode (i.e., soma, axons, and dendrites) can yield different signal 
shapes. Negative signals are ascribed to local inward currents into excitable somas or axons, 
while positive signals reflect the local outward current from unexcitable compartments (i.e., 
dendrites).118,309 In vitro measurements usually yield somatic signals which can be either 
positive or negative depending on the excitability of the nearby membrane.309 In contrast, 
axonal signals are less frequently recorded since axons have a limited surface area, greater local 
impedance, and smaller extracellular potentials.309 Thus, axonal signals are usually negative 
(biphasic or triphasic) and occur at shorter timescales (0.4-0.5 ms) compared to somatic signals 
(0.7-1 ms).310 Dendrites are passive compartments that commonly yield positive biphasic 
signals. Since neurites tend to bundle and grow numerous smaller processes around the 
micropillars (Figure 6.3 a-b), the positive signals detected on pillar P3HT MEAs could also 
result from a higher number of unexcitable projections. To assess whether HAR micropillars 
improve the recording of neural activity, SNR was quantified and compared to Au MEAs and 
flat P3HT MEAs. The noise level was calculated as two standard deviations (SD) of the 
recorded time trace once all detected signals (i.e., their peak-to-peak amplitude) were removed. 
Thus, SNR was determined as the ratio of the peak-to-peak amplitude of each detected signal 
and the 2 SD of the timetrace (Figure 6.18 c). Both Au MEAs and flat P3HT MEAs had an 
average SNR of 4.59 ± 0.06 and 4.48 ± 0.05, respectively, while the average SNR on pillar 
P3HT MEAs was 8.04 ± 0.27. Moreover, the maximum SNR measured on pillar P3HT reached 
28.5 compared to 11.7 and 14.9 on Au MEAs and flat P3HT MEAs, respectively. Although 
photostimulation appeared to have no significant effect on the SNR of the different MEAs, the 
maximum SNR value upon photostimulation reached 29.3 and 84.6 on flat and pillar P3HT 
MEAs, respectively. A large degree of variability in SNR values of pillar P3HT MEAs most 
likely reflects the different cell-electrode coupling determined by the position of the cell 
membrane relative to the micropillars. These results indicate that micropillars contribute 

significantly to the cell-electrode coupling for recording spontaneous activity under 

physiological conditions possibly related to the increase in membrane capacitance due to the 

increased junctional membrane/volume ratio of cells positioned on P3HT micropillars.92  

A crucial issue in the realization of neural prosthetic devices is achieving active modulation of 

neural electrical activity in a precise spatiotemporal manner. Thus, P3HT-based interfaces 

represent a promising alternative to existing techniques which employ optogenetics or external 

electrical stimulation by avoiding technical difficulties associated with gene transfer and 

expensive machinery. However, a major limitation for in vivo applicability of photoconductive 

interfaces relates to the low tissue penetration of visible light required to excite P3HT. 
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Therefore, the application of photostimulation in implants, such as deep brain stimulators, 

might require materials with a lower band gap (e.g., near-infrared).176  

 

Figure 6.18 Characterization of recorded signals. a) Signal waveforms were sorted by polarity and shape 
into 5 categories: negative (N), negative biphasic (NB), negative triphasic (NT), positive (P), and positive 

biphasic (PB). c) Quantification of dominant waveforms recorded on different MEAs. c) Signal-to-noise ratio 
(SNR) presented as mean ± SE. Data was analysed using the Fisher’s test (b) and the non-parametric Mann–
Whitney U test (c) with Bonferroni-Holm multiple comparison correction (0.05 significance level). *** p < 

0.001, ns – not significant. 

 

6.4 Summary 

Taken together, the findings presented in this chapter demonstrate that P3HT substrates 

represent an active biointerface for stimulating neuronal growth and spontaneous network 

activity. P3HT-based substrates can be easily fabricated using already established techniques 

with high reproducibility and spatial resolution. Embryonic cortical neurons were successfully 

cultured on P3HT micropillars without affecting either the optoelectronic properties of the 

active material or neuronal functionality. Due to their mechanical structure and conical shape, 
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HAR micropillars represent a relatively soft interface that facilitates interactions with living 

cells and improves their adhesion. Neuronal somas achieved a close contact with the 

micropillars mediated by membrane and cytoskeletal rearrangements. In contrast to similar 

platforms employing metals or silicon-based substrates, the presented device does not require 

an external electrical field or complicated setups equipped with expensive laser systems. 

Photostimulation of embryonic neurons on P3HT substrates resulted in a significant increase 

in neurite outgrowth compared to photoinert control substrates without any deleterious effect 

on neuronal viability. The presented device absorbs visible light, thereby removing the need 

for complicated setups equipped with expensive laser systems. The benefits of optoelectrical 

stimulation were further enhanced by 3D microscale topography, which induced both longer 

neurites and alignment along the topographically dictated angles. Overall, the combinatorial 

approach that exploits the benefits of surface topographical cues and wireless optoelectronic 

stimulation could be applied in neural engineering scaffolds in vitro to develop new strategies 

in regenerative medicine as well as in treating neurodegenerative diseases. 

P3HT-functionalized MEAs fully supported network development and functionality and were 

easily implemented into a simple electrophysiological setup equipped with a standard light 

source often used in microscopy. Furthermore, MEAs functionalized with P3HT micropillars 

were shown to yield mostly positive signals with a higher amplitude and SNR compared to flat 

MEAs indicating that HAR micropillars contribute to the cell-electrode coupling. 

