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Abstract 

 
The interface between living cells and artificial surfaces is highly relevant for biomedical 

applications such as implants and organized cell growth for tissue reconstruction as well as 

for basic science purposes. The topography of implantable biomaterials is critical for 

optimizing the electrical coupling between cells and device surface. One way to modulate 

cellular responses is to vary surface topographies. Instructive biomaterials with different 

surface topographies can regulate cellular behavior from initial attachment and further 

dictate the response of surrounding tissue. A considerable attention was directed towards 

3D micro- and nanostructured polymers. In this study, the influence of isotropic and 

anisotropic 3D polymer surfaces on the adhesion and maturation of primary neurons is 

presented. 

This work mainly consists of three parts: the 3D micro- and nanostructured polymer 

fabrication and characterization, followed by the evaluation of the influence of surface 

topographies on neuronal behaviour responses. Additionally, a novel resin embedding 

procedure was developed for morphological visualization of neuron interface with 3D 

surfaces at the nanoscale. Particular attention was given to the cell membrane wrapping 

around the nanostructures studied by scanning electron microscopy and focused ion beam 

sectioning. 

First, a reliable method for the fabrication of 3D structures was established with the 

possibility of using large range of sizes and heights (on 1 cm2 surface area) based on 

nanoimprint lithography: i) Isotropic surfaces with 100 nm and 400 nm high posts with 

diameter and distance ranging from 250 nm to 2 µm and ii) Gradient patterns of 250 nm 

diameter posts and linear slopes of 0.15·10-3, 0.75·10-3, 1.95·10-3, and 3.95·10-3/mm. These 

polymer substrates exhibited high cell viability and neuronal maturation. Employing the 

systematic design variations of the surface topographies, the engulfment-like process of the 

3D nanostructures by the cell membrane has been quantified. An optimal 3D structured 

area (100 nm high posts with 250 nm diameter and 1 µm pitch) has been found to increase 

the cell membrane adhesion in comparison to the planar surface. In addition, the 3D pillars 

enhanced axon growth and alignment to the topography, an effect that diminished with 

decreasing pillars height. However, for the lower pillar height the alignment could be 

induced by gradient patterns with 1 µm and 4 µm distance between the pillars. Finally, 3D 

asymmetric surfaces characterized by dense inclined PPX polymer nanopillars, have been 

used to induce axon elongation and initial directionality of axon formation. This thesis 

contributes to the understanding of neuron adhesion, neuritogenesis, and neurite 

elongation in response to micro- and nanometer range pattern dimensions. Implementing 

axonal guidance and elongation by use of topography (3D nano-modified surfaces) can be a 

versatile tool for neuronal applications, such as nerve regeneration. 
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Zusammenfassung 

 
Die Schnittstelle zwischen lebenden Zellen und künstlichen Substraten ist ein zentraler 

Faktor in biomedizinischen Anwendungen, wie der Implantatherstellung, dem 

organisierten Zellwachstum für die Geweberekonstruktion oder der Grundlagenforschung. 

Dabei spielt die Oberflächentopographie der implantierbaren Biomaterialien eine wichtige 

Rolle bei der Optimierung der elektrischen Kopplung zwischen Zelle und Chipoberfläche. 

Eine Möglichkeit zelluläre Reaktionen zu beeinflussen, ist die Veränderung der 

Oberflächenbeschaffenheit. Nano- und zell-instruktive Biomaterialien mit 

unterschiedlichen Topographien können zelluläres Verhalten vom ersten Anheften an 

regulieren und darüber hinaus die Reaktion des umliegenden Gewebes bestimmen. Der 

Fokus dieser Arbeit liegt auf 3D mikro- und nanostrukturieren Polymeren. Dabei wurde 

hauptsächlich der Einfluss isotroper und anisotroper 3D Polymeroberflächen auf die 

Adhäsion und Entwicklung der primären Neuronen untersucht. 

Diese Arbeit gliedert sich in drei Teile: Die Herstellung und Charakterisierung der 3D 

mikro- und nanostrukturierten Polymere, die Evaluation des Topographieeinflusses auf das 

neuronale Verhalten und die Entwicklung einer neuen Methode zur Visualisierung der 

Schnittstellen zwischen Neuronen und strukturierten Oberflächen. Letztere basiert auf 

einer speziellen Harzeinbettung und ermöglicht eine Auflösung im Nanometer-Bereich. Im 

Besonderen wurde die Umschlingung der Zellmembran um die Nanostrukturen untersucht. 

Dazu wurden Querschnitte mittels fokussierter Ionenstrahlpräparation (focus ion beam, 

FIB) hergestellt, welche unter dem Rasterelektronenmikroskop visualisiert wurden.  

Zunächst wurde eine verlässliche Methode zur Herstellung der 3D Strukturen 

basierend auf Nanoimprint Lithographie entwickelt. Diese ermöglicht eine große Variation 

an Strukturbreiten und –höhen auf einer Fläche von 1 cm²: i) Homogen verteilte Säulen mit 

einer Höhe von 100 nm und 400 nm sowie einem Durchmesser von 250 nm bis zu 2 µm und 

einer Distanz von 250 nm bis zu 4 µm und ii) Säulen mit einem Durchmesser von 250 nm 

angeordnet in einem distanzabhängigen Gradienten von 0.15·10-3, 0.75·10-3, 1.95·10-3 und 

3.95·10-3/mm. Diese Polymerstrukturen wurden im nächsten Schritt in in vitro 

Experimenten getestet und zeigten eine gute Zell-Viabilität und neuronale Entwicklung. 

Durch systematische Variation des Topographie-Designs wurde die Umschlingung der 

Nanostrukturen durch die Zellmembran untersucht und quantifiziert. Es hat sich 

herausgestellt, dass eine optimal strukturierte Oberfläche (Säulen mit einer Höhe von 100 

nm, einem Durchmesser von 250 nm und einem Abstand von 1 µm) die Adhäsion der 

Zellmembran an die Polymerstruktur im Vergleich zu einer planaren Oberfläche verbessert. 

Außerdem beschleunigten die 3D Säulen das Wachstum des Axons und führten zu dessen 

Ausrichtung entlang der Topographie. Dieser Effekt war für die hohen Säulen am stärksten 

und ließ mit abnehmender Säulenhöhe nach. Um dennoch eine Ausrichtung auch an den 



 

niedrigen Strukturhöhen zu erreichen, wurden Gradientenstrukturen eingesetzt (1 µm und 

4 µm Abstand zwischen den Säulen). Zuletzt wurden asymmetrische 3D Strukturen aus 

PPX-Polymer verwendet, die sich durch dicht gepackte, geneigte Pfeiler auszeichnen. Mit 

diesen konnte die Direktionalität der Axonbildung und –elongation beeinflusst werden. 

Zusammengefasst zeigen die Ergebnisse, dass durch die Vorgabe eines 3D 

Oberflächendesigns eine Kontrolle des neuronalen Wachstumsverhaltens erreicht werden 

kann. 

Diese Arbeit trägt zum Verständnis der neuronalen Adhäsion, der 

Neuritenentwicklung und –elongation in Abhängigkeit der Oberflächenstruktur im Mikro- 

und Nanometerbereich bei. Die Erkenntnisse können zukünftig dazu genutzt werden die 

axonale Wachstumsrichtung durch geeignete Topographien (3D strukturierte Oberflächen) 

vorzugeben und bieten somit eine Grundlage für viele Anwendungen in der Biomedizin, wie 

beispielsweise die Regeneration von Nerven. 
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1. INTRODUCTION 

 
Brain computer interfaces (BCI) are known as implantable devices, which can be connected 

to the nervous system helping people to restore neural functions.1 Some of these devices 

are already in use such as cochlear implants in treating deafness2 or deep brain stimulators 

used in treatment of neurodegenerative diseases, such as Parkinson's disease.3 It was 

shown that cortically embedded intraparenchymal electrode arrays are capable of 

recording electrical activity from individual neurons in humans and monkeys with 

relatively large extracellular action potentials. However, a risk of central nervous system 

infections due to the local parenchymal damage is still present. Other drawbacks are the 

activation and migration of microglia and astrocytes around the electrodes causing 

neuronal cell death and recording decay.4,5 Improvements should also relate to the spatial 

resolution and directionality.6 Therefore, a comprehensive investigation is necessary to 

understand the development of neuronal cells on the implant surface in relation to its 

topography and chemo-physical properties. Nanotechnology provides the tools that allow 

interaction with cells and subcellular processes on the appropriate scale. Moreover, the 

number of electrodes per area can be enormously increased using nanotechnology, which is 

absolutely necessary considering the cellular and synaptic density in the brain. Since it is 

not possible (yet) to organize and mimic the three dimensional (3D) complexity of the 

brain, another strategy has been developed to derive information on signal processing in 

the nervous tissue. In vitro applications present an opportunity to explore fundamental 

theories behind regenerative medicine. Understanding which substrate features lead to the 

desired neuronal behavior will be fundamental for the future of cell culture and in vitro 

experimentation and improvement of implant surfaces. The goal of cell culture surfaces has 

been to provide an in vitro environment that generates cell responses as similar as possible 

to those found in vivo. 2D surfaces are inexpensive and accepted culture systems for cell 

comparison although the physiological relevance of cell behavior is lost in such systems. 3D 

matrices provide a more physiological environment, however there is no fabrication 

standard and cell behavior in different systems is difficult to quantify. Bridging the gap 

between cell analysis on 2D glass or polymer systems and analysis in a complex 3D matrix 

is made possible by equivocating surface modification to a 3D structured surface. The bio-

interface at the substrate surface is an essential junction that provides environmental cues 

for cell signaling: chemical guidance cues, mechanical properties, and surface topography. 

Despite the increasing interest, it is still not possible to accurately predict cell responses to 

physical cues and elucidate the underlying mechanisms. Previous studies quantified 

neuronal responses induced by the substrate surfaces including: the number of cells 

forming neurites or axons; the average number of neurites per cell; the total neurite 



 

extension length; the average neurite length per cell; the length of the longest neurite or 

axon; and the degree of neurite branching.7 Furthermore, one important aspect is the 

neuronal growth guidance or alignment induced by the surface. The neuronal alignment can 

be measured for the cell soma, the cellular extensions, or both.8 The cell response to the 

engineered substrates can confirm the biocompatibility of a material which can also induce 

and influence cell adhesion, control differentiation, or dictate cell outgrowth. The screening 

of how cells are affected by the interface with nanostructured materials can lead to a 

predictable correlation between the surface topography and cell response with a valuable 

role in cellular application development. In this regard, systematic investigations are 

necessary to allow the implementation of efficient topographical parameters (diameter, 

height, regularity, density, etc). First, the selection of suitable materials is crucial in order to 

obtain the physical and geometrical substrate requirements at different scales. Materials for 

cell culture studies should have acceptable chemical and physical properties in order to be 

biocompatible. Ideally, materials should have the approval of the Food and Drug 

Administration (FDA). Synthetic materials offer several benefits such as favorable cell 

responses, controllable chemical composition, tunable physical and mechanical properties, 

simplicity of synthesis and processing, and a compatibility with various fabrication 

techniques.9 Here, two different materials (OrmoComp and parylene polymers) were used 

to fabricate both isotropic and anisotropic surfaces. OrmoComp material has received 

increased interest from the medical device community due to its biocompatibility10 and 

controllable 3D environment fabrication.4,5–9 Taking advantage of the favorable protein 

binding properties after polymerization,11,12,14 OrmoComp was used to fabricate replicas 

with a wide range of dimensions (250 nm to 4 µm) and a reliable pattern fidelity over large 

distances (1 x 1 cm). On the other hand, parylene represents one of the most common 

polymers that has been already established in many clinical applications or in research and 

development and serves as a carrier or as an insulation material for neural implants.16 

Effective neural recording and stimulation have been demonstrated using electrodes coated 

with parylene C (PPX) polymer films.17–20 Parylene deposition process can give different 

structures through its output: bulk parylene (planar-PPX), columnar-PPX, or more complex 

architectures.21 In this thesis, bulk parylene used for replicas was compared with 

OrmoComp’s chemical and topographical influence. Furthermore, the PPX deposition was 

engineered in order to create anisotropic textured of columnar-PPX nanopillars under a 

specific tilt angle.22,23 

An important part of investigating cell responses is the actual interface, particularly 

for neural prosthesis and brain computer interfaces.9,24 Visualization of cell–electrode 

interface at the nanoscale remains a big challenge for understanding how the cell attaches 

and responds to the device surface. Different techniques are used in literature such as 

fluorescence microscopy25, surface plasmon microscopy26, or electron microscopy.27–29 The 

most promising technique represents the combination between focused ion beam (FIB) and 

scanning electron microscope (SEM).30–32 However, a procedure of preparing biological 
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samples on planar and 3D nanostructures needed to be developed.33 The preparation 

method was based on ultra-thin resin embedding of biological samples after fixation, 

dehydration, and staining. Resin embedding was shown to be a versatile preparation 

method for more than interface investigation. Fluorescence microscopy, SEM 

characterization of cell morphology with almost no resin over-embedding, could be 

followed by sequential cross sectioning of the cell-surface interface investigation. 

A driving force for this study was to find suitably nano-modified surfaces for the 

construction of improved neural implants with enhanced resolution and biocompatibility. 

Therefore, an important part of the study focused on the big challenge of understanding 

how the cell attaches and responds to polymer surfaces. 3D vertical or tilted aligned nano- 

and micropillar large arrays were used for a comprehensive in vitro study of the 

development of primary cortical neurons. Neurons were cultured on two kinds of 

topographies (isotropic and anisotropic), and two types of biomaterials (OrmoComp and 

parylene C). A comprehensive in vitro study of the different topographies was performed in 

regards to neuron polarity in the early stages of development.22,34–36 Nanotopography-cell 

interaction studies showed that morphological changes could be initiated. In comparison to 

planar samples the neuron-material nano-interface was shown to support neurite 

elongation and branching.37,38 In the case of isotropic surface, accelerated neurite 

outgrowth and cell differentiation was observed on periodic structures with a pitch in 

range of a few microns down to sub-micron ranges.39–41 Neurite elongation and polarization 

was shown to be increased for anisotropic surfaces with line-based patterns at the 

nanoscale.42 Here, a linear gradient was designed in order to compare the influence of 

different interpillar distances on neuron alignment and polarization. The anisotropic 

surfaces are highly important in tissue regeneration, due to their ability to guide cell 

alignment.43–46 However, accelerated neurite elongation and neuronal polarization 

observed still require a molecular understanding. In addition to previous studies,47–51 the 

observed effects of these topographic surfaces present a way of improving cell adhesion, 

neurogenesis, and alignment.  

The goal of this thesis was to establish a large-area screening of cellular interactions 

with surface topographies using 3D nanostructured substrates presented above. First, in 

chapter 2, the theoretical background of the topic discussed is given. The chemical, physical, 

and material compliance influencing neuronal responses were described in detail. 

Moreover, the principal techniques for 3D substrate fabrication and characterization of cell 

development are explained. An overview of the materials and methods used is given in 

chapter 3. This includes substrate fabrication, characterization techniques, and an 

introduction to the cell culture protocols for fluorescence and electron microscopy. The 

results of this thesis are presented and discussed in chapters 4-6. Chapter 4 was focused on 

the 3D OrmoComp isotropic and anisotropic replicas fabrication with different designs. 

Furthermore, the optimization of the ultra-thin resin embedding resin was described in 

chapter 5. The novel procedure was used for visualization of cell membrane wrapping 



 

around the 3D structures at the nanoscale and quantification of the actual cell-surface 

interface. These results were used to develop a wrapping model that calculates the 

membrane deformation energy and adhesion energy for different geometries. Neuronal 

behavior on isotropic and anisotropic surfaces with different dimensions is shown and 

discussed (chapter 6). Geometrical cues and mechanical properties of the material were 

used to investigate neuronal development and adhesion interface. Furthermore, cell 

guidance was also quantified. In chapter 7, the conclusions of the overall work are 

presented with particular attention on the novelties and impulses for future investigations. 
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2. FUNDAMENTALS 

 

2.1.  Neural tissue 

2.1.1. Overview of the nervous system 

The level of complexity of the nervous system in living organisms ensures not only their 

survival but also organizes their interaction with the external environment. Its plasticity 

and development is often associated with the capability of acquiring new information and 

reaction to external stimuli. Nervous system of the vertebrate organism is composed of 

neural tissue, connective tissue, and blood vessels. It can be divided into two parts: central 

nervous system (CNS) and the peripheral nervous system (PNS). The CNS includes the brain 

and the spinal cord. The PNS is a mediator of information between the CNS and the 

peripheral tissue, delivering sensory information between them. The CNS is mainly 

composed of neurons and numerous glial cells that support the neurons.52 Cells from the 

CNS were the focus of this work, specifically the neurons from the cerebral cortex while 

glial cells were suppressed during culture. Even though, neuroglia ensures the proper 

function of the neurons, only neurons can process information. This is important for neural 

implants since the formation of the glial scar reduces or eliminates long term 

stimulating/recording capabilities of these devices.4  

 

2.1.2. Neural tissue anatomy 

A typical mature neuron consists of a cell body or soma, an axon and multiple dendrites 

(Figure 2.1). Soma structures include: cell membrane, cytoplasm, and nucleus. Nucleus 

determines all cellular activities and stores DNA and RNA.  The cell membrane is made of 

phospholipids, a combination of hydrophilic phosphate groups and hydrophobic lipids. This 

membrane is at the interface between the extracellular matrix (ECM) and the internal 

cytoplasm. The cytoplasm includes the cytoskeleton, Golgi apparatus, mitochondria, 

ribosomes. All of these components are responsible for cell activity and active responses in 

contact with external stimuli. Cell cytoskeleton is a highly dynamic, polymer-like structural 

mesh, responsible for cell architecture and internal tension balance. Another important role 

is maintaining the position of organelles and their reorganization during division, adhesion, 

migration, and intracellular transport.53 Protein filaments such as microtubules, 

intermediate filaments, and actin filaments form the cell cytoskeleton. Many different 

proteins, called motor proteins, ensure filament cross-linking and sliding. Reorganization 

and adaptation of cell shape within living tissues is enabled by the molecular motors due to 

tension generation. Microtubules have a cylindrical shape with 25 nm diameter and a radial 

distribution from the centrosome to the plasma membrane. For this reason microtubules 



 

play an important role in establishing and maintaining cell polarity.54–56 Intermediate 

filaments are involved in maintaining cell shape and rigidity, and anchoring organelles such 

as the nucleus. They are typically 15 nm in diameter but have the ability to self-assemble in 

up to 812 nm wide filaments.57–59 Actin filaments are even smaller in diameter, 7-9 nm. 

They are characterized by long semi-flexible polymer-like chains formed by repeating 

subunits of actin monomers. Actin filaments promote cell mobility by polymerization and 

depolymerization at the leading edge of the cell. This mechanism is possible due to the fact 

that actin filaments are linked to the plasma membrane through membrane-spanning 

proteins that allow the signals from the ECM to be transmitted to the cytoskeleton, and 

back. Dynamics of the actin cytoskeleton together with myosin II generate contractile forces 

that enable cells to move and contract.60–63 Developed neurons are able to extend long and 

branching cellular processes from the cell body. These growing processes, neurites, are 

essential for intercellular communication and are divided into two types: axons and 

dendrites. Dendrites are shorter and highly branched, while axons are long processes with 

fewer branches. They transmit information to neighboring neurons through synaptic 

terminals, conducting electrical impulses. Dendrites can only receive electrochemical 

stimulation from other neurons and forward them to the soma.  Each axon has a terminal 

process with fine extensions. During development, the axon terminus is called the growth 

cone. It ensures neurite guidance due through high dynamics and sensitivity towards 

chemical, topographical, and mechanical cues.55 Structurally, a growth cone is composed of 

three areas that determine its shape and motion: a central zone filled with microtubules, an 

intermediary zone and a peripheral one, composed of the lamellipodium and filopodia.64,65 
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Figure 2.1. Structure of typical neuron, with detailed schematic representation of cell 

body66 and growth cone.67  
 

2.1.3. Development of neuronal cells  
The studies exposed in this thesis have been performed using neurons from the cortex of 
rat embryos after 18 days of gestation. From a functional point of view, the cortex plays an 
important role in consciousness, memory, language, and thinking. Cerebral cortex 
encompasses about two-thirds of the brain mass.68 In vitro development of embryonic 
neurons has been described in Arimura et al.69 Morphological changes that occur during 
maturation are assigned to five separate stages of maturation (Figure 2.2).  
 



 

 
Figure 2.2. Neuronal maturation in in vitro cultures. During the first two stages of 

development, neurons present a number of minor processes which are morphologically 
equal. At Stage 3, one neurite breaks the symmetry and grows much faster than the others. 

A polar neuronal cell, with an axon and dendrites, is established at Stage 4. The formation of 
dendritic spines and synaptic connections happens at Stage 5 of development. Image 

adapted from Arimura et al.69 
 

During Stage 1, soon after plating, short lamellipodia and filopodia processes are 

observed around the soma. After 1-2 DIV these processes become immature neurites. These 

changes are associated with Stage 2 of development. Breaking of symmetry between the 

neurites is mainly guided by the presence of the growth cone and takes place after 2-4 DIV. 

One of the neurite starts to elongate faster than the others (Stage 3). This longest neurite 

will acquire the molecular specificities of the axon while other neurites will differentiate 

into dendrites (Stage 4, 4-7 DIV). A fully mature and functional neuron will appear after 7 

DIV (Stage 5). Spines are formed on dendrites that facilitate the connection between 

neighboring cells.69 

 

2.2. Cell-surface relationship 

2.2.1. Cell adhesion on artificial substrates 

Immediately after plating, cells sink to the substrate and a nonspecific interaction is initially 

formed during adsorption. Cations from the medium (Ca2+, Mg2+) bridge the gap 

electrostatically between the negatively charged cell surface (glycocalyx) and, in this case, 

negatively charged substrate surface. The initial contacts are reinforced by ECM 

components. Few integrins secure the attachment points before connecting to 

microfilaments via a chain of proteins. Finally, when more integrins and microfilaments are 

recruited to the attachment sites, adhesion complexes form and the cytoskeleton 

reorganizes so that the cell can develop and migrate. 
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2.2.1.1. Cell interaction with the ECM 

Connections between cells and the ECM are mediated by integrin dependent adhesion 

complexes. It is believed that adhesion receptors act as mechanosensors and these physical 

signals are further converted into biochemical ones. The biochemical signals are then 

propagated along the network of actin filaments and associated proteins. This leads to a 

physical ECM-cell linkage which regulates many cell morphological behaviors including 

actin organization and cell microenvironmental adaptation. The process is characterized by 

a continuous and bidirectional transduction of cytoskeleton generated forces in a dynamic 

reorganization.70,71 ECM is a complex, hierarchically organized meshwork composed of 

many structural and nonstructural proteins assembled to support cells. Changes in the 

organization, amount, and type of proteins in the ECM is characteristic for different cell 

types.72 It is well known that the ECM remodels cell behavior and morphology by imposing 

geometrical restriction, or stiffness.73 Moreover, cells can also organize the ECM proteins 

which are secreted from the cell by exerting tension on the matrix.74 The ECM contains a 

number of glycoproteins (fibronectin, lamininn, collagen) and proteoglycans (hyaluronan, 

heparin sulphate, chrondroitin sulfate) with multiple domains that have specific binding 

sites.75 Although ECM proteins are widely used as in vitro adhesion proteins, non-specific 

adhesive molecules are also employed. Poly-L-lysine (PLL) and its enantiomer poly-D-lysine 

(PDL) are among the most commonly used. These positively charged adhesive molecules do 

not specifically bind receptors on the cell membrane, but form electrostatic interactions 

with the membrane.76 The non-specific binding can result in a strong adhesion.77,78 

 

2.2.1.2. Cell- ECM linkage: adhesion complexes 

Cell adhesion on artificial surfaces occurs via several steps. Initially, the cells present 

nascent adhesions characterized by dot like structures less than 1 µm in diameter. These 

adhesion sites will eventually mature into adhesion complexes.79 The formation of adhesion 

complexes is induced by the Rho-family GTPase Ras which are small structures between 

integrins, vinculin, and paxillin. Maturation of the adhesion complex is caused by Rho 

activation or external force.80–82 Figure 2.3a shows the formation of an adhesion complex 

where integrins mediate the link between the substrate and the actin cytoskeleton through 

molecular adaptors such as vinculin, talin, and tensin.83 When a cell takes a permanent 

position on an artificial surface, a mature adhesion complex forms (Figure 2.3b). During 

maturation, the level of cellular tension can affect the size of the complex. High stress levels 

induce large, supermatured adhesion complexes,84 while in variable levels of stress the size 

of adhesion complexes reaches only 1 µm.85 However, this correlation is only valid for early 

stages of cell adhesion (myosin mediated).86 The size of completely matured adhesion 

complexes is in range of several square microns with a structural complex of 

macromolecules which crosslink the ECM to the cell interior via membrane bound 

receptors.  



 

 
Figure 2.3. Structure of an adhesion complex (a) and a mature adhesion complex (b), 

adapted from 87. 
 

Adhesion complexes play an important role in cell functions such as signaling or 
information processing. As highly dynamic structures, the adhesion complexes enable the 
cell to sense extracellular signals such as biochemical, mechanical, and geometrical.73 
 

2.2.2. Neuronal guiding cues  
The process of converting physical forces into biochemical signals that induce cellular 
responses is known as “mechanotransduction”. During in vivo development, cells respond 
to physical cues by aligning and migrating along topographical features.88 A step by step 
reconstruction of the microenvironment during in vitro neuronal guidance needs to be 
established. Directional cues are either repulsive or attractive, over a long or a short range. 
Migration and necessity of neurons to connect with each other involves guidance cues and 
sensory machinery located at the growth cone (extension of axon sensorial protrusions). 
Substrate surface modification used to change cell adhesion and development properties 
has been around for several decades.89 However, despite the increasing interest, we still 
lack the ability to predict cell responses to physical cues and hopefully to elucidate the 
underlying mechanism. The three factors: chemical guidance cues, mechanical properties, 
and surface topography will be separately discussed in the following sub-sections (Figure 
2.4). 
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Figure 2.4. Cellular functions such as adhesion and development are affected by many 

factors of a substrate, including but not limited to exposed chemical groups, surface 
topography, and mechanical properties. 

