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Abstract 
Functionalization of biosensor surfaces with nanostructures is a well-established approach to 

promote biological entities to adhere, grow and proliferate. The natural adhesion surface of cells 

is composed of extracellular matrix biomolecules and the organization of the bio-nanostructures 

is completely random. Therefore, this study focuses on fabrication of randomly organized 

nanostructures inspired from the dimensions and orientation of natural collagen fibers with 

nanoimprint lithography. The biomimetic nanostructures subsequently grown by electroplating 

the nanoimprinted surfaces replicate the topographical randomness of the natural collagen fibers 

in lateral dimension and organization, but not axial dimension. The nanostructures significantly 

influence the surface properties by amplifying free surface energy by 33 % and reduction in 

impedance magnitude by 54 % for frequencies below 1 kHz. The surface modifications open 

nanostructuring opportunities for biosensor application such as in-vitro microelectrodes used for 

electrophysiological studies. The biomimetic nanostructured microelectrodes show reduction in 

impedance magnitude at 1 kHz by 41 % for densely-packed nanostructures. Electrophysiological 

experiments with mice enteric neurons show a 3-fold amplification in seal impedance and an 

increase of 35 % in extracellular signal-to-noise ratio. Finally, cell biological experiments show 

270 % increase in neuronal growth and up to 50 % increase in focal adhesion coverage induced 

by the nanostructures. 
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Zusammenfassung  
Die Funktionalisierung der Oberflächen von Biosensoren mit Nanostrukturen ist ein etablierter 

Ansatz, um die Haftung, das Wachstum und die Vermehrung biologischer Komponenten zu 

fördern. Die natürliche Adhäsionsfläche von Zellen besteht aus Biomolekülen der extrazellulären 

Matrix, wobei die Organisation der biologischen Nanostrukturen völlig zufällig ist. Daher 

konzentriert sich diese Arbeit auf die Herstellung von zufällig organisierten Nanostrukturen, die 

von den Abmessungen und der Ausrichtung natürlicher Kollagenfasern inspiriert sind und mit 

Nanoimprintlithografie (NIL) hergestellt werden. Die biomimetischen Nanostrukturen, die durch 

Galvanisierung der zuvor mittels NIL-geprägten Oberflächen aufgewachsen werden, replizieren 

die topografische Zufälligkeit der Kollagenfasern in Bezug auf die laterale Dimension und 

Organisation, jedoch nicht die axiale Dimension. Die Nanostrukturen beeinflussen die 

Oberflächeneigenschaften erheblich, indem sie die freie Oberflächenenergie um 33 % erhöhen 

und die Impedanz bei Frequenzen unter 1 kHz um 54 % verringern. Die Oberflächenmodifikationen 

eröffnen Nanostrukturierungsmöglichkeiten für Biosensoranwendungen wie in-vitro 

Mikroelektroden, die für elektrophysiologische Studien verwendet werden. Die biomimetisch 

nanostrukturierten Mikroelektroden zeigen eine Verringerung der Impedanz bei 1 kHz um 41 % 

für dicht gepackte Nanostrukturen. Elektrophysiologische Experimente mit Darmneuronen von 

Mäusen zeigen eine dreifache Verstärkung der Dichtungsimpedanz und einen Anstieg des 

extrazellulären Signal-Rausch-Verhältnisses um 35 %. Schließlich zeigen zellbiologische 

Experimente eine Zunahme des neuronalen Wachstums um 270 % und eine Zunahme der fokalen 

Adhäsionsabdeckung um bis zu 50 %. 
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1. Introduction  

History of electronic biosensors in medicine can be dated to 1962 when American scientist Leland 

Clark developed the first blood glucose sensor based on the application of Clark-type oxygen 

electrode [1]. Consequently, biosensors as a research field grew in prominence aided by emerging 

technologies. Electronic biosensors can be broadly classified based on their sensing mechanisms 

namely, physical (e.g. thermometer) [2-3], biochemical (e.g. enzyme-based sensors) [4-5], optical 

(e.g. SpO2 sensors) [6-7], electrophysiological (e.g. microelectrode arrays) [8], etc. Among these 

examples, electrophysiological sensors were of particular interest to researchers as they were 

exclusively used for sensing electrogenic activity in cells such as neurons and cardiomyocytes. In 

most of these applications, both in vivo and in vitro environment, the cells are in direct contact 

with the conductive surface of the sensor. Therefore, an optimized interface between the cells and 

the electrode surface was essential for enhanced sensor signal transmission. Micro- and 

nanostructuring of the sensor surface has been a well-established technique to enhance the cell 

interface, as it mimics the natural rough environment of cell adhesion [9-10]. ‘Biological’ 

nanostructuring of the conductive surfaces was performed using coating techniques based on 

biomolecules such as laminin, collagen and other extracellular matrix (ECM) proteins [11-13]. These 

coating methods were standardized, easy-to-use and proved to be effective in improving coupling 

of cells to the surface [11-13]. But over an extended period of culture duration, the biomolecules 

were confronted with a major risk of detachment in extreme conditions, such as pH and 

temperature [14-15]. The engineering solution to this problem was the replacement of natural 

nanostructures with synthetic durable nanostructures fabricated by microsystems technologies.  

Depending upon the electrode material and application of biosensor, there are several fabrication 

methodologies to develop different types of nanostructures. With current state-of-the-art 

fabrication technologies, nanostructures with spatial resolution smaller than 100 nm have been 

developed for biosensor functionalization [16-18]. For example, conducting polymer 

nanostructures were chemically deposited on silicon-based FET biosensors for enhanced signal 

sensitivity [19]. In another example, ’ice-like’ dendritic gold nanostructures deposited by 

electroless plating on a gold electrode were used for functionalization of DNA sensor for 

Enterococcus faecalis detection [20]. With limitless opportunities in methods and materials to 

structure the sensor surface, it is essential to examine the natural adhesion surface of cells and 

understand the cellular preference in their native environment.  

For instance, cellular components in vertebrae body sit on a cushion of supporting film called 

basement membrane. The basement membrane is composed of a complex organization of ECM 

biomolecules such as integrins, laminin, proteoglycans, fibrillin and collagen fibrils. These 

components give the overlying cells mechanical stability and a platform to grow, adhere and 

migrate. Examination of the basement membrane surface profile with AFM measurements reveals 
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several nanotopographical features such as pores, ridges, wells, tubes, and pillars [21]. The 

dimensions of these features vary from ten to a several hundred nanometers and more importantly 

there exists no symmetry in the orientation of the nanostructures [22]. On the contrary to the 

natural adhesion surface, current structuring methods are designed to develop symmetric and 

organized nanostructures with defined structure dimensions and periodicity. Therefore, this study 

explores opportunities to fabricate synthetic nanostructures with random structural dimensions 

and asymmetric organization.  

Randomness in nanostructuring can be interpreted in terms of anisotropy in dimensions (axial and 

lateral) and organization of the structures. For instance, nanostructures represent a one-

dimensional randomness when asymmetry exists in either lateral dimension or axial dimension, 

two-dimensional randomness when asymmetry exists in both lateral, as well as, axial dimension 

and three-dimensional randomness when asymmetry also exists in the spatial organization. For 

instance, the natural adhesion surface of the basement membrane can be interpreted to represent 

a three-dimensional randomness pattern [21-22]. Mimicking the natural adhesion surface by 

nanostructuring methods has been previously performed to an extent by preparing nanorough 

surfaces and nanoporous surfaces by chemical etching methods [23]. But such surfaces do not 

completely represent a true biomimetic surface, as presence of general roughness is not the only 

characteristic of a natural adhesion surface. A more suitable approach to fabricate biomimetic 

nanostructures would be to mimic the exact dimensions and organization of the biomolecular 

nanofeatures.  

Collagen is dimensionally the biggest biomolecule present in the extracellular matrix composite 

and it has the largest presence in comparison to other biomolecules such as fibronectin, laminin, 

etc. [24]. Existence of collagen in mammalian systems can be briefly classified to different types 

based on the amino acid chain organization (type I, type II etc.) and their structural hierarchy 

ranging from individual fibrils to large bundles of composite fascicles [25]. Collagen fibers are 

characterized by their exceptional mechanical strength [26] and thermal stability [27]. These 

properties allow collagen molecules to be used in mechanoforming processes such as polymer 

hot embossing and electrospinning [28]. Using soft lithography methods, the collagen fibers have 

been successfully mimicked onto polymers such as polydimethylsiloxane [28-29]. But most 

biosensor surfaces are developed with conductive materials (such as metals and semiconductors). 

Therefore, conventional lithography methods would have to be combined with mechanoforming 

methods such as nanoimprint lithography to replicate collagen fibers to metallic biomimetic 

nanostructures.   

Nanoimprint lithography (NIL) is a novel nanostructure fabrication method based on mechanical 

deformation of a UV curable or thermoplastic polymer with exceptional structure resolution 

[30-31]. The two main components of NIL are a mechanical template containing the micro- and 

nanopattern and a nanoimprintable polymer cured by the apparatus (UV or temperature). The 
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nanostructure pattern on the mechanical template is compressed on the imprint polymer and the 

molded polymer is used to grow nanostructures by chemical deposition [32], physical deposition 

[33] or electrodeposition methods [34]. Nanostructured surfaces fabricated by NIL have been 

previously used for several biosensor applications such as biofuel cells [35], axon guiding platforms 

[36] etc. Conventional NIL templates are fabricated by high resolution e-beam lithography and 

Gaussian beam pattern generators [37]. Interestingly, the collagen molecules are mechanically 

strong and thermally stable and hence they could be used as a master stamp in NIL. Subsequently 

by nanostructure growth, nanostructures mimicking the structural dimension and organization of 

natural collagen fibers can be fabricated on metal biosensor surfaces.  

Microelectrode arrays (MEAs) are microscaled electrophysiological biosensors used to 

communicate with electrogenic cells such as neurons and cardiomyocytes. They can be used in 

vitro and in vivo environment for extracellular activity recording and for electrical stimulation 

purposes. MEAs possess a unique advantage of recording the extracellular activity of the neuronal 

tissue without puncturing the cell membrane (as done in patch clamp measurements) and hence 

integrity of the cell cytoplasm is maintained. Moreover, MEAs can be used to measure extracellular 

activity from several locations of a larger tissue for longer periods of time with excellent 

spatiotemporal resolution. Active surface area of a microelectrode is a critical parameter in 

determining its efficiency in signal transmission. From ohmic relations, it is known that larger area 

results in smaller surface impedance of the electrode [38]. But at the same time, the widened 

microelectrodes compromise the density of electrodes in an array, which in turn results in loss of 

spatial resolution of recording. An effective method to increase the active surface area of the 

microelectrode without changing its dimensions is the introduction of conductive nanostructures 

on the electrode surface [39]. Enhanced effective surface area of the metal electrode can be 

electrochemically correlated to enlarged surface capacitance and reduced surface resistance, 

which could result in improving the signal-to-noise ratio for electrophysiological recordings [40]. 

Nanostructuring of MEAs for improved signal transmission properties has been popular over the 

past few decades, where researchers have structured electrode surfaces with a large variety of 

materials such as metals, polymers, ceramics etc. For example, nanoimprint lithography and gold 

electroplating has been used for fabrication of gold nanostructures with different shapes such as 

tubes, pillars, mushrooms on microelectrode surfaces, which resulted not only in significant 

reduction in impedance, but also tighter adhesion of cells to the electrode surface [41]. A stronger 

adhesion results in a smaller gap between the electrode and the cell, which in turn results in 

reduced ohmic loss of electrical information [42].  

Although there have been several examples illustrating the benefits of nanostructures for 

improved electrophysiological performance of microelectrodes, there has been very limited 

research revealing the mechanics of the enhancement in cell-nanostructure interaction. Neurons, 

like most eukaryotic cells, consist of a cell body with nucleus and several organelles enclosed by 
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the cell membrane. Cell membrane proteins form a complex micromechanical framework which 

senses and reacts to external stimuli such as surface topography [43]. When in contact with 

nanostructures (natural or synthetic), the cell body and cell membrane adapt their interaction by 

biochemical signaling, which in turn results in modified cell adhesion [44]. Tighter adhesion of 

neurons to the culture surface has been previously investigated by monitoring the development 

of focal adhesion complexes (FACs). Formation and maturation of FACs range can widely differ 

depending on the depth, width, pitch and isotropy of nanostructures [45]. With fluorescence 

microscopy it is possible to map the development of the FACs and subsequently correlate the cell 

adhesion to nanostructures. Such a study in collaboration with high resolution electron microscopy 

will be extremely useful in understanding the biomechanical interaction of cells with the 

nanostructures [46], which in turn would greatly contribute in improving the efficiency of 

nanostructure development for electronic biosensors. 

The objective of this thesis is to explore opportunities to fabricate randomly organized biomimetic 

nanostructures on the surface of biosensors and later to apply the same to surface of 

microelectrode arrays used for electrophysiological applications. Another important aspect of this 

thesis is to investigate the biomechanical interaction of cells with the biomimetic nanostructures. 

In Chapter 2, essential theoretical knowledge useful for understanding the motivation, 

experiments, results and discussion sections of this thesis is explained. In Chapter 3, experimental 

methods used in this study for the fabrication and characterization of random nanostructures and 

their subsequent application on microelectrode surfaces are presented. In Chapter 4, development 

of randomness pattern derived from natural collagen fiber network is described, which then is 

used to fabricate the random nanostructures with gold electroplating. In Chapter 5, application of 

the biomimetic nanostructuring process on microelectrode surfaces is described. Apart from 

fabrication of the nanostructured microelectrodes, improvements in the impedance properties and 

adhesion of cells are also illustrated. Finally, results from electrophysiological experiments with 

enteric neuronal culture are presented. In Chapter 6, the interaction of cells with the biomimetic 

nanostructures is investigated with fluorescence microscopy. Firstly, neuron-glial cell growth assay 

is illustrated on the nanostructured surfaces. Then a comprehensive analysis on growth and 

maturation of FACs for the cells on the biomimetic nanostructures is presented. Finally in Chapter 

7, discussions which could be implemented for further improvements in the nanostructuring and 

future applications in biomedical engineering and tissue engineering are illustrated. 
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2. Theoretical background 

 

In this chapter, essential theoretical knowledge to understand the fabrication, characterization and 

subsequent application of the biomimetic nanostructured surfaces has been presented. Firstly, a brief 

introduction to neuronal anatomy and electrophysiology of has been presented. Then, the principles of cell-

surface interactions to the nanostructures have been described. Afterwards, working principle of the 

nanoimprint lithography used for nanostructure fabrication has been described. Finally, a brief explanation 

of physicochemical and biological characterization methods has been presented.  
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2.1. Anatomy and electrophysiology of neurons 

2.1.1. Neuron: Structural unit of nervous system 

Neurons are the fundamental excitatory cells of the brain and nervous system responsible for 

communicating information with the external world. Nervous system exists as primitive cerebral 

ganglion in early eukaryotes like Coelenterates, to highly complex brain and spinal cord systems 

with several billion neurons in evolved mammals such as humans. Neurons ideally are composed 

of three main components: a cell body or soma, an axon and several dendrites (Figure 2.1). Soma 

contains central nuclei, typical cell organelles and granular bodies called Nissl’s granules which 

help in internal regulation of neuron protein synthesis. Axon is a singular long extension that 

protrudes from the cell body which directs the transmission of information in to the neuron. 

Dendrites are several branches of short fibers which protrude out of the cell body that transmit 

information out of the neuron. The distal end of the axon is terminated to several branches called 

synaptic knobs which consists of synaptic vesicles containing essential neurotransmitters. 

Depending upon the number of axons and dendrites, the neurons can be briefly classified as apolar 

(without dendrites or axons), unipolar (one axon and no dendrite), bipolar (one axon and one 

dendrite) or multipolar (one axon and two or more dendrites). Apart from neurons, non-excitatory 

cells such as glial cells exists in the nervous system, which support neuronal growth and are 

responsible for several functions such as insulating axons with myelin sheath (made of 

oligodendrocytes or Schwann cells). Other glial cells such as astrocytes and satellite cells share the 

function of supporting and protecting neurons. 

 

Figure 2.1. Illustration of neuronal classification based on anatomy (adapted from [47]). 

unipolar neuron bipolar neuron multipolar neuron
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2.1.2. Functional classification of mammalian nervous system 

Nervous system in mammals can be broadly classified to central and peripheral nervous system 

based on its function (Figure 2.2). Central nervous system (CNS) consists of the brain and spinal 

cord, which acts as the central processing unit of the coordination and control. Peripheral nervous 

system (PNS) is a collective of all the neurons in the organism excluding the central nervous system. 

The main function of PNS is to transmit information from CNS to the rest of the body. PNS consists 

of cranial nerves (nerve segments emerging from brain), spinal nerves (nerve segments emerging 

from spinal cord), visceral nerves (segments emerging to and from viscera) and ganglia clusters. 

PNS can be further classified based on its function to somatic nervous system and autonomic 

nervous system. Somatic nervous system comprises of sensory and motor fibers from the skin, 

skeletal muscles and joints. Autonomic nervous system coordinates involuntary motor control of 

organs and body functions. Autonomic nervous system can be classified to sympathetic system 

(adjusts our bodies for situations of increased physical activity), parasympathetic nervous system 

(adjusts our bodies for energy conservation activities) and enteric nervous system (that regulate 

the activity of the gastrointestinal tract). Enteric nervous system is composed of both 

parasympathetic fibers and sympathetic fibers which form two plexuses within the wall of the 

intestine: submucosal plexus (found in the submucosa of the intestines) and myenteric-plexus 

(found in the muscularis externa). Neurons from mammalian myenteric plexus have been used in 

this study for the electrophysiological application of biomimetic nanostructures.  

 

Figure 2.2. Functional classification of mammalian nervous system (adapted from [48]). 
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2.1.3. Generation and conduction of action potential 

Cell membrane in neurons is composed of a lipid bilayer with several membrane proteins 

embedded on its surface. The membrane acts as an electrical insulator between ionic charge 

concentrations present inside and outside the cell cytoplasm. Also present on the cell membrane 

are selectively permeable ion-channels. When the neuron is not conducting an impulse, it exists in 

a resting state and the membrane is permeable to K+ ions and impermeable to Na+ ions, as well 

as, negatively charged proteins present in the cytoplasm. At the same time the fluid outside has 

an excess of Na+ ions, thus forming an ion concentration gradient at the membrane. To maintain 

this concentration gradient, a sodium-potassium pump present on the membrane transports three 

Na+ ions outwards for two K+ ions into the cell [49]. This results in the outside surface of the 

membrane being positively charged and the inside surface negatively charged. The electrical 

potential difference existing due to this ion concentration gradient during the resting stage is 

called resting membrane potential. When the neuron is stimulated by an external source (e.g., 

neurotransmitters), the membrane at the stimulation site becomes permeable to Na+ ions, which 

leads to large influx of positively charged Na+ ions into the cytoplasm. This leads to depolarization 

in the ionic concentrations of the membrane. The change in electrical potential difference due to 

the concentration gradient depolarization is known as the action potential, which in fact is the 

conducting nerve impulse (Figure 2.3a). At the site next to the point of action potential generation, 

the membrane still exists in resting state. Therefore, the current flows to the neighboring site from 

a positive to negative gradient on outside and vice versa in opposite direction on the inside, thus 

completing the electrical flow of circuit. This current flow at the membrane travels across the length 

of the neuron, which is the mechanism of nerve impulse conduction. The change in membrane 

potential is short-lived, as the permeability and direction of ion flow immediately reverses causing 

the initial site at the membrane to repolarize back to resting potential and available for further 

stimulation.  

Conduction of impulses between neurons takes place with fluid-filled cell membrane junctions 

known as synapse. The gap between the neurons is known as a synaptic cleft and the conduction 

takes place by electrical or chemical means (Figure 2.3b). When the synaptic cleft is very small, the 

impulse electrically jumps from one neuron to another, hence triggering the post synaptic neuron. 

When the synaptic cleft is larger, signaling molecules known as neurotransmitters are released 

from the pre-synaptic neuron into the synaptic cleft, which is received by the post synaptic neuron 

by its specific receptors. The binding of the neurotransmitters on the receptors triggers the change 

in the ion channel concentration and leads to the conduction of nerve impulse. Inhibitory 

neurotransmitter result in increase in membrane potential, whereas excitatory neurotransmitter 

cause depolarization. Dopamine and serotonin are examples of inhibitory neurotransmitters, 

whereas epinephrine and norepinephrine are examples of excitatory neurotransmitters. 
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Figure 2.3. (a) Transmission of action potential across the neuronal membrane (adapted from 

[49]). (b) Chemical and electrical synapse for neuronal impulse conduction (adapted from [50]). 