Photostimulation of neural networks on P3HT-functionalized MEAs led to increased firing rate 

which, although not fully reproducible, provides a potential new strategy for modulating 

network activity. 





 

CHAPTER 7                        

CONCLUSION AND OUTLOOK 

The field of biointerfaces has seen a rapid development in the last few decades with extensive 

efforts being made towards realization of platforms with 3D topography. Structured surfaces 

with deterministic topographies are suitable for a number of promising applications in 

regenerative medicine, pharmacology, neural computing, and tissue engineering.311–313 Due to 

the inherent complexity of interfacing living tissues with artificial devices, developing neural 

interfaces requires a concerted effort and collaboration of many disciplines ranging from 

material science and engineering to biotechnology and neuroscience. In order to choose a 

suitable material for a biointerface, one must consider multiple aspects pertaining to fabrication 

methods and costs, chemical and mechanical properties of the material, as well as its long-term 

compatibility and functionality. For a long time, biointerfaces incorporating topographical 

cues, like the ones presented in this work, were fabricated using inorganic materials such as 

silicon, silicon oxides, and gold, since these can be processed with high precision and 

repeatability by well-established fabrication methods.134,314 However, inorganic materials are 

commonly not biocompatible due to their rigid, dry, and static nature compared to intrinsic 

softness of living tissues.315 Organic polymers have distinct advantages over inorganic 

materials such as controllable chemical composition, softness, biocompatibility, faster 

processing, and compatibility with various fabrication techniques.5 Moreover, their chemical 

and mechanical properties can be modulated towards a specific application.  

In this work, three different polymers were patterned into anisotropic and isotropic arrays 

consisting of topographical features of varying dimensions and shapes. These included: 

anisotropic PNIPAAm nanogel arrays, isotropic OrmoComp nanopillar arrays, and isotropic 

P3HT micropillar arrays. The presented arrays were integrated into cell culture platforms and 

seeded with embryonic cortical neurons isolated from rat embryos. The goal of this work was 

to study the effects of nano- and microtopographies on the development and adhesion of 

primary cortical neurons. The presented results demonstrate that polymer materials, previously 

developed for various applications ranging from dentistry to organic solar cells, can be 

successfully used as neuronal culture platforms without affecting cell viability. The physical 

features of the environment, i.e., topography, affects neuronal growth via contact guidance with 

implications in brain development.17 In this work, topographical features were fabricated using 
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artificial polymers to avoid biochemical signalling that might interfere with topography-

induced effects. Moreover, all culture platforms were coated with PLL, which facilitates cell 

attachment through non-specific electrostatic interactions,224 thereby allowing for a controlled 

investigation of neuronal responses to topographical cues. Neuronal growth on polymer flat 

films was systematically compared to that on structured polymer substrates and standard glass 

substrates. No significant changes in neuronal development or behaviour were observed on 

OrmoComp and P3HT flat films indicating that these are equivalent to standard glass 

substrates. Unstructured PNIPAAm nanogel substrates (NG flat) cannot be considered as flat 

surfaces since they consisted of randomly grafted nanogel particles (150 nm height), which 

may present a random surface topography.  

Neuronal responses to substrate topography generally depend on their origin, age, feature 

dimensions, and geometry.17 In this work, two general effects on neuronal growth were 

identified, namely neuronal guidance (directionality) and promotion of neurite outgrowth. 

Topography-induced guidance is the most well-studied phenomenon in the field of neural 

interfaces with possible applications in neural tissue engineering to guide neurite growth and 

alignment in a desired direction, thereby creating ordered neural networks or promoting 

targeted axon regeneration.16 Anisotropic arrays of aligned nanogel particles induced 

perpendicular guidance with major neurites crossing the nanogel lines. Similar behaviour was 

observed in previous studies both on artificial microgrooves with similar dimensions79 as well 

as on homotypic and heterotypic neurite bundles, indicating that perpendicular contact 

guidance might play a role in the histogenesis of CNS.200 Since perpendicular contact guidance 

is dependent on surface feature size,85,201 using stimuli-responsive nanogels that change their 

dimensions and shape in response to changes in pH, temperature, or light might enable 

reversible switching between parallel and perpendicular guidance thereby controlling the 

direction of axonal growth and regeneration. Isotropic topography in the form of discontinuous 

features (pillars) on the surface induced neuronal alignment along the topographical pattern. 

Both isotropic OrmoComp nanopillars as well as P3HT micropillars were distributed in a 

square lattice directing neuronal growth along 0°, 90°, or 45°. Nanopillars on H-arrays (400 

nm high pillars) confined neurite growth to a greater extent compared to 100 nm high pillars 

(L-arrays) indicating that higher pillars act as spatial constraints to the growing neurites. 