 

2.2.2.1. Chemical cues 
Chemical cues represent the molecular interaction of cells with proteins that they 
encounter in the environment. During development, the axon is influenced by chemical 
signals such as: ECM and cell adhesion molecules, growth and neurotropic factors, 
immunoglobulin-like adhesion molecules (NCAM and L1), receptors (ephrins), 
neurotransmitters (acetylcholine).90 Adhesion molecules such as L1 and NCAM were shown 
to promote neurite outgrowth and cell viability. In particular, L1 was used to induce a more 
specific attachment of neurons in detriment to astrocytes. Substrates patterned with 
gradients of ephrins receptors presented an interesting axon behavior. The axons grew in 
the direction of higher gradients but the growth stopped at higher densities, showing the 
ambiguous effect of these molecules in axon growth and guidance. On the other hand, 
neurotransmitters are vital to achieve a correct synapse formation and function. Moreover, 
if neurotransmitters were incorporated in different substrates, the cell cultures showed 
improvements in neuron survival and neurite extension.90  The most common adhesive 
molecules are ECM proteins and cell-cell adhesion molecules. Examples of ECM proteins 
include fibronectin, laminin, and collagen. Instead of the whole proteins, specific sequences 
that correspond to the cell-binding sites of the proteins can be used. Some of the widely 
studied include: arginylglycylaspartic acid (RGD), 
These protein fragments are contributed to promoting cell adhesion and neurite 
outgrowth.91 However, some surface modifications (high hydrophobicity) impaire the 



 

ability of the protein to retain its native structure after adsorption producing significant 

changes in the protein conformation. These conformational changes can influence the 

recognition of a cell-binding site by integrin receptors.92 For this reason, artificial growth-

promoting molecules such as poly-L-lysine (PLL), poly-D-lysine (PDL),93 and inhibitors such 

as polyethylene glycol (PEG) are commonly used.94 In this case the molecules are 

physisorbed to the surface, through nonspecific anionic-cationic interactions. Although the 

interaction between polylysine and neurons is not mediated by cell surface receptors, PDL 

and PLL enantiomers generally promote cell adhesion and neurogenesis of neurons.95 

Another common method to study the effect of chemical modification of the surface without 

an alteration of the bulk properties is to use self-assembled monolayers (SAMs) and thin 

films. Self-assembly describes a process in which a disorganized system becomes organized 

through individual interactions between their components. This leads to a decrease of the 

surface free energy.96 SAM surfaces are either used directly as biocompatible surfaces or 

undergo a secondary modification with biomolecules. Secondary modification can strongly 

influence the cell membrane binding and signaling. DNA, proteins, and other biologically 

active molecules are used to modify surfaces with functional biochemical moieties.97 All 

molecules presented can be patterned onto surfaces with different techniques. Cell 

adhesive or non-adhesive regions are obtained on the substrate surface for metals, 

polymers, or glass. The presence of inhibitory regions is especially important to prevent 

non-specific binding of molecules and consequently cells. The synergistic action of both 

cues increases directional information on the neuronal cell body or neurites.95,98–101 

 

2.2.2.2. Mechanical properties 

Knowledge of mechanical properties of neurons or brain tissues would improve the 

biocompatibility and the electrical coupling of neuronal implants. Healthy tissue often 

reveals a distinct stiffness and mechanical sensitivity compared to diseased tissues. As a 

whole, the healthy brain stiffness has been estimated to be several hundred Pa.102 An 

injured brain seems to be stiffer and has a higher number of glia cells.103,104 Moreover, 

active forces inside the brain and mechanical properties of the ECM influence neuron 

development inducing elongation and guidance.105,106 Natural or synthetic materials can be 

used to investigate the effect of substrate stiffness. Cross-linked natural polymers from the 

ECM like fibrin or collagen have the benefit of being biocompatible.107 On the other hand, 

the ECM proteins can directly interact with the cell, which makes it difficult to discern if the 

cell response is due to substrate stiffness.108 Synthetic polymers overcome these 

limitations. Materials used for fabrication of synthetic substrates are polymers, ceramics, 

and metals.109 Synthetic polymers can possess a great variety of different chemical 

compositions and wide range of mechanical properties such as stiffness and Young’s 

Modulus.  The polymer network formation can be manipulated by the ratio of monomers 

and/or the amount of cross-linking agent and polymer blending.107,108,110,111 One example of 
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a polymer with a wide range of Young’s modulus (from 10 kPa to 1 MPa) is 
polydimethylsiloxane (PDMS). However, PDMS is not a good substrate for long term cell 
culture, due to its hydrophobicity and high chain mobility at the surface.111,112 Hydrogels 
from bis-acrylamide cross-linked polyacrylamide were fabricated with a low rigidity in the 
range of 200 - 300 Pa. A comparison of this elastic soft substrate with a flat surface showed 
an increased neurite branching and neurite number on these substrates. Interestingly, no 
significant difference in neurite length was reported for this rigidity or even higher 
stiffness. Regarding cell spreading, it was observed that stiff gels induce an increase of cell 
body area.113,114 An important role of stiffness consists in different neuronal responses 
compared with other types of cells, including astrocytes. F-actin polymerization on soft gels 
is more pronounced for neurons and this type of substrate can impair astrocyte 
proliferation.115,116 The stiffness of a substrate not only affects the cell, but the cell can also 
respond and affect the material. As shown in Figure 2.5, the cells can respond differently 
according to substrate mechanical properties. For patterned surfaces, it was shown that 
stiffness can also depend on topography. Lower structures result in a rigid substrate and 
accordingly no input from cells (Figure 2.5a and c). In case of higher structures, the 
substrate can have softer compliance. Cells cultured on these structures can produce 
enough force to bend or deform the material (Figure 2.5b and d).117,118  

 
Figure 2.5. Cells sense and respond to external forces and changes in matrix mechanics by 

modulating their cytoskeletal contractility on a rigid substrate (a) and a soft substrate 
(b).119 SEM pictures of cell interactions with a rigid pillar substrate (c) and a soft substrate 
(d). In soft microenvironments cells respond to mechanical forces and matrix mechanics 

through substrate deformation.117 



 

 

2.2.2.3. Topography 
Topography is characterized by depth, width, and pitch of the structures presented at the 
substrate surface. How cells respond to a wide range of pattern sizes and morphology has 
been investigated in numerous studies (Figure 2.6).120 Patterns are divided in two 
categories: isotropic and anisotropic surfaces. Structures of isotopic patterns are uniform in 
all directions and can be well fabricated particles, dots, holes/pillars, nanorough surfaces. 
Anisotropic patterns are directionally dependent and include lines, grooves, aligned fibers, 
guidance conduits etc. Differences in cytoskeletal organization are related to actin 
polymerization, confined adhesion complexes formation and preferential protein 
adsorption and desorption.121–123 All the effects of nano- and micropatterned topographies 
on cell responses have been studied extensively and will be presented in the following sub-
sections. 
 

 
Figure 2.6. Neuronal behaviors on surface topographies: 

subcellular features of a substrate can exhibit a variety of different morphological and 
cellular changes.120 
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Anisotropic topography 

In general, when cells are cultured on anisotropic topographies they tend to grow along the 

axis direction.44,45 This phenomenon was first described by Harrison in 1912 and is known 

as topological or “contact guidance”.43 Groove patterns influence the cell orientation by 

width, depth, and spacing between the grooves.46 A more pronounced orientation of cells 

cultured on grooved patterns was shown to increase with higher depths and decrease with 

increasing line width.124 For larger line width, the cells attach to the flat surface between 

the grooves. When space between the grooves has a small width the adhesion complexes 

form and cells align along the pattern edges. The mechanism of contact guidance proposes 

that not only actin filaments and microtubules align along the grooves, but also adhesion 

complexes.125–127 However, Walboomers et al.128 observed that adhesion complexes may 

bend around grooves/ridges boundaries and may not follow the pattern geometry as in the 

case of actin filaments. At a shallow depth of only 14 nm and groove distances from 1 µm to 

4 µm, neurons showed a parallel or perpendicular orientation to the groove direction.42 

Other structures taken into consideration are those with a curvature. Introducing a 

structure with a curvature has the purpose of reproducing the specific curvatures of 3D 

brain structures like blood vessels, or myelinated bundled fibers. Sub-micrometric (150-

400 nm) and micrometric fibers (up to 500 µm) can guide neurons along the tube’s long 

axis. Noteworthy, small curvatures provide the largest discriminative effect between axon 

and dendrite outgrowth.129 This happens because axons possess a higher tensile stress than 

minor processes on curvatures. A hypothesis by Siechen et al. proposed that the mechanical 

tension is the key factor for stabilization of axonal branches and can control signal 

modulation of synaptic contacts.130  

 

Isotropic topography  

In case of isotropic patterns the cell-surface interactions are much more complex.  Surface 

roughness can also have an impact on cell adhesion and development. Artificial growth 

conditions obtained by micro- or nanopillared surfaces can reveal neuronal properties that 

would be hidden in a more conventional context. Therefore, it is important to create pseudo 

3D environments when culturing neurons on pillars.131 

Even a simple increase in the surface roughness can already enhance cell adhesion 

and viability in comparison to flat substrates. For 20-70 nm average roughness of Si 

substrate, no neuro-adhesive coating was needed for a healthy neuron culture (5 DIV). 

Interestingly, if the roughness varied over the surface, the neurons would even migrate to 

the part of the surface with a higher roughness.132 Similar results were obtained from 

cortical neurons cultured on Si surfaces with three different roughnesses: 18, 64, and 204 

nm. Best neural adhesion occurred on Si wafers with a surface roughness in the region of 64 

nm.133 However, if the substrate was gold, the neuronal adhesion was not promoted. Cell 

preferentially adhered on flat substrates rather than nanorough gold surfaces.134 Going one 



 

step further, to vertically grown nanowires, the biocompatibility of material-based 

nanowires including GaP, gold, Si, Ge, SiGe, and GaN for hippocampal neurons was tested. 

All materials showed a good biocompatibility. In some cases a complete penetration of cells 

by nanowires, without any coating was observed.135,136 Taking advantage of the nanowire 

cell-penetrating ability, the substrates were also used to deliver exogeneous biomolecules 

into cells.137 Increasing the diameter of these vertical nanowires (change in the aspect ratio) 

resulted in a drastic effect. The neurons were observed to navigate only on the top of the 

structures.138 However, the axons extend to the bottom surface if the distance between the 

structures permitted such growth. More importantly, these neurons showed axonal 

elongation and differentiation earlier than those grown on flat silicon surfaces.51 

Accelerated neurite outgrowth and cell differentiation was observed on periodic structures 

with a pitch in range of a few microns down to sub-micron ranges.39–41 Similar neuronal 

features have been observed on concave and convex surfaces created by closely packed 

silica beads monolayer when the periodicity was larger than the size of filopodia (200 

nm).39 Using anodized aluminum oxide (AAO) nanostructures, Choi et al. observed a 

threshold roughness that elicits developmental accelerations. Nanostructures with a pitch 

of 400 nm had an accelerating effect on neuronal polarization of primary hippocampal 

neurons, but not those with a 60 nm pitch. This indicated that neurons could not distinguish 

nanotopography with a pitch smaller than 60 nm from flat surfaces.139 The accelerated 

neurite elongation and neuronal polarization observed still requires a molecular 

understanding. One of the hypothesis refers to the discontinuous adhesive path associated 

with all these microenvironments. In this way actin patches between which neurites might 

build mechanical forces are formed.47 In case of pillar structures cells forms periodic actin 

rings along the axon.48 It is also known that the axon elongates faster (relative to the other 

neuronal processes) since it has the highest tension.49 The second hypothesis relies on a 

possible channeling effect provided by topographies. This reduces the time required for the 

growth cone decision–making and consequently might trigger a faster elongation rate.47,51 

However, a comprehensive model that explains the axon elongation should refer to all 

surface guidance cues: chemical, mechanical, and topographical cues. Kerstein et al. 

introduced such a model that considers the growth cone’s traction forces. The forces 

generated by the F-actin retrograde flow are balanced by pushing forces and the cell 

migrates in the direction of the strongest substrate force. The strength of the traction forces 

generated by the cells and the growth cones increase on more rigid substrates due to 

integrin activity regulation, internalization and adhesion complexes formation. Fewer and 

shorter cell-substrate contacts on rigid and nanostructured ECM disrupt the clutching 

forces. This induces advancing protrusions at the leading edge of the growth cone and rapid 

outgrowth.50 

Although, the mechanism behind cell-nanostructures interactions are not fully 

understood, these effects are already exploited in the design of implants. Implementation of 

topographic surfaces into neural interfaces was introduced as a promising approach to 
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regulate cell functions in vitro and improve performance of electrophysiological devices. 

For example, sub-micron structure arrays with spines, rods, or mushrooms shape were 

employed for improving cell adhesion to microelectrodes and creating neuronal networks, 

which can be used for electrophysiological devices.140 
 

2.3 Selection of appropriate 3D materials 
Recent developments in nanotechnology can improve organization and operation for a 

better understanding of the nervous system and for the development of future neural 

technologies. Materials for cell cultures studies need to present acceptable chemical and 

physical properties to promote biocompatibility. Ideally the materials should have the 

approval of the Food and Drug Administration (FDA). Synthetic materials offer several 

benefits, such as a favorable cell response, controllable chemical composition, tunable 

physical and mechanical properties, simplicity of synthesis and processing, and 

compatibility with various fabrication techniques.9 There has been substantial progress in 

the fabrication of nanostructured 3D surfaces composed of various synthetic materials. Two 

examples of synthetic materials are described here, since they are in a close relation with 

the topic of this thesis: gold nanocone arrays and Au-SiO2 hybrid spheres. The gold 

nanocone arrays present various geometries and were found to induce a neurite outgrowth 

of rat primary cortical neurons. The geometry of nanocone arrays including height and 

periodicity were simultaneously controlled by the size of polystyrene (PS) beads from 0.2 

µm up to 2 µm and the etching time. The elongation of neurite was quantified for all 

dimensions and a maximization of neurite length was obtained on the nanocone structure 

with a pitch of 1 µm. Also, detailed neuron-nanocone interfaces were observed by SEM and 

FIB-SEM cross-sections. Interestingly, the cell bodies attachment only on the tips of 

nanocones without engulfment (Figure 2.7a, b). Following this results, a possible 

mechanism for neurite outgrowth was proposed. This correlates the morphological 

similarities of the nanocone structures to the neuronal processes, the available contacting 

area on the top of nanocone arrays for cell adhesion, together with the mechanical tensions 

which apply to the cell body and neurites.41 The second material represent the hierarchical 

micro/nanostructured Au-SiO2 spheres where 500 nm–1 µm sized SiO2 spheres decorated 

with 5-10 nm sized Au nanoparticles on the outer surface. The Au nanoparticles act as 

attractive cues in a 3D space due to a ligand modification (Figure 2.7c, d). Accordingly, Au 

nanoparticles on SiO2 spheres ensured an efficient and biocompatible hybrid structure with 

possible application in neuroengineering. Other application could be drug delivery since the 

FIB-SEM showed cellular engulfment of the hybrid particle.141 



 

 
Figure 2.7. a), b) Gold nanocone arrays as a supporting substrate for neural culture. a) SEM 

image of a neuron on the gold nanocone array. b) FIB cross sectioning image showing the 
cell body and the nanocone interface.41 c), d) Au-SiO2 hybrid material on a flat surface can 

enhance the surface nanotopography and chemical cues for better neuronal attachment and 
guiding. c) Fluorescence image of neurites extending and attaching to the Au-SiO2 spheres 
specifically. d) SEM characterization of a growth cone interaction with hybrid material.141 

 
Finally, among all the materials used in literature, two materials are relevant for this 

thesis and are introduced in detail: OrmoComp and parylene polymer. 
 

2.3.1. OrmoComp polymer 
OrmoComp is a member of the inorganic (Si–O–Si)/organic hybrid polymer Ormocer family. 
Ormocer materials present exceptional chemical and thermal stability due to cross-linking 
of both organic and inorganic components. The chemical composition of these hybrid 
materials includes urethane- and thioether (meth)-acrylate alkoxysilanes, with strong 
covalent bonds between the ceramic and polymer components. The Young’s modulus 
values of Ormocer materials varies between 11 to 17.000 MPa depending on the 
concentration of organic and inorganic network elements, the lengths of the groups that 
attach the organic and the inorganic crosslinking sites, and the concentration of filler 
materials. Ormocer-based matrix components and Ormocer-based light-curable dental 
composites have been used in restorative dentistry since 1988. Recently, Ormocers 
materials have also received increased interest from the biomedical community. Biological 
assays, including the ISO 10933–5 cytotoxicity assay, have shown that Ormocers materials 
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are nontoxic and biologically inert.10 Beside these advantages, OrmoComp was used to 

fabricate controlled 3D cell culture microenvironments. Two-photon polymerization (2PP) 

technique was employed to create three-dimensional devices from OrmoComp as an 

innovative rapid prototyping method for the fabrication of arbitrary  micro- and nano-

architectures for cell culture.4,5–9 Ormocomp was shown to possess good protein binding 

properties in its polymerized state. Geometric parameters of scaffolds for three-

dimensional cell culture can be adjusted for the special needs of the target cell types. For 

example, elastic 3D OrmoComp 400 mm2 and 900 mm2 beam squares arrays with different 

spacing (20 mm, 30 mm) were fabricated to investigate nuclear and total cell volume. This 

research demonstrated that fibroblast-like and epithelial cells displayed similar cell and 

nuclear volume in 2D and 3D micro-environments.11 Moreover, using 2PP technique, two 

different photoresist composite-polymer scaffolds with distinct mechanical and protein-

binding properties can be fabricated. Protein-binding Ormocomp cubes with 1 × 1 × 2 μm 

dimensions were attached to protein-repelling frameworks composed of the polyethylene 

glycol diacrylate monomer. Cells cultured on these scaffolds specifically form cell-adhesion 

sites on the OrmoComp cubes. Thus, cell adhesion and consequently cell shape can be fully 

controlled in 3D.12,14  

 

2.3.2. Parylene  

Since the discovery of the manufacturing process in the mid-20th century, polyparaxylylene 

(parylene) applications have become wider in several industries: aerospace and aviation 

industry, electrical industry, automobile industry. Moreover, parylene is one of the most 

common polymers that has been already established in many clinical applications or in 

research and development and serves as a carrier or as an insulation material for neural 

implants.16 In particular, parylene has been widely used in biomedicine and 

nanobiotechnology (stents, cardiac pacemakers, neural electrodes), and in high-fidelity 

micropatterning of biomolecules.142 Parylene C poly(dichloro-p-xylylene), PPX is the most 

popular parylene type for use in biomedical applications, due to its well suited combination 

of electrical and barrier properties. Parylene C has a good biocompatibility (FDA-approved 

and passed the ISO 10993-1/FDA) regarding cytotoxicity, intracutaneous reactivity and 

long term implantation.142,143 Its chemical and biological inertness, good barrier properties, 

slippery surface and its functionality as an electrical insulator made parylene C an ideal 

material as a substrate or an encapsulation material in bioelectronical devices and electrical 

implants.144–148 Effective neural recording and stimulation have been demonstrated using 

electrodes coated with PPX  polymer films.17–20 Successful applications of parylene C are 

related to its unique properties which also include, pin-hole free coating in thin layers, exact 

detailing in substrate topography and ability to penetrate through complex substrates. 

Typical layer thicknesses are in the range of a few hundred nanometers to several 

micrometers, depending on the coating machine. Parylene deposition process can give 



 

different structures through its output: bulk parylene (planar-PPX), columnar-PPX, or more 

complex architectures such as helical and concave shaped PPX.21 Parylene layers are 

deposited in a vapor deposition polymerization process, using the parylene corresponding 

dimer. This dimer is heated up until it vaporizes and later on splits into a monomeric gas. 

Finally, the monomers go through the nozzle bombarding the cold surface and polymerize 

on the substrate. Planar-PPX has no texture and can be deposited on any solid surface as a 

conformal coating. In case of columnar-PPX, the deposition was developed using the oblique 

angle method149, at 10°. Concave and helical PPX structures were also formed using the 

oblique angle method, but samples were rotated during the deposition. For helical 

deposition, the substrate is fully rotated with 1 rpm speed. If the substrate is rotated 180° 

in a clockwise direction, then rotated 180° in the counter-clockwise direction, or vice versa, 

at 1 rpm speed, the resulting structures are similar to concave shapes. This versatility can 

be used to provide the best possible substrate and coating material for medical devices. 

Also, the structured PPX polymers have a large surface-to-volume ratio where the available 

surface area increases by over two orders of magnitude in relation to the bulk material 

(estimated 50% porosity). The chemistry can also be controlled, creating a possibility to 

engineer structured PPX from many combinations of monomers that have desired 

functional groups.21 Furthermore, it has been demonstrated that anisotropic textured 

surfaces of columnar-PPX act as engineered ratchet surface. This ratchet mechanism has 

pinning and release functions. If the substrate is held 90° perpendicular to the ground, the 

pinning direction will hold a droplet at a critical volume whereas the same amount of water 

droplet will slide off the release direction. The substrates which presents ratchet surface 

can transport droplets unidirectionally, similar to butterfly wings and ryegrass leaves.150 

Capturing these natural features in biomimetic surfaces was actively used for cell culture, 

especially neuronal culture. Beighley et al. demonstrated that the columnar-PPX 

unidirectional surface can bias axonal growth. A unidirectional polarity of neurons and 

control of outgrowth direction of axons could be achieved at low cell densities.22 

Furthermore, Spedden et al. measured anisotropy in axonal outgrowth with the asymmetry 

in the growth cone surface coupling present due to variations in the ratchet topography.  

Different asymmetry parameters were investigated and a strategy to control neuronal 

growth showed that the asymmetry in the strength of cell-surface interactions is directly 

proportional to the asymmetry in the surface ratchet.23 

 

2.4. Characterization of substrate surface and cell development 
In the following subchapters, common techniques for the characterization of substrates and 

the interaction of cells with substrate topographies will be reviewed. These techniques 

include profilometry, atomic force microscopy, scanning electron microscopy, focus ion 

beam, and fluorescence microscopy for monitoring cell responses. 
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2.4.1. Profilometry 

Profilometry allows the characterization of surface profile and roughness using a stylus or a 

laser.151 Compared to other techniques, a profilometer does not need a special surface 

preparation and can be used for various materials. Compared with AFM characterization, a 

profilometer allows a large area scan in a short time. The stylus is moved around the 

surface by a motor and connected at one end to a transducer. The resulting height profile is 

then represented on a computer screen. The resolution profile depends on the diameter of 

the ball-tip place at the end of the stylus. In this study, the diameter of the ball was 12.5 µm. 

During measurements two types of errors can occur: stylus tilt error and stylus tip radius 

error. For an accurate measurement the stylus needs to be calibrated for each 

measurement. The stylus tilt error can appear by an improper alignment. In case the 

surface is curved, the stylus tip error will be unavoidable.  

 

2.4.2. Atomic force microscopy (AFM) 

AFM measures the sample surface morphology, roughness, chemistry and mechanical 

properties at a high resolution, down to the nano scale. Main parts of an AFM are the laser, 

cantilever, piezo-, and photo-detector. The cantilever has a sharp tip mounted on a lever. 

The cantilever is moved relative to the sample surface and bends under the force between 

the tip and the surface atoms. The cantilever deflection is detected by the photodiode via a 

displacement of the laser beam, which is reflected at the tip of the cantilever back during 

scanning. The signal received by the photodiode is processed by a computer and 

transferred into a morphology image. AFM operation is usually conducted by one of the 

following three modes: contact mode, non-contact mode, and tapping mode.  In contact 

mode, the tip is brought into contact with the surface and the contour of the surface is 

measured using deflection of the cantilever at a given position. Contact mode is used for 

hard and stable samples and can create a high resolution image. In case of very soft 

specimens, the shear force generated by the tip may cause damages to the sample or 

atoms/molecules can be pulled out from the surface. For these soft samples, tapping mode 

can be used. The tip touches the surface only intermittently, because the cantilever is 

stimulated to vibrate near its resonance frequency (Figure 2.8). The oscillation amplitude is 

maintained constant by a feedback loop. In the non-contact mode the tip of the cantilever 

does not contact the sample surface. As in the case of the tapping mode, the cantilever is 

oscillating near its resonance frequency, brought into proximity of the surface, however 

without touching it. A constant distance is maintained by an electrical feedback loop. AFM 

characterization encounters several limitations such as restricted image size, slow scan 

speed, and imaging artifacts.152 



 

 
Figure 2.8. A schematic diagram of an AFM cantilever in motion during tapping mode. 

 

2.4.3. Contact angle measurements 
Contact angle measurement is a non-destructive, macroscopic technique used to 
characterize the free energy of a surface. A liquid drop deposited on a solid surface will 
form a contact angle (θ) at the interface between liquid-vapor and solid-liquid. If the liquid 
is water, then the surface provides information on the wettability of a solid. The angle, θ, at 
which the drop of water rests on the interface is measured (Figure 2.9). If θ = 0, the state is 
defined as complete wetting, any angle higher than 0 means that the surface presents a 
partially wetting equilibrium state. This wetting is described by Young’s equation: 

 
,where  denotes the interfacial energy of the solid-liquid,  the interfacial energy of the 
liquid-vapor, and  the interfacial energy of the solid-vapor. Changes in the interfacial 
energy variables result in changes in the measured contact angle. Contact angle less than 
90° characterizes hydrophilic surfaces. Surfaces are considered as being hydrophobic, if the 
contact angle is higher than 90°, and superhydrophobic if it is over 150°.153 
 

 
Figure 2.9. Contact angle (θ) of the three phase system solid/liquid/vapor with the 

interfacial energies of solid/vapor γsv, solid/liquid γsl and liquid/vapor γlv. 
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In the case of micro- and nanoscale modifications of substrate surfaces, other wetting 

models can be used to predict how the liquid is interacting with the sample surface. The 
most common models used are: Wenzel and Cassie-Baxter. In both of these models, surface 
roughness is taken into account. Wenzel model assumes there is no air underneath the 
droplet, and all pores are in complete contact with the water droplet (Figure 2.10a).154 
Cassie-Baxter model assumes that the surface roughness traps air pockets beneath the 
droplet. In this case, the water drops do not penetrate into the nano- or microstructure of 
the surface and therefore easily roll off (Figure 2.10b).155 One example that corresponds to 
the Cassie-Baxter model are the surfaces of the lotus leaf or Cicada orni. The drop can also 
partially penetrate the surface as illustrated in Figure 2.10c.  
 

 
Figure 2.10. Models for wetting states on nano- and micrometer scale. (a) Wenzel wetting 

state. (b) Cassie-Baxter wetting state. (c) Hybrid wetting state where the liquid can partially 
penetrate air pockets in the surface. 

2.4.4. Scanning electron microscopy (SEM) 
The SEM is one of the most widely used tools in science for imaging surfaces of bulk 
samples using a finely focused beam of energetic electrons. One of the main limitations to 
resolution is the beam diameter, which can typically be demagnified to around 1-5 nm in 
high-resolution systems. The beam is generated from the electron gun and focused through 
the anode aperture (disk). Afterwards, the beam is demagnified through a series of 
electronic condenser lenses and a final objective lens. Scan coils are responsible for 
scanning the beam across the specimen surface. Magnification is produced by reducing the 
scan area on the specimen. Since the scanned area on the computer monitor stays the same, 
reducing the scanned area on the specimen increases magnification. Various signals are 
generated through the interaction of this beam with the sample. These signals may be 
collected or analyzed with the application of appropriate detectors. Two types of electron 
scattering are of primary importance in SEM imaging: elastic and inelastic scattering. 
Elastically scattered electrons, backscattered electrons (BSE), arise when an electron beam 
passes close to the positively charged nuclei of the atoms in the specimen. The electrons are 
deflected without much energy loss. BSEs are used for mapping surfaces containing very 
fine features. They are highly sensitive to changes in specimen atomic number and can be 
used to map the chemical composition of a finely polished specimen. Inelastic scattered 



 

electrons experience a large loss of their energy when interacting with the surface. In this 

case secondary electrons are produced (SE). SEs are used to image surface topographies. 

The relatively low energy of SE restricts their mean free path to depths near the surface (10 

nm). Other electron beam excitation products are Auger electrons, X-rays, photons which 

result from electron-specimen interactions. For example, when incident electrons excite 

core electrons then outer shell or valence electron drop down to the core levels and fill the 

vacancies. Excess energy is released as an x-ray, which is characteristic of the atomic 

number. Energy-dispersive X-ray spectroscopy (EDS) detector is used for elemental 

analysis or chemical characterization of a sample. Since each element has a unique atomic 

structure this will allow a unique set of peaks on its electromagnetic emission spectrum. 

Although the lateral resolution of EDS is limited in comparison to imaging SE, the technique 

was used in this thesis for a qualitative analysis of the chemical composition of specific 

specimens.156  

 

2.4.5. Focus Ion Beam-Scanning electron microscopy (FIB-SEM) 

Combinations of high resolution SEM and FIB have become powerful tools for material 

research. The potential of this technique ranges from the top-down structuring (etching or 

deposing of fine structures) to topographical characterization of the specimen. In a FIB 

workstation, a focused beam of gallium ions is used for ablation or deposition of material on 

the surface of a specimen. Secondary ions (i+ or i-), neutral atoms, and secondary electrons 

are produced when the beam of gallium ion hits the sample surface. An image can be 

processed by collecting the signals given by either ions or secondary electrons. Using a high 

beam current, material can be removed from the specimen. Cross-sections of a sample can 

be prepared with such methodology. In this thesis, not only nanostructure surface profiles 

were investigated but also cell-substrate interfaces. For biological samples a deposition of 

Pt was performed via ion beam induced deposition to compensate for surface charging and 

to protect the fragile components of the cells. The gas is introduced by a nozzle, which 

adsorbed on the surface of materials when the ion beam hits the surface. The secondary 

electrons will break the chemical bonds of the adsorbed gas molecule, which decomposes 

into volatile and non-volatile components. The non-volatile components of the gas deposit 

on the target area. FIB slice by slice cutting technique was used for milling, followed by high 

resolution SEM imaging. The slice by slice preparation technique is carried out by stepwise 

material ablation in only one direction to create parallel cross-sections of the sample. 