2.1.4. Action potential measurement from neurons 

Extracellular and intracellular activity transmitted in the neurons, such as action potentials, single-

unit recordings, bursts, postsynaptic potentials etc., can be recorded with excellent temporal 

resolution of a single neuron (both in vitro and in vivo environments) with state-of-the-art 

microsystems technologies [51-55].  

2.1.4.1. Intracellular action potential measurement: Patch clamp apparatus 

The first intracellular measurement of neural activity was performed by German scientists Bert 

Sakmann and Erwin Neher in 1975, when they developed the first patch clamp apparatus to 

measure single channel currents across a membrane path of a frog skeletal muscle, for which they 

were awarded the Nobel prize in physiology and medicine in 1991 [56]. A single ion channel 

(a)

(b) chemical synapse electrical synapse

(a)

(b) chemical synapse electrical synapse
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conducts around 10 million ions per second which accounts to a current of just a few picoamperes. 

A thin glass or quartz pipette with a blunt end is sealed onto the membrane with a suction applied 

to create a high resistance seal in giga-ohm range (Figure 2.4a) [57-58]. This suction allows the 

ions to flow through the glass pipette, where a saline immersed silver electrode measures the ion 

current, which is then amplified and recorded.  

Depending upon the mode of seal formation, patch clamp methods can be used in different 

configurations (Figure 2.4b) [59]. In cell-attached mode, the membrane patch is left intact and the 

electrode is loosely attached on to it. In whole-cell mode, the membrane is disrupted by 

application a large suction in the glass pipette. By doing so the electrode interface becomes a part 

of the interior of the cytoplasm. It is also possible to record current just from a small patch instead 

of the complete cell which helps in isolated activity measurements of single channel. This can be 

achieved either in inside-out mode [60], where a patch of the membrane is separated from cell 

and measured. Or outside-out mode [59], where the pipette is set up in whole-cell configuration 

and then retracted, causing a rupture and rearrangement of the membrane in the extracellular 

domain. Despite its popular application in intracellular activity measurement, patch clamp method 

cannot be adapted for long-term neural network studies, as rupture of cell membrane by the patch 

electrode leads to cell deformation and ultimately cell death [61].  

 

Figure 2.4. (a) Microscopy image of the patch clamp suction tube into neuronal cell body (adapted 

from [58]). (b) Illustration of different modes of patch clamp for intracellular activity measurements 

(adapted from [59]). 

 

 

(a)

(b)

20 µm

(a)

(b)

20 µm
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2.1.4.2. Extracellular action potential measurement 

Measurement of electrical activity in neurons can be performed without disturbing the cell 

membrane with extracellular recording methods. Although the amplitude of action potential 

signals is significantly smaller than intracellular measurements, these methods are extremely 

versatile and electrical activity from several neurons can be measured simultaneously for longer 

periods. The most common method of extracellular measurements is performed by microelectrode 

arrays, although other devices such as field-effect transistors and cuff electrodes are also popular 

in application [62-63]. 

2.1.4.3. Microelectrode arrays (MEAs): Design and fabrication  

MEAs are 2D planar electrode arrays used to measure extracellular activity in neuronal culture. 

Dimensions of the microelectrode range between few hundred nanometers to several microns 

[64-65]. The surface area of the 2D array and microelectrode density determine the spatial 

resolution of the extracellular activity measurements. The basic design of a MEA consists of a cell 

culture chamber with a planar culture surface embedded with an array of microelectrodes 

(Figure 2.5).  

 

Figure 2.5. Schematic illustration of neuronal culture seeded on the surface of a microelectrode 

array (adapted from [66]). 

The microelectrodes are connected on the exterior to a signal acquisition system with amplifiers, 

filters and signal processing units. The planar electrodes are isolated with a layer of biocompatible 

dielectric material such as chemical vapor deposited silicon oxide-silicon nitride thin films, parylene 

C, polyimide, SU-8 polymer etc. The first reported MEA was developed in the year 1972, where 

American Scientist P. A. Springer fabricated 30 electrodes disposed on two lines 50 µm apart to 

successfully measure extracellular activity in cardiomyocytes of chick embryo [67]. Choice of 

materials for substrate, electrodes, connection tracks and passivation dielectric is diverse 

depending upon the application of the MEAs. For in vitro applications, rigid substrates such as 

glass and quartz are used, whereas flexible polymers such as polyimide are used for in vivo 

applications. Likewise, conductive ceramics such as TiN and ITO are used as electrode material for 
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high signal-to-noise ratio (Figure 2.6a) [68] and for material robustness, microelectrodes are 

fabricated with noble metals such as gold. With current state-of-the-art technologies, MEAs have 

been realized up to a density of 16384 electrodes, spread over a surface area of 2 mm2 

(Figure 2.6b) [69].  

 

Figure 2.6. (a) Commercial TiN MEAs fabricated by Multichannel Systems GmbH (adapted from 

[68]). (b) CMOS chip with 16384 microelectrodes and 1024 channels (adapted from [69]).   

2.1.4.4. Electrical properties of MEAs 

To optimize the signal transmission in microelectrodes, it is essential to understand the electrical 

properties of its individual components and their overall contribution to the improvement in signal 

transmission. Such an analysis can be effectively performed by development of an electrical 

equivalent circuit, where the charge-transfer mechanisms at the electrode can be realized to active 

and passive electrical components (Figure 2.7a). Microelectrodes measure the electrical activity of 

cells through a fluid culture medium. This can be simulated in the equivalent circuit by a voltage 

source transmitting an AC signal through a conductive electrolyte medium. The schematic of 

microelectrode consists of three main parts: electrode surface, the passivation layer surrounding 

the electrode and the connection tracks. Since the electrode surface and the connection tracks are 

made of highly conductive materials, the material resistance contributed by them are negligible 

compared to the large impedances contributed by charge-transfer components. 

Charge-transfer at the electrode-electrolyte interface occurs significantly by the presence of an 

electrical double-layer at polarized electrode surface formed by the hydrated ions present in the 

electrolyte (Figure 2.7b) [70]. The charge-transfer across the double-layer occurs by both reactive 

and diffusive pathways. Apart from these components, there also exists other parasitic 

capacitances originating from closely located microelectrodes (such as passivation layer (Cpassivation), 

etc). But in comparison to charge-transfer and diffusive impedances, the parasitic components do 

not contribute largely to the global electrode impedance of the microelectrodes. Therefore, a 

(b)(a)

10 mm
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simplified version of the electrical equivalent circuit described by Randel’s model is generally used 

in literature to characterize the charge-transfer properties of MEAs [71]. The first component of 

this model is the double-layer capacitance (Cdl) formed by the dielectric film of hydrated ions the 

charged electrode surface [70]. The second component is the charge-transfer resistance (Rct) 

characterized by chemical reactions and transfer of electrons at the electrode surface. The third 

component is the complex diffusive impedance, also known as Warburg impedance (W) [72]. 

Finally, a resistive component contributed by the ionic conductivity of the electrolyte (Rs). From 

the electrical equivalent circuit and AC small signal analysis, the complex impedance spectrum of 

the microelectrode can be evaluated. And with further evaluation of the real and imaginary parts 

of the complex impedance spectrum, impedance magnitude and phase spectra can also be 

determined. 

 

Figure 2.7. Schematic illustration of (a) electrical equivalent circuit and (b) Helmholtz double-layer 

of the microelectrode interface with a conductive electrolyte (adapted from [70]).   

It is known from Ohmic relations that larger surface area reduces the overall impedance of 

electrode. But by increasing the area of the microelectrode, the density of electrodes is reduced 

and hence the spatial resolution of measurement is compromised. Considering the size of 

electrogenic cells in general, Hughes et al described an electrode area of 20 µm × 20 µm to be 

suitable to meet this trade-of [73]. An effective method to increase the electrode surface area 

without changing its dimension is the introduction of nanostructures on its surface. Presence of 

nanostructures reduces the global impedance of microelectrode by enhancing its capacitive 

properties [74] and reducing the charge-transfer resistance [75]. Effect of nanostructures on 

microelectrode impedance can be mathematically modelled into the Randel’s circuit and the 

physicochemical mechanisms can further evaluated. Examples of reduction in impedance 

magnitude spectrum induced by nanostructured surface profile of platinum black and columnar 

TiN microelectrodes in comparison to platinum smooth microelectrodes can be seen in 

Figure 2.8 [76].     
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Figure 2.8. Impedance spectroscopy measurements for three different kinds of nanostructured 

microelectrodes in comparison with unstructured smooth platinum microelectrode (adapted from 

[76]). 

2.2. Cell interaction with nanostructured surfaces 

Another important aspect of this study is to understand the interaction and adhesion of cells, 

especially neurons to artificial nanostructured surfaces. Adhesion of cells to a surface is essential 

for cell communication and regulation, which is of fundamental importance in the development 

and maintenance of tissues [77]. 

2.2.1. Focal adhesion complexes (FACs) 

Cell interaction with artificial surfaces can be explained by means of extracellular matrix (ECM) 

proteins pre-adsorbed on its surface [78]. The transmission of extracellular and extracellular forces 

between cell and the ECM occurs through localized sites formed by the transmembrane proteins 

called integrins [79]. The integrins bind to the ECM biomolecules of the surface and activates the 

Rho GTPase family (including Rho, Rac, and Cdc42), which in combination with other molecular 

adaptors (such as vinculin, tensin, talin) are bound to the actin cytoskeletal fibers, forming complex 

biomolecular clusters called focal adhesion complexes (FACs) (Figure 2.9) [80]. FACs act as anchors 

for the cell membrane on the adhesion surfaces, which consequently determines the shape of the 

nucleus and cell cytoskeleton. FACs transmit tensile and compressive forces by a process called 

mechanotransduction, which is essential for the cell signaling in migration, proliferation and 

differentiation for tissue organization, maintenance and repair [77]. In the case of electrogenic cells 

such as neurons, the improved adhesion additionally modulates the ion channel activity [81].  
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Figure 2.9. Illustration of the focal adhesion complex composition (adapted from [80]). 

Cell adhesion on in vitro surfaces takes places as a static process where the cells are planted on 

artificial adhesion surfaces coated with ECM molecules (e.g., glass slides, petri dish). Static adhesion 

of cells is characterized by 3 stages (Figure 2.10) [77]. The first stage is the electrostatic 

sedimentation of cells guided by hydrophilicity of the surfaces [78]. The strength of interactions is 

weak and no cytoskeletal changes occur, letting the cells keep its shape. In the second stage the 

integrins of the cell membrane bind to the ECM molecules adsorbed on the surface leading to 

flattening to the cell shape, but not cell spreading [77]. In the final stage the integrins activate the 

molecular adaptors in the cytoplasm leading to the formation of active FACs with the actin cell 

cytoskeleton [80]. The cells complete their spreading on the surface and the mechanotransduction 

of internal forces signal the cell cycle events such as migration, proliferation and differentiation 

[82]. In the case of neuronal cells these events can further result in formation of robust neuronal 

networks during differentiation, which would lead to enhanced extra- and intracellular signaling. 

Presence of nanostructures has shown in literature to affect the cell interaction by modulating the 

formation and growth of FACs as well as altering the static adhesion cycle [77]. 

 

Figure 2.10. Stages of static adhesion of cells on a naturally nanostructured (with extracellular 

matrix) in vitro surface (adapted from [77]). 

  

 

 

Stage 1                                             Stage 2                                                Stage 3 
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2.2.2. Influence of nanostructure shape and orientation on cell interaction 

Ability of cells to sense physical cues in nanoscale range and subsequently modify its adhesion 

behavior has led to immense interest in nanostructured surfaces for biological studies. The 

topographical features of the nanostructures can be characterized by their axial dimension, lateral 

dimension and pitch. The nanostructure orientation can be classified to isotropic and anisotropic 

depending on its topographic features [83]. Isotropic nanostructures have uniform dimensions in 

all directions, whereas, anisotropic nanostructures follow directionality in their organization 

(Figure 2.11). Studies have shown that several features of cell adhesion (such as FACs, cytoskeletal 

organization, nuclei shape, etc.) are dependent on the isotropy of the nanostructures [46, 84-86]. 

For example, the behavior of neuronal shape was largely influenced by the orientation of the 

polymeric nanostructures on which the embryonic neurons were seeded [86]. In another example, 

shape of the nanostructures activated membrane proteins and influenced the subsequent cell 

attachment (Figure 2.12a-b). Mushroom shaped nanostructures were used on microelectrode 

surfaces for enhanced neuronal adhesion and impedance reduction [87]. It was hypothesized that 

the cells grew around the nanostructures through a phagocytosis like engulfment mechanism 

(Figure 2.12a). After the initial contact to the surface, the actin filaments surrounded the stalk of 

the nanostructures forming a ring-shaped structure, and the integrin regulated FACs were formed 

around the head of the structures leading to stabilized adhesion (Figure 2.12b) [88].  

 

Figure 2.11. Illustration of nano-grooves fabricated with photolithography with different 

topographies and the neuronal processes adaptation (adapted from [83]).    

Enhanced Adhesion Directional Guidance Accelerated Outgrowth
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Figure 2.12. (a) Schematic illustration and (b) scanning electron microscopy image of actin 

filaments of neurons wrapping around mushroom-shaped microelectrode fabricated with 

electrodeposition (adapted from [88]).   

2.2.3. Electrical characterization of the cell-electrode interface 

In recent times, electrical equivalent circuit has been implemented to characterize adhesion of 

neurons to nanostructured electrode surfaces [89-90]. Such an analogue consists of three key 

components: neuron, nanostructured electrode surface and seal gap between neuron and 

electrode (Figure 2.13a). As established in the previous section, transmission of charge to the 

electrode occurs in both capacitive and resistive mechanisms [70]. Therefore in this analogue, the 

electrode surface is characterized by a resistive electrode impedance. The neuron membrane 

interfacing the electrode surface is designated as junctional membrane and the membrane not 

interfacing the electrode is designated as non-junctional membrane. Both these membranes are 

characterized by their individual resistive and capacitive components [89]. Action potentials 

propagating in the neurons are transmitted through both junctional and non-junctional 

membranes, but only the current flowing through junctional membrane is transmitted to the 

electrode for sensing. The space between neuron and electrode is filled with ionic fluid and this 

gap is characterized by a resistive component known as seal impedance [89]. The electrical 

analogue circuit has been used to correlate the coupling efficiency of action potentials (APs), post 

synaptic potentials (PSPs) and slow membrane oscillations (example waveforms in Figure 2.13b) 

with the seal impedances of the microelectrodes [89]. By experimental methods, it was revealed 

that coupling of neurons to the electrode surface with nanostructures was significantly enhanced 

due to the reduced seal gap and increased seal impedance, especially for low frequency signals 

(such as PSPs and membrane potentials) (Figure 2.13c-d) [89].  

(a)                                                   (b)                    (a) (b)
cell membrane

500 nm
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Figure 2.13. (a) Schematic illustration of electrical equivalent circuit of microelectrode interfacing 

with electrogenic cell culture (adapted from [89]). (b) Illustrations of waveform and frequency 

range of different electrogenic activities. (c) Dependence of coupling efficiency on the electrogenic 

activity and (d) dependence of coupling efficiency on seal resistance (adapted from [89]). Color of 

the marked regions in (c) and (d) are related to the signal frequencies described in (b). 

2.3. Nanoimprint lithography 

Nanoimprint lithography (NIL) is a nanopatterning method used to fabricate micro- and 

nanostructures with high throughput and excellent resolution at relatively lower costs [30,91]. NIL 

works on the principle of mechanical deformation of polymers and subsequent curing to generate 

brittle nanostructures. The mechanical deformation is performed with a master mold containing 

the micro/nanopattern. Depending on the curing methods used on the deformed polymer, NIL 

can be classified to UV-NIL or Thermal-NIL (Figure 2.14). Thermal NIL is used with a thermoplastic 

polymer characterized by polymer chains associated by weak intramolecular forces. When the 

thermoplastic polymer is heated to a temperature larger than its glass transition threshold, the 

intramolecular forces disintegrate yielding the polymer to be in viscous fluidic state. The viscous 

polymer can then be reshaped by application of mechanical pressure with the master mold by 

methods such as injection molding, compression molding etc. Upon reduction of temperature, the 

polymers are brought back to brittle solid state, but do not regain their original undeformed shape. 

On the other hand, UV-NIL uses low viscous fluidic precursors composed of UV-curable monomers 

instead of thermoplastic polymers for mechanical deformation. Monomers in the deformed film 

are cross-linked by UV light resulting in formation of brittle polymer films. UV-NIL possess an 
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(c) (d) (e)

(a) (b)
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advantage over thermal NIL for substrates which are sensitive to high temperature. But such an 

apparatus would require the master mold to be transparent to UV light. Finally, the solid deformed 

polymers are used for nanostructuring either by top-down (e.g., chemical vapor deposition [92], 

physical vapor deposition [93]) or bottom-top (e.g. electroplating [94], self-assembled monolayer 

polymers [95]) fabrication methods to generate nanopatterns with spatial resolution as small as 

10 nm [30, 91].  

 

Figure 2.14. Schematic representation of the functional principle for thermal nanoimprint 

lithography and UV nanoimprint lithography (adapted from [91]). 

2.3.1. Nanostructuring with NIL for biosensor functionalization  

With the emergence of a wide variety of novel biocompatible materials for NIL purposes, the scope 

of nanostructuring has found enormous application in several fields of bioengineering [96]. For 

instance, UV-NIL has been used to fabricate micro-/nanostructures with biocompatible hybrid 

polymers for development of 3D culture surfaces for neurons (Figure 2.15a) [97]. Results showed 

enhancement not only in stronger adhesion of neurons on 3D nanostructured surfaces, but also 

significant changes in growth and differentiation life cycles of the cells [97]. In another example, 

thermal NIL was used to fabricate gold nanostructures on top of microelectrodes used for 

electrophysiological applications (Figure 2.15b) [41]. The nanostructures not only improved the 

adhesion of cells to the electrode surface but also contributed to reduction of global electrode 

impedance. Large scale fabrication of the nanostructured surfaces with NIL has also been popular 
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in recent times, due to the advent of ingenious industrial approaches such as roll-to-roll fabrication 

and laser assisted direct imprint [98].  

 

Figure 2.15. Examples of nanostructures fabricated with nanoimprint lithography for bio-

analytical applications with (a) biocompatible polymer (adapted from [97]) and (b) 

electrodeposited nanostructures on microelectrode (inset scale bar 200 nm) (adapted from [41]). 

2.4. Topographical randomness 

The main objective of this study is to fabricate random nanostructures and hence it is essential to 

understand the interpretation of randomness, especially in the context of topographical 

dimensions and organization. Randomness in mathematics is expressed as the probability of 

predicting the outcome of a situation over several trails of an experiment. In case of 3D 

nanostructures on a planar surface, the degree of order and randomness can be explained in terms 

of the predictability of its axial dimension, lateral dimension and the intra-structural distances [46, 

99]. Although there is no specific standardized test which can quantitatively determine 

randomness of 3D nanostructures, it can be interpreted with Gaussian distribution of the 

geometrical nanofeature dimensions. This approach has been illustrated with an array of circular 

cylindrical structures on a planar surface with defined diameter and height. Figure 2.16a shows 

the cylindrical structures with uniform diameter, height and intra-structural distance, whereas 

Figure 2.16b shows variance in the cylinder diameter across the structure array. When the diameter 

of the cylinder structures are represented in the form of normalized Gaussian distribution 

(Figure 2.16c), the ratio of standard deviation to its mean (also known as coefficient of variation) 

could be used as the quantitative parameter determining the extent of randomness. The 

dimensions of a highly random nanostructure array would have larger coefficient of variation with 

smaller probability density function, whereas a highly organized nanostructure array would have 

a smaller coefficient of variation with larger probability density function.  

(a) (b)

30 µm 2 µm
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Figure 2.16. Illustration of cylindrical nanostructures with (a) uniform lateral dimension (diameter) 

and (b) variable lateral dimension (diameter). (c) Gaussian distribution of the cylinder diameter of 

random nanostructures in (b). µ represents the mean and σ represents the standard deviation of 

the cylinder diameter. 

Depending upon the number of geometrical parameters of the nanostructures varying in the 

arrangement, the randomness pattern be classified to 1D, 2D or 3D. The example of cylindrical 

nanostructures on planar surface (Figure 2.16a) has been used in this study for illustrating this 

perspective of randomness evaluation. The cylinders are characterized by 1 lateral dimension 

(diameter), 1 axial dimension (height) and the organization (intra-structural distance). If one 

geometric dimension is showing variance in the array (Figure 2.17a height of the cylinder), the 

nanostructure array is entitled to possess 1D randomness. Likewise, if two geometric dimensions 

show variance in the array (in Figure 2.17b diameter and height of cylinder) the nanostructure 

array can be entitled to possess 2D randomness. If variance exists in axial dimension, lateral 

dimension, as well as, organizatoin of the nanostructures, the array can be entitled to possess 3D 

randomness (Figure 2.17c).  