Similarly, HAR P3HT micropillars, aligned major neurites along 0°, 90°, or 45°, while thinner 

neurites usually wrapped around the pillars. Furthermore, surface topography was shown to 

influence neurite outgrowth, polarization, and axon elongation. These parameters are of great 

importance as they are directly implicated in the proper formation of neural circuits and 

functioning of the nervous system. Anisotropic nanogel arrays accelerated axon development 

and promoted neurite outgrowth resulting in an ~80% increase in axon length compared to 

either unstructured nanogel substrates or glass substrates. Similarly, isotropic OrmoComp 

nanopillars induced earlier axon establishment and ~40% longer axons on H-arrays (400 nm 

high pillars) compared to flat OrmoComp substrates. A similar increase in axon length was 

observed on HAR P3HT micropillar arrays. Although it is rather difficult to compare results 
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obtained on different substrate materials, the highest increase in axon length was observed on 

anisotropic continuous nanogel lines. Thus, continuous patterns which resemble biological 

structures (e.g., axons, neurite bundles) might induce stronger effects than discontinuous 

structures (e.g., pillars), as observed in a previous study.91  

Understanding topography-induced effects on neuronal growth and maturation is critical for 

the design of neural engineering scaffolds and fabrication of devices that interface directly with 

neuronal tissue (e.g., neural implants and brain-machine interfaces). Since the morphology of 

individual neurons directly affects the functionality of the neural network and the entire 

nervous system, understanding how a certain combination of material and topography induces 

a specific neuronal response may provide an insight into the underlying mechanisms of 

neuronal growth and propel the development of new therapeutic strategies. Neurite growth and 

guidance require coordinated remodelling of the GC cytoskeleton to generate protrusions by 

physical coupling of the GC to the substrate via adhesion complexes.210 The topographical 

features on the surface in the form of nanopillars and nanogel particles were found to affect 

paxillin adhesion density. On OrmoComp nanopillar arrays, the increase in the surface area 

provided by the nanopillars was correlated to the increase in adhesion density and decrease in 

F-actin retrograde flow rate. The physical coupling between the GC and substrate restrains F-

actin retrograde flow and enables translation of actomyosin forces into traction forces applied 

to the substrate to allow GC extension.211,212 Therefore, the observed accelerated outgrowth 

may be related to stronger GC-pillar coupling. Interestingly, unstructured nanogels similarly 

induced a higher paxillin adhesion density likely due to the random topography provided by 

the nanogel particles on the surface. However, this only led to a slight increase in axon length 

compared to standard glass substrates indicating that the regular periodicity of ordered 

topographies (e.g., nanogel lines and OrmoComp nanopillar arrays) is required to achieve a 

more substantial increase in neurite growth. Ordered topographies may induce a channelling 

effect that reduces the time required for GC decision-making, thereby triggering a faster 

elongation rate.98,316 A deeper understanding of the mechanisms that underlie topography-

induced effects is still required to effectively control neuronal outgrowth and guide future 

designs of neural engineering scaffolds.  

In addition to affecting neuronal growth and behaviour, substrate topography may be utilized 

to establish a stable and conformal interface with neural tissue required to improve brain-

machine interfaces.117 Since MEA functionality is largely determined by the cell-electrode 

interface, using 3D electrodes instead of standard flat electrodes might improve the cell-

electrode coupling by inducing membrane wrapping and engulfment.117 F-actin accumulations 

and paxillin-rich adhesions were observed at OrmoComp nanopillars indicating that neurons 

formed a close contact with the nanoscale pillars. These structures were even more pronounced 

on HAR P3HT micropillars. Moreover, P3HT micropillars induced significant membrane 

rearrangements around the pillars allowing neurons to achieve a close and conformal contact 

with the deformable micropillars. In fact, MEAs functionalized with P3HT micropillars yielded 
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a ~100% increase in SNR compared to flat MEAs indicating that HAR micropillars improve 

the cell-electrode coupling. 

Although topography has clear benefits for improving neural engineering scaffolds, a 

multifaceted approach combining multiple strategies may be required to achieve efficient nerve 

regeneration. Using functional materials such as semiconductive P3HT in combination with 

topographical stimulation may further improve the possibilities for neural regeneration.284 

Photostimulation of embryonic cortical neurons on P3HT micropillars induced a significant 

increase in neurite outgrowth compared to unstimulated cultures and photoinert control 

substrates without deleterious effect on neuronal viability. Therefore, combining topographical 

and optical stimulation into a single platform could be applied in neural engineering scaffolds 

in vitro to repair injured nerves. In addition, optical stimulation of neurons in contact with 

photosensitive polymers may have potentials in modulating spontaneous network activity and 

inducing neural firing. P3HT-based devices have been successfully applied to excite retinal 

neurons by transducing light stimuli into electric signals,170 thereby restoring light sensitivity 

in blind rat retinas ex vivo.171 Thus, P3HT interfaces represent a promising alternative to 

existing techniques employing optogenetics or external electrical stimulation by avoiding 

technical difficulties associated with gene transfer and expensive machinery.  