During this stepwise preparation process, cell-substrate interactions as well as cellular-

nanostructures contacts can be studied. With the resulting stack of images it is possible to 

generate a 3D reconstruction of the observed object at high resolution.27,31  
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2.4.6. Fluorescence microscopy 

In this thesis, fluorescence microscopy was used to study cell’s viability and response to 

nano- and microstructured surface. Through fluorescence microscopy specific cell 

components can be visualized. The selective visualization is facilitated by specific binding 

between fluorescently labeled antibodies and the corresponding antigens. Basic function of 

fluorescence microscopy is to irradiate a sample with light of a specific wavelength, specific 

for a fluorophore adsorption. Then, the fluorescent marker emits light of a longer wave 

length. The fluorescent image is processed by separating the sample fluorescence from the 

excitation light. A common technique to image fluorescently labeled samples is the wide-

field fluorescence microscopy. In this system a light source, usually a mercury lamp or an 

arc lamp, passes light through filters cubes. The microscope can accommodate several 

different cubes so that a variety of fluorophore wavelengths can be observed from a single 

sample. The light passes the excitation filter at desired wavelengths, and reaches the beam 

splitting dichromatic mirror. The mirror reflects the shorter wavelengths, while the longer 

wavelengths can pass through. Fluorophores in the labeled samples are excited and their 

emission light passes through the dichromatic mirror into the emission filter. The emission 

filter has the purpose of removing any residual excitation light that passed the mirror. 

However, wide-field fluorescence was shown to be limited for thicker samples. Secondary 

fluorescence emitted by the sample away from the region of interest can interfere with the 

focused image. This results in a low contrast and with no possibility to render 3D sample 

projections.157 The elimination of light out of the focal plane can be done either optically 

(confocal) or mathematically (ApoTome). In this thesis, imaging of thicker specimens was 

done using the ApoTome function. For this, a grid was added in the illumination pathway of 

the conventional fluorescence microscope. During imaging, the grid changes its position 

and three raw projected images are obtained. The system then calculates the optical section 

from the three images and removes the out of focus light. Focus information is valid when 

the grid is visible. If not, that signal corresponds to out of focus light and is removed from 

the final image. Z-stacks can be calculated from ApoTome images by sequentially collecting 

multiple optical sections of the sample. A 3D image or movie of the sample can be built in 

this way.158  

 

2.5. Micro- and nanofabrication  
Topographical substrate modification includes treatments or patterning that change the 

physical aspect of the material surface. Micro- and nanoscale fabrication of structures with 

high precision plays a crucial role in the advancement of micro- and nanotechnology and 

neuroscience. Several alternative approaches towards nanostructures fabrication have 

been explored in the last years. These techniques include: deep-UV projection lithography, 

electron beam lithography (EBL), microcontact printing (or soft lithography), nanoimprint 

lithography (NIL), phase mask lithography, interference lithography, direct laser writing, 



 

direct ink writing., The techniques that are used in the scope of this thesis and therefore 

further described are EBL and NIL.  

 

2.5.1. Electron beam lithography (EBL)   

EBL is a high resolution patterning technique where high energy electrons are focused to a 

fine beam to locally expose electron-sensitive resists. Energies of the electron beam (e-

beam) range from 10 to 100 keV. For EBL no physical mask is required since the system 

software can be used to control the e-beam location. The e-beam is scanning across the 

entire sample (wafer) and transfers information into the resist according to specifications. 

The resolution of EBL depends on two characteristics: beam size and proximity effects. 

Beam sizes down to a few nm are used, since the EBL is a pixel-to-pixel serial technique. 

Proximity effects are primarily a mechanism of e-beam scattering in the resist, electron 

backscattering from the substrate, and the scattering of secondary electrons ejected from 

the resist. EBL can also be controlled by the energy and dosage (C/cm2) of the external 

electric and magnetic fields. Choice of resist, exposure dosage, electron energy, feature 

density, etc., contribute to the best obtainable resolution of EBL. The main drawback of EBL 

is its low-throughput since it is a serial direct-writing method and its high machine costs. 

For this reason, all structures in this thesis were replicated using NIL.159 

 

2.5.2. Nanoimprint lithography (NIL) 

NIL is considered a promising nanopatterning method with low cost, high throughput and 

high resolution for producing large-area micro/nano scale patterns, complex 3D structures, 

as well as high aspect ratio features. The principle of NIL is very simple. A rigid mold, 

created by other fabrication methods (here EBL) is used to emboss the pattern of the mold 

into a thin layer of an appropriate material. Inorganic materials, polymers, and biomaterials 

are used in the NIL process. There are different types of NIL, but two of them are most 

extensively used: thermal nanoimprint lithography (similar to hot embossing) and UV-NIL 

(use in this thesis). In case of thermal NIL the material is heated above the glass transition 

temperature so that it becomes deformable and able to replicate the topographic features of 

the mold. Sample and mold are pressed together at elevated temperatures and high 

pressures. After cooling them to room temperature, sample and mold are separated. The 

reverse pattern of the mold will be obtained on the sample. For an easy demold it is 

necessary to treat the surface of the mold with special lubricant (e.g. fluorinated silanes) to 

prevent sticking of the target substrate material to the mold after cooling. In UV-NIL, a 

substrate is coated with a viscous liquid-phase UV-curable material. The polymer is pressed 

against a mold and cured by irradiation with UV light. Because the materials typically 

patterned in UV-NIL have lower viscosities than those used in thermal NIL, feature 

resolutions are much higher and features with large aspect-ratios can be readily 

produced.160  
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3. MATERIALS AND METHODS 

 
This chapter introduces the techniques used in this thesis. All materials, reagents and 

solution specifications are shown in Appendix B. Firstly, is presented the top-down 

fabrication of Si/SiO2 molds performed in a class 100 cleanroom (permanent control of 

particles, humidity, and temperature). Then, surface modification is described for the mold 

replication process in order to obtain polymer substrates for cell culture experiments. A 

second approach (bottom-up) for the fabrication of polymer samples with nano-

topographies is presented in detail. Consecutive paragraphs will focus on surface 

modification and primary neuronal cell culture on polymeric surfaces and control samples. 

For the cell-substrate interaction characterization techniques such as live-dead staining and 

immunofluorescence are provided. Lastly, cell preparation for electron microscopy is 

described for two types of protocols: critical point drying and resin embedding. 

 

3.1. Substrate fabrication 
Substrates for cell culture experiments were fabricated under two different approaches: 

top-down and bottom-up. Isotropic and well defined substrates were obtained using the 

top-down approach. Bottom-up fabrication was chosen to produce asymmetric 

nanotextured polymeric substrates.  

 

3.1.1. Symmetric nanostructured fabrication (top-down approach) 

3.1.1.1. Mold production 

Molds with structured patterns made of rigid materials were used as an inexpensive and 

convenient route to fabricate nanostructured materials. In this thesis, the molds are made 

of Si/SiO2 wafers and used for polymer replica fabrication by UV-NIL.  

All Si wafers were purchased from Si-Mat with the following characteristics: 4 inch 

diameter, n-type, <100> orientation, 1-10 Ω cm, and 500-550 µm thickness. The wafers 

were oxidized to obtain a defined layer of SiO2 (dry oxidation, Centrotherm CLV 200 

oxidation chamber). Polymethylmethacrylate (PMMA, AR-P 669.04) resist was employed 

for electron beam lithography. Layouts were designed using CleWin 4 program. According 

to the layout EBPG 5000plus (Vistec B.V., now Raith B.V.) electron beam writer was used to 

transfer the pattern onto the resist. An acceleration voltage of 50 kV was chosen. SiO2 was 

etched with CH3/SF6 plasma using reactive ion etching (RIE, Oxford Instruments). The final 

resist removal was done in the RIE chamber using O2 plasma. Detailed fabrication flow is 

described in Chapter 4 and recipes can be found in Appendix C. 

 



 

3.1.1.2. Surface modification for replica fabrication 

The mold surface was passivated to facilitate removal after the replication process. For this 

purpose, molds were cleaned and activated using O2 plasma (Plasma surface technology- 

Pico, Diener electronic) for 2 min at 200 W power and 1.4 mbar pressure. After oxygen 

plasma treatment, the contact angle was well below 10° (hydrophilic surface). Alternatively, 

the surface was activated by immersing the sample in a piranha solution (30% H2O2:96% 

H2SO4 = 1:4) for 1 min. The wafers were then transferred in an argon atmosphere glove box 

(99.99% argon atmosphere, MBraun) equipped with a desiccator for the silanization step. 

40 µl of trichloro(1H,1H,2H,2H-perfluorooctyl)silane (FOTCS) was transferred to  the gas 

phase at a pressure of 45 mbar and deposited on the surface for 1.5 h. The FOTCS molecules 

bind covalently with -OH groups of the SiO2 surface. Therefore, the surface needs to be 

activated before silanization. The surface modification lowers the surface free energy and 

enhances hydrophobicity inducing a water repellent behavior. After surface modification, 

the wafers where reintroduced to the cleanroom and rinsed in acetone, isopropanol and 

water cascade before replication. 

 

3.1.1.3. OrmoComp double replication 

4 inch quartz wafers (thickness 525 ±10 µm, Plan Optics AG) were used as substrates for 

the OrmoComp resist coating. The quartz wafers were baked at 200°C for at least 10 min in 

order to remove any organics/water from the surface. An adhesive promoter, OrmoPrime, 

was deposited to facilitate adhesion of the OrmoComp polymer. OrmoPrime was spin 

coated at 4000 rpm for 45 sec and baked for 5 min at 150°C. Then, OrmoComp solution 

(OrmoComp:OrmoThin = 1:12) was used for final coating of the quartz wafer at a speed of 

4000 rpm for 45 sec. Soft baking of the hybrid polymer was done at 80°C for 2 min.  

Nanoimprint lithography (NX-2000, Nanonex Corp) was used to produce the 

quartz/OrmoComp replica. The Si/SiO2 mold and the quartz/OrmoComp wafer were placed 

together between two silicone foils and compressed by an air cushion principle. A pre-

imprint lasting 1 min at 6.9 bar (100 psi) was necessary for stabilization and homogeneity 

of the process. The main imprint was performed for 5 min at 34.5 bar (500 psi), followed by 

a UV irradiation (365 nm of emitted light wavelength) for 1 min (Figure 3.2a). All the 

imprint processes were conducted at room temperature. One important challenge NIL still 

faces represents the ability to cleanly and easily separate the mold and the OrmoComp 

replica. In order to overcome this challenge, the wafers were separated softly with blades 

and isopropanol (which lowers the interfacing adhesion). The final step of replica 

fabrication was the hard baking of the quartz/OrmoComp replicas in an oven at 150°C for 

16 h (Figure 3.2b). 
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Figure 3.2. Double replica fabrication of OrmoComp hybrid polymer using NIL. Nanopillar 

structures are obtained after imprinting and UV curing of Si/SiO2 molds and 
quartz/OrmoComp polymer substrates (a, b). A second replication using the same 

fabrication protocol is depicted in c), d) in which the first OrmoComp replica was used as a 
mold. 

 
In order to obtain the second replication of the nanostructures (nanoholes), the first 

Ormocomp replica was used as a mold (Figure 3.2c, d). This aspect is important since the 
aim of fabrication was to employ the original structure and replica with the same surface 
chemistry for cell culture studies. First, OrmoComp replica was activated by O2 plasma for a 
short time (30 sec) at 200 W and 1.4 mbar. Then, the FOTCS silanization was performed 
with the same parameters as for the Si/SiO2 mold. The rest of the process is the same as 
presented above. 
 

3.1.1.4. Parylene replica 
Parylene C replicas fabrication were not obtained by means of any lithography steps. The 
Si/SiO2 mold wafer was activated and a silanization step was performed as presented 
above. Figure 3.3 shows the steps of parylene replica fabrication. After silanization, a 
parylene film was deposited directly on the Si/SiO2 mold with a thickness of 13 μm (PDS 
2010 E Labcoter 1, details about parylene film deposition in Appendix C). The parylene 
films were cut by a sharp scalpel into pieces of 1 x 1 cm having nanostructured or non-
structured areas. The film was peeled off using fine tweezers (Figure 3.3a). A glass slide was 
used as a substrate for spin coating PDMS 1:10 polymer solution at 3000 rpm for 45 sec. 
The peeled-off parylene films were placed with their backs (nanostructures up) on the 
prepared PDMS (Figure 3.3b).  



 

Figure 3.3. Parylene replica fabrication. a) Parylene film was deposited on the silanized 
Si/SiO2 mold. b) The nanostructured areas were cut and placed on PDMS. After curing the 

parylene replica was obtain (c). 
 

This method allows for a proper transfer of the parylene film with no wrinkles. 
Finally, the nanostructured parylene/PDMS stack was baked for 12 h at 60°C for PDMS 
curing (Figure 3.3c). 
 

3.1.2. Asymmetric nanostructured fabrication (bottom-up approach) 
The deposition process of columnar PPX films is illustrated in Figure 3.4 and was 
performed at Gazi University, Turkey. Si wafers (MT I, <001> crystallographic orientations) 
and glass slides (Isolab) were used as substrates for PPX nanostructured and flat film 
production. The substrates were cleaned by sonication in acetone and ethanol for 5 min 
each. A second surface cleaning was done in a solution of H2SO4 and H2O2 having a volume 
ratio of 3:1 at 70°C for 1 h. Substrates where rinsed with water and dried in N2 gas. A 
UV/ozone treatment was applied for 10 min.  Subsequently, the surface was modified by 
vinyltrimethoxysilane (1.0% (vol/vol) in toluene for 3h) to enhance the adhesion of the 
polymeric films. A detailed description of the experimental methods used for preparing 
parylene nanofibers using oblique angle deposition was reported by Gohkan et al.161,162 
Briefly, SCS-PDS2010 deposition system with a special nozzle for directing the monomeric 
vapor flux was used. Template free parylene films were deposited using dichloro-
[2,2]paracyclophane as the precursor (~0.3 g) into an evacuated sublimator chamber. 
These monomers were then evaporated at ~175°C and converted to radical monomers by 
pyrolysis (~695°C). These radicals undergo polymerization on the substrates under 
ambient temperature (Figure 3.4a). During deposition, the flux of monomeric parylene was 
directed onto the substrates at 90° or 10° angles. The tilt angle is important for morphology 
control, since the substrate manipulation during oblique angle deposition can be used to 
obtain a wide variety of morphologies.21  
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Figure 3.4. Schematic representation of oblique angle deposition of parylene C. a) 

Deposition of a PPX-derivative columnar thin film started with dimers and converted to a 
reactive vapor of monomers by pyrolysis. b) The deposition and polymerization has been 

performed at an oblique angle (α=10°).163,164 
 

Here, nanostructured columnar-PPX thin films were obtained on Si wafers and glass 
substrates under nozzle held at an angle α=10° (Figure 3.4b). For the deposition of planar 
films, coating system was operated in a normal configuration without using the nozzle to 
disperse the entering monomer vapor on substrates (perpendicular to the vapor flux).  

  

3.2. Surface modification for cell culture experiments 
Si, parylene, and glass cover slips substrates were processed for surface activation in an O2 
plasma chamber at 1.4 mbar pressure and 200 W power for 2 min. All the substrates prior 
to cell culture were sterilized under UV light (30 min, HS type, HERA safe) or dipped in 70% 
ethanol for 5 min. In addition, samples were coated with 10 mg/ml PLL diluted in Grey’s 
Balance Salt Solution (GBSS) at room temperature for 1 h. Finally, samples were rinsed with 
GBSS shortly before cell seeding. 
 

3.3. In vitro primary neuron culture 
Primary cortical neuronal cultures were prepared by removing cortices from Wistars rat 
embryos at embryonic day 18.95 The embryonic cortices were then immersed in 
hibernating solution for maximum 2 days before cell dissociation.  Tissue dissociation was 
done enzymatically by incubating the cortices with 0.25% trypsin/ 
ethylenediaminetetraacetic acid (EDTA) in a Petri dish for 15 min at 37°C.  



 

 

 
Figure 3.5. Primary cortical neurons in vitro: images of neuronal development from 3 h 
until 21 days after culture. Cells were seeded on glass cover slips, coated with PLL at a 

density of 2 x 104 cell/ml. 
 

After incubation, the solution consisting of tissue and trypsin/EDTA was transferred 
in a 2 ml plastic tube. The tissue was left to settle at the bottom of the tube and excess 
solution was removed gently. The neuronal pellet was diluted in Neurobasal medium with 
1% (vol/vol) B-27 supplement, 0.25% (vol/vol) L-glutamine, and 0.1% (vol/vol) 
gentamycin antibiotic. Then, the tube was gently swirled by hand. This procedure was 
repeated 3 times. For all experiments a cell concentration of 2 x 104 cells/ml was seeded. To 
calculate the cell concentration, a sample of re-suspended cells (10 µL) was extracted, 
diluted in 20 µL of supplemented Neurobasal media and 10 µL of trypan blue. This solution 
was placed in a cytometer (Neubauer chamber) to count live and dead cells. After counting, 
the remaining cells were re-suspended to a final concentration of 2 x 104 cells/ml. Two to 
three hours after plating, the entire medium was replaced to remove cells that had not 
adhered to the substrates. Cells were kept at 37°C, 5% CO2, and 100% humidity in the 
incubator. Subsequently, half of the media was exchanged with freshly-prepared warm 
(supplemented) Neurobasal® media. Typically, control cultures have been prepared on glass 
coverslips with PLL coating, and the cells were observed during maturation (Fig. 3.5). 

 

3.4. Neuron staining 
Fluorescent microscopy was used for visualization of cell viability, development, and 

morphological changes. Two different methods were used, depending on the experiment. 

For a simple and fast imaging of living cells, live-dead staining was performed by a calcein 

AM/ethidium homodimer assay. Protein specific staining was used to visualize the 

morphology of cell components such as axons and dendrites. 
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3.4.1. Live-dead staining 

A standard calcein AM/ethidium homodimer assay was used to calculate the cell viability 

after 3 or 4 DIV. It is a two-color fluorescence assay that simultaneously stains live and dead 

cells. Cell viability is then calculated as the number of live cells divided by the total number 

of cells for each experiment. The calcein AM dye stains live cells and shows a strong green 

fluorescence (495 nm excitation wavelength and 515 nm emitted wavelength). Live cells 

have intracellular esterases that convert nonfluorescent, cell-permeable calcein 

acetoxymethyl to the intensely fluorescent calcein. Cleaved calcein is retained within cells. 

In case of dead cells, the ethidium homodimer enters damaged cells and is fluorescent when 

bound to nucleic acids. Ethidium homodimer produces a bright red fluorescence (excitation 

528 nm/emission 617 nm) in damaged or dead cells. Before staining, cells were washed 

with preheated PBS at physiological pH. The live-dead assay was prepared in a 3 µM PBS 

buffer. The substrates were incubated for 15 min before imaging. The fluorescence images 

were acquired within maximum 1 h due to the dyes’ toxicity (Figure 3.6). 

 

 
Figure 3.6. Live (green) and dead (red) staining of primary neurons after 4 DIV. a) 

Neuronal network cultured on typical PLL coated glass coverslips (control substrate). b) 
Fluorescent and DIC merge image of neurons interaction with structured pattern (2 µm 

diameter, 4 µm pitch, 100 nm high pillars). 
 

3.4.2. Immunofluorescence staining 

The antibody-based method of immunofluorescence staining is widely used to detect 

specific cell proteins. There are two types of immunofluorescence staining. Primary (direct) 

immunofluorescence uses a single, primary antibody, chemically linked to a fluorophore. 

The primary antibody recognizes the target molecule/protein and binds to a specific region. 

The attached fluorophore can be detected via fluorescent microscopy, by emitting at a 

specific wavelength of light once excited. Secondary (indirect) immunofluorescence uses 

two antibodies; an unlabeled first (primary) antibody that specifically binds the target 

molecule. Then, the secondary antibody, which carries the fluorophore, recognizes the 

primary antibody and binds to it. The protein of interest can be identified by the emission 

color in fluorescence microscopy. Multiple secondary antibodies can bind a single primary 



 

antibody. Immunofluorescence can be used in combination with other, non-antibody 

methods of fluorescent staining, eg. DAPI.165,166 In this thesis, only secondary 

immunofluorescence (indirect) was used in combination with DAPI and phalloidin staining. 

Before staining, all cell samples were fixed with 4% (w/v) paraformaldehyde (PFA) in 

phosphate buffered saline (PBS) for 12 min at room temperature. PFA is a polymerized 

form of formaldehyde that fixes tissues by cross-linking proteins, primarily the basic amino 

acid lysine.167 Then, the samples were rinsed in PBS and a cell membrane permeabilization 

was done using 0.3% TritonX-100 in blocking buffer (BB, 2% bovine serum albumin and 

2% heat inactivated goat serum diluted in PBS) for 15 min at room temperature. After 

rinsing again, blocking of unspecific bonding was performed over night by incubation with 

BB at 4 °C. After blocking, samples were washed three times and then incubated in primary 

antibody solution. Several different antibodies were used during the experiments. For 

cytoskeleton imaging two primary antibodies were used: against microtubule-associated 

protein 2 (MAP2, rabbit, 1:500 dilution in BB) and anti-β3 tubulin (rabbit, 1:500 dilution in 

BB).  Anti-200 kD Neurofilament Heavy (NFH, chicken, 1:500 dilution in BB) and anti-Tau1 

(mouse, 1:200 dilution in BB) were choose as axon specific primary antibodies. A drop of 70 

ml of the antibody solution was applied to control coverslips and cell containing substrates 

(cells placed facing the droplet). The samples with primary antibodies were incubated for 

1.5 h at RT in a wet and dark chamber. Afterwards, substrates were rinsed three times with 

PBS and incubated in secondary antibody solution for 1.5 h at room temperature inside a 

wet and dark chamber. All secondary antibody solutions contained Alexa Flour conjugated 

secondary antibodies in a 1:500 dilution in BB. The secondary antibodies were anti-rabbit 

for MAP2/β3 tubulin (Alexa Flour, AF 488), anti-chicken (AF 546), and anti-mouse (AF 546 

or AF 633).  

In some experiments, an additional phalloidin staining (emission wavelength 633 nm) 

of the filamentous actin (F-actin) was applied. Phalloidin binds and stabilize actin filaments 

and effectively prevents the depolymerization of the fibers. The incubation with phalloidin 

lasted for 45 min at 1:40 dilution in BB. Finally, 4',6-diamidino-2-phenylindole (DAPI) was 

used for all samples to visualize nuclear deoxyribonucleic acid (DNA). Usually, DAPI 

staining is applied together with the last antibody incubation in a 1:1000 in BB dilution. 

After immunofluorescence steps, substrates were rinsed once with PBS and twice with 

Milli-Q water before they were embedded in fluorescent mounting media and dried 

overnight. Fluorescence microscopy was performed using an ApoTome microscope (Carl 

Zeiss) and processed using ZEN blue software. Representative images of two secondary 

immunofluorescence staining (β3 tubulin-green, NFH-orange), non-antibody fluorescent 

staining (DAPI-blue, phalloidin-red), and DIC channels can be observed in Figure 3.7.  
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Figure 3.7. A representative immunostaining image of a cortical neuron on OrmoComp 
polymer substrate (100 height, 250 nm diameter, 1 µm pitch). The image is taken at the 
border between flat and nanopatterned surfaces after fixation. The cell is fluorescently 

labeled for: DAPI (blue), β3 tubulin (green), NFH (orange), and phalloidin (red). Scale bar: 
10 μm. 

 

Image J was used for analysis of cells including: soma area, neurite number, axon 

length, and axon branching. Images were manually analyzed with the free-hand tool or 

Neuron J plugin from Image J. Furthermore, axon initiation and path finding angles were 

investigated along with neuron guiding efficiency on specific substrates. Data was analyzed 

using Origin package. All data showed in the text are mean values ± standard deviation 

(SD). Plots were shown as columnar representation with SD bars or boxplots, Tukey type 

(median denoted as line and the mean as a square). 

 

 

 

 

 



 

3.5. Sample preparation for electron microscopy 
Technical fixation plays an important role in optimal electron microscopy investigations of 

biological specimens. In this thesis, two different approaches, critical point drying (CPD) 

and resin embedding, were utilized. We introduced the resin embedding method as an 

innovative procedure to prepare biological samples attached to planar substrates and 

substrates with 3D features for electron microscopy.33 For this reason, the optimization 

steps are described in detail in Chapter 5, where a comparison between CPD and resin 

embedding method is presented as well.  

 

3.5.1. Critical point drying technique 

The samples were washed three times with warm PBS (37°C) followed by fixation with 

3.2% glutaraldehyde solution in PBS (37°C) for 15 min at room temperature. Then, samples 

were rinsed with PBS and MilliQ water so fixatives’ residues could be completely removed. 

Gradually, water was replaced with an intermediate medium (ethanol) starting from a 

concentration of 10% up to 95% (vol/vol) in MilliQ. Incubation in 10%, 30%, 50% ethanol 

solutions was done for 5 minutes at each step. Samples were then infiltrated in sequence 

starting with 70% ethanol solution for 15 minutes, followed by 90% and 95% for 5 minutes, 

3 times repeated. In the end, samples were stored in 100% ethanol in a sealed dish at 4 °C. 

Samples were carefully transferred into the chamber of a critical point drying machine 

(CPD 030, BAL-TEC Company) filled with 100% ethanol. It is important that samples do not 

dry out during transfer. Once the samples are in the CPD chamber, the system is slowly 

cooled down to 10°C (typically 1°C/step). At this temperature, the ethanol is exchanged for 

liquid CO2. The exchange process is repeated 10 times. Then, the chamber’s temperature is 

increased until reaching a temperature of about 40°C. Simultaneously, the pressure is 

slowly increased. CO2 in liquid form has typically a transition to vapor phase at around 

31.1°C and 73.8 bar. After this transition, the chamber was evacuated and the cells were 

completely dehydrated. 

 

3.5.2. Ultra-thin resin embedding method 

In this subchapter, the second method of sample preparation using ultra-thin resin 

embedding is presented. Like in the case of the CPD method, the samples fixation and the 

dehydration was done with ethanol. For the resin protocol, a sodium cacodylate buffer 

[Na(CH3)2 AsO2 ·3H2O] was used. The embedding polymer was freshly prepared each time 

by a mixture of Epon 812, DDSA, MNA, and DMP-30 solutions. A detailed preparation of 

resin embedding polymer is described in Appendix B. The samples were then gradually 

incubated in mixtures of ethanol and resin as listed in Table 3.1. At the end of the resin 

exchange, the samples were covered with pure resin. 
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Table 3.1. Incubation mixtures of ethanol-resin and corresponding times. 

 

Ethanol : Resin Incubation time 
3 : 1 3 h 
2 : 1 3 h 
1 : 1 over night 
1 : 2 3 h 
1 : 3 3 h 

100 % Resin 3h 
 

The final step of the resin embedding method is the removal of excess resin 

surrounding the sample. The resin removal was done immediately after 3 h of pure resin 

incubation using absolute ethanol. A pipette with 5 ml or 10 ml was used to splash ethanol 

first on the back of the sample and afterwards on the substrate side where the cells 

adhered. A qualitative and quantitative analysis for this crucial step is presented in Chapter 

5. Finally, resin polymerization was achieved by baking the samples for 24 h at 60°C.33 

 

3.6. Neuron-surface interface characterization: SEM and FIB-

SEM 
In order to evaluate the interaction and interface between the cells and the surface, each 

sample was mounted on a typical electron microscopy stub using liquid silver paste. The 

mounting with silver from the top surface of the sample to the sample holder induces a 

conductive “bridge” that decreases the charge effects. For a complete elimination of charge 

effects, the samples were coated with a thin layer of iridium (15–30 sec deposition time, 15 

mA current) via sputter deposition (K575X Sputter Coater, Quorum EMITECH). Samples 

were observed either with a single scanning electron beam (Magellan 400, FEI, and 1550VP, 

Zeiss) or, complementarily, with an electron and ion beam in a dual beam system (Helios 

600i NanoLab Dual-beam, FEI). SEM pictures were taken from a top view and under 

different tilted angles using a detector for SE or BSE. Beam accelerations ranged from 3 kV 

to 10 kV.  