 

Figure 2.17. Schematic of cylindrical nanostructures depicting (a) 1D randomness, (b) 2D 

randomness and (c) 3D randomness. 
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Illustration of this perspective of topographical randomness can be observed in asymmetric 

nanostructures developed in literature. For example, Fuhrmann et al developed silicon nanowires 

produced by nanosphere lithography and molecular beam epitaxy (Figure 2.18a) [100]. The 

nanowires have homogenous volume across the substrate surface, but follow no discernible 

pattern in spatial organization, which is a representative of 1D randomness profile. In another 

example, Ji et al developed heterogeneous nanostructures through the photo-cleavage of pre-

stabilized self-assemblies (Figure 2.18b) [101]. The nanostructures follow no discernible spatial 

organization pattern and also the lateral dimensions are not uniform hence illustrating 2D 

randomness. Finally, Shin et al fabricated random nanostructures as a scattering layer on organic 

light emitting diodes where the nanostructures are organized in an entirely random orientation 

and the volume of individual structure is also completely asymmetric, representing 3D randomness 

(Figure 2.18c) [102]. Interestingly, the biological nanostructures present in the basement 

membrane of the natural cell adhesion surface consists of 3D topographical components such as 

ridges, wells, tubes, and pillars (Figure 2.18d). The dimensions of these topographical components 

vary from within ten to a several hundred nanometers [21-22] and the orientation represents 3D 

randomness. 

 

Figure 2.18. Examples of synthetic random nanostructures depicting (a) 1D randomness (adapted 

from [100]), (b) 2D randomness (adapted from [101]) and (c) 3D randomness (adapted from [102]). 

(d) Rhesus macaque corneal epithelium basement membrane depicting 3D randomness (adapted 

from [21]). 

(a) (b)

(c) (d)
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2.5. Surface characterization methods 

2.5.1. Atomic force microscopy  

Atomic force microscopy (AFM) is a high-resolution scanning probe microscopy with 

demonstrated resolution in the order of fraction of nanometers. It combines the principles of 

piezoelectric effect and optical position sensing to measure various topographical features of a 

surface such as roughness, surface profile, electromagnetic properties etc. [103]. In comparison to 

optical and electron microscopy methods, AFM does not use lenses or beam irradiation which 

allows the spatial resolution of measurement not be limited by the light diffraction aberrations.  

The main components of the AFM apparatus include a small spring like cantilever with an 

extremely sharp tip at its free end with surface diameter measured to be as small as 1 nm, a 

piezoelectric element which oscillates position of the cantilever as it traverses along the surface, a 

laser source which is illuminated on the cantilever and finally a light detector which records the 

reflection of laser to determine deflection and motion of the cantilever (Figure 2.19). The atomic 

scale interactions between the tip and the sample surface are transduced to changes in motion of 

the cantilever which is then recorded and reconstructed in the form of a 3D surface profile image 

with the help of computer software. 

 

Figure 2.19. Schematic of atomic force microscopy apparatus (adapted from [103]).  

2.5.2. Contact angle measurement 

Surface wettability is an important parameter affecting the biological response of cells to an 

artificial surface [104]. It is quantified by the critical surface energy, which is the excess energy that 

a surface of a material possesses in comparison to the bulk, that balances the intermolecular forces 

between the solid surface and a fluid (Figure 2.20).  
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Figure 2.20. Schematic of a fluid drop on a solid surface with a contact angle 𝞱 at the gas, solid 

and liquid interface (adapted from [105]). 

To understand critical surface energy (or surface free energy), the schematic diagram of a fluid 

drop on surface with a contact angle 𝞱C can be considered [105]. There are three interfaces in this 

illustration: solid-gas (𝞼S is the interfacial energy of the solid-gas), solid-liquid (𝞼SL is the interfacial 

energy of the solid-liquid) and liquid-gas (𝞼L is the interfacial energy of the liquid-gas). In order 

for the drop to maintain its shape and not collapse, the interfaces should be in wetting equilibrium 

state i.e., 𝞼S should be equal to 𝞼SL and cosine of 𝞼L (Equation 2.1).  

𝞼S = 𝞼SL + 𝞼L.cos 𝞱C                                             Equation 2.1 

The contact angle 𝞱C determines the shape of the fluid and is a measure of wettability of the 

surface. If 𝞱C is greater than 90 °, the fluid does not wet the surface completely and is characterized 

as hydrophobic. If 𝞱C is less than 90 °, the fluid spreads on the surface and is characterized as 

hydrophilic. When 𝞱C is equal to 0 °, the state is defined as complete wetting and the surface 

energy 𝞼SL measured in such a state is known as critical surface energy or free surface energy. In 

reality, 𝞱C cannot be zero and such a parameter can only be calculated by estimation methods. 

One such method was proposed by Zisman [106]. In this method, cosine of contact angle of each 

surface was measured with different fluids and plotted against their respective fluid surface 

tension. The resulting straight line was extrapolated to point where contact angle is 0 °, which is 

the critical surface energy. 

2.5.3. Electrical impedance spectroscopy 

Electrical impedance spectroscopy (EIS) is a versatile tool that provides a quantitative 

measurement of the electrochemical behavior for surfaces in a fluidic medium. Applications of EIS 

include bioelectrode characterization, corrosion analysis, DNA biosensing etc. [107-108]. Working 

principle of EIS is derived from Ohm’s law where a sinusoidal voltage signal is applied to a 

measurement system and complex impedance of the system is measured form the output voltage 

(Figure 2.21). Impedance Z of a system is a function of the radial frequency 𝜔 and is defined in 
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Equation 2.2, where Um and Im are peak current and voltage of sinusoidal signals, respectively and 

𝞱 is the phase shift. 

𝑍 =
𝑈(𝑡)

𝐼(𝑡)
=

𝑈𝑚  .  sin(𝝎𝑡)

𝐼𝑚. sin(𝝎𝑡+𝜽)
                                          Equation 2.2 

  

Figure 2.21. Schematic of measurement setup for potentiostatic electrochemical impedance 

spectroscopy.   

EIS can be represented in Bode diagram and Nyquist diagram. Bode diagram is used for analyzing 

the global impedance contribution of a system at a several frequencies (Figure 2.22a), whereas 

Nyquist diagram is used to correlate the real (resistive) and imaginary (capacitive/inductive) parts 

of the impedance spectrum (Figure 2.22b). The EIS measurements can be fit to an electrical 

equivalent circuit model to explicitly determine the values of individual electrical components of a 

system. For example, the EIS data measured of a microelectrode surface in a conductive electrolyte 

can be fit to a Randal’s circuit (Figure 2.22c) to determine the values of the electrolyte resistance 

(RS), double-layer capacitance (Cdl), active charge-transfer resistance (Rct) and Warburg diffusion 

element W. Electrolyte resistance is a function of ionic mobility, ionic conductivity and the side 

length of the electrode [109]. Double-layer capacitance is a function of relative dielectric 

permittivity of the electrolyte, width of the Helmholtz double-layer and effective area of the 

electrode surface. Charge-transfer resistance is a function of exchange current density (redox 

reaction) of the electrode material and effective area of the electrode surface [110]. Finally, the 

Warburg diffusion is a frequency independent component which is function on the ionic 

concertation at the electrode surface and stirring rate of the electrolyte. It can be noted here that 

the effective surface area of the electrode does play a large role in its impedance spectroscopy 

properties. Presence of nanostructures on the electrode surfaces would alter the individual 

components of the impedance spectrum depending of the height, density and roughness, which 

could be further evaluated with the electrical equivalent circuit.  
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Figure 2.22. Electrochemical impedance spectroscopy illustrated in (a) Bode magnitude and phase 

diagram and (b) Nyquist diagram (adapted from [111]). (c) Randel’s electrical circuit model to 

represent the information of the impedance spectroscopy diagrams.   

2.5.4. Scanning electron microscopy 

Scanning electron microscopy (SEM) is one of the most widely used sub-micron range imaging 

method based on focused beam of high-energy electrons. The information obtained from the SEM 

can used for the determination of external morphology (texture), chemical composition, 

crystallinity and orientation of materials [112]. Accelerated electrons possess a significant amount 

of kinetic energy, which undergoes substantial modifications upon interaction with a solid 

substrate. The electron-surface interaction leads to a combination of elastic and inelastic scattering 

effects, which results in the formation of a pear-shaped interaction volume [113]. The main signals 

obtained from this volume include secondary electrons, backscattered electrons, diffracted 

backscattered electrons, X-rays, cathodoluminescence and thermal energy, all of which reveal 

distinctive information about the substrate (Figure 2.23).  

Key components of an SEM include an electron source (tungsten filament, solid state crystal, field 

emission gun, etc.), a series of condenser lenses which focuses the electron beam as it moves from 

the source down the column, a scanning coil for beam deflection and detectors for secondary 

electrons, backscattered electrons, X-rays etc.  

 

(a)

(c)

(a) (b)
(b)

(c)
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Figure 2.23. Schematic representation of the interaction between the electron beam and the 

surface (adapted from [113]).  

2.6. Fluorescence microscopy for neuron adhesion analysis 

Fluorescence microscopy is a specific type of optical microscopy with uses fluorescence properties 

of the materials to map and image components on a substrate, especially biological samples 

(Figure 2.24). The fluorophore (fluorescent chemical compound that can re-emit light upon light 

excitation) on the substrate is illuminated with light of a specific wavelength and the emitted light 

(of a different wavelength) is selectively detected and imaged. 

Epifluorescent microscope are the most commonly used fluorescent microscopes, where the 

excitation of the fluorophore and detection of the fluorescence are done through the same light 

path. The key components of this setup include an intense near-monochromatic light source 

(xenon arc lamps, mercury-vapor lamps, light emitting diodes), an excitation filter which permits 

only excitation photon, a dichroic beam-splitter which selectively permits emission and excitation 

photons, an objective lens for focusing, an emission filter which only permits emission photons 

and finally an emission photon detector with an ocular lens. Preparation of biological samples for 

epifluorescence imaging is done by expression of a fluorescent protein. These are done by the 

binding of fluorescent protein to a biological molecule such as nucleic acids, drugs, toxins or 

peptides. Immunostaining is another common preparation technique, where the fluorescent 

protein is labelled to a highly specific antibody (primary or secondary) binding to an antigen.  
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Figure 2.24. Schematic of the immunofluorescence microscopy apparatus (adapted from [114]). 
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3. Materials and methods 
 

In this chapter, the materials and experimental methods used for the development of biomimetic 

nanostructured surfaces have been described. Firstly, the detailed description biomimetic nanostructuring 

process based on nanoimprint lithography has been described and then the fabrication process of 

microelectrode arrays chips with the biomimetic nanostructures has been presented. Afterwards, 

measurement apparatus of surface physical and electrochemical characterization of the nanostructures 

have been explained. Finally, the cell culture procedures used for electrophysiological experiments and 

fluorescence microscopy have been illustrated.  
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3.1. Nanostructuring process 

Fabrication and nanostructuring of electrode surfaces performed in this study has been divided to 

four main sub-processes. The first sub-process was the development of the collagen coated silicon 

wafer used as a master stamp for the nanoimprint lithography process. Second sub-process was 

the biomimetic nanostructure fabrication with nanoimprint lithography and gold electroplating. 

The third sub-process was the transfer of biomimetic nanostructures to microelectrode surfaces. 

The final sub-process was the assembly of the nanostructured microelectrodes from wafer-level 

to chip-level that were used for impedance measurements and electrophysiology recordings. 

Standard operating procedures for the nanostructuring processes can be seen in Appendix II. 

3.1.1. Fabrication of collagen coated silicon master for nanoimprint lithography  

The first step was the formation of dissolved collagen solution to be spin-coated. The second step 

was the spin-coating of the solution on a silicon wafer. The final step was the patterning of collagen 

fiber network on the silicon master with photolithography methods. 

3.1.1.1. Formation of collagen solution  

Collagen type I extracted from bovine Achilles tendon was dissolved and filtered to be used for 

the spin-coating by the process described by Yang et al [115] (Figure 3.1a and section 1 of 

Appendix II): 

1. Bovine Achilles tendon collagen type I powder was dissolved overnight in 0.01 M HCl 

solution with constant stirring at 4 °C. The optimum concentration of 1 mg/ml (w/v) was 

used for getting a homogenous high density collagen fiber network. The dissolved solution 

was homogenized by blending at 9000 RPM for 5 minutes.  

2. The blended solution was filtered first with a 100 µm pore width nylon filter and then with 

20 µm pore width nylon filter to remove micro-scaled agglomerates. This filtered solution 

was used for spin-coating process.    

3.1.1.2. Spin-coating collagen solution on silicon master  

The collagen fibers were uniformly spin-coated on a clean silicon wafer with the solution prepared 

in the section 3.1.1.1 (Figure 3.1b and section 1 of Appendix II). 

1. The silicon wafer was cleaned for 20 minutes in piranha solution (H2SO4:H2O2) at 120 °C 

and then O2 plasma treated for 10 minutes to promote collagen adsorption. 

2. 1 ml of the collagen solution was spin-coated at 20 RPM for 45 minutes without 

acceleration on the cleaned silicon surface.  
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3.1.1.3. Patterning of wafer  

The spin-coating method described in section 3.1.1.2 resulted in uniform coating of collagen fibers 

on the complete surface of the silicon wafer. Such a master stamp could ideally work with the 

nanoimprint lithography process. But master stamp with defined collagen coated area would make 

the nanostructure growth with gold electroplating more adaptable. Photolithography and 

reactive-ion etching has been used to pattern the collagen coated surface (Figure 3.1c and section 

1 of Appendix II).  

1. The collagen coated silicon wafer was spin-coated with image-reversal photoresist for 60 

seconds at 3000 RPM and was then post baked at 90 °C for 120 seconds to deposit resist 

thickness of 2 µm.   

2. The wafer was then exposed with 365 nm UV light for 10 seconds at 34 mJ/cm2 under a 

bright field mask (mask design Figure 1 of Appendix I) containing the rectangular defined 

surface area and then developed in halogen-based solution to remove unexposed regions 

of the resist. 

3. The collagen fibers on the open regions were then removed by reactive-ion etching with 

O2 gas flow of 30 sccm at 13 Pa and 100 W power. Post etching, the resist was stripped 

with acetone and iso-propyl alcohol to obtain defined areas of collagen coated fibers. 

4. The collagen master was spin-coated with a thin layer of anti-sticking layer at 2000 RPM 

for 30 seconds [116]. 

 

Figure 3.1. Illustration of (a) collagen solution preparation, (b) collagen spin-coating on silicon 

wafer and (c) patterning with photolithography for nanoimprint lithography master preparation. 

filtration 

homogenizationcollagen dissolution
100 and 
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3.1.2. Fabrication of biomimetic nanostructures  

The collagen coated silicon master was used as a template for the nanoimprint lithography (NIL), 

which was then processed to fabricate collagen-like gold nanostructures by gold electroplating. 

The nanostructure fabrication can be divided to five main steps. 

3.1.2.1. Substrate preparation   

Evaporated gold surface deposited on glass wafer was nanostructured and the developed to form 

microelectrode arrays (Figure 3.2a and section 2 of Appendix II): 

1. 20 nm of Ti followed by 200 nm of Au was evaporated on borosilicate glass wafers. The Au 

acts as a seed layer for the electroplating process and Ti layer promotes adhesion between 

glass and gold. 

2. The substrate gold wafer was spin-coated with thermal nanoimprint resist at 1500 RPM for 

30 seconds and then hard baked for 60 seconds at 100 °C to produce a resist thickness of 

450 nm.  

3.1.2.2. Nanoimprinting process 

The NIL resist coated gold wafer described in section 3.1.2.1 was used as the thermoplastic polymer 

and the collagen coated silicon wafer described in section 3.1.1 was used as a master stamp in the 

nanoimprint process (Figure 3.2b and section 2 of Appendix II): 

1. The collagen fibers were nanoimprinted on thermal nanoimprint resist at 160 °C and 40 bar 

for 5 minutes and the pressure was released at 100 °C, as the glass transition temperature 

of the resist was 105 °C. 

2. The wafer sandwich was then cooled to room temperature and separated (Figure 3.2c). 

3.1.2.3. Residual layer etching 

Following nanoimprinting, a relatively large thickness of residual layer of the nanoimprint resist 

was left under the imprint, which was etched in a controlled approach with reactive-ion etching 

(Figure 3.2d and section 2 of Appendix II). 

The total nanoimprint resist thickness does not change post nanoimprinting and was measured to 

be 450 nm. The depth of indentations created by imprint was measured to be ranging between 10 

nm and 150 nm. Depending on the collagen network density to be replicated into the gold 

nanostructures, the residual layer to be etched was measured to be 400 nm, which leaves the 

remaining resist thickness to be 50 nm. The reactive-ion etching was performed with O2 gas flow 

of 30 sccm at 13 Pa and 25 W power at a resist etch rate of 3.2 nm/sec. 
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3.1.2.4. Nanostructure growth  

The imprinted cavities on the thermoplastic resist were filled with electroplated gold. The wafer 

was electroplated in potentiostatic two-electrode setup using a platinum mesh as a counter 

electrode and a gold sulfite bath as plating electrolyte to fill the open regions of the nanoimprint 

resist. The electroplating process was based on the Equation 3.1a-b (see section 2 of Appendix II): 

[Au(SO3)2]
3− →  [Au(SO3)]

− +  (SO3)
2-         Equation 3.1a 

[Au(SO3)]
− → Au+

 + SO3
2-                 Equation 3.1b 

The electroplating was performed in a galvanostatic mode and the plating time t (seconds) was 

calculated from the Faraday’s laws of electrolysis (Equation 3.2),  

𝑡 =
𝝆.𝑑.𝐴.𝑧.𝐹

𝑀.𝐽
                            Equation 3.2 

where ρ the density of gold (19.32 gm/cm3), d the layer thickness (in nm), z the charge number per 

ion (1), F the Faraday constant (in 96485 C/mol), M the molar mass of gold (in 198 g/mol) and 𝐽 

the current density (1 mA/cm2). The layer thickness d was determined by the height of nanoimprint 

resist layer post residual layer etch (30 - 50 nm).  

1. The wafer was housed in a homemade wafer holder designed with PMMA material and 

electroplating was performed at 60 °C and 7.5 pH. To improve the plating quality, 10 ml of 

gloss additive was added into the gold electrolyte. The parameters for J and t were set as 

per the calculations done with the Equation 3.2 (Figure 3.2e). 

2. After electroplating was completed, the wafer was cleaned with distilled water and the 

nanoimprint resist was stripped with acetone and iso-propyl alcohol leaving behind 

standalone gold-plated nanostructures on evaporated gold surface (Figure 3.2f).   

3.1.3. Fabrication of microelectrode arrays with biomimetic nanostructures 

The nanostructuring method described in the section 3.1.2 has been used as a substrate layer to 

develop surface of microelectrodes. The wafer-scale nanostructured MEAs have then been 

transferred into chip-scale PCB MEAs. 

3.1.3.1. Electrode and connection tracks formation  

The nanostructured gold wafer (described in section 3.1.2) was processed with photolithography 

and subsequently the gold tracks were formed by gold etching (Figure 3.2g-h and section 3 of 

Appendix II): 

1. The nanostructured gold surface was spin-coated with photoresist for 60 seconds at 8000 

RPM and was then post baked for 120 seconds at 90 °C to deposit resist with thickness 

1.5 µm. 

2. The wafer was then exposed with 365 nm UV light for 8.5 seconds at 34 mJ/cm2 under a 

bright field mask containing the MEA design (mask design Figure 2 of Appendix I) and 
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then developed in halogen-based solution to remove unexposed regions of the 

photoresist. Post-development, photoresist was hard baked for 5 minutes at 110 °C. 

3. The removal of excess Au was performed in KI:I2:H20 (4:1:40) solution for 30 seconds and 

removal of excess Ti was performed in 5 % HF solution for 30 seconds. The left-over resist 

was stripped in acetone and then iso-propyl alcohol leaving behind microelectrodes on 

the wafer.  

3.1.3.2. Passivation layer deposition  

MEAs were passivated with dielectric material to insulate the microelectrodes from rest of the gold 

surface (Figure 3.2i section 3 of Appendix II). The MEAs fabricated in section 3.1.3.1 were deposited 

two different passivation layer material in this study. 1 µm of SU-8 epoxy-based polymer was 

deposited by spin-coating and then to cross-linked by baking at 150 °C for 3 hours. Also, a 

multilayered stack of alternating silicon oxide and silicon nitride with a cumulative height of 1 µm 

deposited by plasma-enhanced chemical vapor deposition. Such a combination would provide 

electrical insulation and compensates for internal stress of the thin films [117].  