The field of neural interfaces continuously strives to achieve an optimal integration of artificial 

devices and neural tissue. Surface topography represents an important tool for guiding nerve 

repair and achieving a conformal contact with living tissue. Thus, developing functional neural 

interfaces requires joint efforts of material scientists and neuroscientists employing 

nano/microfabrication techniques to further our understanding of the nervous system and 

develop new treatment strategies in biomedicine. 
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APPENDIX A                        

SUBSTRATE FABRICATION 

The following sections describe the fabrication of various substrates used in this work. These 

were done by various internal and external collaboration partners listed as follows: 

1) PNIPAAm nanogel arrays – Pich group, DWI Leibniz Institute for Interactive 

Materials, Aachen, Germany 

2) OrmoComp nanopillars – Dr. Andreea Belu, Institute of Biological Information 

Processing (IBI-3), Forschungszentrum Jülich, Germany 

3) P3HT micropillars - Center for Nano Science and Technology@PoliMi, Istituto 

Italiano di Tecnologia, Milan, Italy 

 

A.1 PNIPAAm nanogel arrays 

A.1.1 Nanogel synthesis  

Poly(N-isopropylacrylamide) (PNIPAAm) nanogels were synthesized by precipitation 

polymerization (Figure A.1).139 Precipitation polymerization is a method used for preparation 

of polymeric microspheres which begins initially as a homogeneous solution of cross-linker, 

monomer, and initiator. Upon initiating polymerization, initiator radicals attack the N-

Isopropylacrylamide (NIPAAm) monomer allowing for radical propagation and oligopolymer 

growth. Once the polymer chain reaches a critical length, it collapses upon itself (precursor 

particles) because the polymerization temperature is higher than the LCST of the polymer. 

Precursor particles segregate from the solution, continuously capturing and adding monomers 

and oligomers and eventually forming beads in the micro or sub-micrometre range.317 The 

charged species from the initiator stabilize the nanogels once they reach a critical size. This 

method enables controlling the particle size since earlier stabilization of the precursors yields 

smaller particles. N-Isopropylacrylamide (NIPAAm; 1.8693 g, 0.0134 mol) and N,N’-

Methylenebisacrylamide (BIS; 0.0638 g, 0.4138 mmol) were dissolved in 149 mL of deionized 
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water in a double-wall glass reactor and stirred at 200 rpm at 70 °C for 1 h under nitrogen flow 

to enable creation of initiator radicals. The cross-linker prevents the dissolution of the polymer 

particle as it cools below the LCST.135 The initiator 2,2’-azobis(2-methylpropionamidine) di-

hydrochloride (AMPA; 0.0497 g/mL in deionized water) was added to the reactor and the 

reaction was allowed to continue for 5 h under constant stirring. Finally, the nanogels were 

purified by dialysis using a composite regenerated cellulose membrane (MWCO 30 000, 

Millipore) for 3 days. Individual particles had a regular spherical shape with a hydrodynamic 

radius of 371.8 ± 6 nm and a polydispersity index (PDI) of 0.01. Due to their dynamicity, 

nanogel particles de-swelled with increasing temperature and switched to the collapsed state 

with a hydrodynamic radius of 180 nm at 37 °C. Nonetheless, they still exhibited typical 

softness and reversible deformability. Furthermore, nanogel particles had a positive surface 

charge due to incorporation of initiator fragments in the polymer chains with an electrophoretic 

mobility of 1.6 μm cm/Vs in aqueous media at 37 °C. 

 

Fig. A.1 Precipitation polymerization of PNIPAAm nanogels. Initiator radicals attack the NIPAAm 

monomers enabling radical propagation and oligopolymer growth (oligoradical). Once the polymer chain 

reaches a critical length, it collapses upon itself (precursor) and segregates from the solution. Nanogels are 

formed through further addition of monomers and oligomers. The charged species from the initiator stabilize 

the nanogels. Inset depicts the structure of PNIPAAm. Adapted from Nayak et al.135 

 

A.1.2. Preparation of the wrinkled poly(dimethylsiloxane) mould 

The preparation of PDMS wrinkles used as moulds to create nanogel arrays is schematically 

depicted in Figure A.2.318,319 PDMS was synthesized by mixing Sylgard 184 monomer and 

Sylgard 184 base at a weight ratio of 10:1 and the mixture was poured into a dish to obtain a 3 

mm thick film. The films were degassed overnight at RT and cured at 80 °C for 2 h. The 

crosslinked PDMS was cut into 7.5 × 0.7 cm substrates and clamped onto a custom-made 

stretching apparatus. The films were expanded to 130% of their original size and treated with 

argon plasma (100 W, 0.2 mbar, 900 s; Plasma Activate Flecto 10 USB; Plasma Technology 

GmbH, Germany) to oxidize the siloxane surface and generate a rigid superficial SiOx layer. 
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After relaxation, a uniaxial nanostructured surface containing wrinkles with a 2000 nm 

wavelength was formed on the rigid SiOx layer and transferred onto a glass support.  

 

A.1.2 Printing of PNIPAAm nanogels on glass substrates 

Nanogel printing is detailed in Hiltl et al.153 Generally, polymer grafting on glass substrates 

proceeds via recombination of free radicals formed in the polymer structure and on the glass 

surface upon hydrogen abstraction.320 Glass substrates were polished with isopropanol and 

cleaned with acetone, deionized water, and isopropanol in an ultrasonic bath for 5 min each, 

followed by drying in a nitrogen stream. Immediately before moulding, both wrinkled PDMS 

moulds and glass substrates were activated in air plasma for 5-10 s at 0.2 mbar. 20 μL of 

nanogel solution was deposited onto the substrate and the PDMS mould was placed on top. 

The stack was dried for a minimum of 12 h before removing the PDMS mould (Figure A.2). 

Nanogel arrays were treated with argon plasma for 20 s to ensure chemical grafting of nanogel 

particles to the glass substrates. Low-pressure argon plasma treatment was done by evacuating 

the chamber to 0.05 mbar and flushing with argon at 1.5 mbar for 2 min. This process was 

repeated four times after which the chamber was evacuated to 0.05 mbar and the plasma 

initiated.  