For FIB cross-sections, the region of interest was first covered with a platinum 

protective layer deposited in two steps (Figure 3.8a). During the first step, a 0.5 µm thick 

layer of platinum was deposited via electron beam induced deposition (EBID) at 0° fixed 

stage. In the second step, 0.3-0.5 µm of platinum was deposited at 52° tilt via ion beam 

induced deposition (IBID). The deposition was performed with the respective beam 

perpendicular to the target area in both cases (Figure 3.8b). A first cross section was 

created by an ion beam milling procedure (at 30 kV and 0.23 or 0.74 nA) fixing a milling 

depth of 1 µm, nominally valid for silicon (Figure 3.8c). Finally, a fine polishing was 



 

performed at 30 kV with a current of 80 pA (Figure 3.8d).32 The imaging was done via the 
electron column using a detector for SE or BSE, both with a fix voltage of 3 kV. 

 

 
Figure 3.8. FIB cross section of a fixed, stained, and embedded neuron on a nanopatterned 

substrate. Example of a selected cell (a) covered with EBID (11 nA) and IBID (80 pA) 
platinum layers (b). Etched cross sections performed with a current of c) 0.74 nA, and a fine 

polishing with d) 80 pA. After cross-section, the cell-nanopatterned interface was imaged 
with high resolution SEM. 
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4. SUBSTRATE AND REPLICA FABRICATION 

 

4.1. Design 
In this thesis several mold designs were created using the program CleWin 4. The areas are 

described in Table 4.1 and were separated in three arrays: 

 Arrays with a pitch double the diameter 

 Arrays with constant pitch at increasing diameter 

 Linear gradient 

 

The pattern design was important to define the limitation of the mold fabrication. 
Large areas with different diameters (50 nm-2 µm), pitch (100 nm-4 µm), and linear 
gradient should be provided with reproducible fabrication parameters. A special design was 
developed to address problems associated with down scaling of structures below 100 nm 
fabrication (Figure 4.1).   

 

Table 4.1. Dimensions for mold fabrication for the three array designs. 
 

Array design Name 
Diameter 

(µm) 
Pitch (µm) 

A) Arrays with a pitch double the 
diameter 

 

A0.05 0.05 0.1 

A0.1 0.1 0.2 

A0.25 0.25 0.5 
A0.5 0.5 1 

A0.75 0.75 1.5 
A1 1 2 

A2 2 4 

B) Arrays with constant pitch at 
increasing diameter 

B0.1 0.1 1 

B0.25 0.25 1 

B0.5=A0.5 0.5 1 

B0.75 0.75 1 

B0.9 0.9 1 

C) Linear gradient 

G1 0.25 0.5–1.25 

G4 0.25 0.5–4.25 
G10 0.25 0.5–10.25 

G20 0.25 0.5–20.25 
 



 

 
Figure 4.1. CleWin design for two arrays with 1 μm constant pitch. 

In the left picture the structures have a 100 nm diameter and 1 μm pitch (B0.1).  The right 
design is represented by the same pitch with a 100 nm space between the structures (900 

nm structures diameter, B0.9). 
 

4.2. Mold fabrication and characterization 
Top-down fabrication approach was used to obtain molds with large scale arrays (1 x 1 cm) 
of nanoholes of different dimensions. The fabrication process flow forming Si/SiO2 
nanohole arrays is schematically illustrated in Figure 4.2.  

4 inch Si wafers were used as main substrates for mold manufacturing. First, the Si 
wafer was oxidized to obtain a defined layer of SiO2 (dry oxidation with 6 slm O2, at 1100°C 
for 60 min) (Figure 4.2a). Then, PMMA (AR-P 669.04) resist was spin coated over the wafer 
homogeneously at 3000 rpm, for 45 sec and baked at 180°C, 5 min (Figure 4.2b). Using a 
design program (CleWin 4), the dimension of the structures in the PMMA resist was defined 
and transferred to the resist using EBL. The resist was exposed to an electron beam of 5 nm 
diameter, 2 nA beam current, 50 kV voltage, for fine pattern exposure. Furthermore, 
different doses were tested. The labels were processed using a 50 nm beam size, 150 nA 
beam current, and 250 μC/cm2 dose (Figure 4.2c). After EBL, the exposed areas were 
dissolved by immersing the wafer in developer AR600-55 for 2 min. Then, the wafers were 
dipped in isopropanol for another 2 min in order to stop the development (Figure 4.2d). 
The rest of the PMMA layer acted as a mask during reactive ion etching (RIE). The recipe 
had CH3/SF6 (10/50 sccm) plasma chemistry (other parameters for etching will be 
described below and final recipes can be found in the Appendix C). The selected gases 
provide a sufficiently selective etching of SiO2 over the resist (Figure 4.2e). After SiO2 

etching, the PMMA was etched too in the RIE chamber using O2 plasma for 90 sec (Figure 
4.2f). 
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Figure 4.2. Schematic diagram of fabricating Si/SiO2 nanohole arrays. 

 

4.2.1. Optimization of fabrication parameters 
In the first part of mold production all parameters were optimized for 100 nm structure 
depth. EBL was used as a lithography method due to the nanometer dimensions of the 
pattern. Due to high costs of EBL writing, the optimization of wafer fabrication was done for 
all structures on a small area (same wafer). For the first step in the lithography process the 
EBL dose was optimized. PMMA was used as an electron beam resist.168 Before EBL, wafers 
were coated with a homogeneous 220 nm PMMA layer using spin coating. For all 
experiments, the acceleration voltage of the electron beam was fixed at 50 kV and a beam 
current of 2 nA was used. No proximity correction was needed because the pattern is 
homogeneous, covers a large area, and a small beam size was used (5 nm). Different doses 
were tested in order to obtain the dose suitable to write all dimensions, if possible. The 
doses varied between 190 μC/cm2 and 325 μC/cm2, with 15 μC/cm2 increment (10 dose 
tests).  



 

 
Figure 4.3. SEM images (0° tilt, 5 kV) of dose tests for B0.75 (a, b) and B0.9 (c, d) arrays. 

Image a) shows an underexposed pattern and non-symmetric structures obtained at a dose 
of 205 μC/cm2. Image b) shows a perfectly developed pattern (dose 235 μC/cm2). Design 
B0.9 was fabricated with high quality at a dose of 220 μC/cm2 (c). At higher doses (d) the 

circles are disconnected (overexposure). 
 

Figure 4.2 shows SEM pictures that compare the dose effect of the structures with 

large diameter and small interdistance (B0.75 and B0.9).  It can be observed that the 

pattern B0.75 (750 nm diameter, 1 µm pitch) was underexposed at a dose of 205 μC/cm2 

(Figure 4.3a). The structures did not have a symmetric shape in this case. If the dose was 

increased to 235 μC/cm2, the structures showed smooth edges with diameters comparable 

to the ones designed with small standard deviation, 757 ± 3 nm (Figure 4.3b). On the other 

hand, if the distance between the structures was even smaller (B0.9, 900 nm diameter, 1 µm 

pitch) a dose of 220 μC/cm2 was enough to obtain connected circles with 911 ± 40 nm 

diameter (Figure 4.3c). As the dose increased to 250 μC/cm2, the resist was overexposed 

and homogeneous diamond-shape structures were obtained (Figure 4.3d). For bigger 

structures (or small structures, big interdistances), the dependence of PMMA on dose was 

not significant. Taking these results into account, a dose of 230 μC/cm2 was chosen for the 

mold fabrication. With this dose, nanometer scale arrays were obtained, B0.1 (100 nm 

diameter, 200 nm pitch). Figure 4.4 shows the CleWin design and a representative SEM 

image. The structures diameter for this pattern was 124 ± 9.3 nm but the wafer 

reproducibility needed to be improved. 
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Figure 4.4. CleWin design (left) with SEM respective picture (right) of the A0.1 array (100 

nm diameter, 200 nm pitch). 

During development, the exposed resist from A0.05 and A0.1 was difficult to be 
removed completely since the developer solution has problems in penetrating the 
structures. Also, the etching was not reproducible during fabrication of A0.05 and A0.1 
arrays. To overcome this problems a hard mask has been employed. The hard mask should 
improve the transfer of the resist patterns to SiO2 layer with a small feature size during 
RIE.169,170 First, the pattern was e-beam written in a positive resist and then transferred 
from resist to the metal mask by dry etching. A 20 nm Cr film was deposited onto SiO2 (100 
nm) layer by using an e-beam evaporation system (Pfeiffer PLS 570, 0.3 nm/sec). After Cr 
deposition, PMMA resist was spin coated (220 nm layer), followed by EBL and standard 
development (parameters described above). The wafer was etched for 8 min in the RIE 
chamber with O2/Cl2 (20/30 sccm) gas combination to specifically etch nanopatterns into 
Cr after PMMA development. Once the Cr hard mask was formed, the pattern was 
transferred to the SiO2 layer using RIE (CHF3/SF6 50/10 sccm, RF 25, ICP 2006, Bias 30, , 24 
sec, and 0°C temperature). After complete removal of PMMA and Cr mask, SEM and FIB-
SEM characterization was performed (Figure 4.5). The fabricated structures exhibited a 
smaller diameter then designed (82.5 ± 3.8 nm). The pattern shape and the edges had some 
irregularities (Figure 4.5a, b). Importantly, straight sidewalls of the nanostructures were 
obtained using a Cr mask (Figure 4.5c, d). The fabrication technique including a Cr hard 
mask was suited for an anisotropy etching of nanostructures with a 0.8:1 aspect ratio (A0.1 
array). A corresponding fabrication of A0.05 arrays did not show any improvement. 
Thinner PMMA layer (100 nm-double the structures diameter) should be used for future 
improvements of the array fabrication. Consequently, arrays as A0.05, A0.1, B0.1, and B0.9 
were not used in further experiments due to low reproducibility. 
 



 

 
Figure 4.5. SEM and FIB cross section images of the A0.1 array using a Cr hard mask for 
mold fabrication. a) SEM image (0° tilt, 3kV) of nanostructures and a tilt view of them (b, 

50° tilt, 3kV). c) FIB-SEM cross section through the nanoholes after Pt deposition (for 
protection); the shape of the nanohole was schematically shown with red lines together 

with a zoom-in (d). 
 

4.2.2. Wafers with 100 nm structures depth 
Out of the optimized structures, six of them in addition to the gradient were chosen for final 
wafer production. Table 4.2 presents the design dimension for the 100 nm depth of final 
arrays. 
 

The final structures after fabrication protocol optimization.
 

Final array design Name Diameter (μm) Pitch (μm) 

A) Arrays with pitch double the diameter 
 

A0.5 0.5 1 
A0.75 0.75 1.5 

A1 1 2 
A2 2 4 

B) Arrays with constant pitch B0.25 0.25 1 
B0.75 0.75 1 

C) Linear gradient 

G1 0.25 0.5–1.25 
G4 0.25 0.5–4.25 

G10 0.25 0.5–10.25 
G20 0.25 0.5–20.25 
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Results obtained through the course of subchapter 4.2.1 showed that nanostructures 

with diameters ranging from 250 nm to 2 μm, and different distances could be produced 
using the same parameters. A single PMMA mask was used to produce nanostructures with 
a depth of 100 nm. All process parameters are shown once again in Appendix C. The A0.25 
array (250 nm diameter, 500 nm pitch) was not produced due to the fact that these 
dimensions were already incorporated in the gradient. All arrays were fabricated with 1 x 1 
cm size, with correspondent labeling and dash lines around the array. Using a Dektak 
profilometer (3030 Sloan/Veeco) on the labeling around the arrays we could characterize 
nanostructure depth after the fabrication process. Following parameters were used for 
measuring: 500 μm scan length, 15 sec scan duration with 0.1 resolution, stylus type radius 
12.5 μm, and 3 mg stylus force. In terms of reproducibility of the nanostructure depth we 
observed a mean value 99.8 nm with a 4.4 nm deviation. Schematic and representative SEM 
pictures are depicted in Figure 4.6 for the isotropic 1 x 1 cm arrays A and B. 

 
Figure 4.6. Representative schematic and SEM pictures for A) arrays with the pitch double 
the diameter (upper pictures) and B) arrays with a 1 μm constant pitch (bottom pictures). 
Structure dimensions are shown for each array, all SEM images were done at 0° tilt, 10 kV. 



 

Together with the isotropic array, gradients with different slopes were produced, 
Figure 4.7. The 1 x 1 cm gradient area is divided into four different slopes of the structures. 
The diameter of structures (250 nm) and the pitch on the y axis (500nm) were constant. On 
the x axis, the slopes of nanostructure interdistance increased with different index in order 
to reach a distance at the final part of the array of 1 μm (slope 0.15·10-3), 4 μm (slope 
0.75·10-3), 10 μm (slope 1.95·10-3), and 20 μm (3.95·10-3). The slope was defined as the 
increased width of two neighboring structures (interpillar distance) divided by the area 
length (mm). 

 
Figure 4.7. Graphical representation of the gradient and SEM micrographs of the four 

areas. The 1x1cm of gradient area is divided into four areas with different distance between 
the structures on the x-axis. The slopes increased until distance between the structures 

reached a) 1 μm, b) 4 μm, c) 10 μm, and d) 20 μm. For each array an inset of a SEM 
micrograph is presented showing the final distance on x axis (0° tilt, 10 kV). The schematic 

presented is not in scale. 
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4.2.3. Wafers with 400 nm structures depth 

Another parameter influencing cell adhesion is the aspect ratio of the structures. Therefore, 

molds with the same structural elements as above but with a higher depth are fabricated 

for further investigations. The fabrication protocol for the wafers with an increase depth is 

shown in the Appendix C. Same design, materials, and process were used with only small 

changes. The 4 inch Si wafers were oxidized longer to obtain a thicker SiO2-layer (525 nm). 

The PMMA resist layer thickness also needed to be increased. 424 nm PMMA was spin 

coated as a first layer, baked for 5 min at 180°C, and left to cool.  Subsequently a second 

layer was spin coated and baked immediately afterwards. The parameters for EBL were 

kept the same. The development time and the RIE process were adapted according to the 

increased resist thickness and etching depth. Since the development time did not 

significantly influence the structure depth, the optimization focused on the etching process 

and time. The first step in this direction was to reduce the chamber temperature during 

etching to -100°C. It turned out that this could improve the stability of the PMMA layer for 

longer etching.171 In Figure 4.8 the SEM images of the etching are shown after 1 min (a-c) 

and 3 min (d-e) for structures design a) and d) A1 (1 µm diameter, 2 µm pitch), b) and e) 

A0.5 (500 nm diameter, 1 µm pitch), and c) and f) A0.25 (250 nm diameter, 500 nm pitch). 

It can be observed that the SiO2 layer is not etched more than 200 nm for 1 min etching time 

(a-c). Three minute etching resulted in a higher depth (300 nm) for all structure dimensions 

(d-f). On the other hand, a funnel shape was obtained in the long etching especially for small 

structures (f). According to these results, the etching time applied for the wafer production 

was 90 sec. Dektak measurements showed a 414 ± 6 nm depth of the structures. The 

detailed recipe is shown in Appendix C.  

 

 



 

 
Figure 4.8. SEM images of etch time comparisons for structures design A1 (a, d), A0.5 (b, e, 

A0.25 (c, f). a) – c) etch time 1 min; d) – f) etch time 3 min. All insets from top-right of 
images shows a top view (0° tilt) of the respective etching test, and present the same scale 

bar. 
 
Table 4.3. The calculated diameter of structures for all final arrays before replication. 
 

 

4.3. OrmoComp single and double replication 
OrmoComp hybrid polymer is proposed to be a reproducible, inexpensive material for 
NIL.172–175 Using a quartz wafer as a substrate, we produced a transparent, mechanically 
strong, and durable replica. Furthermore, these replicas could be reused as molds for 
second replicas. Other polymers, like PDMS have disadvantages in the fabrication of 
nanopatterns with a high density and nanometer scale resolution because of the low 
Young’s and tensile modulus.176 Molds with both 100 nm and 400 nm depth were used for 

Array Designed 
diameter (nm) 

Measured diameter (nm) 
100 nm depth wafers 

Measured diameter 
(nm) 

400 nm depth wafers 
A0.5 500 497 ± 3  506 ± 3.6  

A0.75 750 761 ± 8.1 741 ± 60 
A1 1000 1034  ± 10  985 ± 68 
A2 2000 2036 ± 25  2038 ± 17 

B0.25 250 224 ± 6.5 - 
B0.75 750 801 ± 9.8 - 

Gradient 250 264 ± 21 290 ± 23 
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replica production. The replication process is described in detail in Chapter 3. Figure 4.9 
shows SEM images of mold A0.5 (Figure 4.9a, b) with a corresponding first replica (Figure 
4.9c, d) and a second replica in the same hybrid polymer OrmoComp (Figure 4.9e, f). 
According to the properties of the polymer after polymerization (UV), the OrmoComp 
replica exhibits a shrinkage of around 6%.173 The FIB cross section reveals that the pillar 
had a 352 nm diameter with around 60 nm height, Figure 4.9d. SEM and cross-section 
image of the second replica revealed a polymer depth of 58 nm after imprint. The nanohole 
has a top width of 570 nm and the bottom width of 420 nm.  Here, the shrinkage is 
significantly larger (around 25%). The SEM of the replicas indicates a porous surface due to 
O2 plasma probably caused by an oxidative decomposition of the polymer.177 This could 
also be the reason of the shrinkage since the polymer surface was modified and a second 
replica applied (SEM characterization was performed after the double replication). The O2 
plasma modification was required to activate the surface for FOTCS silanization. For future 
experiments a liquid phase silanization should be considered to avoid the O2 plasma 
activation. 

 
Figure 4.9. SEM and FIB sectioning after NIL double replication of the A0.5 array (500 nm 
diameter, 1 μm pitch). a) SEM image of the mold with a zoom-in showing measurements 

(b). c) First Ormocomp replica with correspondent FIB sectioning d). e) The second replica 
in OrmoComp and FIB cross sectioning (f). 



 

 
Replicas with 400 nm structures height was also successfully produced on a large 

scale. The SEM pictures in Figure 4.10 show the three-dimensional microscale patterns of 

the master and the corresponding replica. The replicated structures exhibited excellent 

uniformity over a large area 1 x 1 cm. In this case, the mold height was 425 nm, while the 

cured replica was characterized by Dektak profilometer as 400 nm. This indicates a 

shrinkage of 7%, in concordance with polymer specification.173 An analysis regarding the 

widths of the frustums at the top and bottom was performed to see how slated the walls of 

the pillars are. All structures present similar tilt angle, 145°. The fabricated pillars had 

dimensions that were reasonably close to these target values.  

 

 
Figure 4.10. Mold and replica SEM characterization of the A0.75 array (750 nm diameter, 

1.5 µm pitch). a, b) SEM images under 0° tilt angle showing the round shape of the structure 
and the smooth surface. OrmoComp replication on the large scale c) reveals a frustum 

shape of the structures with a 740 nm base and 335 nm top d).
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5. CHARACTERIZATION OF CELL-SURFACE 

INTERFACE 

 
In this chapter, a novel procedure of preparing biological samples on planar and 3D 

nanostructures is presented. First, the resin embedding approach is investigated by 

different excess layer of material. Then, the visualization of the actual interface was 

improved by cell staining. Finally, the development of advanced cell-substrate interface 

investigation techniques is described. The final method is based on a combination of 

fluorescence microscopy followed by FIB-SEM characterization of 3D sample structures in 

conjunction with cells. 

 

5.1. Cell–3D interface investigation by fluorescence and 

electron microscopy 
Neuroengineering of efficient neural interfaces is crucial for the development of long-lasting 

neural prosthesis and brain computer interfaces.9,24 For example, structured 

microelectrodes arrays (MEAs) with spines, rods, or mushrooms shape were employed to 

improve cell adhesion to microelectrodes and create neuronal networks, which can be used 

for electrophysiological devices.140 These 3D micro- and nanostructures are also capable of 

influencing the directional outgrowth of cells as well as minimize the cleft at the cell–

electrode interface and thus, increase the seal resistance of the system at the nanoscale.178 

Cell response to engineered substrates can be investigated by standard techniques such as 

fluorescence microscopy25, surface plasmon microscopy26, or electron microscopy.27–29 

Investigation of cell–electrode interface at the nanoscale remains a big challenge for 

understanding how the cell attaches and responds to the device surface. Cell biology offers 

hints towards mechanisms that may mediate useful interactions between these substrate-

mediated effects on cell phenotype. Perhaps the simplest method by which the substrate 

nanotopography influences cell responses would be the increase in available surface area 

arising from the feature sidewalls. Cells cultured on a certain topography have to expose an 

increased proportion of their membrane creating a larger area for adhesion complexes to 

attach and internalize the 3D structures. By linking actin dynamics to extracellular 

components, integrins are involved in a wide range of cellular processes that are associated 

with or require cytoskeletal remodeling and cell-shape changes. One such integrin-

dependent process is phagocytosis, a process that involves specific cell-surface receptors 

and signaling cascades with the formation of cell membrane protrusions that eventually 

envelop the external micrometer cargo (>1 μm).179 Since the 3D MEAs are not detachable 

from the surface (pseudo-3D), the cell responds by an engulfment-like event to these 3D 



 

electrode topographies, similar to phagocytosis. Cells’ actin filaments wrap around the 3D 

structure to mechanically stabilize the junctional membrane providing a tight contact.180 

Current approaches in 3D-cell interface imaging include fluorescence microscopy and 

electron microscopy. Fluorescence microscopy has been largely involved in visualizing the 

cell response and evaluating the biocompatibility of 3D structured substrates. However, 

fluorophores are difficult to visualize in close proximity of a metal surface. Furthermore, 

fluorescence microscopy does not achieve high resolution in all three space dimensions at 

the nanoscale. For this reason, transmission electron microscopy (TEM) was used to 

visualize detailed ultrastructural information in biological specimens with sub-micron 

resolution.27,28,30,180,181 However, the samples require long time preparation. Thin samples 

are typically cut by an ultramicrotome and for composite samples containing glass or 

silicon substrates there is a risk of delamination and distortions during ultramicrotomy. 

Alternatively, substrates can be sectioned by focused ion beam (FIB) and the interface 

studied by a scanning electron microscope (SEM).30–32 The FIB-SEM represents the most 

promising technique at the moment due to: i) faster sectioning in sample preparation 

(compared with microtome/TEM); ii) the possibility of sequential sectioning; iii) the high 

spatial resolution control (down to 50-100 nm).31,182–185 

As presented above, the sample preparation is very important. In the following 

subsections, different preparation methodologies are described in detailed. Critical point 

drying (CPD) is commonly used for samples investigated with a scanning electron beam, 

whereas resin-infiltration is typically used for TEM. Later, the novel ultra-thin resin method 

is presented and highlighted in contrast to these standard methods. 

 

5.2. Resin embedding method 
Usually, biological samples require an extensive preparation protocol to stabilize the 

sample for electron microscopy and to preserve the delicate ultrastructure. In most cases 

this involves embedding into a block of resin, which is later trimmed in such a way that the 

structures of interest become located close to the surface of the block. Often it can happen 

that no region of interest can be identified within the large resin block. In some cases, the 

resin is first polymerized and then mechanically removed (i.e. using microtomes). The 

novelty in this method is the removal of excess resin before polymerization.33 Suitable 

ultra-thin resin thickness was the first step in optimizing the embedding protocol. Planar 

Si/SiO2 substrates were used for neuron culture. After 3 DIV, cells were chemically fixed. 

Among all the fixative solutions, glutaraldehyde is the most effective in preserving the fine 

structures because it is cross-linking proteins effectively and irreversibly. Glutaraldehyde 

stabilizes intracellular systems such as microtubules, microfilaments, rough and smooth 

endoplasmic reticulum, vesicles, etc. Conformational and biological activity of proteins does 

not cause significant protein conformational changes after their moderate cross-linking by 

glutaraldehyde. A possible reason for this phenomenon is related to the fact that amino 
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groups, which are the primary target of glutaraldehyde, are usually abundant on the surface 

of proteins. The rate of penetration depends on the solution concentration, the ambient 

temperature, and the type of buffer used. Using cacodylate as a buffer, additional 

phosphates are avoided during sample preparations. Organelles, such as mitochondria can 

be damaged when exposed to high concentrations of phosphate buffers.186 

After fixation, the cells were dehydrated in ethanol since the resin composition is not 

miscible with water. Further, the ethanol was gradually exchanged with resin. The two-

component epoxy-base and the catalyst were mixed avoiding the formation of air bubbles 

until color of the solution changed from red/orange to yellow. After substrate embedding, 

the resin was removed using ethanol splashing. Ethanol rinsing of the sample is the critical 

parameter of sample preparation for this method. Using quick sequential splashing with 

ethanol the excess resin layer was removed. A nominal ethanol volume of 5 ml was used for 

each splashing repetition. Four different volumes of ethanol were used to quantify the 

effective resin’s thickness: 5 ml, 25 ml, 50 ml, and 150 ml on an overall substrate area of 1.2 

cm2. Figure 5.1 shows resin layer thickness as function of the ethanol volume used for 

rinsing. Low amount of ethanol (5 ml, Figure 5.1a) was not enough to remove sufficient 

amount of the resin to clearly identify the neuronal cell body perimeter and neurites even at 

high acceleration voltages. The residual resin layer possessed a thickness of about 1 µm. A 

decrease of residual resin thickness to 500 nm was obtained using a nominal ethanol 

volume of 25 ml (Figure 5.1b). Under these conditions, it was possible to clearly identify 

single cells on the substrate and, thus, several regions of interest for imaging. An optimal 

resin thickness for topographical characterization of neurons was achieved for an ethanol 

volume of 50 ml. An ultra-thin layer of about 5 nm allows a clear visualization of small 

neurites, filopodia or neurites branching without artefacts (Figure 5.1c). In contrast to that, 

the neuronal cell membrane and neurites exhibited damages for 150 ml volume of ethanol. 

A high amount of ethanol could remove a part of the resin embedded at the cell surface. 

During polymerization (at 60°C), this induced structural damages due to fast ethanol 

evaporation. In several cases, partial or total detachment of cells from the culture was 

observed (Figure 5.1d). In addition to SEM topographical investigation, FIB transversal 

sectioning was performed for evaluating the resin infiltration. All resin thicknesses 

considered did not alter the attachment conditions of cell-substrates interaction (Fig. 5.1, 

right insets).  



 

 
Figure 5.1. Resin layer thickness in dependence on the amount of ethanol used to remove 

the resin excess from the specimens. SEM and corresponding FIB-SEM results of resin 
embedded cortical neurons with gradually less resin covering the cells: a) 5 ml (about 1 μm 

thickness); b) 25 ml (500 nm layer reveals first cellular outlines); c) 50 ml (nearly all 
cellular features can be observed with obtained 5 nm-thick resin layer); d) 150 ml 

(damaged neuron and flat, but still compact cell-substrate interface).33 
 

5.3. Optimization protocol for neuron-surface interface 
characterization 
Despite the potential advantages of the ultra-thin resin preparation for FIB-SEM in 
biological interfacing, it is still not possible to visualize the cell-surface interface with high 
resolution. FIB-SEM imaging of the actual contact of the interaction and adhesion, together 
with cells’ body components represents a great interest of cell-3D nanostructures 
investigations.33 For this reason, further optimization of biological specimens had to be 
improved by cell staining. The protocol for sample preparation using fixation, staining, and 
ultra-thin resin embedding is presented in Figure 5.2. 
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Figure 5.2. Preparation of biological samples for electron and ion microscopy using 
optimized resin embedding procedure. Schematic representation of: a) Primary neurons in 

media; b) Fixation of cells with a glutaraldehyde solution; c) Secondary fixation and staining 
of cells with osmium tetroxide (OsO4) and uranyl acetate (UrAc); d) Replacement of the 
medium with increasing series of ethanol solution; e) Resin embedding and excess resin 
removal after embedding procedure with ethanol; f) Polymerization of resin-embedded 

samples using thermal treatment. 