3.1.3.3. Electrode and connection pad opening  

The microelectrodes and the contact pad regions on the passivation layer of the MEAs surface 

have been opened by using photolithography methods and reactive-ion etching (Figure 3.2j and 

section 3 of Appendix II). 

1. The insulated MEA surface described in section 3.1.3.2 was spin-coated with positive 

photoresist for 60 seconds at 6000 RPM and was then post baked for 120 seconds at 90 °C 

to deposit resist with thickness 4 µm. 

2. The wafer was then exposed with 365 nm UV light for 28.5 seconds at 34 mJ/cm2 under a 

dark field mask containing the contact pad design (mask design Figure 3 of Appendix I) 

and then developed in halogen-based solution to remove unexposed regions of the resist. 

Post development, resist was hard baked for 5 minutes at 110 °C. 

3. The unexposed regions were then reactive-ion etched with CF4 – O2 plasma with gas flow 

of 25 sccm and 3.1 sccm, respectively at 1.33 Pa and 100 W power to completely remove 

the passivation layer. Post reactive-ion etching, the resist was stripped with acetone and 

iso-propyl alcohol to obtain MEAs with passivation opened internal and external contact 

pads. 
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Figure 3.2. Schematic illustration of the microelectrode fabrication process with collagen-like gold 

nanostructures on a glass wafer (a)-(j) as explained in the text. 

3.1.3.4. Wafer-level to chip-level assembly 

The MEAs fabricated on the glass wafer have been transferred to chip scale units with flip-chip 

bonding method and housed with polydimethylsiloxane (PDMS) polymer (see section 4 of 

Appendix II): 

 

(a) T- NIL deposition (b) nanoimprinting and stamp release 

 

 

(c) stamp release  (d) residual layer etch with reactive ion etching 

 

(e) nanostructure growth 

 

(f) resist stripping   (g) photolithography  

(h) electrode track etch 

 

(i) passivation deposition  (j) contact pad opening  
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1. With the photolithography masks used in this study, a single processed wafer consisted of 

42 MEAs and each MEA consisted of 60 microelectrodes arranged in a square layout 

(Figure 3.3a). The nanostructuring process was designed such that 30 microelectrodes 

were nanostructured and 30 microelectrodes were unstructured. The MEA had external 

dimensions of 11 mm x 11 mm, which has been diced with a diamond blade wafer saw.  

2. The dies were bonded with a PCB using flip-chip bonding and silver adhesion glue 

(Figure 3.3b and mask design Figure 4 of Appendix I). The outer contacts of the MEA die 

match in position with the internal contact pads of the PCB. Therefore, each microelectrode 

of the MEA has an external connection on the PCB. 

3. The PCB was then isolated with PDMS silicone elastomer and a glass ring was assembled 

on the top, to create a cavity for cell culture medium. This PCB assembled MEA chip 

(Figure 3.3c) has been used for electrochemical characterization methods and cell culture 

experiments. 

Figure 3.3. (a) Optical microscopy image of nanostructured MEA layout. (b) Schematic illustration 

of MEA chip assembly with the wafer scale die. (c) Photograph of assembled MEA PCB chip.    

3.2. Nanostructure characterization methods  

3.2.1. Electrochemical impedance spectroscopy 

Electrochemical impedance spectroscopy (EIS) has been used for analysis of changes in impedance 

properties of the macroelectrodes (nanostructured surface area 20 mm2) and microelectrodes 

(nanostructured surface area approx. 756 µm2). And since the compatibility of the measuring 

surface area was specific to the input impedances and load currents of the potentiostat [118], the 

macro- and microelectrode surfaces were measured for the EIS analysis with two different 

experimental setups. For both measurement apparatus, linearity and stability was controlled with 

Kramers–Kronig relations and Lissajous figures provided by the potentiostat software.   
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3.2.1.1. EIS of macroelectrodes (electrode surface area 20 mm2) 

The biomimetic gold nanostructured macroelectrodes (described in section 3.1.2) deposited on 

the glass wafer were diced to 17.5 mm x 20 mm rectangle shaped die and the active area of 

measurement was selected to a circular surface with 5 mm diameter. EIS was also measured for 

unstructured gold surface with same dimensions for comparison (Figure 3.4a). The EIS 

measurements were performed in a three-electrode setup in potentiostatic mode. Impedance 

measurements of macroelectrodes were performed in the frequency range between 1 Hz and 

100 kHz with a 10 mV sinusoidal input signal. Bias voltage of 200 mV was applied for measurement 

after testing linearity of the potentiostat. The probes were attached to the working electrode of 

potentiostat with copper adhesive tape (WE). Platinum mesh (10 cm x 10 cm) was used as counter 

electrode (CE) and 3 M Ag/AgCl electrode was used for reference (RE). Measurements were 

performed in 0.01 M NaCl solution (w/v) as electrolyte. Mathematical fitting of impedance data to 

equivalent circuit performed by corresponding potentiostat software. 

3.2.1.2. EIS of microelectrodes (electrode surface area approx. 756 µm2) 

The PCB MEA chips fabricated with the process line described in section 3.1.3 have been used for 

the EIS measurements. The glass ring of MEA chip has been used as compartment to house the 

electrolyte. The EIS measurements were performed in a three-electrode setup in potentiostatic 

mode. Impedance measurements of macroelectrodes were performed in the frequency range 

between 1 Hz and 3 MHz with a 10 mV sinusoidal input signal. Bias voltage of 120 mV was applied 

for measurement after testing linearity of the potentiostat was tested. The working electrode was 

connected to the external contact pad of the MEA (WE). Gold electrode with circular surface 

diameter 1 mm was used as counter electrode (CE) and 3 M Ag/AgCl electrode as reference (RE). 

Measurements were performed in 0.01 M KCl solution (w/v) as electrolyte (Figure 3.4b).  

 

Figure 3.4. Illustration of three-electrode potentiostatic electrical impedance spectroscopy 

apparatus for (a) macroelectrodes (nanostructured surface area 20 mm2) and (b) microelectrodes 

(nanostructured surface area approx. 756 µm2). 

(a)                                                   (b)
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3.2.2. Seal impedance estimation with impedance measurement 

Seal impedance of the nanostructured and unstructured microelectrodes were measured at 1 kHz 

frequency in a two-electrode potentiostatic system with the apparatus MEA-IT60 device 

(manufactured Multichannel Systems GmbH) (Figure 3.5a-b). Enteric neuronal culture described 

in section 3.3 have been used for the seal impedance analysis and the measurements were 

performed on the MEAs prior to cell culturing (with DMEM solution as electrolyte) and on DIV 5 

of differentiation. Ag/AgCl wire has been used as counter/reference electrode.  

 

Figure 3.5. (a) MEA-IT device used for two-electrode potentiostatic seal impedance measurements 

with Ag/AgCl reference electrode. (b) Illustration of seal impedance measurement with cells 

cultured on microelectrodes.  

3.2.3. Surface topographical characterization  

3.2.3.1. Atomic force microscopy  

Surface profile measurements of the collagen fibers on the silicon wafer and the collagen-like gold 

nanostructures on gold substrate were performed in tapping mode atomic force microscopy using 

cantilevers with tip radius 7 nm. Statistical analysis, isolation and segmentation of structural data 

of the biomimetic nanostructures was done using Gwyddion software. 

3.2.3.2. Scanning electron microscopy 

Topographical analysis of collagen-like gold nanostructures and collagen fibers coated on silicon 

wafer was done using scanning electron microscopy. The nanostructured microelectrode surfaces 

were sputter-coated with 10 nm of gold to prevent charging effects of dielectric passivation 

material.  

Cell fixation and drying: Prior to scanning electron microscopy imaging, the enteric neuronal 

culture was fixed on DIV 10 with 5 % glutaraldehyde (w/v) solution and the dried in a mixture of 

diluted ethanol and hexamethyldisilane solutions of varied concentrations in sequential steps. See 

Table 2 of Appendix III for cell culture drying and fixation steps.   
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3.2.4. Contact angle measurements  

Static surface contact angle was measured for collagen coated silicon, nanostructured gold and 

unstructured gold surfaces. Along with distilled water, ethylene glycol and glycerol were used as 

analyte fluid with dispensing volume of 5 μL. 6 surfaces of each type were measured and the cosine 

of mean contact angle was used to compute the critical surface energy with Zisman method.  

3.3. Enteric neuron culture preparation  

Enteric neurons for seal impedance measurements, electrophysiological recordings and 

fluorescence microscopy were isolated from small intestine of post-natal BALB/c mice (P 2–5) 

described by Grundmann et al [119]. Muscle layer was stripped and digested for 150 minutes in 

Hank's balanced salt solution, containing collagenase and DNase. Neural networks of myenteric 

plexus were cleaned and proliferated in culture flasks, to generate neurospheres. After three days, 

approx. 20 neurospheres were seeded and differentiated on culture surfaces (Figure 3.6). See 

Table 1 of Appendix III for standard operating procedures of neuronal culture isolation and 

seeding. Prior to seeding of enteric neurospheres, the different substrates and MEA chips were 

sterilized under UV-light for 20 min and then O2 plasma-treated with flow of 40 sccm for 1 minute. 

Collagen coated silicon surfaces were not plasma-treated to prevent destruction of collagen fibers. 

MEA chips were coated with poly-D-lysine 1:100 (w/v) dilution in DMEM solution for 1 hour prior 

to cell seeding.   

 

Figure 3.6. Example of enteric neurons differentiating from the neurospheres on a glass slide.  

3.4. Extracellular electrophysiology experiments  

3.4.1. Measurement setup: MCS MEAmini2100 recording device 

Extracellular activity was measured from the enteric neurons (described in section 3.3) on the 

nanostructured MEA chips (described in section 3.1) on DIV 6–7 with a recording device MCS 

MEA2100mini (manufactured Multichannel Systems GmbH) (Figure 3.7). The MEA PCB chips were 

fabricated in this study with dimensions and the positioning of the contact pads on the chips to 
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make them applicable to be used with this device. The usage of this commercial recording device 

has a major advantage of simultaneous long-term measurements of all 60 electrodes (both 

nanostructured and unstructured). Also signal processing kits are readily available for the device 

which makes the spike detection and analysis easier. Since the homemade MEAs were fabricated 

without an internal reference, the extracellular activity of neurons was measured with an external 

Ag/AgCl pellet reference electrode in an incubated environment of 37 °C temperature and 5 % 

CO2.  

 

Figure 3.7. MCS MEA2100mini signal recording device with neuronal culture on nanostructured 

PCB MEA biosensor. 

3.4.2. Spike detection and processing 

The signals acquired from the nanostructured and unstructured microelectrodes were transmitted 

from the recording device to the data acquisition computer which were later analyzed for the 

detected spike activity. The software Multi Channel Experimenter V 2.20.2 was used for spike 

recording and processing. The raw sampled signals measured by the recording device were 

processed for the spike detection of individual electrode as illustrated in Figure 3.8. The 

parameters and positioning of the units were selectively chosen in the aforementioned software. 

1. High-pass filter: A second order high-pass Butterworth filter with 300 Hz cut-off frequency 

was used to remove low frequency artefacts such as 50 Hz power line signal.    

2. Low-pass filter: A second order low-pass Butterworth filter with 3000 Hz cut-off frequency 

was used to remove high frequency electromagnetic interference. 

3. Spike detector: Extracellular activity in the form of spikes were sorted based on a 

predefined threshold set by the user. In this study threshold was set between 17 µV and 

80 µV depending on the shape of the spike.    

4. Spike analyzer: Spikes detected at each electrode were analyzed for the peak-to-peak spike 

amplitude, spike rate, baseline noise and signal-to-noise ratio. 

20 mm
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Figure 3.8. Signal processing steps of action potential recordings from the enteric neurons to 

extract spike properties. 

3.4.3. Signal-to-noise ratio measurement with signal generator 

To analyze the electronic signal-to-noise ratio of the unstructured and nanostructured electrodes, 

an external signal generator 60MEA2100-SG (manufactured Multichannel Systems GmbH) 

simulating the electrogenic activity of hippocampal neurons was used as signal source to record 

with the same recording device MCS MEA2100mini in DMEM solution (Figure 3.9). Ag/AgCl wire 

has been used as counter/reference electrode.  
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Figure 3.9. Illustration of apparatus used for evaluation of signal-to-noise ratio measurements of 

the microelectrodes with an external signal generator. 

3.5. Fluorescence microscopy 

3.5.1. Neuron-astrocyte staining  

Enteric neurons were cultured (described in section 3.3) and fixed with 4 % (w/v) formaldehyde 

solution on DIV 7 on nanostructured gold, unstructured gold and control surfaces. 

Immunofluorescence staining of neuronal marker was done with Chicken-anti-PGP9.5 and glial 

marker with Rabbit-anti-S100B. Secondary antibodies Donkey-anti-Chicken 488 and Donkey-anti-

Rabbit 594 were used for visualizations. Cell nuclei were stained by DNA intercalating dye 4'6-

diamidine-2-phenylindole (DAPI). 10 images of immunofluorescence staining were taken from 

each surface via reflected light microscopy (Figure 3.10a-c). See Appendix IV for standard 

operating procedure of immunostaining. Total area of PGP9.5 and S100B signals from the different 

surfaces have been analyzed with ImageJ software and then used to plot raw data, mean values 

and standard deviation. Analysis of statistical significance of differences was performed via one-

way ANOVA with Microsoft Excel software. 

 

Figure 3.10. Example of immunofluorescence microscopy of (a) cell nuclei marked by DAPI, (b) 

neurons marked by PGP9.5 antibodies and (c) glial cells marked by S100B antibodies. 
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3.5.2. Focal adhesion analysis 

Focal adhesion analysis of the neurons to the collagen-like gold nanostructured surfaces was done 

with immunostaining of biomolecules present in the focal adhesion complexes (FACs) and the 

actin filaments of the cell cytoskeleton. Enteric neuronal culture (described in section 3.3) was 

seeded on different surfaces and were fixed with 4 % (w/v) formaldehyde solution on DIV 1, 4 and 

7. The FACs were stained with primary immunofluorescence marker vinculin monoclonal antibody 

(purified clone 7F9) and the actin filaments with TRITC-conjugated Phalloidin. Secondary 

antibodies Donkey-anti-Chicken 488 and Donkey-anti-Rabbit 594 were used for visualization. Cell 

nuclei were stained by DNA intercalating dye 4'6-diamidine-2-phenylindole. See Appendix IV for 

standard operating procedure of immunostaining. Over 20 single-cell pictures for each surface 

and culture period were taken from via reflected light microscopy at 63x magnification and LAS X 

(Figure 3.11a-c).  

 

Figure 3.11. Example of immunofluorescence microscopy of (a) FACs marked by anti-vinculin 

antibodies, (b) actin cytoskeleton marked by phalloidin and (c) cell nuclei marked by DAPI. 

The immunofluorescence pictures of the FACs, actin filaments and the nuclei were then processed 

using ImageJ software. The image processing steps adapted from Horzum et al [120] for the 

isolation of individual dimension of FACs from the vinculin marked raw image has been described 

(Figure 3.12a-e). 

1. For this analysis, the total number of FACs in a unit cell have been segmented and 

characterized. Therefore, the cell in the raw image was segmented and the background 

was removed from the image (Figure 3.12a).  

2. The image was then filtered with Laplacian of Gaussian filter for isolation of the FACs and 

then with median filter to remove false detection from the cytosol (Figure 3.12b). 

3. Each isolated FAC was then fitted with and ellipse and a rectangle around its boundary 

(Figure 3.12c-e).   

4. The width of smaller axis of the encompassed ellipse (marked by blue circle in Figure 3.12e) 

gave the width of the FAC and the length of the encompassed rectangle (Figure 3.12d) 

gave the length of the FAC.  

(a)                                 (b)                                  (c)

100 µm 100 µm 100 µm20 µm 20 µm 20 µm

(a) (b) (c)
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5. The FACs were then classified based on their longitudinal length in 3 types namely, small 

(with length below 2 µm), nascent (between length below 2 µm and 6 µm) and mature 

(with length above 6 µm). 

 

Figure 3.12. (a-e) Image processing steps for extraction of individual FACs from an example of 

vinculin marked raw microscopy image.         

Cell adhesion area of the from phalloidin marked raw image was isolated with the process 

described by Zonderland et al[121]. 

1. The phalloidin marked raw microscopy image was first segmented for single cell and 

removed of the background (Figure 3.13a). 

2. The cell adhesion area was then isolated with thresholding and binarization methods 

(Figure 3.13b).   

 

Figure 3.13. (a-b) Image processing steps for extraction of cell adhesion area from an example of 

actin marked raw microscopy image.

(a) (b) 
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4. Fabrication of biomimetic random 

nanostructures* 
 

 

In this chapter, fabrication and characterization of biomimetic metallic nanostructures for biosensor 

functionalization has been presented. Firstly, the randomness pattern of collagen type I fiber network on 

silicon surface has been evaluated. Afterwards, the dimensional properties of the collagen like-gold 

nanostructures fabricated from the natural collagen fibers with nanoimprint lithography has been evaluated 

with surface microscopy methods. Finally, the biomimetic nanostructures were characterized with contact 

angle measurements and electrochemical impedance spectroscopy. 

                                                            
Results of this chapter selectively published in:  
Nowduri, B., Schulte, S., Decker, D., Schäfer, K., & Saumer, M. (2020). Biomimetic Nanostructures Fabricated by 
Nanoimprint Lithography for Improved Cell‐Coupling. Advanced Functional Materials, 30(45), 2004227. 
https://doi.org/10.1002/adfm.202004227 
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4.1. Development of silicon master stamp with biological 

nanostructures for nanoimprint lithography 

It has been established in the motivation of the study to use natural biomolecular nanostructures 

as a template for the replication and fabrication of biomimetic nanostructures, primarily due to 

their inherent affinity for the growth of cells and secondly due to randomness in their dimensions 

and organization. Therefore, it is necessary to establish a biomimetic NIL master template with the 

most feasible biomolecule and its optimum coating density. 

4.1.1. Laminin, collagen and other extracellular matrix (ECM) components 

Since NIL has been used for this biomimetic replication, the biomolecules are required to be coated 

on an ultra-planar surface (e.g., silicon wafer, glass wafer, glass slide etc.). Therefore, different 

biomolecules present in the ECM, as well as the composite mixture, have been coated on silicon 

wafer with incubation methods. Silicon wafer showed the best biomolecular adsorption and 

highest surface planarity in comparison to glass and PDMS. Surface profile (100 µm2) of each 

incubated surface was measured with AFM. The smallest and largest axial dimension (height) of 

the biomolecules were measured and summarized in Table 4.1.  

Laminin (Figure 4.1a) and fibronectin (Figure 4.1b) incubated surfaces showed nanodimensional 

features which were very difficult to be measured with AFM and the structures were beyond the 

limits of nanoimprint-based replication methods. Moreover, the thermal and mechanical 

properties of the diminished biomolecules have not been documented in literature. Collagen type 

IV (from bovine calf skin) incubated surfaces on the other hand showed nanostructures with 

dimensions in the range between 30 and 60 nm (Figure 4.1c), but the density of the structures 

was very small to be replicated into biomimetic nanostructures. This was essential for biosensor 

application as the density of the nanostructures is directly correlated to the extent of effective 

surface enhancement. Collagen type I (from bovine Achilles tendon) incubated surfaces solved this 

issue with distinctive double-helix structures with fiber dimension varying between 10 nm and 

2 µm (Figure 4.1d). Silicon surface incubated with ECM gel (extracted from mucosal mouse 

membrane) showed an overall microrough surface profile with RMS roughness to be measured 

approx. 600 nm due salt deposition from the gel. Hence, isolation of individual nanofeatures would 

not be possible from the surface profile (Figure 4.1e). Considering these factors, collagen type I 

was selected to be replicated into biomimetic nanostructures. Firstly, the dimensions and 

organization of collagen fibers showed a 3D random profile, which was the primary goal of this 

study. Secondly, the features were coated in dimensions that could be replicated with nanoimprint 

lithography, which was not possible with fibronectin, laminin and ECM composite. Finally, the 

collagen fibers are well documented for their impeccable strength and temperature tolerance 

which would be beneficial for nanoimprint lithography [26,27,122]. Moreover, collagen has also 

been used in literature as a bioink to promote cell adhesion on biosensor surfaces with processes 

such as inkjet printing and electrospinning [123].  
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Figure 4.1. Examples of AFM surface profiles of (a) laminin (1:100 mg/ml), (b) fibronectin (1:100 

mg/ml), (c) collagen type IV (1:100 mg/ml) (d) collagen type I (1:100 mg/ml) and (e) ECM gel from 

mucosal mouse membrane (1:100 mg/ml) incubated on silicon wafer. 

Table 4.1. Summary of axial dimension (nanostructure height) features of the natural 

biomolecules present in the extracellular matrix measured with AFM (n = 3). 