 

Fig. A.2 Fabrication of PDMS moulds and PNIPAAm nanogel arrays. PDMS film was stretched, treated 

with air plasma, and allowed to relax to form uniform wrinkles. A drop of nanogel solution was placed onto 

the glass substrate and moulded into anisotropic arrays using the wrinkled PDMS mould. Adapted from Sechi 

et al.139 
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A.2 OrmoComp nanopillars 

A.2.1 Fabrication of Si/SiO2 nanostructured moulds  

All Si/SiO2 moulds and OrmoComp replicas were designed and fabricated by a certified 

technician in an ISO 1 cleanroom facility.166 Si/SiO2 moulds were fabricated on 4-inch silica 

wafers (n-type, 500-550 μm thickness, <100> crystal orientation, 2-10 Ωcm volume resistivity, 

Si-Mat company) using a top-down approach (Figure A.3). Wafers were oxidized to produce 

a layer of SiO2 using dry oxidation at 6 slm (standard litre per minute) of O2 at 1100 °C for 60 

min in a Centrotherm CLV 200 oxidation chamber. Wafers were oxidized to obtain a SiO2 

thickness of 100 nm and 500 nm to fabricate moulds with 100 nm pit depth and 400 nm pit 

depth, respectively. A layer of polymethylmethacrylate resist (PMMA, AR-P 669.04, Allresist) 

was deposited homogeneously on the wafer using spin coating (3000 rpm for 45 s) and baked 

at 180 °C for 5 min. A second layer of PMMA was deposited to fabricate arrays with 400 nm 

pillars using the same parameters. Nanopatterns were designed using CleWin 4 software and 

transferred onto PMMA resist using electron beam lithography (EBL, EBPG 5000plus from 

Vistec B.V., now Raith B.V.). The resist was exposed to a beam size of 5 nm, 2 nA beam 

current, and 50 kV voltage with different doses to create patterns. The wafers were then 

immersed in developer AR600-55 (Allresist) for 2 min to remove small, more soluble PMMA 

fragments created by the electron beam and dipped in isopropanol for 2 min to stop the 

developer effect. Finally, nanopits of specified dimensions were etched into the exposed SiO2 

using reactive ion etching (RIE, Oxford Instruments). The recipe used was CH3/SF6 (10/50 

sccm (standard cubic centimetres per minute)) plasma chemistry. RIE lasted 24 s to fabricate 

moulds with 100 nm pit depth and 90 s to fabricate moulds with 400 nm pit depth. The rest of 

the PMMA layer was etched in the RIE chamber using O2 plasma for 90 s. The mould surface 

was passivated to facilitate polymer removal after the replication process. First, the moulds 

were cleaned and activated using O2 plasma (Plasma Surface Technology Pico-Diener 

electronic) for 2 min at 200 W and 1.4 mbar. Water contact angle after O2 activation was below 

10°. The wafers were then transferred to an argon atmosphere glove box (99.99% argon, 

MBraun) for silanization. Trichloro(1H, 1H, 2H, 2H-perfluorooctyl)silane (FOTCS, Sigma-

Aldrich) was deposited at 45 mbar for 1.5 h. The FOTCS molecules interact covalently with 

OH groups on the surface, which increases surface hydrophobicity, thereby inducing a repellent 

behaviour. Finally, the wafers were rinsed in acetone, isopropanol, and water cascade before 

replication. 
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Fig. A.3 Fabrication of Si/SiO2 moulds. a) A Si wafer was oxidized to produce a SiO2 layer and coated with 

a PMMA resist. EBL was used to create the designed nanopattern in the PMMA. During development, 

PMMA fragments created by EBL were removed and SiO2 was etched using RIE. Excess PMMA was etched 

away to create nanostructured Si/SiO2 moulds. SEM images of three different moulds: b) D = 500 nm, P = 1 

μm. c) D = 750 nm, P = 1.5 μm. d) D = 1 μm, P = 2 μm. Scale bars: 1 μm. D – diameter, P – pitch. Adapted 

from Belu (PhD thesis).166 

 

A.2.2 Fabrication of OrmoComp nanopillar replicas  

OrmoComp polymer (Microresist Technology GmbH, Germany) was deposited on quartz 

wafers (Plan Optics AG). A schematic representation of the fabrication process is shown in 

Figure A.4. The wafers were first coated with OrmoPrime and baked at 150 °C for 45 s to 

promote polymer adhesion followed by OrmoComp deposition (OrmoComp:OrmoThin = 

1:12) by spin coating at 4000 rpm for 45 s and baking at 80 °C for 2 min. The 

quartz/OrmoComp replicas were produced using nanoimprint lithography (NIL, NX-2000, 

Nanonex Corp). The mould and the quartz/OrmoComp wafer were placed together and 

compressed by an air cushion method at 500 psi (34.5 bar) for 5 min, followed by UV curing 

Si

SiO2 PMMA

EBL

PMMA 
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for 1 min (365 nm emission wavelength). The wafers were separated and quartz/OrmoComp 

replicas were hard baked in an oven at 150 °C for 16 h. 