First, sample fixation was achieved with a 3.2% glutaraldehyde solution in the 
cacodylate buffer (37°C) for 30 min at room temperature (Figure 5.2b). Then, samples were 
rinsed twice in cacodylate buffer and osmium tetroxide (OsO4) post-fixation was 
performed. A 2% OsO4 aqueous solution was diluted to a concentration of 1% (vol/vol) in 
cacodylate buffer. The samples were immersed in the solution for 2 h, on ice. OsO4 
penetrates into tissues, cells, and organelles and acts not only as a fixative but also as an 
electron stain. The bifunctional effect of OsO4 preserves many lipids and is able to stabilize 
some proteins into clear gels, without destroying many of the structural features. In this 
way, the membrane fluidity is reduced to zero. Also, OsO4 increases the electron density to 
cell components.186 Then, samples were rinsed five times with Milli-Q water for 2 min each 
time at room temperature. The samples were transferred to a 1% (wt/vol) tannic acid in 
Milli-Q solution for 30 min at room temperature. The solution was always prepared shortly 
before usage. Tannic acid main purpose is due to its mordant property. A mordant 
facilitates the binding of heavy metal stains to biological structures, enhancing their 
contrast in electron microscopy investigations. Being hydrolysable, its molecule is capable 
of multiple ligand-mediated interactions. It interacts with osmium bonds in membranes and 
facilitates binding of uranyl ions. Membrane treated with tannic acid bind more uranyl 



 

acetate (UrAc) than untreated cells. Another advantage of using tannic acid is the fact that 

certain types of cellular proteins and ECM proteins become less prone to damage by the 

electron beam during imaging.186,187 The final step in cell staining is the introduction of 

UrAc. A 2% solution of UrAc in water (depleted uranium) was used to treat cells for 5 h at 

4°C (Figure 5.2c). Treatment with aqueous uranyl acetate following double fixation with 

glutaraldehyde and OsO4 strongly improves the staining of the cell membrane and other cell 

structures. Uranium, with atomic number 92, is the heaviest metal used as an electron stain. 

Even few uranyl ions or complex ions bound on macromolecules are enough to visualize 

them by electron microscopy. The staining and fixative properties of UrAc are based on its 

capability to react with various species and both negatively and positively charged side 

chains on proteins.186 After fixation and staining, cells were washed with Milli-Q water. 

Later, the cells were dehydrated via the same ethanol rinsing series as for the CPD 

procedure: 10%-100% ethanol solutions in Milli-Q water (Figure 5.2d). A resin solution was 

freshly prepared each time. Its preparation is described in Appendix B (mixture of solution 

Epon 812, DDSA, MNA, and DMP-30 catalyst). The samples were then gradually incubated 

in mixtures of ethanol and resin. At the end of the resin exchange, the samples were covered 

with pure resin (Figure 5.2e). The critical step of the resin embedding method represents 

the removal of excess resin surrounding the sample and was discussed in the subchapter 

above. Finally, resin polymerization was achieved by baking the samples for 24 h at 60°C 

(Figure 5.2f). 

 

5.3.1. Comparison of critical point drying vs. resin embedding method 

A direct comparison of CPD and thin-layer resin embedding preparation effects using single 

neuron culture and network formation is described in this subchapter. Instead of resin 

embedding, cells can be treated with CPD or air drying process. After CPD, cells can be 

sectioned by FIB and the interface be studied using SEM.29,182,188 However, a typical 

shrinkage of up to 20% can be visible in air or CPD prepared cells.189 The physiological cell 

volume results decreases due to liquid-gas transition and surface tension during the CPD 

process.183,189 Cells prepared with this technique usually present a sponge-like intracellular 

morphology.182 On the other hand, resin embedding method favors cell volume 

preservation while avoiding structural and morphological artifacts due to the fact that the 

water components in the cell are basically replaced with infiltrated resin. After optimization 

of the resin excess layer, an artifact-free preparation for SEM topographical 

characterization was obtained (Figure 5.3b). Red arrows point out the connections between 

two cells. Cells prepared via CPD clearly have destroyed connective points between 

adjacent cells (Figure 5.3a). During transition of liquid CO2 to gaseous phase, the damage 

occurred due to the tension formed. In contrast, resin embedded neuronal cells showed 

continuous and intact connection points without any visible damage as highlighted by the 

red arrows in Figure 5.3b. 
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Figure 5.3. SEM images of neuron-neuron interaction prepared with a) CPD and b) ultra-

thin resin embedding method. Scale bars: 10 μm. 
 

Another point of interest was the integrity of cell volume and small protrusions during 
preparation (Figure 5.4). In particular, small cellular structures need to be preserved to 
understanding cell-cell (i.e. dendritic spines) and cell-substrate interaction (i.e. growth 
cones). For this reason, a particular attention was given to neuronal growth cones (Figure 
5.3a-d). Growth cones of CPD prepared cells showed extremely porous membrane residues 
and several cracked protrusions (red arrow, Figure 5.4a, b). Resin embedded neuronal cells 
revealed complete protrusions and a less porous growth cone membrane adhering on the 
substrate. Furthermore, it was also possible to observe (Figure 5.4c, d) that the membrane 
was better preserved in terms of volume and membrane protrusions (red arrows). 
Moreover, resin embedding showed a significant improvement in transversal sectioning of 
neurons compared with standard CPD preparation (Figure 5.4e, f). CPD cells had a sponge-
like morphology so the observation of the interaction with the planar substrate or 3D 
nanostructures is limited (Figure 5.4e).33 On the other hand, resin embedding procedure, 
after the staining optimization step, was used to observe cell contact with the artificial solid 
surfaces, Figure 5.4f. The actual contact between neurons and nanostructures can be 
observed, as well as the cell nucleus and other small components.  
 

 
 



 

 
Figure 5.3. Comparison of CPD and resin embedding preparations on artificial substrates. 
a) Neuron growth cones have a porous structure when prepared with CPD. c) SEM image 

shows the neurite integrity after resin preparation. b) and d) are enlarged areas in a) and c) 
marked with a rectangle. e, f) Cross sections of neuron cell bodies after CPD and resin 

preparation. CPD preparation produced a sponge-like morphology of the cell soma (e), 
while resin preparation lead to interface and small cell characterization without artefacts 

(f). Insets in (e, f) are high magnification images of the soma-artificial surface interface.  
 

SEM investigation of single cells with almost no resin over-embedding preserves the 

original volume of the cell and, in particular, small cell features do not break or get ‘porous’ 

as in traditional SEM preparation techniques (CPD method).29 The innovative resin 

embedding procedure enables performing electron and ion microscopy investigations for 

the same specimen.  
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5.3.2. Fluorescence and electron microscopy investigation of cell-surface interface 

A final question arose after the resin preparation method was optimized regarding fixation 

and staining: Would it be possible to prevent artifacts even after cell characterization with 

fluorescence microscopy? Although conventional fluorescence microscopy does not allow 

to achieve nanoscale resolution it is widely used to understand cell-nanostructured 

interactions. For this purpose, fluorescence microscopy was used to visualize specific 

neuronal morphologies based on staining individual cell components such as nuclei (DAPI-

blue color), neurites (β3 tubulin-green color), and F-actin distribution (phalloidin-red 

color), Figure 5.5b. For immunostaining, the cells cultured for 3 DIV (Figure 5.5a) were 

fixed with 4% (w/v) PFA in PBS for 12 min at room temperature. Then, permeabilization 

and blocking for unspecific binding to cell membrane was done with 0.3% TritonX-100 and 

blocking buffer, respectively. Samples were then incubated with DAPI, β3 tubulin, and 

phalloidin solution. The fluorescence protocol and imaging was described in Chapter 3. 

After imaging, the cells were chemically fixed for the second time with 3.2% glutaraldehyde 

at room temperature for 30 min. Then, the samples were stained with OsO4, tannic acid, 

UrAc, and embedded gradually in resin media. The excess resin layer was removed with 

optimal ethanol volume (protocol above).  Optical micrographs (Figure 5.5c, d) showed that 

cells preserve their volume and morphological characteristics. Moreover, a selected cell 

from the same sample was sectioned with FIB (Figure 5.5e, f). No artifacts were observed 

and intracellular structures were imaged at a nanoscale resolution. The immunostaining 

was used to evaluate typical morphological aspects in this stage of development. Moreover, 

phalloidin staining can be used to investigate cell adhesion by fluorescence intensity. A 

correlation between cell surface contacts and the distribution of cytoskeletal proteins can 

be made. In conclusion, the resin embedding procedure in combination and with 

fluorescence imaging and high-resolution electron microscopy leads to a comprehensive 

characterization of cell topography. 



 

 
Figure 5.5. Versatility of the ultra-thin resin embedding method. A comprehensive 

investigation of the same specimen was achieved using optical and electron microscopy for 
cell-surface investigation. a) In-vitro neuron culture after 4 DIV before fixation. b) 

Immunofluorescence staining of nuclei (blue), neurites (green), and actin (red). Optical 
micrographs after resin embedding method of cell network (c) and single cell (d). e) SEM 

characterization, followed by a cross-sectioning of the same neuron (f). FIB-SEM of the 
neuronal cells shows a complete cell staining and cell contact with the planar Si substrate. 

 
The advantage of the resin embedding consists in the fact that this method is versatile. 

First, resin embedding procedure was optimized in order to enable SEM investigations of 
single cells or cell - cell interactions with almost no resin over-embedding. Furthermore, a 
complete staining of the cell membrane and intracellular structures was performed. The 
cell membrane conformation around the nanostructures was imaged with a high resolution 
and contrast.  This can be used to perform sequential cross sectioning of resin-embedded 
individual cells aiming to obtain a 3D reconstruction of the cell-surface interface. Moreover, 
the combination of fluorescence microscopy followed by electron microscopy studies of the 
same sample after imaging, fixation, dehydration, staining, and resin embedding was 
demonstrated for the first time.  
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6. NEURONAL RESPONSES ON 3D POLYMER 

NANOSTRUCTURES 
 

In this chapter, three-dimensional (3D) vertically or tilted aligned nano- and micropillars 

large arrays were used for a comprehensive in vitro study of the development of primary 

cortical neurons. Neurons were cultured on two types of topographies: isotropic and 

anisotropic, and two types of biomaterials: OrmoComp and parylene C (PPX). First, the 

OrmoComp isotropic surfaces were taken under consideration. Nano- and micropillar 

arrays consisting of vertical pillars with 100 nm and 400 nm heights were used for 

investigating structured surface-cell interactions. The arrays had either a pitch twice as 

large as the diameter (diameter identical with the interpillar distance) or a constant pitch 

(center to center distance) with a varying diameter. Next, anisotropic surfaces were used to 

investigate the development of neurons. A well-controlled linear gradient of nanostructures 

(constant height, constant structures diameter, increasing interpillar distances on y axis) on 

both OrmoComp and parylene C surfaces were employed for cell culture. Then, tilted 

nanotextured parylene was used for a comprehensive exploration of single cell behaviors at 

large array interfaces. Fluorescence microscopy and high-resolution SEM, FIB-SEM 

techniques were used for quantification of neuronal viability, adhesions, development, and 

cell-surface interface. Guiding effects of neuron outgrowth were also observed and 

characterized. 

 

6.1. Interactions of neurons with isotropic structures 
Nanopatterned substrates were fabricated from OrmoComp hybrid polymer using the 

previously described protocol, outlined in Chapter 4. For arrays A (arrays with the pitch 

double the diameter) two heights of the structures were used for cell culture experiments: 

100 nm and 400 nm. B arrays (1 µm contact pitch) had a constant height of 100 nm (Table 

6.1). 

Table 6.1. Dimension of the isotropic nanostructures design. 

Array design Name Diameter (µm) Pitch (µm) 

A) Arrays with pitch double the 
diameter 

(Heights: H100 nm and H400 nm) 
 

A0.5 0.5 1 

A0.75 0.75 1.5 

A1 1 2 

A2 2 4 

B) Arrays with constant pitch (H100 nm) 
B0.25 0.25 1 

B0.5=A0.5 0.5 1 

B0.75 0.75 1 



 

6.1.1. Neuronal viability 

To assess the neural response to different surface topographies, primary cortical neurons 

were seeded on control coverslips, flat, and patterned OrmoComp surfaces. Before protein 

coating, the samples were investigated regarding surface wettability. Static contact angles 

for each surface were measured. The contact angles for the flat surface were 70 ± 3°, while 

the pattern OrmoComp surfaces had a higher contact angle (80 ± 5°, mean of all different 

topographies). The surface composition and chemistry remained the same between the flat 

and nanotextured OrmoComp, therefore the increase in hydrophobicity of the 

nanostructured OrmoComp is attributed to its higher surface roughness. After PLL coating, 

the contact angles decrease to <10° for all surface types.  

Biocompatibility of OrmoComp surfaces was evaluated and compared with glass 

coverslip controls. Neurons were imaged every day from seeding until 9 DIV in order to 

observe long time culture. Figure 6.1 shows representative images of cells during 

development from 1, 3, 6, and 9 DIV. As presented in Chapter 2, the neuronal maturation 

was characterized according to the five stages of development introduced by Arimura et 

al.69 At first, dissociated neurons settle to the surface of the substrate where they form thin 

filopodia, hair-like sprouts, on the outside of their membranes (Stage 1) and start their 

development. In the second step (1-2 DIV) immature neurites are formed with the same 

length, morphologically equal (Stage 2). For both, control and OrmoComp patterned 

surface, cells were in Stage 2 development after 1 DIV (Figure 6.1, 1 DIV). Stage 3 of 

development is representative for 2-4 DIV and characterized by a break of the cell 

symmetry. One of the neurites starts to elongate faster than the others, a fact observable 

also in Figure 6.1, 3 DIV. The longest neurite acquires the molecular specificities of the axon 

while other neurites differentiate into dendrites. Neurons between 4-7 DIV are defined as 

Stage 4 of development. For neuronal density used in this thesis (2 x 104 cells/ml), it was 

observed that after 6 DIV the cultured cells form networks (Figure 6.1). In the last stage, 

Stage 5, dendritic spines are formed. Fully mature and functional dendrites facilitate the 

connection between neighboring cells and thereby enable the communication among single 

neurons in a network (Figure 6.1, 9 DIV). Axon development in all stages is indicated with 

red arrows (Figure 6.1).  
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Figure 6.1. DIC micrographs of neuronal cells in culture from day 1 until day 9 in culture. 
Nanopatterned OrmoComp substrates presented in the images correspond to A2 array (2 

μm structures diameter, 4 μm pitch, and 100 nm height). Red arrows mark the axon 
development during culture: immature neurites, morphologically equal (1 DIV, Stage 2); 
breaking of neurite symmetry into axon and dentrites (3 DIV, Stage 3); neurite branching 

and elongation (6 DIV, Stage 4); synaptic contacts are formed via dendritic spines and axon 
terminals assemble a mature neuronal network (9 DIV, Stage 5). 

 
To achieve the purpose of this thesis the neuron were investigated in the Stage 3 of 

development (3-4 DIV). Investigation of neurons at 3 DIV present the following benefits: i) 
single cell investigation is possible for higher densities cell cultures before cell-cell signaling 
becomes influential; ii) investigation of neuronal polarity.  Purpose of using high cell 
densities was to adapt the in vitro cell culture as much as possible 

.
As Figure 6.1 shows, cells will form networks for longer 

cultures than 3 DIV. This leads to a decrease in topographical influence, which is 
.22,34–36 Stage 3 of development was shown 

to be the most critical in neuronal polarity formation. Breaking the symmetry and axon 
differentiation is important to investigate since nanotopography-cell interaction studies 
showed that this can lead to morphological changes. In comparison to planar samples the 
neuron-material nano-interface was shown to support neurite elongation and 
branching.37,38 

Cell viability was evaluated for all substrates at 3 DIV and control coverslip samples. 
Three independent cell cultures were performed for the viability study. No significant 
differences compared with control substrates were observed (Figure 6.2).  



 

 
Figure 6.2. Neuronal viability in a series of independent experiments after 3 DIV. 

 

The observed viability validates the biocompatibility of OrmoComp substrate10,11,15,190,191 

for neuronal culture. Moreover, OrmoComp substrate topography with 100 and 400 nm 

height pillars did not show any significant effects on neuronal survival rate. 

 

6.1.2. Influence of isotropic nanopillars on neuronal development 

Substrate micro- and nano-topography, independent of substrate biochemistry, appears to 

have an effect on cell behavior such as attachment, cell orientation, morphology, and 

cytoskeleton arrangements.120,192–194 In comparison to planar sample, the neuron-material 

nano-interface was shown to support neurite elongation and branching.37,38 In this regard, 

morphological features including soma area, axonal length, neurite number, axonal 

branching and axonal turns of neurons were investigated. Neurons growing on 

nanostructured substrates were compared to those on flat polymer surfaces. Control 

substrates were not plotted since the values obtained were similar to planar polymer 

substrates. All isotropic surfaces were produced using OrmoComp polymer as a material for 

replicas. 
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Figure 6.3. Fluorescence and SEM micrographs of neuron cultures on planar (a, b) and 

nanotextured OrmoComp surface, 100 nm height (c, d). Fluorescence images show nuclei in 
blue, cytoskeleton staining in orange and axon specific staining in green. Axon directionality 

can be observed for nanotextured surface, indicated by the red arrow (c).  (b, d) SEM 
characterization of cell-structure interaction shows the cell adhesion on flat (b) and 

nanostructure surface (d). Before imaging cell were prepared by CPD and imaged under 0° 
tilt with 3 kV. 

 
A representative fluorescence image of neurons cultured on flat and nanotextured 

OrmoComp is shown in Figure 6.3a, c. Subsequently, the same samples were investigated by 

higher resolution SEM (Figure 6.3b, d). Size and shape of the cell body and neurite 

outgrowth are comparable to those on planar substrates. However, for a comprehensive 

analysis of cell morphological changes all surfaces were investigated using fluorescence 

microscopy, followed by subsequent image processing. Axon development was investigated 

by staining of neurofilament subunits, which are incorporated all along the axon in the 

outgrowth process (NFH, green color). Microtubules staining was used to observe the 

cytoskeleton and quantify the soma area and neurite number (β3 tubulin, orange color). 

Cell nuclei were imaged using DAPI staining (blue color). Neurons staining divided by 

different fluorescent channels is shown in Figure 6.4 along with the composite image and a 

z-stack representation of the same neuron. The z-stack was composed of 21 images in z 

direction which are merged into a single image with a height of 4.6 µm. The z-stack 

characterization can be used to analyze the cells’ vertical profile. 



 

 
Figure 6.4. Fluorescent staining of a neuron grown on 100 nm high array A1 (1 μm 

diameter, 2 μm pitch). The top images show a neuron stained for DAPI (blue), NFH (green), 
β3 tubulin (orange), along with the merged image. In the lower image a 3D visualization of 

the same neuron was composed from 21 image stacks on z axis. 
 
Cell adhesion on each of the topographies was determined by analyzing the soma area 

on the flat and patterned surfaces 3 DIV after seeding (Figure 6.5). The quantification of the 
cell adhesion was plotted for isotropic surfaces of arrays with 1 μm constant pitch at 
singular 100 nm height (B0.25, B0.5, B0.75, Figure 6.5a). Arrays with the pitch double the 
diameter (A0.5, A0.75, A1, A2) were used with 100 nm and 400 nm pillars height (Figure 
6.5b). Soma areas on flat surfaces have the highest mean value (195.8 μm2), but also a high 
error bar (62.1 μm2). The trend shows that the adhesion area decreases on all 100 nm 
height (H 100 nm) structures with a mean value of 170.5 ± 47 μm2. Moreover, significantly 
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lower soma area values were observed for nanostructures with 400 nm height (H 400 nm, 

146.05 ± 39.4 µm2). Distribution of soma areas on nanostructured OrmoComp substrates 

was much narrower when compared to cell soma areas on flat substrates. These results 

show that nanopatterned surfaces influence cell adhesion, an effect confirmed in many 

previous studies.120,192,193 Neurons are not restrained by surface topography on flat 

OrmoComp surfaces. This leads to soma spreading with larger geometric areas as well as a 

greater range of areas. On nanostructured surfaces, the cells do not spread across the 

features, especially for the increased height (H 400 nm, Figure 6.5b). The nanostructures 

induce geometric constrains restraining the soma spreading. Z-stack images of the cell body 

and neurites are shown in Figure 6.5c-d. The 400 nm high arrays A0.5 (c), A0.75 (d), A1 (e), 

and A2 (f) influence the soma spreading on the surface. Vertical cell profiles show how cell 

bodies attach on the nanostructured arrays. Due to large area dimension (>100 µm2) cell 

somas interact with the top of the structures, but also flat surfaces between the pillars. 

Figure 6.5e, f shows that neurites prefere to interact only with the flat surface between the 

pillars. In case of Figure 6.5c, d it seems that the neurite interacts also with the pillars tops, 

but this is not a conclusive affirmation due to poor resolution. A detailed investigation at 

higher resolution (SEM, FIB-SEM) of soma-pillars and neurite-pillars interaction will be 

discussed in the following part of this subchapter.  

 



 

 
Figure 6.5. A quantitative and qualitative analysis of neuronal soma areas. The neuronal 

soma area quantification for flat and nanotextured surfaces with different heights (100 nm 
and 400 nm) and different dimensions: a) Arrays with 1 μm constant pitch (H 100 nm) and 
b) Arrays with pitch double the diameter (H 100 nm, H 400 nm). c-f) Z-stack compositions 
of cell soma on arrays with 400 nm high structures. Vertical profiles of cell somas show the 

cell-surface interaction with arrays: c) A0.5, d) A0.75, e) A1, f) A2.  
 
Neuronal axon growth was also affected by nanostructured surfaces, Figure 6.6. It 

appears that neurons show a slight decrease in axon length (144.6 ± 54 μm) for all 100 nm 
high pillars compared to the flat polymer substrate, 169.4 ± 86.5 μm. This effect was 
opposite for 400 nm high structures, where longer axons were observed (213.8 ± 101 μm). 
Axon elongation increased with the increase in pillar size, and maximized on the A1 array (1 
μm diameter, 2 μm pitch, H 400 nm). For A1 array, the axon length was twice as large as 
that on the flat surface. These results indicate a significant acceleration of axon outgrowth 
on the nanopatterned surfaces. 
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Figure 6.6. Characterization of neural development at 3 DIV regarding axon length for a) 

100 nm high pillars with 1 μm constant pitch arrays and b) 100 nm and 400 nm height 
structures with pitch double the diameter. 

 
Other neuronal morphological characteristics (neurite number, axon branching, and 

axon number of turns) were plotted in a 2D color code map for an easier observation of cell 
responses on all structures (Figure 6.7). The overall investigation showed a clear effect of 
the nanostructured surfaces compared to the flat OrmoComp. The neurite number was 
reduced on nanotopographic patterns (Figure 6.7a). The strongest deviation from planar 
samples, and therefore the strongest topographical effect was observed on the A1 array (H 
100 nm). Interestingly, the same pillar design but 400 nm height (A1/H 400 nm) had values 
similar to the planar surface. However, all 100 nm height structures, except the A0.5 array, 
showed a lower neurite number then planar surfaces or higher pillars (H 400 nm). 
Regarding axon development, topographical effect induced an increase in both axon 
branching and axon turns (Figure 6.7b, c). Here, the A0.75/H 400 nm array exhibited the 
strongest deviation from the planar substrate, while B0.75/H 100 nm showed similar 
values (branching and turns). A clear tendency can be observed for all H 400 nm arrays 
which showed an increase in the number of axon turns, compared with all H 100 nm arrays 
and planar surfaces (Figure 6.7c).   



 

 
Figure 6.7. Analysis of neuronal growth regarding a) neurite number, b) axon branching, 
and c) number of axon turns. Surface topography induced a lower number of neurites on 
nanostructures, compares with the flat surface. Axon branching and turns were increased 

with the height of topographical structures. 
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The effect of isotropic topography on growth and its connection with different 
nanopillar heights was also characterized by SEM microscopy. The increased resolution 
provided additional data for describing the distribution of neural processes, growth, and 
interactions with pillars. Moreover, SEM characterization of the surface enabled the 
quantification of the increase in surface area by 3D structures. The total surface area is 
given by formula:  

where  represents the pitch (center to center distance of two adjacent pillars) and the 
lateral surface area of the pillars ( ) was calculated with respect to their 
geometry. The structures with 100 nm height had a cylindrical shape, while the 400 nm 
height structures had a frustum-like geometry (Chapter 4). The lateral surface area of the H 
100 nm pillars was  (where r=radius, h=height) and 

 for 400 nm height structures (h=height, r=radius at top, 
R=radius at bottom). As an example, the A1 pattern (1 μm diameter, 2 μm pitch) had a 
surface area increase of 8% for H 100 nm and 22% increase for H 400 nm, compared to the 
flat surface. Filopodia mainly interacted with the top of the pillars and upper pillar edges on 
100 nm high structures, Figure 6.8 left image. In the case of 400 nm high nanostructures, 
the neurites interacted with the planar surfaces in between the pillars and they also 
adhered to the sidewalls (lateral surface) of the frustum (Figure 6.8). A detailed discussion 
on the influence of structure height with a focus on axon guidance is presented in the 
following subchapter).  
 

 
Figure 6.8. SEM micrographs of neurons cultured on 100 nm (left) and 400 nm high 

structures (right). Small projections react differently to the topographies: lower structure 
heights induce a wrapping of the pillar at the top, while for high structures the wrapping is 

done at the bottom sidewall (red arrows). 
 
 



 

6.1.3. Axon initiation and path finding angle  
Axon polarization is highly relevant in studies of topographical effects on neuronal 
morphology. Axon position defines the axis of neuronal migration, and it is important for 
the proper organization of the brain.195 The effect of topography on axon guidance was 
assessed using neuronal cultures on different structures. Since the axon is highly dynamic 
throughout its development, so far it remains unclear whether this guiding effect originates 
from the oriented axon initiation or occurs later during axonal path finding. For this reason, 
the axon initiation angles were determined and compared with the final axonal alignment 
on the patterned surfaces. The initiation and path finding angles were measured using axon 
specific stained images (NFH staining) of single neurons, no networks or cell-cell 
connection were taken under investigation. Initiation angle was defined as the angle before 
the first change of axon direction. The angle of the axon’s distal end was measured as the 
path finding angle. The analyses revealed that the presence of topographical signals causes 
a different response in the measured angles of the axon. Table 6.2 summarizes the initiation 
and path finding angle distribution. 
 

Table 6.2. Polar plots of the initiation and path finding angles for all arrays.  Counts are 
shown on the y axis scale with a maximum value of 60 for H 100 nm, and 90 for H 400 nm, 

n=200.  