 Maximum axial dimension 

(height) [nm] 

Minimum axial dimension 

(height) [nm] 

Laminin 28 ± 3.6 4.1 ± 1.8 

Fibronectin 17.5 ± 1.3 3.6 ± 0.7 

Collagen type IV  37.6 ± 4.8 5.4 ± 4.6 

Collagen type I   175 ± 57.7 31.6 ± 8.4 

ECM composite gel  585.6 ± 118.2 20.3 ± 12.3 
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4.1.2. Optimum coating methods of collagen type I for NIL replication 

Successful adhesion of collagen type I fibers on to silicon wafer surface has been observed with 

the incubation process. Even after repeated rinsing with DI water, acetone or isopropanol, the 

collagen coating was not observed to have lost its structural composition and contact with silicon 

surface. But the incubation process would be impractical for NIL as the density of the collagen 

fibers should large enough to be replicated into synthetic metal nanostructures. Therefore, the 

collagen coating on silicon wafer with other methods such as evaporation in ambient condition 

has been investigated. The diluted solution of collagen network was placed over the silicon surface 

and was left to evaporate overnight. Surface profile of collagen fiber network coated on silicon 

surface with incubation in comparison to evaporation method can be seen in Figure 4.2a-b.  

 

Figure 4.2. Examples of AFM surface profiles of collagen coated silicon wafer with (a) incubation 

method and (b) evaporation method. 

Since all the components in the collagen solution were deposited on the silicon surface, the 

collagen fiber density was observed to much larger for the evaporated substrate, in comparison 

to the incubated substrate. Although such a high density of collagen fiber network was desired for 

the nanostructuring process, the evaporation method failed in homogenous coating of the 

complete silicon wafer. It was impossible to evaporate the collagen solution on a completely flat 

surface, which resulted in a flow of solution directed by gravity and one area of the wafer was 

much densely coated than the other area. Therefore, to incorporate the advantages of incubation 

and evaporation methods, the collagen solution has been spin-coated on the silicon wafer at a 

very small angular velocity. This ensured there existed no gravitational flow gradient during the 

evaporation process and the wafer was homogenously coated with the collagen fibers. Collagen 

fiber network spin-coated on silicon surface with 100 RPM, 50 RPM and 20 RPM, respectively can 

be seen in Figure 4.3a-c. It is clear that the angular velocity of the spin-coating process is inversely 
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proportional to the density of the fiber network. Therefore, the silicon wafer spin-coated with 

collagen solution at 20 RPM angular velocity has been used for nanoimprinting in this study. 

Density of the collagen fibers was calculated as the ratio of the collagen fiber coverage to the 

complete measured surface (which for this example was 25 µm x 25 µm). The measured densities 

of collagen fibers on silicon wafer coated with incubation, evaporation and spin-coating methods 

can be seen in Table 4.2.  

 

Figure 4.3. Examples of AFM surface profiles of collagen solution spin-coated on silicon wafer 

with angular velocity (a) 100 RPM, (b) 50 RPM and (c) 20 RPM.  

Table 4.2. Dimensional features of collagen type I extracted from bovine Achilles tendon 

measured with AFM (n = 3). 

 Maximum axial 

dimension (height) [nm] 

Minimum axial 

dimension (height) [nm] 

Density of surface 

coverage [%] 

Incubated collagen  149.5 ± 8.2 11.1 ± 1.4 3.4 ± 3.1 

Evaporated collagen  561 ± 174.6 10.7 ± 2.8 78.6 ± 12.9 

Spin-coated collagen 

type 100 RPM 

187.6 ± 26.4 18.6 ± 2.4 43.1 ± 9.7 

Spin-coated collagen 

type 50 RPM 

277.1 ± 38.7 12.4 ± 2.7 52.8 ± 11.1 

Spin-coated collagen 

type 20 RPM 

310.2 ± 65.5 183.2 ± 2.2 59.1 ± 9.5 

4.1.3. Pattering of collagen coated silicon master 

The collagen fibers were coated homogenously on the complete surface of the 4-inch silicon wafer. 

In principle, this wafer could be used as the master stamp in nanoimprint lithography process. But 

such a master stamp was impractical for subsequent nanostructure growth. The collagen-like gold 
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nanostructures were grown by electroplating process which involves estimation of the total 

structuring area and the charge required to fill the cavities created by nanoimprint lithography. By 

reducing the collagen coated surface area on the silicon master, the subsequent area for 

electroplating was also reduced. This was beneficial in improving the control of structure growth 

and reducing the material required to fill the nanoimprint cavities.  

Patterning of collagen fibers on silicon master with photolithography has been done with 

destructive and non-destructive methods. In destructive pattering process, the silicon wafer was 

first spin-coated with collagen solution and then photolithography was used to pattern a 

photoresist on top (Figure 4.4a). The open regions of the resist were destructed by oxygen plasma. 

In non-destructive process, the silicon wafer was first patterned with an image reversal photoresist 

and then spin-coated with collagen solution (Figure 4.4b). The photoresist (along with the collagen 

fibers on top) was then removed in lift-off process with acetone solution. The collagen coated 

silicon master has been patterned in this study with destructive process for two reasons. Firstly, 

due to the hydrophobic nature of the photoresist, spin-coating of collagen fibers on top was very 

difficult when compared with a hydrophilic silicon surface. Secondly, the edges of the patterned 

regions were well defined with the plasma etching, which was beneficial in electroplating process.  

 

Figure 4.4. Collagen coated silicon master patterned with (a) destructive and (b) non-destructive 

process. 

4.1.4. Collagen coated silicon master for nanoimprint lithography 

Collagen fibers, like most natural biomolecules are composed of chains of large hydrocarbons 

organized in various levels of complexity resulting in formation of matrix of nanofibrils and large 

fiber bundles [25]. Although collagen fibers possess high degree of mechanical strength and 

temperature tolerance in comparison to other biomolecules, eventual denaturation and failure is 

an inevitable process due to its hydrocarbon composition. Thermal nanoimprint lithography (NIL) 

used in this study for nanostructuring was performed at temperature ranging between 140 ºC and 

180 ºC and at pressure greater than 30 bar. Therefore, the collagen spin-coated silicon master was 

tested for temperature tolerance by placing the wafer on hotplate with temperature incrementing 

(a) (b)

500 µm 500 µm
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from 140 ºC to 200 ºC for 5 minutes (Figure 4.5a-d). No clear evidence of denaturation was 

observed for collagen fibers up to the temperature of 180 ºC. But at 200 ºC the fibers were 

observed to start welting and buckling (Figure 4.5d), which was set as the limit of its temperature 

tolerance.  

The pressure tolerance of the collagen coated silicon master was tested in a nanoimprint 

lithography apparatus, where the master was pressed at room temperature in similar increment 

steps of 5 minutes ranging from 20 bar to 50 bar against a thermoplastic polymer to counter the 

local pressure from the collagen fibers (Figure 4.5e-h). No evidence of denaturation on the 

collagen coated silicon master at the highest pressure was observed, which confirms the excellent 

mechanical strength of the collagen fibers.  

Figure 4.5. AFM surface profiles of collagen coated silicon heated for 5 minutes at (a) 140 °C, (b) 

160 °C, (c) 180 °C and (d) 200 °C. AFM surface profiles of collagen coated silicon pressed for 

5 minutes at (e) 20 bar, (f) 30 bar, (g) 40 bar and (h) 50 bar in the nanoimprint apparatus. 

Finally, the long-term temperature and pressure tolerance of the collagen fibers were evaluated in 

the NIL apparatus. The collagen coated silicon fibers were imprinted for 5 minutes at 185 ºC and 

30 bar repetitively for several times, up until of collagen fiber denaturation was observed. The 

collagen coated silicon master was observed to be stable for 15 nanoimprint processes, after which 

minor signs of denaturation were visible. Nevertheless, to further improve the lifetime of the 
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nanostructuring process, intermediate stamps with UV curable polymer stamps can be used for 

long-term replication.  

4.2. Topographical features of collagen-like gold nanostructures 

(CLGNS) 

4.2.1. Replication of smallest reproducible collagen fiber into CLGNS by nanoimprint 

lithography 

It can be observed in Figure 4.6a-b that most of collagen fibers on the silicon master were 

successfully replicated on to evaporated gold in lateral dimensions (width and length), as well as, 

random orientation. Nevertheless, there are three main challenges with the overall structuring 

process. Firstly, the collagen fibers with radial dimensions smaller than 40 nm were not replicated 

into CLGNS on evaporated gold and consequently the density of the CLGNS was smaller as 

compared to the collagen fiber density on master. Secondly, the larger bundles of the collagen 

fiber network were composed of striated double-helix profile [124], whereas the CLGNS replicated 

only the macro-dimension (width and height) for the fiber network. Finally, the collagen fibers 

present on the silicon master showed random axial dimension (height) varying between 10 nm 

and 3 µm, but the CLGNS showed uniform height of approx. 40 nm. All these issues are attributed 

to the fact that growth of CLGNS was a bottom-up fabrication process and the choice of final 

height of the CLGNS was decided by the smallest reproducible collagen fiber.   

 

Figure 4.6. SEM images of (a) collagen fibers coated on silicon wafer (inset scale bar 1 µm) and 

(b) CLGNS developed from the nanoimprint process (inset scale bar 1 µm). 

The concept of smallest reproducible collagen fiber has been illustrated in Figure 4.7a-c. The initial 

spin-coated thickness of the NIL resist on the evaporated gold surface was measured to be 450 nm 

which were optimum for structure transfer and stamp release properties [125]. The cavities created 

on the nanoimprint resist were measured to have a depth ranging between 10 nm and 230 nm, 

similar to the dimensions of the collagen fibers on the silicon master (Figure 4.7b). For these 

cavities to be filled with electroplated gold, they should be in contact with the evaporated gold 

10 µm
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substrate surface. Therefore, reactive-ion etching was used to gradually remove the residual layer. 

When 410 nm of the residual layer of NIL resist was etched, the leftover final thickness of the NIL 

resist is 40 nm. The cavities with depth smaller than 40 nm do not come in contact with the 

evaporated gold and therefore could not be filled with electroplating (marked by red colored line 

in Figure 4.7b). The information of the collagen fibers with height smaller than 40 nm was not 

replicated into gold. Therefore, 40 nm is the height of smallest collagen nanofiber which can be 

replicated into CLGNS (Figure 4.7c). The height of the smallest replicable collagen fiber can be set 

larger than 40 nm in order to increase the CLGNS height (for instance 80 nm as shown in 

Figure 4.7c), but this would lead to further loss of information of the smaller fibers. Also, because 

of the bottom-up fabrication process, the information at the base of the collagen fiber imprint on 

NIL resist with double-helix striations were etched with reactive-ion etching. Therefore, the height 

of the CLGNS is dependent on the two main factors: The electroplating charge per surface area 

and the thickness of the NIL resist. The surface density of CLGNS was dependent on the density of 

natural collagen fiber network on the silicon master, as well as, the final thickness of the NIL resist 

post residual layer etching. 

 

Figure 4.7. (a) AFM profile of nanoimprinted thermoplastic polymer with collagen coated silicon 

and (b) the scan line (10 µm) of the imprinted surface marked by blue colored line in (a). (c) 

Illustration of smallest replicable collagen fiber imprinted and subsequently removed of resist 

residual layer.  
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4.2.2. Topographical features of CLGNS 

AFM measurements of nanostructured gold and collagen coated silicon master surfaces have been 

used to extract the topographical features such as nanofeature height, width and density. The 

maximum and minimum dimensions of the fiber structures of the CLGNS on evaporated gold 

surface and collagen fibers coated on silicon master have been summarized in Table 4.3. Initial 

observations showed successful replication of the collagen fiber random organization into CLGNS. 

Widths of collagen fibers on silicon vary from 10 nm to 5 µm, whereas the CLGNS have widths 

varying from 200 nm to 5 µm. To further understand the quality of the biomimetic replication, 

AFM profile (7 µm x 7 µm) have been analyzed at the exact same location on the collagen master 

and the nanostructured gold surface (Figure 4.8a-b). Dimensions of individual fibers can be 

compared with the scan lines of the aforementioned AFM profiles at the same starting and ending 

points (Figure 4.8c). For this particular scan line of 4 µm, the measured heights of the collagen 

fibers were 57 nm, 71 nm and 112 nm. The height of the CLGNS was controlled by the 

electroplating time and was equal to the height of the smallest reproducible collagen fiber, which 

was approx. 40 nm and was uniform throughout the entire surface of the substrate evaporated 

gold surface. The widths of the CLGNS were measured to be almost the same as the collagen fibers 

on the master stamp (measured at the bottom of the fiber) but marginally wider. This was mainly 

due to widening of the nanoimprint cavities caused due to the sidewall etching effect during the 

residual layer removal of the NIL resist [126]. From topographical analysis, the increase in surface 

area was measured to be 24 % for the nanostructured gold surface in the example of Figure 4.8d 

(20 µm × 20 µm). Total of 10 scans were performed at different locations on the nanostructured 

gold and collagen coated master to measure a mean increase in the surface area 28 ± 1.7 % and 

58 ± 10.4 %, respectively. This increase in surface area is a characteristic of the nanostructuring 

process with the smallest reproducible collagen fiber to be set as 40 nm. Due to the bottom-up 

metal deposition (electroplating) approx. 50 % of the collagen fiber information was lost in the 

NIL-based replication process. It could be resolved if the metal deposition on the NIL resist is done 

with top-bottom process (e.g. physical vapor deposition) and then separated from the deposited 

metal. 

Table 4.3. Dimensional features of the collagen coated on silicon master and the CLGNS 

measured with AFM (n =10).  

 Maximum 

lateral 

dimension 

(width) [nm] 

Minimum 

lateral (width) 

dimension 

[nm] 

Maximum axial 

dimension 

(height) [nm] 

Minimum 

axial 

dimension 

(height) [nm] 

Density 

[%] 

Collagen coated 

silicon master  

277.1 ± 38.7 15.6 ± 2.7 254.6 ± 61.7 15.6 ± 2.7 58 ± 10.4 

Collagen-like 

gold 

nanostructures 

1801.1 ± 401.6 95.5 ± 2.7 41.1 ± 1.8 39.4 ± 2.3 28 ± 1.7 
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Figure 4.8. AFM surface profile of (a) collagen fibers coated on silicon wafer and (b) CLGNS 

developed from the nanoimprint process. (c) Comparison of scanned profile line (length 4 µm) 

from (a,b) marked in their respective colors. (d) Example of surface area marked by thresholding 

process on the collagen-like gold nanostructured surface. 

4.2.3. Randomness analysis of CLGNS  

As explained in the Chapter 3, the randomness orientation of the nanostructures can be assigned 

a profile, i.e., 1D-, 2D- or 3D, depending on number of varying dimensional parameters of the 

nanostructures. It is clear from the topographical analysis with AFM that the collagen fibers coated 

on the silicon master vary in height (axial dimension), width (lateral dimension) as well as 

intrastructural distance and hence they exhibit 3D randomness.  

Using a similar bottom-top fabrication nanostructuring approach (with NIL and electroplating), 

organized symmetric nanostructures have been previous fabricated on gold substrate 
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(Figure 4.9a). The heights of individual nanostructures have a mean of 163.85 nm and the standard 

deviation was observed to be 1.68 nm, which is 1.2 % of the mean value. The Gaussian distribution 

of the nanostructure height in this array would show very large probability density function (PDF) 

(Figure 4.9b). The intrastructural distance and the nanostructure width also showed minor variance 

and this would be a general representation of a symmetric and ordered profile of nanostructures. 

The same principle has been used for the evaluation of the randomness in CLGNS features from 

the measured AFM surface profiles.  

`

 

Figure 4.9. (a) AFM image of organized cylindrical gold nanostructures fabricated with 

nanoimprint lithography. (b) Gaussian distribution (PDF) of the measured lateral dimensions 

(diameter) of the cylindrical nanostructures with mean µ 163.85 nm and standard deviation 

σ 1.63 nm.† 

Unlike the organized nanostructures, the random biomimetic nanostructures have been 

segmented and fractionalized with mathematical methods to determine lateral dimension and 

axial dimension from the AFM profile (Figure 4.10a). As the individual fibers were observed to be 

continuous over the measurement window and isolation of the CLGNS length was not possible.  

The aforementioned analysis was performed for a cumulative of 10 AFM surface profiles of CLGNS 

on evaporated gold, each of measurement area 20 µm x 20 µm. The widths of the CLGNS varied 

                                                            
†Symmetric gold nanostructures fabricated with nanoimprint lithography on gold substrate done by Dominique 
Decker, University of Applied Sciences Kaiserslautern Germany. 
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from a minimum of 220 nm to a maximum of 1800 nm (Table 4.3). A total 240 CLGNS units were 

identified and isolated from the background evaporated gold surface from 20 surface profile 

measurements. The Gaussian distribution of the CLGNS widths can be seen in Figure 4.11a. The 

mean of the CLGNS width distribution was measured to be 785 nm with a standard deviation of 

352 nm. The segmentation method has also been used on SEM image for total area 100 µm x 

100 µm (Figure 4.10b) with contrast against background as threshold for the nanostructures. A 

total 3500 CLGNS fibers were identified and isolated from the background evaporated gold 

surface. Gaussian distribution of the of CLGNS widths can be seen in Figure 4.11b. The widths of 

the CLGNS varied from a minimum of 250 nm to a maximum of 3000 nm. The mean of the CLGNS 

width distribution was measured to be 826 nm with a standard deviation of 507 nm. For both SEM 

and AFM CLGNS width distributions, the standard deviation amounted to approx. 40 % of the 

mean, as compared to 1.2 % in the case of previously mentioned ordered nanostructures. This was 

definite evidence of the presence of randomness in the dimensions of biomimetic nanostructures. 

The distribution of CLGNS axial dimension (height) measured for the 240 CLGNS units isolated 

from the cumulative AFM surface profile measurements can be seen in Figure 4.11c. The mean 

was measured to be 39.87 nm with a standard deviation of 1.36 nm. The standard deviation is 

measured to be 6 % of the mean, which represented an absence of large randomness in the CLGNS 

height measurements.   

 

Figure 4.10. (a) AFM (inset scale bar 1 µm) and (b) SEM of CLGNS surface segmented and 

fractionalized with topographical methods for extraction of CLGNS lateral dimension (width). 
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Figure 4.11. Gaussian distribution (PDF) of the measured lateral dimensions (width) of the CLGNS 

with (a) AFM measurements with mean µ 785 nm and standard deviation σ 352 nm (n = 240) and 

(b) SEM measurements with mean µ 826 nm and standard deviation σ 507 nm (n =3500). 

(c) Gaussian distribution of the measured axial dimensions (height) of CLGNS with AFM 

measurements with mean µ 39.87 nm and standard deviation σ 1.36 nm (n = 240). 

4.2.4. Reproducibility of nanostructuring process  

Reproducibility is the qualitative property of the nanostructure fabrication process which can be 

defined by the extent to which the replication of collagen fibers on silicon master to CLGNS 

changes over several repetitions, whilst keeping the process parameters same. To measure this 

property, the same collagen coated silicon master was used for making several copies (16) of 

CLGNS surfaces (on gold evaporated substrates) with NIL and the surface profile of one particular 

CLGNS fiber at the exact same location was measured for each repetition. AFM cross section of 

CLGNS for multiple repetitions and the master collagen fiber can be seen in Figure 4.12a-b.  

As previously explained, the height of collagen on the master fiber is much larger than that of the 

corresponding CLGNS due to the bottom-up fabrication approach. Nevertheless, the CLGNS 

height and width of all the subsequent replicated surfaces were measured to have exactly same 

dimensions. This is a testament to the nanostructuring process which shows a high degree of 

reproducibility. The collagen coated silicon master was not used for more than 16 imprints, as the 
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collagen fiber networks started to show signs of denaturation which was already established from 

the temperature tolerance experiments.    

 

Figure 4.12. (a) Nanostructure profile comparison of a single CLGNS for several copies of 

nanostructured gold wafers (n = 6) with the replicating (b) collagen fiber measured with AFM. CSSi 

refers to collagen fiber profile of collagen coated silicon master to be replicated. W3 is the third 

nanostructured gold wafer fabricated from the process, whereas W16 refers to the 16th 

nanostructured gold wafer.  

4.3. Physicochemical characterization of CLGNS  

Presence of nanostructures on a metallic surface has the primary effect of increasing its effective 

surface area, which has been established in the previous section with surface microscopy methods 

such as AFM and SEM. In this section, the physical and chemical effects induced by CLGNS 

biomimetic nanostructures, as well as, their possible implications for biosensor application have 

been explained in detail. 