 

Fig. A.4 Fabrication of OrmoComp nanopillars. a) A quartz/OrmoComp replica was compressed onto a 

Si/SiO2 mould using NIL to fabricate polymer nanopillars. b) 100 nm high pillars (L-array). c) 400 nm high 

pillars (H-array). Scale bars: 1 µm. Adapted from Belu (PhD thesis).166 

 

A.3 P3HT micropillars 

A.3.1 Fabrication of the poly(dimethylsiloxane) mould 

The fabrication of P3HT micropillar arrays is described in Tullii et al.92 Schematic 

representation of the entire fabrication process is depicted in Figure A.5. PDMS was 

synthesized by mixing Sylgard 184 monomer and Sylgard 184 base at a weight ratio of 10:1 

and degassed for 30 min. The mixture was poured into a glass dish with a silicon wafer on the 

bottom and baked for 4 h at 65 °C to obtain a planar PDMS film. A 4 × 5 mm PDMS area was 

patterned with a microhole array of 2 μm diameter and 7 μm using femtosecond pulse laser 

micromachining. The laser beam was statically focused using a microscope objective (20x, 

Mitutoyo, NA 0.40) and the sample was moved using a high-precision three-axis air-bearing 

translation stage (Aerotech, ABL 1000 series) to achieve a 2D structure. Every position was 
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treated with 50 pulses at 100 kHz repetition frequency and 15 mW average power using the 

second harmonic λ = 515 nm. Laser microperforation of the PDMS substrate was performed in 

a vacuum chamber (1-10 mbar) to allow for easier separation of the ablated material from the 

surface. The finished mould was washed with ethanol.  

 

A.3.2 Fabrication of P3HT micropillar replicas  

Commercial glass/ITO substrates (18 × 18 mm) were washed with distilled water, acetone, and 

isopropanol (10 min each) in an ultrasonic bath and dried with a nitrogen stream. P3HT was 

dissolved in o-dichlorobenzene (20 g/L) and stirred overnight at 50 °C. A 1 μL drop of rr-P3HT 

solution was placed onto the cleaned glass/ITO surface and pushed using the micropatterned 

PDMS mould. After thermal treatment at 90 °C for 2 min, the mould was gently removed 

resulting in a 4 × 5 mm rr-P3HT pillar array surrounded by flat rr-P3HT region. 

Glass/ITO/P3HT flat samples were prepared by spin-coating 20 g/L rr-P3HT solution in o-

dichlorobenzene on 18 × 18 mm glass/ITO slides (1600 rpm, acceleration 1600 rpm/s). 

 

Fig. A.5 Fabrication of P3HT micropillars. A PDMS mould was fabricated using femtosecond laser 

micromachining and applied onto a drop of rr-P3HT solution. The moulded replica was thermally treated to 

create a P3HT micropillar array on a glass/ITO substrate. Adapted from Tullii et al.92 

 

A.3.3 Fabrication of OrmoComp micropillar replicas  

P3HT micropillar arrays were used as templates to fabricate new PDMS moulds since push 

coating OrmoComp proved to damage the PDMS mould after a few depositions. A layer of 

parylene (500 nm) was deposited on top of P3HT micropillar array using vapour deposition 

polymerization in order to thicken the structure of pillars and strengthen their tips for the replica 

moulding process. The PDMS precursor was mixed with the curing agent (10:1 volume ratio), 
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degassed in vacuum for 30 min and the mixture was poured on the parylene-treated P3HT 

micropillar array. After a thermal treatment at 65 °C for 4 h, the PDMS layers were gently 

removed and washed with ethanol. The obtained stamps were employed for push coating a 20 

µL drop of OrmoComp on a glass substrate previously washed in an ultrasonic bath with 

distilled water, acetone, and isopropanol for 10 min each. The samples were then treated with 

a UV lamp (Hamamatsu Lightning cure LC8, 365 nm, 4.5 W/cm2) for 10 s by illumination 

from the PDMS side. The moulds were then removed to obtain an array of OrmoComp 

micropillars identical to the P3HT micropillars described above and surrounded by a flat 

OrmoComp region. 

 

A.4 Multi-electrode arrays 

All MEAs were produced in an ISO 1 cleanroom facility by a technician using photo-

lithography metallization, patterning, and lift-off on n-doped Si/SiO2 wafers (Si-Mat Silicon 

Materials) with a 1 μm SiO2 layer. The wafers were patterned to define the electrodes and 

feedlines using the LOR-3B undercut resist (Microchem) and AZnLOF 2070 

(MicroChemicals) as a negative photoresist. The resist was developed using photolitography 

in a mask aligner (Süss, MA-4; 365 nm light source) and the unexposed areas were dissolved 

in MIF326 (2.38% TMAH in H2O) to define the metallization pattern. A metal stack consisting 

of 20 nm Ti, 200 nm Au, and 10 nm Ti was deposited by electron beam evaporation (Pfeiffer 

PLS 570, Pfeiffer Vacuum) followed by lift-off to remove the metal on the unexposed areas. 

The MEAs were passivated using an 800 nm stack of alternating SiO2 (200 nm) and Si3N4 (100 

nm) layers (ONONO) via plasma-enhanced chemical vapour deposition (PECVD; Sentech). 