Array Initiation angle Path finding angle 
H 100 nm H 400 nm H 100 nm H 400 nm 

A0.5 

    

A0.75 

    

A1 

    

A2 
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As shown in Table 6.2, a significant difference in axon distribution (initiation and path 
finding angle) was obtained for the two pillar heights. Cells were considered aligned if they 
had a 0° or 90° orientation. Flat substrates showed a random distribution (data presented 
below). On the other hand, nanostructured substrates showed an axonal outgrowth in a 
preferential direction. In the case of 100 nm high pillars, an orientation effect can be 
observed for axon initiation angle. The orientation effect is present for all the arrays, except 
A0.5, for at least 30 counted neurons at 0° or 90°. Cells tended to lose this orientation at the 
axon distal ends. Three of the arrays with the pitch double the diameter (A0.75, A1, A2) still 
induced an axon orientation relative to the pattern for at least 30 counts. Axons extending 
on higher pillars (400 nm) showed a directional preference with growth along the 
topographical features for all pattern designs. The axons demonstrated an orthogonal 
orientation (sharp peaks at 0° and 90°). For all arrays, the axons were mostly aligned to the 
orthogonal axes of the pillar areas. Moreover, the orientation was similar for the path 
finding angles. 400 nm high pillars showed a stronger guidance effect than the 100 nm high 
pillars.  
 

 6.1.4. Neurons alignment for different pillar heights 
To understand the relevance of quantitative variation in topographical cues, neurons 
cultured on substrates were analyzed regarding the axon alignment. Since a significant 
difference was not observed for structures dimensions (diameter, pitch), but for the pillar 
height the investigation was focused on comparing the two structure heights. The length of 
the axon which followed the structures was quantified as a percentage of the total axon 
length. Axons were considered aligned to the pattern if the angles were 0° or 90° relative to 
the direction of the pattern. 

B0.75 

 

 

 

 

B0.25 

 

 

 

 



 

 
Figure 6.9. Qualitative and quantitative effects of the surface topography on the axon 

orientation.  Fluorescence images of neurons on arrays with 100 nm: a) A0.5, c) A0.75, e) 
A1, g) A2 and 400 nm structures: b) A0.5, d) A0.75, f) A1, h) A2. The orientation of axons 

was plotted in the right part as axon alignment (%). 
 
The effect of topography (pillar height) can be clearly observed from the fluorescence 
images in Figure 6.9a-h. Statistical analyses of the images are shown in the right part of 
Figure 6.9 for each array, except A0.5/H 100 nm array due to technical reason (low 
resolution). All 100 nm high pillars caused a lower value of axon alignment on the patterned 
surface (60.8 ± 15.5%) compared with the 400 nm pillars. For the latter, a mean value of 
85.8 ± 12.1% demonstrates that axons followed the topographical cues with high fidelity. 
Best alignment was observed for the A1 array, with 91 ± 7.5% of the axon aligned with 
pillars surrounding. Here, the pattern has a square lattice which means the nearest 
neighbor and unit cell size (n) is located in the 90° direction and the distance to the second 
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nearest neighbor in the 45° direction is √2n. Since the only difference between the 100 nm 
pillars and 400 nm pillars is their height, understanding the guidance effect provided by the 
higher pillars is of great interest.  

Figure 6.10 shows representative images of 100 nm and 400 nm structures and their 
influence on neurite contact. It appears that the growth cone explores mostly the upper part 
of the pillars for 100nm structures, Figure 6.10a, b. For 400 nm high structures, neurites 
grow and interact with the bottom of the structures and their walls. The SEM picture of 400 
nm structures suggests the formation of small cell protrusions attached to the pillars and 
their involvement in the regulation of directionality (red arrow Figure 6.10c, d). The 
exploration of cell protrusions of their surroundings is connected to the topographical cues. 
If the next cue is close enough, the extension will be to that cue and so on. As a result, all 400 
nm high structures induced protrusions and neurite alignment in the direction of the 
pattern since the pillars act as geometrical constraints providing directional guidance. 

 

 
Figure 6.10. SEM micrographs of neurite exploration of 100 and 400 nm high structures. a) 
Growth cone interacts with the upper part of 100 nm high pillars. b) Zoom-in image of the 

alignment of cell filopodia relative to the topography. c) For 400 nm high structures, 
neurites interact mostly with the flat surface between the pillars and form adhesion 
contacts with the pillar walls. The red arrow indicates the contact between the cell’s 

nanometer range protrusions and the pillar wall. Cells were fixated according to the resin 
protocol and imaged with 10 kV at 0° for a, b, and 30° for c, d. 



 

6.1.5. Exploring the cell-nanostructure interface 
SEM and FIB-SEM cross-sections were used to characterize the regions of the neuron-
nanopillar interface. While the morphology of the cells can be easily imaged with optical 
microscopy, the real strength of the FIB-SEM method is the capability of 3D imaging cell 
adhesion to substrates and its interaction with nanopillars. Using ultra-thin resin 
embedding protocol, the 100 nm height structures were investigated (detailed description 
of protocol in Chapter 5). 
 

 
Figure 6.11. FIB cross-section of a neurite interaction with A1 array with 100 nm height. 

 
Interestingly, cross-sections through neurites in contact with nanostructures revealed 

the microtubules orientation inside. Neurites formed a conformal contact with the top of 
the structures. However, this was not always the case for the bottom area of the structures. 
Here, the microtubules grow from top to top of the structures and only partially protrude to 
the bottom (Figure 6.11). Noteworthy, stained cytoskeletal protein fibers were aligned 
parallelly with the surface while showing deviations at the pattern edges. The contact 
between cell soma and nanostructure will be discussed in more detail for the different 
patterns as a function of their dimensions.  
 

6.1.5.1. Arrays with pitch double the diameter 
After FIB cross-sections, the cell soma-nanopillar interface was inspected using high 
resolution SEM.  Due to the cell staining obtained through resin preparation, the cell 
membrane could be clearly defined and further analyzed.  
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Figure 6.12. Cross-section images of flat surface (a) and 100 nm high structures interacting 

with the neuronal soma (b-f). The cells display a different cell membrane interaction on 
different pillar dimensions: b) A0.25, c) A0.5, d) A0.75, e) A1, f) A2. 

 

The cell membrane interaction with 100 nm height structures (A arrays - pitch double 

the diameter) and flat surface is shown in Figure 6.12. Membrane did not adhere in a 

conformal way to the profile of the surface contours on flat surfaces. The adhesion contact 

was formed via discrete points, which maintained adhesion and cell morphology 

development. For the smallest dimensions (A0.25 array), the cell membrane did not to bend 

into the space between the nanostructures. The cells rather exhibited a close contact only to 

the top of the structures. Starting with A0.5 array, the cell membrane showed an increase 

interaction with the flat surface between the pillars. A quantitative analysis of cell 

membrane interaction with nanostructures is showed in Figure 6.13. 

As shown in the schematic in Figure 6.13a the cell membrane was divided into four 

categories: membrane not in contact with the surface - “rest membrane” (grey color); 

membrane in contact with the pillars upper part - “top contact” (green); membrane in 

contact with the flat surface between the pillars - “bottom contact” (blue), and membrane 

that bends in between the pillars - “bending membrane” (orange). The bending was counted 

no matter if the membrane was in contact with the pillar sidewalls or suspended between 

the pillars. Quantification of the cell membrane bending was taken under investigation due 

to the fact that even if the membrane is not in conformal contact, the penetration of the 

membrane can still induce a high sealing resistance. This effect was observed when MEA-



 

based nanocavities were introduced. The nanocavities on microelectrode arrays was shown 
to obtain promising results in comparison to standard planar MEA systems. In particular, 
the nanocavities decrease signal loss by a high sealing resistance formed by cells covering 
the electrodes.196,197 For an easier understanding of the array dimensions, the aspect ratio 
between the width and depth of the interpillar distance (nanoholes/nanocavities) will be 
given.  

Cell membrane distribution was first characterized after normalization to the total 
membrane length (Figure 6.13b). The flat surface induced a membrane-surface contact of 
48.6 % of the total soma membrane. This result shows that only 50% of the total membrane 
is in contact with the surface which is sufficient to provide stable cell adhesion.26 For A0.25 
(AR=2.5, width/height interpillar cavity) arrays, the membrane interacts preferentially with 
the top (33.2%), exhibits low bending (7.8%) and rarely contacts the surface between the 
pillars (1.7%). In the case of A0.5 (AR=5) array, the top contact dominates (26.7%), but an 
increase in bending (17.4%) and bottom contact (8.6%) was also observed. 

 

 
Figure 6.13. Quantification of the surface topography effects on the cell-surface adhesion 

contact. a) A schematic representation of the cell membrane interaction using color code. b) 
Cell membrane distribution after normalization to the total membrane length for different 
patterns. c) Surface area increased by the nanopillars (calculated from FIB cross-sections, 

) was considered in quantification. The increased surface 
area of A0.25 area (20%) compared with flat surface did not lead to a better cellular 

contact, while for A1 array (5% surface area increase) 70% of the surface showed cell 
contact or bending between the pillars. 
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Increasing the structure dimensions (A0.75, AR=7.5) lead to an almost equal contact 

to the pillars’ top (26.5%) and bending (21.5%). The contact with the surface between the 

pillars was also increased to 13%. The best result of membrane-surface interaction was 

obtained for A1 (AR=10) structures. Only 28.3% of the membrane was not in contact with 

the surface. The top contact reached a value of 33.1%, while the bottom contact showed an 

increase to 15.9%. The value for the bending was close to that of the A0.75 array with 

22.6% of the membrane interaction. A reversion of the trends was obtained for the biggest 

structures dimensions A2 (AR=20). Although, A2 array induced an equal distribution for the 

membrane contact (18.4% top contact, 17.8% bending, and 10.5% bottom contact), it did 

not improve the cell-structures contact. Since the aim of the nanotopography 

implementation is often to increase the cell-surface contact area, the next quantification 

was normalized to the total surface length (Figure 6.13c). The larger surface area can 

provide more contact area for cells to adhere. The total surface area was calculated for each 

structure using the 2D FIB cross-sections by adding the length related to the pillars 

sidewalls (width x height) to the length of the flat surface:𝐴𝐹𝐼𝐵 = 𝐴𝑓𝑙𝑎𝑡 + 𝐴𝑤𝑖𝑑𝑡ℎ 𝑥 𝑙𝑒𝑛𝑔𝑡ℎ 𝑝𝑖𝑙𝑙𝑎𝑟. 

The flat surface showed a 57.5 ± 13% coverage of the cell membrane in contact. Highest 

surface area (+ 20% compared with the flat surface) was achieved by fabrication of A0.25 

array. Unfortunately, the increased surface area did not lead to an increased cellular 

contact. Only 39.2 ± 11.5% of surface was in contact with the cell membrane. A small 

increase in surface area was shown for A0.5 array (surface area increased by 10% 

compared with the flat surface). Even though 53.1 ± 7.4% of the surface was in contact with 

cell membrane, the value was still smaller compared with the flat surface. This threshold 

was exceeded for A0.75 array (surface area increase of 8%) with 64.3 ± 13.4%, and A1 

array (surface area + 5%) with 70.1 ± 13.3% of surface length in contact or bending 

between the pillars. A2 array (+ 3% surface area) showed a value closer to the flat surface 

(58.7 ± 16.5%). Again, the biggest adhesion area was obtained for A1 array. In the 

presented quantitative analysis, the effect of the surface area on the cell membrane 

response can be easily observed. Moreover, the high increase of surface area was shown not 

to improve the cellular adhesion on the nanometer scale structures and could be related to 

the low aspect ratio of the interpillar cavity (AR=2.5).  

 

6.1.5.2. Arrays with constant pitch 

Above, the effect of arrays with same pillar diameter and interpillar distance was 

investigated. However, changing the ratio between the diameter and the interpillar distance 

gives the opportunity to investigate the cell-nanostructures interface for another 

perspective. Therefore, nanopillars with increasing diameter but constant pitch were used.  



 

 
Figure 6.14. Cross-section of the neuronal interface with the flat surface and (a) 100 nm 

high structures: b) B0.75, c) B0.5, and d) B0.25. 
 

For these structures, the surface area of all nanopatterned substrates is equal and 

10% larger than for the planar surface. The array A0.5 (here B0.5) was used as an 

intermediate between B0.25 (250 nm diameter, 750 nm interpillar distance) and B0.75 

(750 nm diameter, 250 nm interpillar distance) structures. The FIB cross-section of the cell-

surface interface shows the cell membrane mainly had a close contact with the surfaces of 

all nanostructures (Figure 6.14). Small interpillar distances for B0.75 (AR=0.25) appeared 

not to induce membrane bending (Figure 6.14b). On the other hand, large interpillar 

distances (B0.25, AR=7.5) showed a distinct bending of the cell membrane between the 

pillars and an increased bottom contact compared with the other two patterned surfaces, 

Figure 6.14d. 
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Figure 6.15. Quantification of the surface topography effects on the cell-surface adhesion 

contact. a) A schematic representation of the cell membrane interaction using color code. b) 
Cell membrane distribution after normalization to the total membrane length. c) Surface 

area was used for normalization and shows that the nanotopography (10% area increase) 
can increase the adhesion contact. 

 
Same normalization as the arrays with pitch double the diameter was done 

considering the total cell membrane and surface area. Schematic representation of the cell 
membrane interaction with the surface is shown in Figure 6.15a. In this case, cell membrane 
contact normalized by the total length showed the strongest adhesion for B0.25 array 
(Figure 6.15b). 15.1% of the cell membrane interacted with the pillars’ upper part, 27.9% 
with the flat surface between the pillars, and 40.9% of the membrane length bent between 
the pillars or pillars’ wall. Opposite results were observed for cells interacting with larger 
diameter pillars (750 nm) with small interpillar distance (250 nm). The membrane 
interacted mainly with the top part of the pillars (52.9%) while its bending (7.1%) and 
interaction with the bottom parts (1.7%) were far less pronounced. Still, both of the arrays 
(B0.25 and B0.75) showed a bigger adhesion contact then B0.5 array (26.7% top contact, 
17.4% bending membrane and bottom contact 8.6%). The quantification regarding surface 
area was also an important point of the presented investigation (Figure 6.15c). In all three 
cases, the nanostructured surface had the same increase in the surface area compared with 
the flat surface (+10%). Nanostructured surfaces increased cell adhesion on B0.75 and 
B0.25 arrays, while the B0.5 showed similar adhesion values as the flat surface. Flat 
surfaces induce an area coverage of 57.5 ± 12.9%. B0.5 had a small decrease in membrane 



 

adhesion (53.1 ± 7.4%). Since B0.75 array mainly showed an adhesion contact on the large 

pillar top, a value close to that on flat surfaces was obtained, 59.9 ± 18.9%. These results 

can be correlated with the low aspect ratio (2.5), as in the case of A0.25 array. A large 

improvement was shown for B0.25 array. 78.8 ± 12% of the surface was covered by the 

soma by either a conformal contact or bending (between the pillars). It was interesting to 

observe the bending membrane for the three topographies. The bending increased 17 times 

for B0.25 array, compared with B0.75 demonstrating the importance of the pillar diameter 

and interpillar distance.  

 
An extensive investigation of the morphological responses such as neuronal adhesion 

and development on isotropic surfaces was performed in this subchapter. The results 

indicate a distinct morphological response of each array separately, but an obvious 

difference was confirmed for the structure height while for the structure diameter and pitch 

the difference was far less pronounced. In general, chemical, topographical, and mechanical 

cues can strongly influence the neurogenesis caused by biochemical signaling and force 

generation.36 Here, the chemical and mechanical cues were minimized in order to observe 

the neuronal response to the specific topography systematic investigation. The PLL coating 

facilitates cell adhesion through unspecific electrostatic interactions with the glycocalyx of 

the cell membrane without being involved in chemical signaling.198 The change of the 

stiffness OrmoComp material due to the nanostructures can be considered insignificant, due 

to the low aspect ratio of structures (height to diameter). One of the advantages of using 

OrmoComp polymer replica is its biocompatibility resulting in high cell viability. No 

significant changes were observed compared with typically used control substrates even for 

long term primary neuronal cultures. The quantification of cell viability showed the same 

values independent of the surface topography. This can be related to the surface wettability. 

The surface contact angles showed similar values: 70° for planar and 80° for patterned 

surfaces. No surface modification was applied before PLL coating (no O2 plasma).  

The planar surface was taken as a relative standard (2D in vitro). In general, cells 

change their morphology according to the topography of their surroundings. The most 

common morphological changes in neurons cultured on patterned substrates are increased 

neurite length and alignment, decreased number of neurites, and faster development.199,200 

These enhancing properties of nano- and micro-structures on neurite development were 

previously reported for various 3D-geometries such as beads,39 pillars,47 fibers,201 or 

posts.202 Similar responses were observed in the presented experiments with a clear 

difference for structures height. First, the nano-topography caused a reduction of the cell-

surface contact area. Cell adhesion on nanopatterned surfaces stabilized the actin assembly, 

thereby reducing the need to spread across the surface. Cell soma size showed a reduction 

of 25% for 400 nm high structure arrays compared with flat surfaces. An inhibition of 

neurite formation and branching was also observed. The reduced soma size and neurite 

number was further correlated to the enhancement of neurite outgrowth.37,38 The axon 
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related statistics were found to be significantly increased on 400 nm high pillar arrays. 

Increased axon lengths with a higher number of branches and turns was observed 

compared with flat and 100 nm surfaces. These results can be related to the total surface 

area increased by the 3D structures due to pillar sidewalls (cylindrical and frustum 

geometry). For 400 nm nanopillars, the topographical information given was significantly 

larger than in the case of corresponding 100 nm nanopillars. The topography height-

sensing ability of neurites arises from the interplay between filopodia adhesion and neurite 

bending.50 Sufficient adhesion of the filopodia onto the substrate (represented by a 

threshold number of contacting filopodia) is a pre-condition for advancement of the growth 

cone. It was clearly observed that, on 400 nm high pillars, the growth cone migrates onto 

the flat surface between the pillars but forms firm adhesion points with the nanopillars 

walls. These adhesion points generate internal traction stress through substrate adhesion 

and cytoskeleton contraction, which balances the neurite tension pulling on the growth 

cone.115 In case of 100 nm high pillars the growth cone interacts mainly with the upper part 

of the pillars. Moreover, the axons on 400 nm high structures had a good alignment and a 

high fidelity orthogonal orientation on the pattern. Interestingly, the increasing neurite 

extension and alignment were observed to saturate on A1 array (1 µm diameter, 2 µm 

pitch). The higher axon alignment on high pillars can be induced by the local membrane 

deformation initiated by the mechanical strain. The F-actin adhesions can then be 

concentrated at the pillar sides due to receptors triggered by mechanical forces 

clustering.115 In this case, the formation of a robust F-actin network might allow to 

counteract the actin retrograde flow in the aligned filopodium, leading to its stabilization.50  

A systematic investigation of the actual interface between the cell soma and 100 nm 

nanostructures was performed. For small, dense nanostructured surface (A0.25, AR=2.5, 

width/height interpillar cavity) the preferred interaction of the cell membrane occurred via 

the top of the pillars. For larger arrays (A0.5, AR=5) or larger interpillar distances (B0.25, 

AR=7.5) the cell membrane showed an increased contact with the flat surface between the 

pillars. Investigation of the cell membrane showed that it formed strong adhesions on flat 

areas as well as the nanopillar sidewalls and wrapped around these nanopillars, exception 

A0.25 area. The B0.25 geometry induced a considerable increase of the adhesion contact by 

55% compared to the A0.25 array, and 40% compared to the flat surface.   

The theoretical calculation addresses the engulfment-like process of the 3D 

nanostructures by the cell membrane exploring the characteristics that effect wrapping and 

compare to the experimental results. Details about calculation method can be found in 

Karandeep et al.203 The model of nanopillar wrapping of neuronal membrane was 

developed using a continuum model in order to obtain the different wrapping transitions 

after calculation of membrane deformation energy and adhesion energy. The deformation 

energy of the lipid bilayer was calculated using Helfrich’s curvature-elasticity 

Hamiltonian,204 
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with bending rigidity 𝜅, Gaussian saddle splay modulus κ̅, membrane surface tension sigma, 

and spontaneous curvature 𝑐0. The mean curvature 𝐻 = (𝑐1 + 𝑐2)/2 and the Gaussian 

curvature 𝐾 = 𝑐1𝑐2 can be obtained from the two principal curvatures 𝑐1 and 𝑐2 at each 

point of the membrane. The Gaussian saddle splay modulus is only relevant if topological 

changes occur, e.g. if nanopillars detach from the membrane. The direct contribution of the 

shear modulus for cytoskeleton on nanopillar adhesion was ignored. Moreover, was 

assumed as flat membrane and hence c0 = 0. The deformation-energy cost for the 

membrane was necessary to be overcomed by the adhesion-energy gain for the contact 

between the nanopillars and the membrane Eadh: 

𝐸𝑎𝑑ℎ = −𝑤 ∫ 𝑑𝐴
 

𝐴𝑎𝑑ℎ

 

with adhesion strength w of the membrane. The adhesion energy gain depends on the 

physico-chemical properties of the nanopillar surface, and the biochemical composition of 

the membrane. For the radius r of the nanopillar, pitch l (center to center distance of two 

adjacent pillars), height  h, and the wrapped nanopillar height z (Figure 6.16a),  

𝐸𝑑 =
𝜅𝜋𝑧

𝑟
+ 𝜎(𝑙2 + 2𝜋𝑟𝑧) 

and 

𝐸𝑎𝑑ℎ = −𝑤(𝜋𝑟2 + 2𝜋𝑟𝑧) 

Wrapping fraction fw (adhered nanopillar area/total area) for the nanopillar was 

introduced: 

𝑓𝑤 =
𝜋𝑟2 + 2𝜋𝑟𝑧

𝑙2 + 2𝜋𝑟ℎ
 

 

Minimization of the total free energy 𝐸𝑡 = 𝐸𝑑 + 𝐸𝑎𝑑ℎ as function of 𝑓𝑤 with 𝑐0 = 0 showed 

the optimal wrapping state of a nanopillar. For constant σ, l, r, and h, wrapping energies as a 

function of fw were calculated. No wrapping was obtained for w = 0, where the membrane 

was hovering on the nanopillar. For w > 0, the membrane covers only the top surface of 

nanopillars, characteristic to a partially-wrapped state (PW). Increasing the adhesion 

strength led to the envelopment transition from the partially-wrapped to the completely-

wrapped state (CW) at adhesion strength w2. For 0 <w < w2, a stable PW states was 

observed, characterised by the global minimum of the energy. For w > w2, a stable CW state 

was found. The transition between the PW and CW state is indicated by W2, and 

characterized by an energy barrier ΔEbarrier. As w increase, the energy barrier between the 

PW state and the CW state vanishes, characterised by the spinodal S22. Beyond the value w2, 

membrane spontaneously wraps. The wrapping energy as a function of fw was plotted, 

Figure 6.16b. The blue line represents the W2 transition, when the energy of the PW state is 
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equal to the CW state at fw = 1, as shown by the upper blue dot. The orange line represents 
the spinodal S22, when the energy barrier vanishes and the membrane spontaneously 
wraps, as shown by the lower blue dot at fw = 1. The height of the energy barrier, ΔEbarrier, 
can be characterised by barrier height for w = w2. Moreover, the energy barrier can be 
calculated by subtracting the difference between the wrapping energies when the curved 
part of the nanopillar is wrapped and when just the top surface is covered by the 
membrane, at w = w2.203 
 

 
Figure 6.16. a) Schematic representation of partially-wrapped (PW) and completely-

wrapped (CW) for pillar geometries where r represents the radius of the nanopillar, l the 
pitch (center to center distance of two adjacent pillars), h -height, and z the wrapped 

nanopillar height. b) Wrapping energy as a function of wrapping fraction for (PW) to the 
(CW) state transition. 

 
Using the wrapping energy diagram, wrapping phase diagram for surface tension σ 

and adhesion strength w for different experimental geometries was obtained, Figure 6.17. 
Lines with a higher slope require a lower adhesion strength w to completely wrap of a 
nanopillar. States to the left of a line are PW, while on right of a line the CW state are shown. 



 

As observed in the plot, the W2 for B0.25 was observed to be the easiest to wrap amongst 

the four geometries. 

 

 

Figure 6.17. Phase diagram for the W2 transitions (from PW to CW) for different 
experimental geometries. The dotted lines represent S22 transitions. The larger the slope of 

the line, the less w the membrane requires to wrap the nanopillar completely.  
 

Further, a wrapping phase diagram was obtained for adhesion strength w as a 

function of pitch l and radius of the nanopillar r. The membrane surface tension was 

constant σ = 0.12 mN/m,205,206 with a bending rigidity κ = 66 kT,207 and height of the 

nanopillar h = 100 nm. Figure 6.18 plot different w values (lines), w=10, 20, 30, 50, and 100 

µJ/m2, 208,209 from left to right respectively, indicating the PW and the CW states in the 

wrapping diagram. The states which are on left to a black line are CW and to the right are 

the PW corresponding to that adhesion strength w. Marked yellow points are the 

combinations of l and r values obtained in experimental study. Depending on the w values, 

the geometries used in experimental studies could be PW or CW. For example, if w = 30 

µJ/m2, B0.25, A0.5/B0.5, and A0.75 present CW states, while the other geometries are PW. 
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 Figure 6.17. Adhesion energy (w) as a function of pitch (l), and radius of the nanopillar (r). 
Black lines represent contours for different w values, viz., w=10, 20, 30, 50, and 100 µJ/m2, 

from left to right respectively. Left of the black line is a CW and to the right is a PW state. 
Yellow dots indicate the experimental geometries.  

 

Hence, a continuous increase of l can induce a complete wrapping. However, from 

experimental studies was observed that the degree of wrapping decrease for A2 area, 

where the surface is closed to the flat substrate. For this reason, the surface area was taken 

under investigation and the adhesion energy was reploted, Figure 6.18. The relative 

nanopillar adherent area as compared with the slat surface area is given by the formula: 

𝐴𝑎𝑑ℎ =
2𝜋𝑟ℎ

𝑙2
+ 1 

As above, the black lines represent contours for different w values, viz., w=10, 20, 30, 50, 

and 100 µJ/m2, from left to right respectively. States left to the line are PW and right to the 

line are CW states. Yellow points indicate the geometries used for experimental study. 

White area on the right represents the inaccessible region due to geometrical constraints. 

We also plot maximum adhered area contours for corresponding w contours, as shown by 

white lines in the plot. Aadh present maximum values for low r and low l. Increasing r and l, 

the approach the flat surface regime was implemented. For example, if w = 30 µJ/m2, B0.25, 

A0.5/B0.5, and A0.75 are all CW states, but A0.5/B0.5 has the maximum nanopillar area 

adhered, relative to the flat surface area, followed by B0.25 and A0.75, respectively. 

Similarly, for the PW states, A0.25 area has the maximum Aadh. In conclusion the wrapping 

model fits with the experimental observations convincingly. Furthermore, a prediction for 

other geometries could be calculated for best possible wrapping.203 



 

 

Figure 6.18. Area adhered by the membrane with respect to the surface area Aadh, as a 
function of pitch l, and radius of the nanopillar r. Black lines represent contours for different 

w values, viz., w=10, 20, 30, 50, and 100 µJ/m2, from left to right respectively. The white 
lines represent maximum Aadh for each of the w values. The experimental geometries are 
shown with yellow dots. White region in the right is the inaccessible due to geometrical 

constraints. Left of the black line represents CW, and to the right are shown PW states. For 
each completely wrapped state, the maximum Aadh can be read out. Each black line 

(different w values) requires different geometries for the new maximum Aadh, as shown by 
the white lines. 
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6.2. Interactions of neurons with anisotropic structures on 

different polymeric surfaces 
 

6.2.1. Patterning and guidance of neurons on linear gradient nanosurfaces 

A step forward was taken from homogeneous arrays towards line-based patterns at the 

nanoscale. Some fundamental studies showed that line-based topographies help to 

elucidate the mechanism behind the directional pathfinding of neurites.42 A grooved 

architecture, due to its ability to guide cell alignment, is of particular interest for tissue 

regeneration. The general response to such topographic rippled features is cellular 

alignment and elongation along the groove direction. Additionally, neurites can grow either 

parallel or perpendicular to the micro/nano-grooves depending on the depth and width of 

these structures.42 Gomez et al. showed that 2 µm lines were more effective at stimulating 

axon polarization in hippocampal neurons than chemical ligands. Also, a decrease in the 

distance between lines (1 µm) showed a more efficient polarization than 2 µm lines.210 In 

the work of Park et al. the optimum distance to induce neurite directionality was found to 

be 4.5 µm (compared to 3, 6, 9, 12 µm interpillar distances).202 Taking these investigations 

into account, a gradient array was designed in order to compare the influence of different 

interpillar distances on neuron alignment and polarization. The gradient array was 

designed to have a constant increase towards final interpillar distance of 1 µm (G1, slope 

0.15·10-3), 4 µm (G4, slope 0.75·10-3), 10 µm (G10, slope 1.95·10-3), and 20 µm (G20, 

3.95·10-3) along the x axis (mm). The diameter of structures was constant (250 nm), 

together with the pitch on the y axis, 500 nm. The four topographies were designed and 

combined to form a 1 x 1 cm four-quadrant grid to facilitate the acquisition of data for each 

design for the same neuron culture. Each quadrant consisted of an array of structures 

described above was separated from neighboring topographies by unpattern gaps (Table 

6.3). 