4.3.1. Surface wetting characterization 

The most common method to visualize the wetting ability of surfaces is by sessile drop contact 

angle measurements. Contact angle (CA) for the substrates is formed at the interface between 

solid surface (unstructured and nanostructured gold), the analyte fluid (distilled water droplet) and 

the ambient atmosphere. In principle, smaller the measured CA of the sessile drop, larger is the 

hydrophilicity and surface wetting. Effect of nanostructures contributing to the hydrophilicity is 

largely dependent on the regime in which the fluid interacts with the nanostructured surface [127]. 

For example, a highly dense nanorough topography would push the surface to be hydrophobic 

and a sparsely dense nanorough surface would make the surface hydrophilic [128]. In this study 

the CA of nanostructured surface was measured and compared with unstructured gold and 

collagen coated silicon surface (which used as the master stamp in the NIL process) 

(Figure 4.13a-c).  
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Figure 4.13. Sessile drop contact angle measurement with distilled water droplet (5 µL) on 

(a) unstructured gold, (b) nanostructured gold and (c) collagen coated silicon surface. 

It can be observed that the CA for nanostructured gold was measured to be 15 % lower than that 

of unstructured gold (n = 6). Collagen coated silicon has an even smaller CA which was the 

improvement desired. But this is harder to accomplish since the interfacial free energy of silicon is 

higher than that of gold [129-130]. Moreover, the collagen fibers have an inherent negative surface 

charge due to their composition, which would further aid in reducing the contact angle 

measurement [131].  

Changes in wettability of the gold surfaces induced by the CLGNS can been evaluated by static CA 

measurements. But to quantify the surface wettability of the surfaces, critical surface energy (CSE) 

has been calculated with Zisman method. Contact angles of the surfaces have been measured with 

fluids of different surface tension and the cosine of the measured values have been extrapolated 

to 0° to obtain the CSE. Larger CSE indicates overall higher wettability of the surface and vice versa. 

The measured values of the CA can be seen in Table 4.4 and the calculated CSE of the surfaces 

estimated from the Zisman method can be observed in Figure 4.14. As observed with the static 

CA measurements, enhancement in CSE by 33 % was measured for nanostructured gold in 

comparison to unstructured gold. Nevertheless, the maximum CSE was observed for collagen 

coated silicon master, which is the improvement desired for the nanostructured gold. The increase 

in surface wettability of the nanostructured gold suggests that the CLGNS height and density 

influences the gold surface to be in Wenzel regime of surface wetting [128]. Increase in surface 

wetting by synthetic nanostructures have been shown to improve the cell attachment, spreading 

and cytoskeletal organization in literature [132-133], which could be a major advantage in 

biosensor application. 

(a) (b) (c)
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Figure 4.14. Zisman plot and CSE measurement (γc) of unstructured gold, nanostructured gold 

and collagen coated silicon surface measured from contact angle measurements with distilled 

water (surface tension 72.8 mN/m @ 20 °C), ethylene glycol (surface tension 47.7 mN/m @ 20 °C) 

and glycerol (surface tension 64 mN/m @ 20 °C)] (n = 6) [134]. The measurement points represent 

the mean of the cosine of contact angles per fluid and the bars represent the standard deviation. 

The colored bold lines represent the linear regression and the colored dotted line represent the 

extrapolation of liquid surface tension to cosine 1 (where contact angle is zero) of each surface. 

The linear regression for each surface was performed on all measurement points and the error of 

CSE was calculated by computing the mean absolute error. 

Table 4.4. Static contact angle and critical surface energy measured with Zisman method 

for different surfaces (n = 6). 

 Static contact 

angle with 

distilled water 

[°]  

Static contact 

angle with 

glycerol [°]  

 Static contact 

angle with 

ethylene glycol 

[°] 

Critical 

surface 

energy γc 

[mN/m] 

Collagen coated silicon 

master  

55.8 ± 2.4 48.5 ± 1.4  38.2 ± 1.4 22.1 ± 1.4 

Collagen-like gold 

nanostructured gold 

surface 

58.6 ± 1.9 56.5 ± 1.3  41.5 ± 1.3 19.6 ± 2.5 

unstructured gold surface 65.9 ± 1.6 58.1 ± 1.8  48.8 ± 1.6 12.3 ± 1.7 
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4.3.2. Electrochemical impedance characterization  

Electrochemical impedance spectroscopy presents quantitative information on the 

electrochemical properties of a conductive surface especially in a fluidic medium, which can be 

utilized to characterize signal-transfer properties of electrode surfaces of a biosensor. 

Nanostructured and unstructured macroelectrode surfaces with 20 mm2 (circle with 5 mm 

diameter) were both characterized with EIS measurements in a three-electrode potentiostatic 

setup with 10 mV input voltage in a frequency range between 1 Hz and 100 kHz. 

Comparison of impedance magnitude and phase measurements for nanostructured and 

unstructured macroelectrodes can be observed in Figure 4.15a-b. The most significant influence 

of nanostructures on the gold surface was observed at frequencies below 1 kHz. 54 % reduction 

in the impedance magnitude (at 1 kHz) was observed for nanostructured gold over unstructured 

gold. Similarly, the influence of nanostructures on phase shift was observed at frequencies below 

1 kHz, which corresponds to higher capacitive contribution in the impedance transfer function.  

`

Figure 4.15. Electrochemical impedance spectroscopy of nanostructured and unstructured gold 

electrodes (w/v) showing (a) the magnitude of the impedance |Z| and (b) the corresponding 

phase ϕ. 

The impedance transfer function of the electrode is comprised of electrochemical interactions 

occurring the interface between electrolyte solution and the electrode surface, which includes 

double-layer capacitance, charge-transfer resistance and electrolyte resistance. These individual 

components as well as the global impedance plays a significant role in determining the thermal 

noise of the microelectrode. The global impedance (Z) is correlated to the baseline thermal noise 

(νthermal) with the Equation 4.1, where is the kB Boltzmann constant, T is the temperature, and Δf is 

the frequency range [135]. 

νthermal
2
 = 4.kB.T.Δf.Z              Equation 4.1 

Reduced global impedance of the nanostructured surface signifies a smaller noise and 

consequently enhanced signal-to-noise ratio in biosensor recordings. It is known that the 

electrophysiological activity from cardiac or neuronal cultures lies in the frequency range between 

(a) (b)(a) (b)
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10 Hz and 2000 Hz [136-138]. Since a significant reduction in impedance magnitude caused by 

CLGNS was observed in this frequency range, the nanostructuring process would be beneficial for 

electrophysiological biosensor applications such as microelectrodes, needle electrode etc. 

Nyquist representation in the imaginary and real parts of the measured impedance spectrum can 

be seen in Figure 4.16a-b. For easier understanding, the impedance Nyquist spectrum has been 

divided into high frequency and low frequency regions. The semicircle region in Figure 4.16a is a 

representative of the high frequency measurements (1 kHz-100 kHz), where the charge-transfer 

processes are dominant [139]. The straight lines in Figure 4.16b are a representative of the low 

frequency measurements (1 Hz-1 kHz) where the diffusion processes are dominant [139].   

Figure 4.16. Nyquist representation of impedance spectroscopy measured for nanostructured 

and unstructured gold (a) in high frequency range 1 kHz-100 kHz and (b) in low frequency range 

1 Hz-1 kHz. 

To further evaluate the individual resistive and capacitive components of the Nyquist impedance 

spectrum, the measurements have been mathematically fit into an electrode equivalent circuit 

representing charge-transfer mechanisms occurring at the electrode-electrolyte interface (Figure 

4.17a-b). The equivalent circuit (Figure 4.17c) consists of the previously mentioned double-layer 

capacitance (Cdl), charge-transfer resistance (Rct), electrolyte spreading resistance (Rs), Warburg 

diffusion (W) and the capacitance-resistance (Cref-Rref) pair contributed by the reference electrode. 

As expected, the most predominant effect of the CLGNS was observed with the increase in double-

layer capacitance with minor reduction in charge-transfer resistance. The impact of the CLGNS on 

other components (W, Rs and Cref-Rref) was negligible as they are a function of the measurement 

apparatus rather than the electrode surface. Results of impedance spectroscopy measurements 

and fitted equivalent circuit calculations have been summarized in Table 4.5. 
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Figure 4.17. (a) Impedance magnitude-phase and (b) Nyquist plot fitted with the electrical 

equivalent circuit (c) depicting the nanostructured electrode surface. 

The double-layer capacitance at the electrode-electrolyte interface is formed by the inner 

Helmholtz plane consisting of the adsorbed water molecules on the electrode surface and the 

outer Helmholtz plane consisting of the hydrated counter ions attracted by the applied electric 

field [70]. CLGNS on the microelectrode surface effectively enlarged the area of the Helmholtz 

planes and simultaneously reduced the distance between the planes, which eventually leads to 

enlargement of the double-layer capacitance. Nanostructures also raise the active sites for 

chemical reaction across the electrode causing a decrease in charge-transfer resistance [75]. 

Table 4.5. Electrochemical impedance spectroscopy measurements performed for 

collagen-like gold nanostructured surface and unstructured gold surface (n = 12).  

 Impedance 

magnitude at 

1 kHz [kΩ] 

Impedance 

phase at 

1 kHz [°] 

Double-layer 

capacitance 

calculated from 

equivalent circuit 

[nF] 

Charge-transfer 

resistance 

calculated from 

equivalent circuit 

[kΩ] 

Collagen-like gold 

nanostructured 

gold surface 

85 ± 6.3 -27 ± 2.5 60 ± 12.7 2.03 ± 0.49 

unstructured gold 

surface 

180 ± 19.8 -61 ± 2.1 32 ± 16.9 2.77 ± 0.61 

(a) (b)

(c) Rs
Cdl Cref

RrefRct

(a) (b)

(c) Rs
Cdl Cref

RrefRct

(c)
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4.4. Summary and outlook 

In this chapter, the fabrication process of biomimetic nanostructures developed with electroplated 

gold with nanoimprint lithography has been presented. There have been studies illustrating the 

biomimetic nanostructures with soft lithography methods with biocompatible polymers such as 

PDMS [28]. But the non-conductive nature of the polymer would be impractical for metallic 

biosensor surfaces. There have also been other studies where nanoimprint lithography has been 

used for fabrication of organized nanostructures on metallic surfaces [41]. But since randomness 

in the nanostructures is the key requirement for the replication of natural nanorough environment, 

the biomimetic nanostructuring method described in this study is one of the pioneers in the 

fabrication of truly random nanostructures. AFM and SEM measurements have shown the 2D 

randomness in spatial organization and lateral dimension of the CLGNS. The reproducibility of the 

process has also been observed over 15 repetitions of nanostructuring process with the same 

collagen coated silicon master stamp. This was a compelling result of the nanostructuring process, 

as lack of high reproducibility is one of the major drawbacks of natural nanostructuring methods 

(such as ECM and collagen coatings). Surface wetting analysis with contact angle measurements 

showed an increased hydrophilicity induced by the CLGNS. Increased hydrophilicity has shown to 

be beneficial for cell surface adhesion by multiple studies [104,132-133]. Impedance 

measurements have shown reduced impedance magnitude for the nanostructured gold surfaces 

which would eventually result in superior charge-transfer properties, especially for biosensing 

application. Along with surface characterization, cell culture experiments to evaluate the cell 

growth, proliferation and adhesion would be further beneficial for biosensing application, which 

has been presented in detail in Chapter 6. 

Despite successful replication of the collagen fibers network to random biomimetic nanostructures 

with superior surface properties, the fabrication process suffered from certain major limitations. 

Firstly, the loss of axial randomness information from the natural collagen network. The 

nanostructuring process described in this chapter has bottom-up structure growth fabrication, 

which resulted in the CLGNS to have fairly uniform height. Also, the striated topography of the 

larger collagen fibers could not be replicated due to the same reason. Therefore, the CLGNS exhibit 

2D randomness profile as compared to the true form of 3D randomness existing in collagen fiber 

network on silicon master. Secondly, artefacts of gold electroplating arising due to a very small 

thickness of the NIL resist could also be observed on the nanostructured surface. Nevertheless, the 

increase in overall effective surface area due to these artefacts do not significantly contribute to 

the overall surface or electrochemical properties of the nanostructured gold surfaces.  

Despite its limitations a major advantage of the nanostructuring process was its versatility and it 

could be used for several metallic biosensor applications. Figure 4.18a-b shows examples of two 

such applications, where the CLGNS have been structured on the surface of microelectrodes and 

micro-heater meander pattern, respectively. Microelectrode arrays are biosensor devices used for 

the measurement of electrophysiological activity from neurons and cardiomyocytes. Structuring 
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of microelectrodes with CLGNS would enhance the neuronal adhesion due to its biomimetic 

topographical features. CLGNS would also improve signal transmission by boosting the 

signal-to-noise ratio as suggested by reduction in global impedance of the microelectrodes. 

Similarly, nanostructured meander pattern could be used to guide cells on a biosensor surface for 

drug delivery application [140].  

 

Figure 4.18. Application of CLGNS nanostructuring process on (a) microelectrode array surface 

and (b) micro-heater meander pattern. 
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5. Biomimetic nanostructured 

microelectrode arrays: Characterization 

and application* 

The enlarged effective surface area of the collagen-like gold nanostructures had resulted in a stark increase 

in surface wetting, as well as, reduction in global impedance. In this chapter, the application of the 

biomimetic nanostructures on microelectrode surfaces has been presented and then electrochemical and 

physical modifications induced by the nanostructures have been characterized. Afterwards, the 

modifications induced by the nanostructures on extracellular activity recordings and seal impedance 

measurements from neuronal cells have been illustrated.  

                                                            
Results of this chapter selectively published in:  
Nowduri, B., Schulte, S., Jolfaei, N. A., Decker, D., Rabe, H., Schäfer, K., & Saumer, M. (2023). Advanced Biomimetic 
Nanostructured Microelectrode Arrays for Enhanced Extracellular Recordings of Enteric Neurons. Advanced 
Materials Interfaces, 10(16). https://doi.org/10.1002/admi.202300023. 
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5.1. Fabrication of biomimetic nanostructured microelectrode arrays 

Fabrication of functional microelectrode array (MEA) biosensors for electrophysiological 

application would necessitate optimum charge transfer properties at wafer scale. Therefore, gold 

lithography methods, electrode spacing and dimensions, biosensor assembly and selection of 

passivation layer have been briefly discussed here. 

The nanostructured microelectrode arrays (MEAs) in this study were fabricated on glass substrate 

wafers evaporated with gold as electrode layer. The nanostructured gold wafer has been converted 

to MEA patterned wafer with microelectrode surfaces, external contact pads and connection tracks 

with photolithography process. This has been done by gold-etching method and metal lift-off 

process. Lift-off has been done prior to gold electrode layer evaporation on substrate glass wafer 

(Figure 5.1a), whereas gold-etching process has been done post nanostructuring step 

(Figure 5.1b). Although both methods resulted in functional MEAs, the latter has been used for 

the fabrication of the biomimetic nanostructured MEA biosensors, primarily to prevent alignment-

based artifacts. Moreover, lift-off resist had resulted in a step on the gold seed layer post 

electroplating, which resulted in metal layer stripping during nanoimprinting.  

 

Figure 5.1. Microscopy image of the gold microelectrodes fabricated with (a) lift-off process and 

(b) gold etching process. 

Nanostructured microelectrodes were fabricated with electrode diameters 25 µm and 30 µm; and 

with interelectrode distances 100 µm and 500 µm. The four MEA configurations of different 

diameters and interelectrode distances can be seen in Figure 5.2a-d and the impedance measured 

for the 4 configurations of microelectrodes at 1 kHz can be seen in Figure 5.2e. The impedance 

for microelectrodes with 25 µm diameter was measured to be twice the value of the impedance 

measured for microelectrodes with 30 µm diameter. Interestingly, the interelectrode distance did 

not alter the impedance measured for the same electrode diameter, which implies the passivation 

layer prevents the presence of parasitic capacitances between microelectrodes. In order to 

maintain consistency in surface characterization methods and cell culture experiments, only MEAs 

(a) (b)

50 µm
50 µm
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with 30 µm diameter configuration have been used for electrochemical characterization and 

electrophysiological application.  

 

Figure 5.2. Optical microscopy image of microelectrodes with different geometrical 

configurations: (a) diameter 30 µm and spacing 100 µm, (b) diameter 30 µm and spacing 500 µm, 

(c) diameter 25 µm and spacing 100 µm and (d) diameter 25 µm and spacing 500 µm. 

(e) Impedance measured for the microelectrodes with different geometrical configurations at 

1 kHz frequency. 

Throughput of the MEA chip assembly is necessary to evaluate the cost of fabrication as well as 

cell culture experiments. The nanostructured MEAs fabricated on glass substrate wafer in this study 

were developed into fully functional biosensor chips for extracellular activity recordings from 

electrogenic cells such as neurons and cardiomyocytes. This has been done as monolithic 

(c) (d)

 

 

0

200000

400000

600000

800000

1000000

1200000

1400000

1600000

1800000

2000000

48 45 37 36 17 16 25 14 34 23 22 21 31 43 42 51 54 62 63 82 83 74 85 65 76 77 78 68 56 57

Diamater 30 µm, Spacing 200 µm

Diamater 25 µm, Spacing 200 µm

Diamater 30 µm, Spacing 500 µm

Diamater 25 µm, Spacing 500 µm

Im
p

ed
a

n
ce

@
 1

kH
z 

[Ω
]

Electrode Number 

(e) 
(e)

50 µm 50 µm

50 µm 50 µm

100

100

(a) (b)

(c) (d)



5. Biomimetic nanostructured microelectrode arrays: Characterization and application 
 

 

70 
 

biosensors (Figure 5.3a) and flip-chip bonded printed circuit board (PCB) biosensors (Figure 5.3b). 

In monolithic MEAs, the microelectrode array, external contacts for signal recorder and connection 

tracks were all fabricated on a single substrate glass wafer. Therefore, a single 4-inch wafer can be 

used to fabricate only 2 nanostructured MEAs. To increase the throughput of the nanostructured 

MEA fabrication process, the MEA wafers have been diced into smaller units and were assembled 

into a PCB with flip-chip bonding and a silver adhesive. By doing so, several MEA biosensors were 

fabricated from a single 4-inch wafer. Since no significant differences in the signal transmission 

properties were observed between the two types of MEAs, the flip-chip bonded PCB MEAs have 

been preferred for the surface characterization methods and cell culture experiments.  

 

Figure 5.3. Nanostructured MEAs fabricated on glass substrate wafer assembled into (a) 

monolithic chips and into (b) flip-chip bonded PCB chips. 

Passivation of MEA wafer was done to isolate the microelectrode regions to cellular interface. In 

this study, two passivation layer materials have been tested for optimum signal transmission and 

prevention of parasitic capacitances. Firstly, a multilayered stack of alternating silicon oxide and 

silicon nitride with a cumulative height of 1 µm was deposited by plasma-enhanced chemical vapor 

deposition. Secondly, 1 µm of SU-8 epoxy-based polymer was deposited with spin-coating process 

and cross-linked at high temperature. Silicon nitride-silicon oxide stack is more stable as a 

passivation layer as it is not largely affected by oxygen plasma cleaning process (surface profile in 

Figure 5.4a). In contrast, SU-8 spin-coating was observed to be very homogenous due to the 

chemical development of photoactive regions (surface profile in Figure 5.4b), thus preventing a 

step in the profile of the cell culture surface. For the fabrication of the nanostructured MEAs in this 

study, both SU-8 polymer layer and silicon nitride-silicon oxide stack have been used as a 

passivation layers. No significant differences were observed in the electrode impedance properties 

between the MEAs fabricated with the two different passivation layers and both were successful 

in preventing parasitic capacitances (Figure 5.4c). 
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Figure 5.4. Surface profile of passivation layer deposited on the microelectrode array connection 

track measured with AFM: (a) multilayered stack of alternating silicon oxide and silicon nitride and 

(b) spin-coated SU-8 polymer. (c) Comparison of impedance properties of the two passivation 

layers deposited on MEA wafers.  

5.2. Topographical analysis of collagen-like gold nanostructured 

microelectrodes (CLGNS MEAs) 

5.2.1. Comparison of nanostructured macro- and microelectrode surfaces 

In the previous chapter, the nanostructuring process has been used on macroelectrode surfaces, 

i.e., circular surface areas with diameter 5 mm (overall surface area 20 mm2) (Figure 5.5a). In this 

chapter, nanostructured microelectrode surfaces have been fabricated with diameter 30 µm 

(approx. surface area 756 µm2). For the larger surface areas, the increase in the CLGNS surface area 

was measured to be approx. 28 % and due to the uniform density of the collagen fibers on the 

master stamp, this result was replicated for several structured surfaces of a same substrate wafer. 