The passivation layer was structured in a second photolithography step to define the electrode 

aperture diameter (12 or 24 μm) and open the bond pads followed by RIE (CHF3/CF4/Ar/O2 

gas mixture) to selectively remove the passivation. Each MEA had a sensing area of 1.425 x 

1.425 mm consisting of 62 identical electrodes with a pitch of 200 µm and 2 larger electrodes 

in the bottom left and right corners of the sensing area (140 and 145 μm diameter, respectively) 

serving as controls and to define the chip’s orientation. The processed wafers were diced into 

24 x 24 mm chips and cleaned in acetone and isopropanol for 15 min and dried using nitrogen 

gas. Finally, MEAs were functionalized with rr-P3HT using push-coating as described in 

Appendix A.3.2. Before functionalization, the chips were washed gently with o-

dichlorobenzene (DCB) and dried at 90 °C on a hotplate. Two different designs were produced 

– flat P3HT MEAs (100 nm thickness) and pillar P3HT MEAs. A glass ring was mounted on 

MEA chips to serve as a container for cell culture.
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PLASMID PREPARATION 

B.1 Transformation of competent E. coli cells 

One Shot TOP10 chemically competent cells (Life Technologies) were transformed with the 

pCMV-Lifeact-RFP cDNA plasmid (Ibidi, Figure B.1). Briefly, 50 μL of competent cells were 

thawed on ice and incubated with 1 μL of plasmid for 5 min on ice. The cells were heat-shocked 

for exactly 30 sec at 42 ºC and incubated for 2 min on ice. 250 μL of S.O.C. medium (20 g/L 

tryptone, 5 g/L yeast extract, 4.8 g/L MgSO4, 3.603 g/L dextrose, 0.5 g/L NaCl, 0.186 g/L 

KCl; Life Technologies) was aseptically added to help cell recovery. The cells were placed in 

a shaking incubator for 1 h (37 ºC, 200 rpm) and spread on a preheated kanamycin selective 

LB agar plate (10 g/L tryptone, 5 g/L yeast extract, 5 g/L NaCl, 50 μg/mL kanamycine; Sigma-

Aldrich). The plates were incubated overnight at 37 °C.  
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Fig. B.1 pCMV-Lifeact-RFP cDNA plasmid. The Lifeact sequence codes for a 17-amino acid actin-binding 

peptide fused to a fluorescent marker (TagRFP). The vector backbone contains an immediate early promoter 

of the cytomegalovirus (pCMV) for protein expression and SV40 polyadenylation signals (SV40 poly A) for 

proper processing of the 3’-end of the reporter mRNA. KanR is used for selection of transformed E. coli, 

while NeoR is used to select stably transfected eukaryotic cells using kanamycin and neomycin, respectively. 

ColE ori is used for plasmid replication in E. coli and f1 ori for producing ssDNA. 

 

B.2 Plasmid purification 

A starter culture was prepared by inoculating 5 mL LB medium containing 50 μg/mL of 

kanamycin with a single colony from a freshly streaked kanamycin selective plate and 

incubated overnight at 37 °C with shaking (200 rpm). 1 mL of starter culture was added to 

kanamycin-selective LB medium (1 L) and grown overnight at 37 °C with shaking (200 rpm). 

Plasmid DNA was purified using the Qiagen Plasmid Maxi Kit. Bacterial cells were harvested 

by centrifugation at 5000 g for 15 min at 4 °C and the pellet was resuspended in 10 mL of 

buffer P1 containing 100 μg/mL of RNase A and LyseBlue reagent (1:1000). 10 mL of buffer 

P2 was added and thoroughly mixed by vigorously inverting the sealed tube until 

homogeneously coloured blue suspension was achieved. The suspension was incubated at RT 

for 5 min. 10 mL of chilled buffer P3 was added to the suspension, and the tube vigorously 

inverted until the suspension became colourless with precipitated material containing genomic 

DNA, proteins, and cell debris. The suspension was incubated on ice for 20 min and the lysate 

was filtered using QIAfilter Cartridges. QIAGEN-tip 500 column was equilibrated with 10 mL 

of buffer QBT, and the lysate was loaded. After the column emptied, it was washed twice with 

30 mL of buffer QC to remove contaminants. DNA was eluted with 15 mL of buffer QF 
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followed by precipitation with 35 mL of isopropanol (4 °C) and centrifugation at 5000 g for 30 

min at 4 °C. The supernatant was carefully removed, and the DNA pellet washed with 2 mL of 

70% ethanol to remove precipitated salts and replace isopropanol, followed by centrifugation 

at 5000 g for 10 min. The supernatant was removed, and the pellet was then air-dried for 20 

min. DNA was dissolved in Milli-Q water and its concentration determined using a 

spectrophotometer by measuring the absorbance at 260 nm (DNA). The purity was determined 

by measuring the absorbance at 280 nm (aromatic amino acids) and calculating the A260/A280 

ratio (1.7-2.0). The sequence of the plasmid DNA was verified by sequencing in the Eurofins 

Genomics Facility (Ebersberg, Germany).
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SUBSTANCES AND RECIPES 

C.1 List of substances 

Table C.1.1 List of substances and reagents. 