 

Table 6.3. Dimensions of the gradient design. 

Gradient design Name Diameter (µm)/Pitch y axis (µm)  Pitch x axis (µm) 

Linear gradient  
(Height 100 nm) 

G1 0.25/0.5 0.5 – 1.25 

G4 0.25/0.5 0.5 – 4.25 

G10 0.25/0.5 0.5 – 10.25 

G20 0.25/0.5 0.5 – 20.25 

 

6.2.1.1. OrmoComp nanosurface  

Immunostaining of axons (NFH), microtubules (β3-tubulin), and nuclei (DAPI) was used to 

image the response of neurons on gradient arrays at a large scale (Figure 6.19). The 

quantitative cell-gradient interaction was analyzed for these images. To determine the 



 

relationship between axon length and axon alignment to the lines, the angle that the axon 
formed with the pattern lines was measured. Neurites were considered “aligned” if they 
were extensively oriented within 10° of the target axis (α). Neurites growing in the 
direction of the lines was defined as a parallel alignment.  
 

 
Figure 6.19. Large area fluorescence image of a gradient array. For alignment analysis, the 
axon angle that was defined depending on the described line (schematic white lines in the 

right image). Angle (α) less than 10° defines an aligned axon (red line) along the 
nanostructures (parallel direction).  

 
Additionally, the four interpillar distances (G1-G20) in the beginning of each gradient 

represent an isotropic pattern: 250 nm diameter, 250 nm interpillar distance. The 
interactions of the cell membrane with the isotropic pattern was described in subchapter 
6.1. The membrane distribution showed a low adhesion of the cell soma, with a 39.2 ± 
11.5% contact between the cell and the nanostructures. A significant increase in the cell 
membrane-surface adhesion was obtained for B0.25 array (250 nm diameter, 750 nm 
interpillar distance), 78.8 ± 12%. This result shows that a larger interpillar distance was 
beneficial for cellular adhesion. Larger interpillar distances starting with 1 μm are expected 
to have a similar cellular adhesion. Additionally, a large interpillar distance of the 
anisotropic nanopillar array can induce guidance during the neurite outgrowth. Axons were 
considered aligned in the direction of the lines (parallel) at 0° and all angles of axons were 
taken under quantification. Figure 6.20 shows the polar plots of axons distributed on 
different patterns and representative fluorescent images. Axons on unpatterned OrmoComp 
surfaces show no directional preference of axon outgrowth (Figure 6.20a). Axon 
distribution in the case of G1 had a preferred orientation to the 0°, compared with the other 
patterns. Assuming that the fidelity of alignment to the 0° direction is an indicator of neurite 
preference for the y axis (line), axon directionality was quantified (Figure 6.20f). 
Interestingly, the axons preferential direction for the G1 array was in the parallel direction 
(40%). The percentage of axons in the perpendicular direction was equal to that of the 



Chapter 6. Neuronal responses on 3D polymer nanostructures 

91 
 

axons in a random direction (30%). In the case of the G4 area the directionality decreased 
for parallel and perpendicular direction to 27.5%, and 20%, respectively. The G1 pattern 
had the strongest influence on the axonal guidance since most of the axons had a parallel 
direction on the nanostructures. Moreover, the parallel orientation induced by the trenches 
topography (y axis) was preferred by the axons in detriment to the gradient slope (x axis). 
Nanopillars with larger distances (G10 and G20) showed a severe reduction in alignment 
that approached the axon distribution on a flat substrate (Figure 6.20).  
 

 
Figure 6.20. Polar plots and representative fluorescence images showing the distribution 

of axons on flat (a) and nanostructured substrates with different interpillar distances: 1 μm 
(b, G1), 4 μm (c, G4), 10 μm (d, G10), and 20 μm (e, G20); n=80.  f) Axon alignment 

quantification shows that the guidance effect presents a preferred nanostructured area (G1) 
with 70% of the axons in the parallel or perpendicular direction of trenches (red arrows). 
G4 induced a ~50% guidance of the axon to the parallel or perpendicular direction, while 

for G10 and G20 areas the guidance effect was severely reduced. 
 

Additionally, SEM images revealed the interaction of the cell body on different 
interpillar distances and neurites elongation along the nanostructures, Figure 6.21. A 



 

smaller interpillar distance induced a rather elongated soma (Figure 6.21a), compared with 
cells cultured on G4 and G10 patterns (Figure 6.21b, c). Also, it can be observed that 
filopodia align along the nanostructures on the y axis, Figure 6.21d, e.  

 

 
Figure 6.21. SEM images of primary neurons interacting with anisotropic surfaces. Cells 
have a slightly elongated soma on the G1 area (a), compared with cells on the G4 area (b), 

and G20 (c). d) Neuronal filopodia tend to align along the nanostructured surface on the G1 
area. e) Zoom-in image of filopodia alignment where the cell mainly interacts with the top of 
the nanostructures. f) Image of the growth cone with corresponding filaments that interact 
in all direction with the nanostructures (G1 area). All SEM images were recorded with 3 KV 

at 52° tilt for a)-c) and 0° in case of d)-f) images. 
 

In addition to the axon alignment, the gradient array was investigated regarding the 
neurite number and the axon length, Figure 6.22. There are no significant differences in the 
neurite number on the nanostructured arrays, no matter the interpillar distance (Figure 
6.22a). Cells cultured on flat surface showed an average neurite number of 4.3 ± 1, while 
similar values were obtained for all nanopatterned surfaces: 4.4 ± 1.2 for G1 with, 4.4 ± 1 
for G4, 3.8 ± 0.9 for G10, and 4.1 ± 0.8 for G20. Axon growth was affected by the gradient 
nanostructured surfaces, Figure 6.22b. Small pillars interdistances of G1 and G4 arrays 
induce an increase of the axon length from 149 ± 76 μm mean value for flat surface to 195 ± 
109 μm (G1) and 158 ± 90 μm (G4). In accordance with the alignment results presented 
above the arrays with 1 μm and 4 μm interpillars distances showed that the topography of 
the anisotropic nanopillars could not only align the axons, but also elongate the axon 
outgrowth. Larger interpillar distances present a decreasing tendency of the axon length 
values to 92.9 ± 25.3 μm (G10) and 129.7 ± 41.8 μm (G20).  
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Figure 6.22. Quantification and data analyses of the different nanopillar interdistance of 

the gradient for a) neurite number and b) axon length. No significant differences in neurite 
number were observed between the surface topographies and the control. Axon length was 

increased on 1 μm and 4 μm interpillar distances in comparison to that on control 
substrates. 

 
Throughout the process of axon outgrowth, the growth cones constantly protrude and 

retract while probing their surroundings. Previous reports explored the importance of 
biologically relevant scales when employing topographies, such as filopodium- or axon-
sized silica beads.39,211 While the filopodia are in the range of single nanostructures (250 
nm), the growth cones, could dynamically expand to ~7 μm in width.202,212 This could give 
an explanation as to why the axon alignment is not present when the interpillar distance 
reaches 10 μm. Only topographies with features smaller than the growth cone size 
encourage a continuous outgrowth along the nanostructures. Also, the total surface area 
(increased by the nanopillars distribution) could induce a correlation between the increase 
in directionality and axon elongation observed. The surface area of the nanostructured 
surface was calculated related to the lateral surface area of the pillars on x axis 
(2π·radius·height= 0.0785 μm2, value corresponding for one pillar). In case of isotropic area 
(250 nm diameter, 250 nm interpillar distance, 100 nm height) the surface area increased 
by introduction of nanotopography by 31.4%, while for gradient patterns the following 
values were reached: 7.8% for G1, 4.5% for G4, 0.8% for G10, and 0.4% for the G20 
gradient. It can be assumed that the increased surface area could significantly induce a 
different neuronal response. Higher values of the surface area (more signals for neurite 
outgrowth) showed an increase in orientation and axon length for the G1 pattern. 4 μm 
distance between the structures (G4 array) was found to still orient the neurite outgrowth, 
however less then G1 pattern. However, G10 and G20 patterns did not significantly 
influence axon orientation compared to the planar surface. This can be related to the lack of 
contacts points (topographical information) for neurite outgrowth. Signals from pillar 
sidewalls become insignificant on these arrays (<0.8% increase, G10 pattern) and neurons 
behave like on a planar surface. 



 

6.2.1.1. Parylene nanosurface  
In this subchapter, the neuronal alignment was investigated on parylene linear gradients 
fabricated from Si/SiO2 molds. Parylene plays an important role in neuroscience since it is 
one of the most common polymers that have already been established in many clinical 
applications or in research and development as a material for neural implants.16 The 
resulting parylene films containing flat and nanostructured surface arrays (1 x 1cm) were 
transferred in a reproducible manner onto a transparent substrate (glass slide covered with 
PDMS). The structures exhibited a lower pillar height (60 ± 9.6 nm) and a lower diameter 
(205 ± 13 nm) than the anticipated 100 nm and 250 nm, respectively. A reason for this 
could be the fact that the thin parylene film (13 μm) was not fully removed from the lower 
parts of the mold structures during transfer. SEM characterization of the parylene 
nanopillars is shown in Figure 6.23a. Planar and gradient-pattern parylene surfaces were 
compared regarding cell viability, adhesion, morphology, and polarity.  
 

 
Figure 6.23. a) SEM image of the gradient-patterned surface depicting the nanopillars 

diameter. b) Representative images for live (green) and dead (red) staining neurons 
cultured on pattern parylene surface. Relative viability calculated after normalization with a 
control substrate showed that neurons survived in relatively high numbers. c) Fluorescent 

microscopy of neurons on gradient-patterned surfaces for specific axon development 
(green-NFH), cytoskeleton arrangement (orange-β3 tubulin), and nuclei (blue-DAPI). d) 

Contact area of the neuronal soma on flat and patterned parylene, n=40. Characterization of 
neural morphology shows a Stage 3 development and a strong adhesion comparable with 

control surfaces. 
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Figure 6.23 shows representative images of live/dead staining (Figure 6.23b) and 
immunostaining (DAPI-blue, NHF-green, β3 tubulin-orange, Figure 6.23c). Live/dead 
staining images reveal a relative viability of 67% (after normalization with a control sample, 
cell density 2 x 104 cells/ml). Parylene supports cell growth with single neurons and partial 
network formation (Figure 6.23b). The cell/surface interface imaged by FIB cross sections 
reveals that only 39% of the cell membrane showed a conformal contact with flat parylene 
surfaces. The lower value of cell soma adhesion can relate to chemical characteristics of 
parylene compared with planar OrmoComp. In case of the parylene surface, cells form 
fewer adhesive contacts during neuronal culture. This can be related to the hydrophobicity 
of the surface. Since parylene has a lower contact angle than the Ormocomp surface, the PLL 
adsorption is higher. For nanostructured parylene the adhesion of the cell membrane on top 
and on the bottom of the nanostructures (bottom contact) reached 31%. A significant 
increase of membrane bending between the pillars was observed, 45% (Figure 6.24). The 
membrane fraction that bends between the nanopillars increased for parylene gradient 
pattern in comparison to OrmoComp substrate. This is a direct consequence not only of the 
chemical composition differences but also of the lower nanopillar height for parylene. Since 
the ratio of parylene topographical features (3.3 aspect ratio, width/height nanoholes) is 
increased compared to OrmoComp (AR=2.5) the membrane needs less energy to bend in 
the space between the pillars, Figure 6.24. The cell membrane exhibits a close adhesion 
with the polymer surface and bending between the nanopillars.  

 

 
Figure 6.24. Neuronal soma membrane distribution at the cell-nanostructured parylene 

interface. Characterization of the cell membrane distribution for the flat and 
nanostructured parylene, where membrane percentage of conformal contacts is shown in 

blue (bottom) and green (top), bending membrane in orange, and membrane not in contact 
with surface in grey (left image). FIB-SEM cross section reveals the membrane attachment 

contacts and bending between the nanopillars (right image). 
 



 

Besides cell adhesion, neurite development was also evaluated. Samples with flat and 
gradient-pattern surfaces were used to determine the influence of the polymer on 
neuritogenesis and polarity. As shown in Figure 6.23, the cells had healthy morphologies 
characteristic of Stage 3 of development, where the longest neurite breaks the symmetry 
and becomes the axon. The number of neurites was not significantly different for the two 
surfaces, Figure 6.25a. The neurons present comparable neurite numbers for all surfaces. 
Axonal outgrowth was found to be influenced by the pitch of the gradient (Figure 6.25b).  A 
slight increase of axon length is observed for all arrays, compare with the flat surface (136 ± 
68 μm). The most pronounced outgrowth was obtained for G1 (1 μm pitch) and G4 (4 μm 
pitch) arrays with a top value for G4 array: 158 ± 45 μm. This confirms the influence of 
topography on cell morphology. The trenches with small pitch distances could influence 
axon outgrowth have a guiding effect. These aspects are in concordance with results 
obtained for OrmoComp gradient surfaces. 

 

 
Figure 6.25. Characterization of neural development at 3 DIV regarding the number of 

neurites (a) and axon length (b).  
 

The observed influences of parylene gradient-patterns were further studied regarding 
axonal alignment. SEM images of cells cultured on nanostructured parylene show well 
preserved cells with developed neurites and branching around the soma, Figure 6.26. It can 
be observed that the cell showed an increase number of neurites on the homogeneous area 
(diameter 250 nm, pitch 500 nm, Figure 6.26a) than on the gradient pattern (Figure 6.26b). 
Moreover, the array with a 1 μm pitch (G1) induced a polarization parallel to the direction 
of the trench and perpendicular to it.  
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Figure 6.26. SEM images of neurons growing on parylene nanostructures. a) Cell body 

adhesion on an isotropic area (diameter 250 nm, pitch 500 nm). b) SEM image of a 
polarized neuron aligned to the topography (G1 array). Scale bars: 10 μm. 

 
The axon alignment was quantified in order to observe the influence of the 

topography created by the different pitch of the trenches. Parallel direction of the axon was 
defined as the direction of the trench. The alignment was not so pronounced as in the case 
of OrmoComp substrates. Again the height difference played an important role. The two 
arrays with the smallest pitch distances (G1 and G4) had the highest values for alignment 
compared with G10 and G20. The arrays with a 4 μm pitch showed the highest alignment 
with 21% of parallel alignment and 15% in perpendicular direction. This correlates with 
the axon elongation observed for the same array, Figure 6.25b. The investigations of the 
axon alignment tended to show the same qualitative results as for OrmoComp surface. 
However, the directionality is less pronounced since the topographical impact diminished 
due to the smaller height (Figure 6.27).  

 
 
 
 



 

 
Figure 6.27. Axon directionality for the arrays with four different distances between the 

trenches. Axon outgrowth in the direction of the trench was defined as parallel, and 
perpendicular if it grew at a 90° angle relative to the direction of the trenches. Poor 

alignment can be observed for all sizes, but the trend of axon elongation in the direction of 
the trench is more pronounced for smaller trench distances. 

 

6.2.2. Parylene nanostructured films deposited by oblique angle 

In this subchapter, nanotextured parylene polymer (columnar-PPX) was employed to 

investigate the neuronal response to asymmetric surfaces characterized by dense, inclined 

polymer fibers. The columnar-PPX surface had a unidirectional orientation of 

nanotopographies. The columnar-PPX surface can exhibit both hydrophobic and water 

adhesive surface resulting in special wetting properties.149,164 These wetting characteristics 

are described by a ratchet mechanism which includes water pinning and release functions. 

If the substrate is held 90° perpendicular to the ground, the pinning direction will hold a 

droplet at a critical volume whereas the same amount of water droplet will slide off in the 

release direction. This behavior also induced neuronal growth unidirectionality at low cell 

densities.22 Neuronal cells cultured on the directional nano-PPX surface were directly 

affected by the biomechanical cues. Spedden et al. related the anisotropy in axonal 

outgrowth with the asymmetry in the growth cone-surface coupling caused by variations in 

the ratchet topography.23 These experiments where performed at low cell densities, 

however, control of the cell growth and direction needs to be demonstrated also for higher 

cell densities in order to narrow the gap between in vitro studies and tissue in contact with 

implants. In this thesis, neuron development on asymmetric columnar-PPX surfaces was 

evaluated in regards to the: i) impact of the substrate topography on neuron maturation at 

higher cell densities in an early stage of neuronal development including viability, adhesion, 

and neuritogenesis analysis; ii) investigation of the actual interface between the neuron and 

3D nanostructured PPX surface; iii) influence of the columnar-PPX surface on the initiation 

direction during axon formation. 
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6.2.2.1. Substrate characterization and modification  

Planar and nanostructured PPX thin films were fabricated on glass and silicon substrates. 

The films had different morphologies due to the deposition system. Planar films were 

obtained in a normal configuration of the system. The thickness of the planar film was 

determined to be approximately 5 µm. For tilted films the deposition was carried out using 

a nozzle to disperse the entering monomer vapor on substrates. An assembly of tilted 

polymeric fibers with a length of 18-32 µm and a tilt angle of 53-61° was obtained for Si and 

glass substrate. Figure 6.28 shows the SEM and AFM characterization of the three surfaces. 

Top-view and cross-section SEM characterization of the columnar-PPX shows that the 

substrate can affect the final morphology of the polymeric film. The fibers on the Si surface 

had diameters in range of 50-100 nm, while being much wider (200-500 nm) on the glass 

substrate. In between these assemblies for both of the columnar surfaces, cracks and an 

irregular appearance could be observed (Figure 6.28d, g). Again, a difference was observed 

for the two substrates. Larger cracks and irregularities were found on glass substrates. The 

reason for the different film morphology can be related to the fact that the commercial glass 

substrates are normally 2 to 10 times rougher than Si wafers.213 For a better understanding 

of the surface roughness the samples were analyzed by tapping-mode AFM. The calculated 

RMS roughness for planar-PPX was 2.7 ± 0.1 nm (Figure 6.28c). The columnar morphology, 

as expected, increased the surface roughness. Glass substrates exhibit a higher roughness 

(238.75 ± 29.1 nm, Figure 6.26f) compared to the Si substrate (151.6 ± 19.6 nm, Figure 

6.28i). Using AFM images, the asymmetry parameter Cα (ratio of the rod angles facing the 

tilt direction and the rod angles facing the opposite direction of the tilt) was calculated. 

According to Spedden et al., the parameter Cα defines the asymmetry of the surface.23 For 

columnar films deposited on both substrates the Cα parameter showed a quasi-similar 

asymmetry (Cα = 1.29 for Si substrate and Cα = 1.35 for columnar-PPX deposited on glass 

substrate). Another surface property induced by roughness was the surface wettability. Due 

to the periodic surface roughness the columnar-PPX exhibited hydrophobic properties with 

a contact angle of 110 ± 3°. Planar-PPX showed lower contact angles (88 ± 4°). All 

substrates were further modified using oxygen plasma and protein coating. After substrate 

modification the contact angles obtained were lower than 10°, indicating a hydrophilic 

surface. 



 

 
Figure 6.28. SEM and AFM characterization of PPX planar (a-c), columnar-PPX deposited 
on Si substrate (d-f), and columnar-PPX on glass substrate (g-i). AFM characterization was 
obtained by tapping mode-AFM. The white line indicates the position of the cross section 
shown at the bottom of each image.  The cross-sections shows απ and α0, which were used 

to determine the asymmetry factor Cα. 
            

6.2.2.2. Neuronal viability and development 
After 3 or 4 DIV, a comprehensive analysis of viability, adhesion, neuritogenesis, and 
polarity was performed. The neuronal response on columnar-PPX was compared with the 
planar surface in order to observe the influence of the asymmetric surface on cell culture. 
Fluorescence microscopy was used to study the viability and development (Figure 6.29). 
Live/dead staining was used to determine cell viability. Representative images are shown in 
Figure 6.29a-c. Furthermore, the samples were investigated for specific cell components by 
immunostaining. Fluorescent microscopy of axon specific staining was done using Tau-1 
antibodies, MAP2 for neurites, and DAPI for nuclei (Figure 6.29d-f). Figure 6.29 shows that 
PPX films support primary neuronal culture. Vital single neurons or neuronal networks are 
distributed over the entire area. The quantitative analysis of cell viability shown in Figure 
6.29g reveals that planar-PPX surface had a higher viability compared to the two columnar 
surfaces. The viability was normalized to the control sample (cover slip with same PLL 
coating). The viability for control sample was taken as 100% and the viability determined 
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for all other substrates was recalculated relative to the control. Planar-PPX samples showed 

75% viability, while cells on columnar-PPX showed a mean value of 50% for glass 

substrates, and 30% in case of Si substrates. Since the surface modification was identical for 

all substrates, the decrease in cell viability on columnar-PPX compared to the planar surface 

could be related to topographical cues. A similar trend can be observed for the soma area 

(Figure 6.29h). Large contact area of the soma indicating a strong and stable adhesion was 

found for planar-PPX in comparison to columnar-PPX surfaces. Cell responses caused by 

topography could be related to the way in which the cells contact the PLL on the surface. 

Furthermore, the influence of asymmetric surface topographies on neurite development 

was analyzed in detail. After 3 DIV, the neuronal maturation showed different stages on PPX 

surfaces. While neurons on control and columnar-PPX substrates showed a stage 3 

development, those on planar-PPX were in Stage 2 (Figure 6.29d-f).  

 

 

 



 

 
Figure 6.29. Representative fluorescence microscopy images after live/dead staining (a-c) 
and immunostaining (d-f). Live (green) and dead (red) primary neurons were imaged after 
4 DIV for control (a), planar-PPX (b) and columnar-PPX (c) substrates. Scale bars a-c: 100 

μm. Images after immunostaining for control (d), planar-PPX (e) and columnar-PPX (f) 
substrates after 3 DIV. Red (Tau1) color represents axons, whereas neurites (MAP2) are 

shown in green, and nuclei in blue (DAPI). Scale bars d-f: 20 μm. The white arrow indicates 
the direction of tilted nanofibers for columnar-PPX in c) and f) images. g) Viability of 

cultured neurons was calculated on planar-PPX (pPPX Si, n=98), columnar-PPX-Si (cPPX Si, 
n=138), and columnar-PPX-Glass (cPPX G, n=118), after normalization. h) Contact area of 

neural soma was analyzed from immunostaining images of the different PPX surfaces. 
 

The neuritogenesis analysis showed a different behaviour of neurons on planar and 
columnar PPX films, Figure 6.30. Neurite number was found to decrease for all PPX surfaces 
(Figure 6.30a). This observation could be due to the chemical composition of the material. 
Neurons had a higher number of neurites on control substrates than for PPX samples, 
independent of their substrate. Comparing the axon length, neurons cultured on columnar 
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polymer surfaces had a similar mean value as control sample. Interestingly, neurons on 
planar-PPX surfaces had axons twice as short as those on columnar-PPX surfaces (Figure 
6.30b). Since the polymer material and its topography did not only alter the formation of 
neurites, but also their outgrowth, these effects can be correlated. Due to the chemical 
composition of the material, the neurite development was inhibited, but the topographical 
aspect induced axonal elongation. Moreover, the axon branching was enhanced by the 
nanotextured surface as well. While control and planar-PPX samples showed no significant 
branching behavior the columnar samples exhibit enhanced branching (Figure 6.30c).  

 

 
Figure 6.30. Statistical analysis of neural development at 3 DIV regarding number of 

neurites (a), axon length (b), and number of axon branches (c). 
 

The SEM characterization of neurite interactions with planar and asymmetric PPX 
surfaces is shown in Figure 6.31. Exploration of the environment was studied due to the 
importance of filopodia extensions and growth cone sensing of their 
environment.23,50,69,214,215 The shape of the growth cone was affected by the asymmetric 
surface. Typically, the growth cones showed a broad lateral extension.216 The parylene 
material did not induce any change, since short and broad growth cone were observed on 
planar-PPX surface similar to planar control samples (Figure 6.31b). On the other hand, 
sprawled and slim growth cones were found on nanotextured surfaces, Figure 6.31a. This 
indicates that neurons sense many similar binding sites on the surface and the shape of the 
growth cone can be correlated with axon elongation. The investigation of the neurite 
processes revealed many small 20-50 nm projections reaching to the top polymer fibers, 
Figure 6.31c. These projections presumably contribute to the physical stability of neural 
processes.217 When the polymer fibers bunch together they form assembles which are 
separated by gaps with varying widths. Mainly, the neurites adhere on the protruding top of 
the polymer fibers and overgrow gaps between fibers (Figure 6.31d-f). Small or micrometer 
large trenches can be crossed by neurites due to the tension created by the nanotextured 
surface. Moreover, these trenches can influence the pathfinding of axons and may interfere 
with the guiding effect of asymmetrical surface (see below). 



 

 
Figure 6.31. SEM micrographs of neurite interactions with planar and PPX asymmetric 

surfaces. a), b) Comparison of growth cone interaction with planar and columnar-PPX. The 
shape of the growth cone in the case of columnar-PPX is sprawled and slim (a), compared to 

much shorter and broader growth cones found on planar-PPX (b). c) Image of the cellular 
contact with the nanofibers at the filopodia level. Neurite interaction with the asymmetric 

surface on short distant depressions (d) and long distant depression (e, f). Increased neurite 
tension caused by the nanostructures might be responsible for overcoming long distances 
during growth. Micrographs were taken with 3 kV under 45° (a, b), 60° (c, e, f), and 0° tilt 

angle (d). 
 

6.2.2.3. Adhesion and interface study 
In addition, the cell-substrate interface was investigated at the nanometer scale after FIB-
SEM cross-section (Figure 6.32). The cell-substrate interface can give an insight into the 
adhesion promoting properties of the respective material during neuron development.141,218 
Although no staining was performed, the cell-surface interface could be differentiated 
between the planar and columnar-PPX surface. On planar PPX surfaces, the soma had a flat 
and spread morphology that could be correlated with its large size shown above, Figure 
6.32a. The cell membrane exhibited a conformal contact with the polymer, Figure 6.32b. In 
the case of columnar-PPX surfaces, the soma area showed a lower spread across the 
nanostructures (Figure 6.32c). A closer look at the interface obtained by FIB cross section 
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revealed that the cell membrane was mainly in contact with the top of the nanopillar. Only 

at some places, the cell membrane was able to adapt to the nanotextured surface and to 

grow projections into the space between the fibers (Figure 6.32d, f). This effect was also 

observed after double FIB cross section of the cell bodies, Figure 6.32e. For both columnar-

PPX samples (Si and glass substrate) the cell membrane mainly gets in touch with the 

protruding apex of the polymer fibers due to the dense nanotextured surface. Also, although 

the pillars are tilted, there is no restriction to the cell membrane contact with the top 

created by anisotropy. As a mean value, the aspect ratio between the interpillar distance 

width and height was quantified as 1 (from AFM images, 500 nm width, 500 nm available 

height). The investigation on 100 nm OrmoComp arrays showed that 2.5 aspect ratio 

(nanoholes with 250 nm diameter, 100 nm height) was critical for membrane bending 

(7.8%) or adhesion contact with the surface between the pillars (1.7%). As expected, the 

lower aspect ratio induced by columnar-PPX surfaces decreased the membrane bending to 

4% and contact with the interpillar surface to 0.8%. However, 60% of the total membrane 

length was found to be in contact with the top of the pillars. 