But the microelectrodes have approx. 167 times smaller diameter and hence the individual 

microelectrodes in a MEA are expected to have different nanostructure coverage densities and 

subsequently different increase in surface areas. The dimensions (length and width) of the 

nanostructures were closer to the microelectrode diameter making it critical to evaluate the surface 

parameters of each microelectrode individually (Figure 5.5b).  
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Figure 5.5. Optical microscopy images of the electroplated CLGNS on (a) macroelectrode with 5 

mm diameter and (b) microelectrode with 30 µm diameter. 

5.2.2. Classification of microelectrodes as a function of CLGNS height and density  

In literature, certain studies recommend 50 nm as the optimum nanostructure height to promote 

neuronal network communication, primarily due to the replication of natural cell environment 

[141-142]. It has been established in the previous chapter that the height of the nanostructures 

can be determined by modulating the electroplating time through which the open cavities in the 

nanoimprint resist are filled. The density of nanostructures on the microelectrode was a function 

of the height of least reproducible collagen fiber present on the NIL master, which is also the 

thickness of nanoimprint resist that was left post residual layer removal. It is important to note that 

the density of CLGNS is not dependent on the electroplating time. In contrast to Chapter 4 where 

40 nm was selected to the be the smallest reproducible fiber height to be replicated to CLGNS, 

50 nm was selected in this chapter to fabricate CLGNS MEAs with two different heights. By doing 

so the effect of nanostructure height (keeping density constant) was evaluated with topographical 

analysis and impedance spectroscopy. By using different electroplating periods (t) in the 

Equation 5.1, nanostructured MEAs have been fabricated with two different heights: 30 nm and 

50 nm. 

𝑡 =
𝝆∙ℎ∙ 𝑧∙ 𝐹

𝑀 ∙𝐽
                                                                                                                      Equation 5.1 

h is the height of the nanostructures to be grown (i.e. 30 nm and 50 nm) on the imprinted NIL 

resist (with height 50 nm), ρ the density of gold (19.32 gm/cm3), J is the electroplating density 

(1 mA/cm), F is Faraday’s constant (96485 C/mol), M is molar mass of gold (198 g/mol) and z is 1 

for gold to deposited. The CLGNS microelectrodes with axial dimension (height) 30 nm were 

denoted H1 and with height 50 nm were denoted as H2. Lateral dimension (width) of the 

   

(a) (b) 
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CLGNS was measured to be in the range between 100 nm and 3 µm for both H1 and H2 

MEAs. The longitudinal dimension (length) was measured to be in the range between 

50 nm and 30 µm (which is the diameter of the microelectrode). Surface profiles of 30 H1 

CLGNS microelectrodes and 30 H2 CLGNS microelectrodes were measured with AFM and 

the nanostructure density was extracted with threshold-based topographical methods. As 

expected, the overall increase in surface area (nanostructure density) was measured to be 

in the range between 20 % and 68 % for H1 and H2 CLGNS MEAs. Due to the presence of 

such a large variation in the CLGNS density, the nanostructured MEAs were further 

classified to low density (20 % - 40 %) and high density (40 % - 68 %). For easier 

understanding, low density CLGNS microelectrodes were denoted as D1 and high density 

CLGNS microelectrodes were denoted as D2. Hence, the topographical effects of the 

biomimetic nanostructures have been evaluated in this study from four groups of CLGNS 

microelectrodes namely, H1D1, H1D2, H2D1 and H2D2. Examples of surface profiles of the 

4 groups of CLGNS microelectrodes can be seen in Figure 5.6a-d. Distribution of number, 

height and percentage of nanostructuring density can be seen in Table 5.1. The 

randomness in organization and dimensions of the CLGNS within the microelectrodes of 

the array could be clearly seen for both H1 and H2 MEAs from this analysis. It is important 

to note that this distribution is only a function of the nanostructuring process with least 

reproducible collagen fiber height 50 nm. The distribution would significantly change for 

a different height of least reproducible collagen fiber (see Figure 4.7c). 

 

Figure 5.6. Examples of (a) H1D1, (b) H1D2, (c) H2D1 and (d) H2D2 nanostructured microelectrode 

surface profiles measured with AFM. See Appendix VI for 2D AFM profiles of all the measured 

CLGNS microelectrodes. 

(a) (b) (c) (d)
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The scanning electron microscopy images of H1 (Figure 5.7a) and H2 nanostructured 

microelectrode (Figure 5.7b) surface illustrates the relative heights of passivation layer and the 

CLGNS. As mentioned in the previous chapter, the collagen fiber network coated on the silicon 

master stamp demonstrates 3D randomness, whereas the CLGNS demonstrate 2D randomness. 

The information of randomness in the height of CLGNS could not replicated due the bottom-up 

nature of the fabrication process (as explained in section 4.2.2).   

 

Figure 5.7. SEM images of microelectrode structured with CLGNS with height (a) 30 nm and (b) 

50 nm. 

Table 5.1. Distribution of different types of CLGNS microelectrodes and unstructured 

microelectrodes for the smallest reproducible collagen fiber height of 50 nm. See Appendix VI for 

2D AFM profiles of all the measured CLGNS microelectrodes. 

 Type of  

microelectrode 

Percentage of 

nanostructure 

coverage on 

microelectrode 

surface  

[%] 

Height of 

nanostructures 

[nm] 

Number of 

measurements 

Unstructured  

 

- - 60 

H1D1 nanostructured 20-40 30 8 

H1D2 nanostructured 40-68 30 22 

H2D1 nanostructured 20-40 50 6 

H2D2 nanostructured 40-68 50 24 

(b)(a)(a) (b) 

5 µm 5 µm
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5.2.3. Nanostructured microelectrode interface with cell culture 

Enteric neurons cultured from postnatal mice were dried and fixed on DIV 10 to observe the 

adhesion interface and growth pattern of neurons on nanostructured gold microelectrodes 

(Figure 5.8a). The images are representative to the neuronal cultures seeded on the MEAs during 

extracellular activity measurements. The cells spread along the surface of passivation layer and 

adhere to the nanostructured gold microelectrode. The membrane of the neuronal processes are 

in close contact with the metallic microelectrode and reduction of seal gap due to the 

nanostructures would help in efficient transmission of extracellular activity. At higher magnification 

it can be seen that some of the neurites originating from the cell body are directed by the features 

of CLGNS (Figure 5.8b). This was particularly interesting as the directionality in neurite growth is 

predominantly observed with natural collagen fibers present in ECM network [143-144]. This 

suggests that the directionality in neurite growth was not only a feature of the chemical 

composition of the natural collagen fiber, but also topographical features of the synthetic CLGNS. 

The biomimetic replication of functionality of natural biomolecules along with topographical 

features is indeed an interesting development which could be utilized for several biosensor 

applications. At lower magnification, it can be observed that the passivation layer constituted more 

than 99 % of microelectrode region, where most of the neural network has spread (Figure 5.8c). 

This is quite unfortunate as the nanostructures are present only on the gold microelectrodes and 

not on the passivation layer. Therefore, to observe a larger effect of CLGNS on the microelectrodes, 

it is essential to nanostructure the complete MEA cell culture area i.e., including the passivation 

region. Cross sectional SEM with focused ion beam and critical point drying has been used in 

literature to observe the nanoscaled interaction of cell membrane proteins with synthetic 

nanostructures [88]. In this study, analytical methods such as seal impedance measurements and 

fluorescence microscopy has been used to further evaluate the adhesion of neurons to the 

biomimetic nanostructures. 

Figure 5.8. SEM images of enteric neurons cultured on H2 CLGNS microelectrodes at (a) 2500x 

magnification, (b) 20000x magnification (part marked in red box in (a)) and (c) 100x magnification. 

Substrates sputtered with 10 nm of Au prior to imaging.  

  

(a) (b) (c) (a) (b) (c)

5 µm 200 nm 100 µm
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5.3. Impedance spectroscopy of CLGNS microelectrodes  

Electrochemical impedance spectroscopy of microelectrodes for electrophysiological application 

is commonly used to evaluate its charge transfer properties. Impedance spectroscopy 

measurements for the nanostructured gold macroelectrodes described in Chapter 4 illustrated a 

stark reduction in impedance magnitude at frequencies less than 1 kHz. The same measurement 

parameters cannot be used for the microelectrodes analyzed in this chapter (which are 167 times 

smaller than the macroelectrodes). Firstly, the diffusion and reaction kinetics of the ionic species 

with the nanostructured electrodes are largely altered for microscale surfaces [145]. Secondly, the 

lateral dimension of the CLGNS is closer to the lateral dimension of the active microelectrode 

surface. Therefore, the density of the nanostructures on the surface varies largely between 

microelectrodes of the array. In the previous section, the classification of nanostructured 

microelectrodes based on the structure height and density of the CLGNS has been presented 

(H1D1, H1D2, H2D1 and H2D2). Therefore, the same classification of nanostructured gold 

microelectrodes along with unstructured planar microelectrode have been analyzed with 

impedance spectroscopy measurements. The impedance spectroscopy measurements have been 

carried out in the frequency range from 1 Hz to 3 MHz with an input voltage of 10 mV and a DC 

bias of 120 mV in 0.01 M KCl solution. The recorded data has been represented in Bode magnitude 

and phase diagrams, as well as, Nyquist diagram.  

As explained previously, the increase in surface area as a fraction of overall electrode surface area 

is much smaller for the microelectrodes when compared to macroelectrodes (approx. 167 times). 

Therefore, the differences in the impedance spectra between the nanostructured and unstructured 

microelectrodes would be much harder to visualize. Nevertheless, reduced impedance magnitude 

was observed for all the nanostructured microelectrodes in comparison to unstructured 

microelectrodes, especially in the frequency range between 1 Hz and 10 kHz (Figure 5.9a). At 

frequencies larger than 10 kHz the reduction in impedance magnitude becomes less significant. 

To further visualize the effect of CLGNS, impedance magnitude measured for different 

microelectrodes at 1 kHz has been presented in the inset of Figure 5.9a and Table 5.2. The largest 

effect of CLGNS was observed for H2D2 microelectrodes where 41.3 % reduction in impedance 

magnitude observed. H2D1, H1D2 and H1D1 subsequently showed reduction in impedance 

magnitude of 30.1 %, 28.3 % and 22.7 %, respectively. It can be observed that both density (surface 

coverage) and height of the CLGNS contribute to reduction of microelectrode impedance, with 

the former playing a more significant role. In contrast, the predominant effect of CLGNS on 

microelectrode impedance phase spectrum can be observed at 100 kHz frequency (Figure 5.9b 

and Table 5.2). This behavior of the impedance phase is a characteristic of the constant phase 

element in the impedance transfer function, which in literature has been correlated to double-layer 

capacitance [70]. Similar to impedance magnitude spectra, H2D2 CLGNS microelectrodes showed 
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the maximum phase shift, followed by H2D1, H1D2, H1D1 and finally unstructured 

microelectrodes.    

 

Figure 5.9. Electrochemical impedance spectroscopy of H1D1, H1D2, H2D1, H2D2 nanostructured 

and unstructured gold microelectrodes (a) impedance magnitude |Z| spectrum (inset impedance 

of the microelectrodes at 1 kHz) and (b) impedance phase ϕ spectrum. 

The Nyquist diagram of the imaginary and real impedance of the different groups of 

nanostructured microelectrodes and unstructured planar microelectrodes can be seen in 

Figure 5.10a-b. At higher frequencies (Figure 5.10a), the unstructured microelectrodes showed 

larger impedance contributed by the charge transmission components followed by H1D1, H1D2, 

H2D1 and H2D2 showing the smallest impedance. At lower frequencies (Figure 5.10b), the 

impedance contribution by diffusive components followed a similar pattern with highest diffusion 

impedance observed for unstructured microelectrodes. Impedance spectrum of microelectrodes 

contributed by diffusion components was much harder to interpret than charge-transfer 

components, as the complex diffusion profile and the boundary conditions at microelectrode 

surface needs to be precisely determined. Therefore, an accurate equivalent circuit for the 

nanostructured microelectrodes could not be developed in this study to be used for the 

mathematical fitting and extraction of individual impedance components of the spectrum. 

Nevertheless, insights from the mathematical fitting of electrical equivalent circuit components of 

the nanostructured macroelectrodes performed in Chapter 4 could be referred for getting a brief 

outlook. The reduction in the impedance could be attributed to enhanced double-layer 

capacitance and diminished charge-transfer resistance. Cyclic voltammetry measurements have 

been performed on electroplated nanostructured gold microelectrodes in literature which have 

shown enhanced charge injection capacity related to increased double-layer capacitance and 

reduced charge-transfer resistance as well [39,41,146]. 
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Figure 5.10. Nyquist representation of the impedance measurements performed for 

microelectrode arrays with different nanostructure height and density: (a) high frequency range 

(100 kHz-3 MHz) and (b) low frequency range (1 Hz-100 kHz).  

Table 5.2. Electrochemical impedance spectroscopy measurements for different types of 

nanostructured microelectrodes and unstructured microelectrodes. 

 Type of  

microelectrode 

Impedance magnitude 

at 1 kHz 

[kΩ] 

Reduction in 

impedance magnitude 

at 1 kHz as compared 

to unstructured 

electrodes 

[%] 

Impedance phase at 

100 kHz 

[°] 

Unstructured  2227 ± 137 - -57.9 ± 1.6 

H1D1 

nanostructured 

1721 ± 134 22.7 -54.5 ± 3.4 

H1D2  

nanostructured 

1595 ± 79 28.3 -54.6 ± 2.6 

H2D1  

nanostructured 

1556 ± 86 30.1 -50.4 ± 1.8 

H2D2 

nanostructured 

1305 ± 72 41.3 -45.7 ± 3.1 
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5.4. Characterization of cell adhesion with seal impedance 

Adhesion of cells on culture surface is one of the major foundations for a confluent cell growth, 

differentiation and proliferation [77]. It is especially important for neurons to form robust neurite 

network, which then promote intra- and extracellular signaling [81,147-148]. For enhanced 

extracellular activity to be recorded from the microelectrodes, it is beneficial for the neurons to 

adhere tightly to the biomimetic nanostructures. Considering the topographical and 

electrochemical measurements performed in this chapter, H2 CLGNS MEAs have been exclusively 

used for seal impedance analysis. The interface between the nanostructured microelectrode and 

the electrogenic neuronal cell has been presented in an electrical equivalent circuit (Figure 5.11a). 

The charge-transfer components of the cell membrane (extra- and intracellular ion channels) and 

the nanostructured microelectrode (charge-transfer and diffusion elements) are shunted by the 

seal impedance (ZSeal) which is directly proportional to the distance between the two surfaces at 

the junction [41,89]. A smaller seal gap between the interfaces would result in larger Zseal and 

tighter adhesion. Since the frequency range of the electrogenic activity measured from neurons is 

primarily around 1 kHz (spikes, bursts, post synaptic potentials), the seal impedance measurements 

were performed at the same frequency [136-138]. Nevertheless, other works in literature have 

performed seal impedance spectroscopy over a large frequency range on non-electrogenic cells 

for comprehensive adhesion analysis [149]. Measurement of seal impedance spectroscopy for a 

neuronal culture on the microelectrode would necessitate the potentiostat being used for several 

minutes (especially for low frequency signals). This could lead to thermal effects that be 

detrimental to cell membrane such as ablation and electroporation [150].  

Non-electrogenic cells were preferred to the cell adhesion evaluation with seal impedance 

measurements in literature, as there exists no electronic interference from ion channels present in 

the cell membrane [41]. But it also important to note that the adhesion mechanics of cells differ 

vastly based on their type and morphology [151]. And since enteric neurons have been used for 

electrophysiological application of the nanostructured microelectrodes in this study, the same cells 

were used for cell adhesion analysis as well. The sinusoidal signal from the potentiostat measuring 

seal impedance has an amplitude of 10 mV, whereas the extracellular action potential signal from 

neurons is measured in the range of 100 µV [152]. Therefore, the electrogenic activity of the 

neurons would be minimally interfering with the seal impedance measurements from the 

potentiostatic apparatus. Despite the minimal interference, application of enteric neuronal culture 

is more appropriate for characterization of the cell adhesion to nanostructured MEAs. It is also 

important to have high confluency of cells on the microelectrode surface to have accurate seal 

impedance measurements [41]. Presence of open gaps on the culture surface would result in the 

measurement potential to be detected by the microelectrode without interacting with the cell 

membrane. The high confluency of the neuronal cell culture on the microelectrodes can be 

observed in Figure 5.11b with optical microscopy prior to seal impedance measurements.  
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Figure 5.11. (a) Schematic of electrical circuit analogue for the characterization of seal impedance 

(ZSeal) between the CLGNS nanostructured microelectrode and the adhered neuron. (b) Optical 

microscopy of the enteric neuron cultured on nanostructured microelectrode illustrating complete 

confluency for the seal impedance measurements.†

Comparison of measured impedances without cell culture and with enteric neurons differentiated 

on DIV 5 for 30 unstructured and 30 H2 nanostructured electrodes shows significant differences 

(Figure 5.12). Seal impedances were measured for three different H2 nanostructured MEAs with 

same measurement parameters and the data is summarized in Table 5.3. The nanostructured 

microelectrodes show marginally smaller impedance measurements compared to unstructured 

microelectrodes without cells, which correlates to the EIS measurements presented in section 5.3. 

Whereas, the seal impedance measured with enteric neurons for the exact same electrodes shows 

significant amplification of 340 %. This implies that the seal gap between the microelectrode and 

the enteric neurons is reduced by the protruding CLGNS and hence promoting the cell adhesion. 

It is interesting to observe that the standard deviation of seal impedances measured for 

microelectrodes are much higher than the impedance measurements without cells. As previously 

explained, the seal between the electrode surface and cell membrane not only dependent on the 

type of cell, but also the part of the cell adhering to it (e.g., dendrite, axon, soma etc.) [150] leading 

to significant deviation. Moreover, the ion channels of the neuronal membrane could interfere with 

the measuring potential. Nevertheless, even with the minimal interference on impedance 

measurements, it can be inferred that CLGNS do indeed promote the cell-surface coupling on the 

microelectrodes, which would subsequently improve the neuronal signal transmission. 

                                                            
† Cell cultures on MEAs performed by Negin Adavoudi Jolfaei (master student), Technical University of 
Kaiserslautern Germany  
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Figure 5.12. Impedance measurements of unstructured microelectrodes (electrode number 1-30) 

and H2 nanostructured microelectrodes (electrode number 31-60) at 1 kHz frequency with and 

without enteric neurons cultured on the surface. 

Table 5.3. Impedance measurements to evaluate seal of H2 nanostructured microelectrodes with 

enteric neurons (n = 3). 

Type of  

microelectrode 

Impedance at 1 kHz without 

cells [kΩ] 

Impedance at 1 kHz with cells 

[kΩ] 

Unstructured  1340 ± 49 1985 ± 346 

H2 nanostructured 1293 ± 48 3497 ± 696 

5.5. Electrophysiological measurements of CLGNS MEAs  

5.5.1. Configuration of extracellular activity measured from enteric neuronal culture   

Reduction in impedance magnitude revealed from the impedance spectroscopy measurements 

and a tighter surface coupling revealed from the seal impedance analysis suggests superior 

charge-transfer properties and higher signal-to-noise ratio (SNR) for the cell culture recordings 

from the CLGNS microelectrodes. Therefore, signal recording properties of the nanostructured 

microelectrodes have been evaluated by culturing neurospheres from the myenteric plexus of 

post-natal mice on the MEA surfaces, which were later proliferated as enteric neurons. 

Differentiation and proliferation of neurospheres resulted in excellent neuronal network on the 

MEAs [119]. Since the recorded extracellular neuronal activity of the cell culture is in a range within 

a single millivolt [152], it could be superposed in electronic noise, which could lead to false 

interpretation of action potential spikes. Standard procedure to evaluate the validity of spike 

detection is through stimulating the neuronal culture with neurotransmitters such as acetyl choline 

and glutamate, which would amplify the spike rate as well as spike amplitude [153-154]. But for 

the evaluation of electronic charge transfer properties of nanostructured microelectrodes, it is 

practical to record and evaluate spontaneous activity where the effect of nanostructures on the 
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cell culture exclusively modulates the detected spike properties. Spontaneous extracellular 

recordings were processed with appropriate filters and the validity of the action potential spikes 

was checked by comparing the shape with standard spike templates. Depending upon the shape 

of the action potential spikes, they have been classified into two main forms. A negatively unipolar 

spike with peak-to-peak amplitude not exceeding 40 µV (Figure 5.13a) and a bipolar spike with 

peak-to-peak amplitude larger than 80 µV (Figure 5.13b). Differentiation of cell culture from the 

neurospheres result in neurons of varied morphology which generate and transmit extracellular 

signals of different shapes [155]. Since the signal-to-noise ratio of the bipolar spikes is very large 

in comparison to the unipolar signals, they have been analyzed separately for the signal and noise 

properties. Several cell culture experiments with the nanostructured MEAs have been performed 

to achieve a valid number of active channels measuring signals for microelectrode characterization. 