Substance/reagent Supplier 

Acetone  Sigma Aldrich  

Amaxa Rat Neuron Nucleofector Kit  Lonza 

B27 supplement Life Technologies 

Bovine serum albumin Sigma Aldrich 

Cacodylate buffer Morphisto 

Calcein AM  Sigma Aldrich  

DDSA Sigma Aldrich 

Deionized water (MilliQ) Millipore  

DMP-30 Sigma Aldrich 

Epon 812  Sigma Aldrich 

Ethanol  Fischer Scientific  

Ethidium homodimer Invitrogen 

Fetal bovine serum (FBS) Life Technologies 

Fluoroshield mounting medium abcam 

Gentamicin  Sigma Aldrich 

GlutaMAX Life Technologies 

Glutaraldehyde  Sigma Aldrich 

Goat serum Merck 

Hanks Balanced Salt Solution (HBSS) Sigma Aldrich 

Hellmanex III® Sigma Aldrich 

Hibernate A medium  Life Technologies 
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Isopropanol  Merck 

KCl Sigma Aldrich  

KH2PO4 Sigma Aldrich  

Lifeact-RFP plasmid Ibidi 

MNA Sigma Aldrich 

Na2HPO4 Sigma Aldrich  

NaCl Sigma Aldrich  

Neurobasal medium  Life Technologies 

Osmium tetroxide (OsO4) Sigma Aldrich 

Paraformaldehyde  Sigma Aldrich  

Poly(dimethylsiloxane (PDMS)  Sylgard 184, Dow Corning  

Poly-L-lysine, PLL  Sigma Aldrich 

RPMI 1640 medium Life Technologies 

Somat® detergent Henkel 

Tannic acid Electron Microscopy Science 

Triton X-100 Sigma Aldrich 

Trypan blue  Sigma Aldrich 

Trypsin-EDTA  Life Technologies 

Uranyl acetate Electron Microscopy Science 



 

C.2 Recipes 

Table C.2.1 Supplemented Neurobasal medium. The following substances were added to the 

Neurobasal base medium. 

 Substance Amount 
B27 supplement 1% (vol/vol) 
GlutaMAX 0.5 mmol/L 
Gentamicin 50 µg/mL 

 

Table C.2.2 RPMI medium. The following substances were added to the RPMI 1640 base 

medium. 

Substance Amount 
Fetal bovine serum 1% (vol/vol) 
GlutaMAX 0.5 mmol/L 

 

Table C.2.3 Phosphate buffered saline (PBS). The reagents were dissolved in deionized 

water, and the pH-value was adjusted to 7.4 with NaOH. 

Substance Concentration (mmol/L) 
NaCl 137 
KCl 2.7 
Na2HPO4 8.1 
KH2PO4 1.47 

 

Table C.2.4 Recipe for blocking buffer (BB). The reagents were dissolved in PBS. 

Substance Amount 
Bovine serum albumin 0.5 g 
Heat-inactivated goat serum 
(56 °C, 30 min) 

2% (vol/vol) 
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Table C.2.5 Antibodies and substances used for fluorescent immunocytochemistry. 

Antibody or substance Concentration 
(μg/mL in BB) Supplier Target 

Rabbit anti-β-III-tubulin 2 abcam Cortical neurons 
Mouse anti-Tau-1 4 Sigma Aldrich Axons 
Rabbit anti-Paxillin [Y113] 1 abcam Paxillin adhesions 
Goat anti-mouse Alexa 
Fluor 633 4 Life Technologies Mouse antibodies 

Goat anti-rabbit Alexa 
Fluor 488 4 Life Technologies Rabbit antibodies 

TRITC-phalloidin 2.5 Merck F-actin 
DAPI 0.1 Sigma Aldrich Cell nuclei 
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ACRONYMS 

3D Three-dimensional 

AC Alternating current 

ADC Analog-digital converter 

AFM Atomic force microscopy 

AM Acetoxymethyl 

AMPA 2,2’-azobis(2-methylpropionamidine) di-hydrochloride 

AP Action potential 

BioMAS Bioelectronic Multifunctional Amplifier System 

BIS N,N’-Methylenebisacrylamide 

CE Counter electrode 

CMOS Complementary metal oxide semiconductor 

CNS  Central nervous system 

DIV Days in vitro 

DRG Dorsal-root ganglia 

EBL Electron beam lithography 

ECM Extracellular matrix 

EDTA Ethylenediaminetetraacetic acid 

EIS Electrical impedance spectroscopy 

EtHd Ethidium homodimer 

FAK Focal adhesion kinase 

FFT Fast Fourier Transformation 

FIB Focused ion beam 

GC Growth cone 

HAR High aspect ratio 

HBSS Hanks Balanced Salt Solution 
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IR Infrared 

ITO Indium-tin-oxide 

LCST Lower critical solution temperature 

MAP Microtubule-associated protein 

MEA Multielectrode arrays  

NIL Nanoimprint lithography 

NIPAAm N-Isopropylacrylamide 

P3HT Poly(3-hexylthiophene-2,5-diyl) 

PAA Polyacrylamide 

PC Point contact 

PDMS Polydimethylsiloxane 

PEDOT Poly(3,4-ethylenedioxythiophene) 

PLL Poly-L-lysine 

PMMA Polymethylmethacrylate 

PNIPAAm Poly(N-isopropylacrylamide) 

PNS Peripheral nervous system 

RE Reference electrode 

RF Retrograde flow 

RIE Reactive ion etching 

ROS Reactive oxygen species 

Rseal Seal resistance 

SD Standard deviation 

SE Standard error 

SEM Scanning electron microscopy 

SNR Signal-to-noise ratio 

TRITC Tetramethylrhodamine 

UrAc Uranyl acetate 

UV Ultraviolet 

VPTT Volume phase transition temperature 

WE Working electrode 
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