 

 

 

 



 

 
Figure 6.32. SEM and FIB cross-sections characterization of the neuronal soma interface 
with planar and columnar-PPX surfaces. a) Planar-PPX reveals a large soma size with b) 
conformal and continuous contact of the cell membrane. c) The cellular contact with the 

nanofibers showed a lower soma area. d) Cell-nanosurface interface showed conformal but 
non-continuous contact regions where the membrane bends into the interfilamental space. 
f) Zoom-in image of cell projections growing into the space between the fibers from d). e) 

Double cross-section of the cell body showing the cell-nanostructures contact in 2D. 

6.2.2.4. Axon initiation and path finding angle 
Due to the capability of the asymmetric surface to guide axon outgrowth direction at low 
cell densities, a point of interest was to observe the cell polarity at a higher density. 
Spedden et al. showed that the neurite alignment had a directional bias generated by the 
ratchet-like topography of the bunched PPX filaments (asymmetry parameter Cα). The 
neuronal however, was 
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guiding effect origin was also investigate. Until now, an 
open question was whether the guiding effect originates from oriented axon initiation or 
occurs during later axonal pathfinding. Figure 6.33a shows the schematics for 
determination of the axon angles. The initiation angle α (red color) was measured before 
the first change in axon direction, while the angle of the axon’s distal end was measured as 
the path finding angle, β. Axons were considered aligned if the angle was 0ᵒ and if they were 
extended in the opposite direction of the nanofibers tilt angle. 

 
Figure 6.33. Guidance effect of high density neuronal cultures on planar and asymmetric 

surface. a) Schematic representation of the axon initiation angle (α, red color) and path 
finding angle (β, grey color). (b) Polar plots of the distribution of the initiation angles for 
control substrates showing a random distribution of axonal outgrowth. Polar plots of the 

distribution of initiation (c) and final path finding angles (d) on columnar-PPX. The 
asymmetric columnar-PPX surface strongly affects the axon initiation but this influence is 

attenuated in later stages of axonal outgrowth. 
 

The asymmetric topographical cues induce a significant polarity of the axon, 
compared to the control substrate. Cell body shape and extending axon direction on control 
substrates and planar-PPX substrates exhibited no directional preference (Figure 6.33b). 
On the other hand, the asymmetric topographical cues induced less soma spreading and a 
directional axon elongation. Figure 6.33c shows that the axon initiation angles were 
regulated by the nanotextured surface opposite to the tilt direction of the nanopillars. This 



 

indicates that neurites extending from the soma on the opposite tilt direction of nanopillars 

have a much higher probability to develop into axons than those initiated in the tilt 

direction. However, the directionality is less pronounced for the axon path finding angle 

(Figure 6.33d). Due to interfering of cell-cell signaling or surface topography 

(trenches/crack in the surface) the neuronal polarization is not maintained over long 

distances. These results indicate that the asymmetric nanotopography was capable of 

triggering axon polarization with a higher impact in the earlier stages of development but 

later, during path finding, the impact of topographical guiding cues diminished and 

interfering signaling randomized the axon elongation.  

 

In the presented study, the influence of anisotropic surfaces on neuronal cultures on 

two different surface morphologies was investigated: i) linear gradients of nanostructures 

in OrmoComp and parylene and ii) tilted nanotextured parylene. The transition from 

isotropic to anisotropic surfaces was done by keeping the material, namely OrmoComp 

polymer. The anisotropic nanopillar array substrates were successfully used to induce axon 

polarization without any changes in the local chemical composition of the surface. 

Moreover, not only the guidance of axon was achieved but also elongation. 1 µm (x axis) and 

250 nm (y axis) interpillar distances (G1 array) showed axon alignment with a mean value 

of 70% of the axons growing along or perpendicular to the trenches formed and a 25% 

increase in axon length compared to the flat surface. 4 µm distance between the structures 

(G4 array) was found to still orient neurite outgrowth (50%), however less robust then the 

G1 pattern. Neurite outgrowth alignment decreased drastically on 10 µm (G10) and 20 µm 

(G20) interpillar distances, due to less topographical cues available. Surface area increased 

<0.8% (due to lateral surface area of pillars) on the G10 array which did not affect neuronal 

development compared to the flat surfaces. These findings suggest that the orientation is 

dependent on the spacing between the trenches, which correlates with the total surface 

area. The molecular clutch model indicates that the cell-substrate contact points can induce 

the formation of focal adhesion complexes. These complexes induce a polymerization of F-

actin as a mechanism of cell migration.219–221 If the topographical information is subcritical 

then the cell can lose the alignment, as observed for interpillar distances larger than 10 µm. 

For smaller distances (1 and 4 µm), the anisotropic nanopillars affect the intracellular 

organization of cytoskeletal components and influence the axon length.  

The impact of the linear gradient was also investigated for parylene polymer, 

commonly used as a material for implants. It is important to note that parylene showed a 

slightly harmful chemical effect. Cell viability, adhesion, neuritogenesis, and guidance are 

slightly lower compared to the OrmoComp polymer. Viability and cell body adhesion can be 

directly correlated with the chemical derogation while topography played an important role 

in cell development and guidance. Due to a different replication method of the materials, 

final dimensions of the structures did not have the same values for PPX and OrmoComp. 

Parylene replicas had a lower pillar height (60 nm) and smaller diameter (200 nm), 
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compared to the high fidelity replication of the OrmoComp material. The nanostructure 

height was especially relevant for axon guidance. The maximum guidance was reached on 

the G4 area with only 35% in parallel or perpendicular direction of the trenches. As a result, 

it appears that <1% increase in surface area of the G4 pattern did not impose sufficient 

topographical information for axonal guidance. These results correlate with OrmoComp’s 

characteristic where 0.8% increase od surface area, introduced by nanostructures, did not 

affect neurite alignment (G10). However, the topographical parylene surface induced an 

improvement regarding cell-nanostructured interface. Due to the increased aspect ratio 

between the width of the interpillar distance and their height (3.3) compared to OrmoComp 

(2.5 aspect ratio, 250 nm width, 100 nm height) the cell membrane exhibits a close 

adhesion with the polymer surface. 45% of the cell membrane was bending in the space 

between the pillars on parylene nanostructured surface, while OrmoComp exhibited a 

lower value (7.8%). 

The asymmetric parylene showed an interesting correlation between mechanical 

material properties and topography. PPX films with dense inclined polymer nanopillars 

supported primary neuronal culture but presented a lower viability than planar or gradient 

polymer surfaces. Beside the adhesion impairing properties, columnar-PPX showed axon 

and growth cone elongation as well as branching. For a better understanding of these 

results, surface topography and mechanical material compliance were addressed. First, the 

influence of nano-topography showed the same effect as in the case of isotropic surfaces, 

discussed in the subchapter above. The nano-topography showed a lower soma area. Tilted-

nanopillars surface act as geometrical constraints restraining cell spreading. However, 

there is no restriction of the cell membrane contact with the top created by anisotropy. FIB 

cross-sections showed that 60% of the total membrane length was in contact with the top of 

the pillars. Due to the low aspect ratio (1, 500 nm interpillar distance width and 500 nm 

available height) cell bending or contact with the surface between the pillars was reduced 

(membrane bending 4%, contact with interpillar surface 0.8%), compared with OrmoComp 

surface (membrane bending 7.8%, contact with interpillar surface 1.7%).  The second 

influence of topography was related to neurite elongation. Axon and growth cone 

elongation was more pronounced as in the case of gradient surface. Although, the 

asymmetric nanopillars taken separately correspond to the pillar diameter obtained for the 

gradients (200 nm), the asymmetry of the surface could prevent breaking of clutching of 

actin filaments, leading to advancing protrusions at the leading edge and neurite 

elongation.50 Another reason for the increased neurite elongation could be related to the 

reduced stiffness of columnar-PPX compare to planar and gradient surfaces. In general, PPX 

can be considered as a relatively rigid polymer with a Young’s modulus in the range from 

2.5-3 GPa, depending on the deposition conditions.17,222,223 However, high aspect ratio of 

nanopillars (diameter/height) decreases drastically the stiffness.  

 



 

The Young’s modulus was calculated for columnar-PPX (Eeff), in comparison with the 

bulk material (Ebulk):  

𝐸𝑒𝑓𝑓 =
27

16
𝐸𝑏𝑢𝑙𝑘 (

𝑟

ℎ
)

3

, 

where r represents the  pillar radius, and h the pillar height.51   

For 30 µm long nanopillars with radii of 50 nm and 220 nm, the Eeff decreases to 20 Pa and 

2 kPa, respectively. These values are similar to the physiological stiffness of brain tissue. 

Here, the nanopillars had a 4 µm height, which leads to 8 kPa and 700 kPa for radii of 50 nm 

and 220 nm, respectively. The difference from planar bulk polymer stiffness is less 

pronounced, but possibly still sufficient to affect neuron development.224 Softer substrates  

can stimulate mechanosignaling inducing neurite elongation and branching.224–226 Softer 

surfaces can allow substrate displacement and thus lower traction forces. Lower adhesion 

forces conserve clutching of actin filaments linked on nanotopographies and induce neurite 

elongation as discussed above.50 Furthermore, the nanotextured surface lead to axon 

elongation with a preferred directionality in early stages of neuron development. The 

asymmetric surface influenced the initiation angle of axon growing opposite to the tilt 

direction of the nanotexture. However, the directionality is less pronounced for the axon 

path finding angle due to the interfering of cell-cell signaling or surface topography. This 

indicates that neurites extending from the soma on the opposite tilt direction of nanopillars 

have a much higher probability to develop into axons than those initiated in any other 

direction. All these results imply the importance of interplay between biophysical cues 

(topography) and mechanical material properties in neuritogenesis, neurite outgrowth, and 

polarity.  
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7. CONCLUSIONS AND OUTLOOK 

 
The aim of this thesis was to study the effect of 3D nano and microstructures fabricated 

from polymer materials on the primary neuronal cells viability, adhesion, and guidance. 

This thesis has demonstrated that physical cues of the OrmoComp and parylene polymer 

surfaces facilitate to control cell behavior for future improvement of implants surface. 

The study included the fabrication of the 3D nano and microstructured isotropic 

substrates. Design variables such as height, diameter, and pitch size were used to produce 

reliable large area (1 x 1 cm) for cell culture exploration. It was demonstrated that 

nanoimprint lithography is a suitable technique for preparing inexpensive and reliable 

nanopatterned substrates. The dimensions and distances between the structures were 

ranging from 250 nm to 4 µm with 100 and 400 nm heights. The obtained polymer 

substrates were replicated from Si/SiO2 molds with reasonable pattern fidelity for 

OrmoComp and parylene materials.   

Prior to neuronal-surface study, a novel procedure for electron microscopy imaging 

was developed. In particular, an optimized cell fixation method was established in order to 

reduce cell preparation artifacts for electron microscopy characterization. The ultra-thin 

resin embedding method allows imaging the interface between neuron and 3D artificial 

surfaces for same specimen.33 Fixation and staining improvement of the samples was 

achieved by a well defined path staining with OsO4, tannic acid, and UrAc. Then, the samples 

were embedded in epoxy resin for cell’s volume preservation. Before resin polymerization, 

the excess resin was removed at nanometer range. Well preserved morphology was 

obtained for single cells, cell-cell, and cell-3D surface interaction during SEM imaging. FIB-

SEM characterization of the same possible specimen can disclose the information about the 

cell membrane conformation around the nanostructures. Moreover, this procedure can 

follow a fluorescence investigation of samples. The correlation of fluorescence microscopy 

with electron microscopy studies facilitates a comprehensive characterization of cell’s 

topography, as well as high-resolution examination of the interface between cell and 

artificial 3D structures. 

The cell response to alterations in surface topography was presented separately for 

isotropic and anisotropic surfaces. Two polymers were implemented: Ormocomp and 

parylene C. It was shown that not only the topography feature size, but also the properties 

of the bulk material showed an influence in cell response. For this reason, the results of 

neurons cultured on 3D substrates were compared with the cell behavior on planar 

polymers throughout this thesis. General morphological characteristics such as soma area, 

neurite number, axon length, turns, and alignment was conducted to investigate 

topographic effects on neuronal cells. Additionally, FIB-SEM microscopy was used to 

elucidate the actual adhesion at the cell-structures interface. 



 

The study of isotropic OrmoComp surface included 10 arrays which aimed to 

influence the neuronal viability, development, and guidance. All OrmoComp polymer 

substrates supported neuronal growth and development without any significant 

detrimental effects on cell viability. The systematic investigation was used to identify which 

structures dimensions could influence neuronal morphological characteristics. An obvious 

behavior change was observed for cells cultures on arrays with 400 nm high pillars 

compare with the lower ones (100 nm). Higher pillars induce a significant axon elongation 

compare to flat and all the 100 nm high pillars arrays. The axon elongation was observed to 

be correlated to an increase number of axon branching and turns, but an inhibition of 

neurite number and cell body area. Moreover, the accelerated elongation on 400 nm pillars 

was accompanied by a preferential axon alignment according to the 3D surface. All 

structures present a good alignment and orthogonality orientation with a high fidelity on 

the pattern. Alignment and elongation incensement for the 400 nm pillars array can rely to 

the energetic balance between the filopodia adhesion and neurite bending. In case of 100 

nm pillars the neurites showed to connect with the upper part of the pillars (top). That 

means that the neurite are suspended between the pillars top and only membrane 

protrusions interacts with the space between the pillars. For higher pillars the pull of the 

gravity onto the structures allow the neurites to  increase the contact of with the flat surface 

between the pillars and pillars walls. Moreover, pillar walls act as local adhesion point to 

decrease the need of soma spreading and trigger the axon elongation. From all symmetric 

structures investigated pillars with 0.4 aspect ratio (height:diameter, A1 array, 400 nm 

height) showed the strongest axon elongation and alignment.  

The interface characterization was performed to investigate the cell membrane 

deformation for 100 nm high structures for two different arrays types (aspect ratio defined 

as width/height of interpillar nanocavity/nanohole): arrays with pitch double the diameter: 

diameter pillars 250 nm (AR=2.5), 500 nm (AR=5), 750 nm (AR=7.5), 1 µm (AR=10), 2 µm 

(AR=20); arrays with 1 µm constant pitch: diameter pillars 250 nm (AR=7.5), 500 nm 

(AR=5), 750 nm (AR=2.5). The cell response was investigated considering the total 

membrane length and the surface area that the 3D structures can provide. A higher surface 

area can provide an increased value of cell-3D structure contact compared with the flat 

surface. However, the 20% increase of the surface area (compare with the flat surface) 

characteristic for pillars with AR=2.5 improve the cell-nanostructured surface contact. The 

membrane interacts in this case preferentially with the top of the pillars. Moreover, this 

observation was shown also for a 10% increase of the surface area (750 nm diameter, 1 µm 

pitch), but same AR (2.5). These results showed that the space between the pillars played a 

significant role since the membrane was observed to follow the curvature of the pillars and 

wrap them. Theoretical calculation was used to address this engulfment-like process in 

order to explore the wrapping effects and compare them to experimental results. 

Calculation of membrane deformation energy and adhesion energy lead to formation of 

different wrapping states similar with the experimental observations. 
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This thesis showed the possibility to successfully fabricate structures with a large 

range, nanometer to micrometer dimensions, with same parameters. The Si/SiO2 molds 

were used to produce replicas of anisotropic 3D nanostructurd surfaces for OrmoComp and 

parylene polymers. The design consisted in a linear gradient with different slopes on x axis 

that reach a final distance of 1 µm, 4 µm, 10 µm, and 20 µm. The structures diameter and 

interpillar distance on y axis was design as 250 nm, constant for all arrays. Neurons 

cultured on the OrmoComp gradients showed an increase polarity induced exclusively by 

the surface topography. Small interpillar distances (1 and 4 µm) induced an axon alignment 

preference of 3.5 (number of aligned axons/number of nonaligned axons) along or 

perpendicular to the nanopillar lines. The preference decrease drastically for 10 and 20 µm, 

since the cells did not had enough topographical cues to react (<08% surface area increase 

compare to the flat surface). For 1 and 4 µm interpillar distances the signaling from closely 

spaced pillars may lead to a “domino” mechanism for growth stimulation, introduced by 

pillar contacts that maintain growth rate constant compared to the situation of more 

separated pillars, where signaling decay occurs.227 Also for larger distances the growth cone 

is out of range to respond to geometrical cue.219–221 To be noted that the height was defined 

as 100 nm and these results can be compared with the isotropic surface. Apparently the 

combination of the dimensions and their localization at certain discrete locations points 

induced a preferred distribution of the growth stimuli. In this regard, the obvious influence 

of the anisotropic surface created by nanopillar lines could generate an axonal guidance 

even at low 3D structures heights. Implementing the gradient design for parylene replica 

structures with lower height (60 nm) and lower diameter (200 nm) were obtained. In this 

case, the topographical information was not sufficient to induce a high axonal alignment. 

The maximum guidance was reached for 4 µm interpillars space area with 0.6 preference 

(number of aligned axons/number of nonaligned axons) in parallel or perpendicular 

direction of the trenches. Moreover, the parylene decrease the neuronal viability which can 

be directly correlated with the chemical derogation of the material. 

The final surface used to explore the cell-3D nanostructures was represented by 

asymmetric PPX surface characterized by dense inclined polymer nanopillars (columnar-

PPX). The columnar-PPX surface was showed to be inexpensive, easy-to-produce, with 

multi-functional surface. The production process does not require any clean room facilities 

or lithography technique.21,150 The effect of columnar-PPX showed interesting correlation 

between mechanical material properties and topography on neuronal response. The 

asymmetry of the surface induced by the tilted nanopillars enhanced axons and growth 

cones elongation, as well as axon branching. However, the cell adhesion was impaired by 

the nanotextured surface inducing a lower viability than planar PPX film or parylene 

gradient replica. It is noteworthy that the 3D nano-texture of the polymer affects oppositely 

the neurogenises and adhesion. Furthermore, the axon elongation showed a preferred 

directionality in the earlier stages of neuron development. The initial angle can be 



 

correlated with the probability that an axon can initiated with this 3D structure in the 

opposite tilt direction of nanopillars 

A major advantage of the approach used in this thesis lies on the high reproducibility 

with which the substrates can be fabricated. The systematic variation of pillar design 

allowed to explore the changes in neuronal morphology that occurred as a consequence of 

pillar contact. Future applications lie on the impact in neuronal repair strategies of optimal 

topographical cues. Nanostructured arrays show great potential for chip electrode 

modification. An optimal contact at the interface might improve the complete signal 

transfer from the neuronal cell to the recording device. A relative quantification of the cell-

surface contact with 250 nm diameter, 750 nm interpillar distance, and 100 nm height 

structures showed a 142% higher adhesion compare with the planar surface. Other open 

question could be related to the neuronal soma membrane deformation on 400 nm pillar 

height. In principle, it is necessary to investigate the complete cell body interaction. FIB-

SEM sequential cutting of whole cells can provide the 3D reconstruction of the interface. 

The wrapping in 3D can show information about the higher aspect ratio structures on cell 

components modulation as nucleus in report with the surface. Also, the combination 

between the gradient property to increase axonal polarity for higher aspect ratio pillars 

could be of great interest. Array with higher alignments showed for isotropic surface (1 µm 

diameter, 2 µm pitch, 400 nm height) can be design and converted into gradient designs 

with short distances. It is expected that axons will shown a bidirectionality along the 

trenches. Increase axon directionality can be further investigated on columnar-PPX, too. 

Deformation of the columnar-PPX rods at different angles for higher asymmetry factor can 

be used to investigate the dominance of chemical or mechanical cues during neuronal 

development. Guided, elongated axons in a desired direction can offer therapeutic solution 

for the regeneration of damaged nerves.  
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APPENDIX A: ABBREVIATIONS 
 

BCI Brain computer interfaces 

FDA Food and Drugs Administration 

CNS Central nervous system 

PNS Peripheral nervous system 

ECM Extracellular matrix 

DIV Days in vitro 

PLL Poly-L-lysine 

PDL Poly-D-lysine 

SAMs Self-assembled monolayers 

PDMS Polydimethylsiloxane 

Parylene C, PPX Poly(dichloro-p-xylylene) 

AFM Atomic force microscopy 

SEM Scanning electron microscopy 

BE Backscattered electrones 

SE Secondary electrones 

FIB Focus Ion Beam 

EBL Electron beam lithography 

NIL Nanoimprint lithography 

PMMA Polymethylmethacrylate 

RIE Reactive ion etching 

FOTCS Trichloro(1H,1H,2H,2H-perfluorooctyl)silane 

GBSS Grey’s Balance Salt Solution 

PFA Paraformaldehyde 

PBS Phosphate buffered saline 

BB Blocking buffer 

AF Alexa Flour 

DAPI 4',6-diamidino-2-phenylindole 

CPD Critical point drying 

OsO4 Osmium tetroxide 

UrAc Uranyl acetate 

MEAs Microelectrodes arrays 

  



 

APPENDIX B: MATERIALS AND SOLUTIONS 
 

B1. Reagents list 

Reagent Supplier Specification 

Polymethylmethacrylate (PMMA) Allresist AR-P 669.04 600K 

Developer AR 600-55 Allresist  

Iso propanol Sigma-Aldrich ≥99.5% 

N2  purity of 99.8% 

MilliQ 
Elix and MilliQ 

system of Millipore 
18.2 MΩ 

Acetone Sigma Aldrich 99.5%, highly flammable 

Trichloro(1H,1H,2H,2H-

perfluorooctyl)silane (FOTCS) 
Sigma Aldrich 97% 

OrmoPrime 
Micro resist 

technology 
 

OrmoThin 
Micro resist 

technology 
 

OrmoComp 
Micro resist 

technology 
 

Polydimethylsiloxane (PDMS) 

Sylgard 184, Dow 

Corning 

Corporation 

1:10 

Ethanol absolute  Fischer Scientific 200 Proof, flammable liquid 

Poly-L-lysine (PLL) Sigma-Aldrich 10 mg/ml 

Grey’s Balance Salt Solution (GBSS) Life Technologies  

B-27 Invitrogen  

L-Glutamine Invitrogen  

Gentamycin Sigma Aldrich 10 mg/ml 

Neurobasal media life technologies  

Fetal bovine serum life technologies  

Trypsin/EDTA life technologies  

Trypan blue Sigma Aldrich toxic reagent 

Ethidium homodimer Invitrogen toxic reagent 

Calcein AM Sigma Aldrich 1mg/ml in dry DMSO 

Paraformaldehyde (PFA) Sigma Aldrich powder, 95% 
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Alexa Fluor (AF 488, AF 546, AF 

633) 
Life Technologies  

AntiMAP2 Millipore  

40,6-Diamidino-2-phenylindole 

dihydrochloride (DAPI) 
Sigma Aldrich 1 mg/ml 

Anti-200 kD Neurofilament 

Heavy (NFH) 
abcam 2 mg/ml 

Anti-Tau1 Life Technologies  

Glutaraldehyde solution  Sigma Aldrich 

50% in H2O solution. The 

reagent is specially purified 

for use as an electron 

microscopy fixative.  

Cacodylate buffer Morphisto pH 7.4, 0.1 mol/l 

Epoxy embedding medium (1,2,3 

propanetriol, polymer with 2-

(chloromethyl)oxirane) 

Sigma Aldrich 

may cause skin irritation, eye 

irritation and respiratory 

irritation. 

Epoxy embedding medium, 

hardener DDSA - (Dihydro-3-

(tetrapropenyl)furan-2,5-dione) 

Sigma Aldrich 
may causes and eye 

irritation. 

Epoxy embedding medium, 

hardener MNA ≥95.0% (Methyl-5-

norbornene-2,3-dicarboxylic 

anhydride) 

Sigma Aldrich/ 

Fluka 

may cause skin irritation, eye 

irritation and respiratory 

irritation. 

DMP (2,4,6 

tris(dimethylaminomethyl)phenol 

95% (, cat. no. T58203) 

Sigma Aldrich 

may cause skin irritation, eye 

irritation and respiratory 

irritation. 

Osmium tetroxide (OsO4) Sigma Aldrich highly toxic chemical 

Tannic acid 

Electron 

Microscopy 

Sciences 

low molecular weight 

Uranyl acetate 

Electron 

Microscopy 

Sciences 

2% solution in water, 

depleted uranium 

NaCl Sigma Aldrich  

KCl Sigma Aldrich  

Na2HPO4 Sigma Aldrich  

KH2PO4 Roth  

 

 



 

 B2. Solutions 

B2.1. Cortical Neurons media  
100 μl of B27 (final concentration 1% vol/vol), 25 μl of L-glutamine (final concentration 
0.25% vol/vol), 10 μl of gentamycin (final concentration 1‰ vol/vol) were added to 10 ml 
of Neurobasal media. 
B2.2. Phosphate Buffer Saline solution (PBS) 
In one l of distilled water, NaCl is dissolved to a final concentration of 137 mM, KCl to a final 
concentration of 2.7 mM, Na2HPO4 to a final concentration of 8 mM, and KH2PO4 to a final 
concentration of 1.8 mM. This solution is then diluted in a concentration of 1:10 in distilled 
water.  
B2.3. Resin solution  

As shown in Figure A1, in a 50 ml flacon tube 12.5 ml solution of Epon embedding medium 
was mixed sorely with 20 ml DDSA for 5 minutes (A). In parallel, a solution consisting of 
17.5 ml Epon embedding medium and 15 mL MNA was prepared in a plastic tube as shown 
in Figure 1B. Afterwards, the two solutions were poured at the same time into a plastic 
container containing a magnetic stirrer and 1.3 ml DMP30 was added. At this step, the color 
of the final solution is typically red/orange (C). After 1h of stirring at room temperature the 
resin solution was prepared and the color changed in yellow (D). Finally, the epoxy solution 
can be directly used for infiltration. For an eventual storage the resin solution was picked 
up into 20 ml syringes (E), labeled (F), and stored at -20°C (G). The resin solution should 
not exceed one month of storage and before usage the solution was left for 10 min at room 
temperature. 
 

 
Figure A1. Resin preparation and storage.  
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APPENDIX C: CLEANROOM RECIPES 
 

C1. Recipe for Si/SiO2 mold fabrication (100 nm depth structures) 

Mold substrate: 4 inch, p-silicon ˂100˃ 
100 nm SiO2 

Resist: PMMA AR-P669.04, 3000 rpm 
180 °C, 300 sec 

EBL: Arrays: beam size 5 nm, 2 nA beam current, 50 kV voltage, 230 μC/cm2 
dose 
Labels: 50 nm beam size, 150 nA beam current, and 250 µC/cm2 dose 

Development: AR 600.55 120 sec 

RIE: CHF3/SF6 50/10 sccm, RF 25, ICP 2006, Bias 30, 0°C, 24 sec  
O2 45 sccm, 0°C, 90 sec 

 
 
C2. Recipe for Si/SiO2 mold fabrication (400 nm depth structures) 

Mold substrate: 4 inch, p-silicon ˂100˃ 
500 nm SiO2 

Resist: PMMA AR-P669.04, 3000 rpm 
180 °C, 300 sec 
double coating of resist with same parameters 

EBL: Arrays: beam size 5 nm, 2 nA beam current, 50 kV voltage, 230 μC/cm2 
dose 
Labels: 50 nm beam size, 150 nA beam current, and 250 µC/cm2 dose 

Development: AR 600.55, 120 sec 

RIE: SiO2 etching: CHF3/SF6 50/10 sccm, RF 25, ICP 1500, Bias 50, -100 °C, 
90 sec  
PMMA etching: O2 45 sccm, 0°C,  90 sec 

 
 
C3. Parylene deposition for replica fabrication 

RWTH Aachen, Institut für Werkstoffe der Elektrotechnik 
PDS 2010 E LABCOTER 1 (firma SCS) 

Material DPX-C Lot. Nr. 14A21007 
Temp. vapo 175°C 
Temp. pyro 690°C 
Temp. P.G. 135°C 
Mass 5,45 g 
Thickness 12988 ±156,9nm 
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