In total, unipolar spike data from 24 H2 nanostructured microelectrodes and 12 unstructured 

microelectrodes have been analyzed. It is important to note here that the detection of bipolar 

spikes is extremely rare (2 H2 nanostructured microelectrodes and 2 unstructured 

microelectrodes), in comparison to the unipolar spikes. The detected spikes have been analyzed 

in section 5.5.5 to characterize the changes induced by the biomimetic nanostructures on the 

microelectrodes.  

 

Figure 5.13. Examples of action potential spikes detected from the extracellular recordings of 

enteric neuron culture by nanostructured MEAs: (a) unipolar spikes and (b) bipolar spikes.† 

                                                            
†Cell cultures on MEAs and recordings performed by Negin Adavoudi Jolfaei (master student), Technical University of 
Kaiserslautern Germany and Steven Schulte, University of Applied Sciences Kaiserslautern Germany. 
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5.5.2. Baseline noise characterization of the microelectrode recordings 

Prior to analyzing the spike properties from the recordings, it is essential to understand the 

properties of the baseline noise. Thermal noise in microelectronics is a quantitative extent of the 

electromagnetic interference present in the measurement apparatus [156]. It is also largely 

dependent on the global impedance of the measuring electrode. The H2 CLGNS present on the 

microelectrodes have been responsible for the reduction the global impedance of the measuring 

microelectrode, which in turn could result in the reduction of thermal noise (see Equation 4.1 in 

section 4.3.2). This reduction is valid for enhancing electronic performance of the microelectrodes 

in a controlled electrochemical system with a constant measuring potential and electrolyte 

resistance. In electrophysiological recordings, the baseline noise is complex and is a function of 

cell-surface coupling [157-158]. Interestingly, a significant improvement in the seal impedance has 

been observed with H2 nanostructured microelectrodes, which has been electronically correlated 

to reduced seal gap between cell membrane and microelectrode surface. Unfortunately, this 

enhancement could lead to a larger baseline seal noise for H2 nanostructured microelectrodes 

and hence be detrimental to the detection of weaker action potential signals. The RMS baseline 

thermal noise was measured to be 3 times smaller than the RMS baseline seal noise for the same 

microelectrode (Figure 5.14). And baseline seal noise varies across the electrodes depending on 

the presence of neuron cell body, axons or dendrites [159]. Therefore, apart from measuring the 

spike properties of the neuronal signals, the baseline seal noise of the recordings has also been 

evaluated, which was then used to calculate the signal-to-noise ratio of the microelectrodes with 

the respective spike measurements.  

 

Figure 5.14. Comparison of thermal noise without cells and baseline seal noise with cells measured 

on the nanostructured microelectrode (RMS value of noise marked as dotted line).  

5.5.3. Signal-to-noise ratio characterization with external signal generator 

As established in the previous section, the spike amplitude and the baseline noise of the 

extracellular activity is a function of the morphology of neuron coupled to the microelectrode, as 
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well as, the seal gap between the neuron and the microelectrode surface. Therefore, to evaluate 

the impact of the CLGNS eliminating the cell-surface coupling effect, SNR of the microelectrodes 

has been calculated by recording spikes from a constant signal generator (measurement setup 

described in section 3.4.3). The signal generator produces signals simulating the amplitude, time 

period and shape of action potential spikes and bursts generated by hippocampal neurons. The 

waveform of the original signal generated from the signal generator and the recorded signals from 

the H2 nanostructured and unstructured microelectrodes can be seen in Figure 5.15. The 

measured peak-to-peak of spike amplitudes (Vs,p2p) and root-mean-square of baseline noise 

(Vn,RMS) of H2 nanostructured and unstructured microelectrodes of have been summarized in 

Table 5.4. The recorded data from the microelectrodes was not processed with any filters. The 

overall impact of the increased effective surface area by CLGNS on microelectrodes can be 

observed predominantly in the reduction of baseline noise by 47 %, whereas the impact is minimal 

for spike peak-to-peak amplitude. Nevertheless, the SNR (ratio of spike amplitude and baseline 

noise) is significantly amplified by 30 %, which reaffirms the enhanced electrical properties 

measured with impedance spectroscopy of the H2 nanostructured microelectrodes. 

 

Figure 5.15. Signal recordings of simulated action potentials produced by constant signal 

generator on H2 nanostructured and unstructured microelectrodes. 

Table 5.4. Summary of signal-to-noise ratio measured for H2 nanostructured and 

unstructured microelectrodes with constant signal generator (n = 60).  

Type of 

microelectrode 

Vs,p2p [µV] Vn,RMS [µV] Signal-to-noise ratio 

Vs,p2p/Vn,RMS 

 

Unstructured 168.12 ± 18.3 10.49 ± 2.2 16.02  

H2 nanostructured 171.45 ± 16.1 6.24 ± 1.9 27.7  

-150

-100

-50

0

50

0 20 40 60 80 100

unstructured microelectrode

H2 nanostructured microelectrode

a
m

p
lit

u
d

e
[µ

V
]

time [ms]

Vs,p2p



5. Biomimetic nanostructured microelectrode arrays: Characterization and application 
 

 

85 
 

5.5.4. Detection of action potential spikes from enteric neuronal extracellular recordings  

The spikes were detected from the filtered signal by amplitude thresholding method based on the 

standard deviation of the baseline seal noise. Waveforms of the detected unipolar and bipolar 

action potential spikes recorded from the enteric neuron culture on H2 nanostructured and 

unstructured microelectrodes on DIV 6–7 can be seen in Figure 5.16a-d. The detected spikes 

provide a vast variety of dynamic information from the neural network (such as activity score, 

plasticity, etc.) and it was essential to choose the information that was required to characterize the 

effect of the nanostructures. Reduced global impedance would alter the peak-to-peak voltage of 

the detected spike, whereas enhanced neural network dynamics would result in altered number of 

spikes and reduced seal gap would reduce spike transmission losses. Therefore, in a constant active 

recording period (30 seconds in this study), properties such as spike rate, the peak-to-peak of the 

largest and smallest detected spikes, the mean peak-to-peak amplitude of all the detected spikes, 

the baseline noise and the signal-to-noise ratio have been calculated. The number of total active 

channels has not been used for the microelectrode characterization, as it was a function of the cell 

culturing process and not microelectrode quality. 

 

Figure 5.16. Waveforms of the detected action potential spikes measured from the enteric neuron 

culture on DIV 6–7: (a) Unipolar spikes from H2 nanostructured microelectrodes (n = 24), (b) 

unipolar spikes from unstructured microelectrodes (n = 12), (c) bipolar spikes from H2 

nanostructured microelectrodes (n = 2) and (d) bipolar spikes from unstructured microelectrodes 

(n = 2). Each line represents the mean waveform of all spikes measured per channel and the black 

colored line represents the mean cutout of all measured channels.   
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5.5.5. Evaluation of spike properties recorded from CLGNS MEAs  

Unipolar and Bipolar spike properties measured for H2 nanostructured and unstructured 

microelectrodes have been summarized in Table 5.5. Comparison of the detected spike rate 

(number of unipolar and bipolar spikes detected in 30 seconds) for H2 nanostructured 

microelectrodes and unstructured microelectrodes can be seen in Figure 5.17a. The 

nanostructures were expected to promote the neuronal adhesion by providing topographical cues 

and thus enhancing the intra- and extracellular signaling. This subsequently would then 

correspond to higher signal spike rate measured by the microelectrode. Nevertheless, no 

significant difference was observed between the two sets of microelectrodes for both unipolar and 

bipolar spikes. This was perhaps because the effect of nanostructuring was only confined to the 

microelectrodes and the rest of the cell culture was grown on unstructured passivation layer. And 

the spike rate was proportional to not just the cell dynamics of the neuron under the 

microelectrode, but the complete neuron network in the vicinity of the microelectrode, which is 

comprised of the aforementioned unstructured passivation layer.  

The comparison of the baseline seal noise (Vn,RMS) measured for the H2 nanostructured and 

unstructured microelectrodes (only in the channels where the spikes were detected) can be seen 

in Figure 15.17b. In contrast to the thermal noise measured with the external signal generator in 

section 5.5.3, significant increase in the baseline seal noise was observed for both unipolar spikes. 

This result verifies the seal impedance measurements described in section 5.4. As explained in 

section 5.4, a larger seal noise signifies a tighter adhesion of cells to the surfaces. Therefore, the 

probability of electrical signal transmission being attenuated by ohmic loss should be lower for 

the H2 nanostructured microelectrodes, as compared to unstructured microelectrodes. 

Nevertheless, amplified baseline noise leads to spikes of smaller amplitude to be not detected by 

the recording device. Therefore, tighter coupling of the neurons to the microelectrodes by the 

biomimetic nanostructures provides advantages, as well as, disadvantages to the extracellular 

activity recordings from electrogenic cells. To solve this issue, needle shaped microelectrodes (of 

height approx. 500 μm) have been fabricated in literature, which would penetrate the seal gap 

completely resulting in measurement of a combination of extra- and intracellular action potentials 

with minimal baseline noise [160]. 

In this study, the largest spike detected in the 30 second measurement period on the 

microelectrode channel is denoted as maximum peak-to-peak amplitude (Vs,p2p max) and the 

smallest detected spike as minimum peak-to-peak amplitude (Vs,p2p min). Mean of all spikes 

detected in the 30 second measurement period is denoted as mean peak-to-peak amplitude 

(Vs,p2p mean). In comparison to unstructured microelectrodes, H2 nanostructured microelectrodes 

have shown noteworthy enhancement in Vs,p2p max, Vs,p2p min and Vs,p2p mean for the detected 

unipolar spikes (Figure 15.17c-e). 51 % amplification in Vs,p2p min was measured for the 

nanostructured microelectrodes, which is significant for the detection of diminished action 
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potential signals that are superposed by the baseline seal noise. Likewise, 70 % amplification was 

observed for Vs,p2p max, which can be attributed to reduction in transmission losses due to reduced 

seal gap. Finally, 55 % amplification was observed for Vs,p2p mean, which is an indicator for overall 

enhancement of the nanostructures on the microelectrodes. As explained in section 5.5.2, baseline 

noise of each recording channel is characterized by the seal between the microelectrode and the 

cell. Therefore, the ratio of Vs,p2p mean and Vn,RMS was calculated for the H2 nanostructured and 

unstructured microelectrodes (Figure 15.17f). Improvement of the signal-to-noise ratio by 35 % 

for the unipolar spikes confirms the cumulative electronic and biological impact of the biomimetic 

nanostructures on the microelectrodes used for electrophysiological application. Unfortunately, 

no significant results could be derived from the bipolar spikes as the detection of these signals are 

extremely rare (n = 2). Nevertheless, it is important to present the information here, as the spikes 

were detected from the same cell culture as the unipolar spikes. 

In literature, nanostructured microelectrodes have been fabricated with much higher enhancement 

in SNR of extracellular recordings [161]. But such an improvement could be due application of 

novel ultra-high conductive nanostructured material (e.g. graphene) on metallic electrode. Since 

both unstructured and nanostructured microelectrode evaluated in this study are composed of 

gold, a diminished enhancement in electrophysiological properties is understandable. Moreover, 

the primary objective of this study is to interface neurons randomly organized nanostructures, 

which has been successfully accomplished.  

Table 5.5. Summary of unipolar and bipolar spike properties measured from the extracellular 

activity recordings of enteric neurons from with H2 nanostructured microelectrodes and 

unstructured microelectrodes. 

Type of  

microelectrode 

Spike 

morphology  

Spike 

number  

Vp2p 

min 

[µV] 

Vp2p 

mean 

[µV] 

Vp2p 

max 

[µV]  

Baseline 

seal 

noise 

RMS 

[µV]  

Signal-

to-

noise 

ratio 

H2 nanostructured  

(n = 24) 

Unipolar 25.95 ± 

8.1 

21.76 

± 5.7 

28.87 ± 

7.8 

39.14 

± 13.9 

3.19 ± 

0.9 

11.21 ± 

1.7 

Unstructured 

(n = 12) 

Unipolar 24.22 ± 

6.8 

14.66 

± 5.6 

18.38 ± 

6.8 

23.66 

± 14.4 

2.15 ± 

0.38 

  8.71 ± 

2.0 

H2 nanostructured 

(n = 2) 

Bipolar 30.26 ± 

8.8 

93.01 

± 

39.13 

105.75 

± 37.8  

118.5 

± 35.3 

3.47 ± 

0.65 

30.26 ± 

10.4 

Unstructured 

(n = 2) 

Bipolar 29.26 ± 

5.0 

47.75 

±  

20.5 

123.74 

± 26.9  

151.5 

± 36.6 

2.46 ± 

0.46 

29.53 ± 

2.7 
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Figure 5.17. Unipolar and bipolar spike properties for nanostructured (NS) and unstructured 

microelectrode (US) channels: (a) total number of spikes measured in the measurement period of 

30 seconds, (b) RMS of seal noise measured for the active channels where the spikes were 

recorded, (c) maximum peak-to-peak amplitude (Vs,p2p max) of spikes measured by a channel in 

30 second measurement period, (d) minimum peak-to-peak amplitude (Vs,p2p min) of spikes 

measured by a channel in 30 second measurement period, (e) mean peak-to-peak amplitude 

(Vs,p2p mean) of all spikes measured by a channel in 30 second measurement period and (f) signal-

to-noise ratio SNR (ratio of Vs,p2p mean and RMS seal noise of the corresponding channel). Analysis 

of statistical significance by one-way ANOVA (*p < 0.05, **p < 0.01, n (H2 nanostructured 

microelectrodes) = 24, n (unstructured microelectrodes) = 12). 

5.6. Summary and outlook  

In this chapter, the application of the biomimetic nanostructuring process on the surface of 

microelectrodes have been presented, which then have been used for recording extracellular 

activity from electrogenic cell cultures. MEAs fabricated with uniform organized nanostructures 

have shown several beneficial effects for biosensing application. Unfortunately, the natural 
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adhesion of surface of the cells is hardly uniform. Therefore, randomly organized nanostructures 

on microelectrodes offer a new perspective in understanding the cell-surface coupling, as well as 

extracellular signaling. Topographical characterization of the CLGNS biomimetic nanostructures 

showed randomness not only within a microelectrode surface, but also across all microelectrodes 

in the array. MEAs were fabricated with nanostructures of two different heights by adjusting the 

electroplating time and each were classified to high-density and low density depending upon the 

nanostructure coverage. Surface characterization with impedance spectroscopy showed the 

maximum reduction in impedance by densely nanostructured microelectrodes with larger height, 

which have been exclusively used for cell culture experiments. From the seal impedance 

measurements, it was observed that the CLGNS biomimetic nanostructures provided considerably 

tighter coupling compared to unstructured microelectrodes. Finally, electrophysiological 

experiments showed improved signal-to-noise ratio, as well as, superior action potential spike 

detection properties for the nanostructured microelectrodes. All of these findings suggest that the 

nanostructuring process to be versatile not only for the microelectrodes, but also for other 

biosensor surfaces. 

Enhancement of microelectrode electrophysiological application by the CLGNS can be illustrated 

with three major perspectives (Figure 5.18). Firstly, the reduction of global impedance of the 

microelectrodes by enlarging the effective surface area has resulted in reduced thermal baseline 

noise (marked by 1 in Figure 5.18). Secondly, the protruding nanostructures have diminished the 

seal gap distance between the neuronal membrane and the microelectrode surface. Therefore, 

attenuation of extracellular activity due to ohmic losses through the seal gap has also been 

reduced, leading to enhanced SNR (marked by 2 in Figure 5.18). Finally, the nanostructures mimic 

the natural adhesion surface of the neuron which is composed of extracellular matrix biomolecules. 

The neurons bind firmly onto the nanostructures during their growth process with the help of focal 

adhesion complexes, which helps in formation of stronger cytoskeleton structure [97]. Stable 

cytoskeleton in turn regulates robust intra- and extracellular signaling in neural network [81] 

(marked by 3 in Figure 5.18).  

 

Figure 5.18. Illustration of the CLGNS biomimetic nanostructure effects on the microelectrodes 

and neurons for the improvement of electrophysiological experiments. 
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In this study, microelectrode arrays have been used for the acquisition of extracellular activity from 

the enteric neurons of mammalian myenteric plexus. Profound analysis of this information can 

help investigate cross-talk between immune system and enteric nervous system, which in turn 

helps in prediction of inflammatory bowel diseases [162]. In literature, MEAs have been used 

extensively with electrogenic neurons found in several organs of both central nervous and 

peripheral nervous system. For instance, human-derived induced pluripotent stem cells have been 

used for the prediction and treatment of central nervous system disorders such as epilepsy and 

Alzheimer’s syndrome [163]. In other example, hippocampal slice cultures have been used with 

MEAs for studies of brain damage, neuronal protection and neuronal repair [164]. Therefore, the 

biomimetic nanostructured microelectrodes fabricated in this study were also briefly tested to 

record extracellular activity from other types of electrogenic cells. The extracellular activity 

measured with the CLGNS microelectrodes from Neuro2A mouse neuroblastoma cell line can be 

seen in Figure 5.19a and the activity measured from mouse enteric smooth muscle cells can be 

seen in Figure 5.19b. Effects of biomimetic nanostructures on the electrical spike properties, such 

as signal-to-noise ratio, have not been evaluated for these recordings, as extensive analysis of cell 

adhesion with seal impedance measurements and fluorescence microscopy experiments was done 

only for enteric neurons in this study. Nevertheless, it is proof-of-concept for the extension of 

biomimetic nanostructured microelectrodes application to other types of electrogenic cells.    

 

Figure 5.19. Action potential signals measured on CLGNS biomimetic nanostructured 

microelectrodes from (a) Neuro2A mouse neuroblastoma cell line and (b) mouse enteric smooth 

muscle tissue.† 

Despite showing evidence in the enhancement of the surface, electrochemical and cell adhesion 

properties by the CLGNS on the MEAs, the findings could be further improved in future to 

substantially assert its application. Firstly, the best impedance reduction was observed with H2 

microelectrodes with larger nanostructure height. This height cannot be larger than 50 nm due to 

the bottom-up nanostructure growth with electroplating process. Therefore, modifications could 

                                                            
†Neuro2A mouse neuroblastoma culture on nanostructured MEAs done by Sophie Mannschatz, University of Applied 
Sciences Kaiserslautern Germany. Mouse enteric smooth muscle cells on nanostructured MEAs done by Anne 
Christmann, University of Applied Sciences Kaiserslautern Germany. 
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be implemented in the biomimetic process to develop larger nanostructures without 

compromising the nanostructure density, which would definitely further improve the impedance 

properties of the microelectrodes. Secondly, the seal impedance was measured at 1 kHz based on 

the findings in the literature [41]. It would be insightful to safely measure the seal impedance over 

a complete frequency spectrum and extract useful information on cell-surface coupling. This would 

necessitate the potentiostatic measurements to be done in an incubated environment, which could 

be logistically difficult. The enhancement in some spike properties (such as spike rate) could not 

be observed. This was because only the electrode surfaces are nanostructured, the passivation 

layer (which encompasses more than 99 % of the culture surface) is planar unstructured. Therefore, 

to truly understand the effect of biomimetic nanostructures on the extracellular signaling of the 

neurons, the complete cell culture surface of the microelectrode array must be nanostructured.  
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6. Cell adhesion investigation on 

collagen-like gold nanostructures* 
 

In the previous chapter, superior extracellular signal recording was measured for microelectrodes 

structured with collagen-like gold nanostructures, which was attributed to the reduction in seal impedance 

and subsequently improved cell-surface coupling. In this chapter, the enhanced cellular interaction to the 

biomimetic nanostructures has been investigated with fluorescence microscopy.  

 

                                                            
Results of this chapter selectively published in:  
1: Nowduri, B., Schulte, S., Decker, D., Schäfer, K., & Saumer, M. (2020). Biomimetic Nanostructures Fabricated by 
Nanoimprint Lithography for Improved Cell‐Coupling. Advanced Functional Materials, 30(45), 2004227. 
https://doi.org/10.1002/adfm.202004227. 
2: Nowduri, B., Schulte, S., Decker, D., Schäfer, K., & Saumer, M. (September 19-23 2022, Leuven Belgium). 
Fabrication of metal and polymer biomimetic nanostructures replicating extracellular matrix biomolecules with 
nanoimprint lithography, 48th international conference on Micro and Nano Engineering - Eurosensors (MNE-ES).  
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The primary objective of the microelectrode surface functionalization with biomimetic synthetic 

nanostructures in this study was to improve the neuronal adhesion by reduce the seal gap with 

neuronal membrane. Improved adhesion would eventually result in promotion of neuronal growth 

and formation of robust neuronal networks, thus ensuring superior electrogenic activity recordings 

[81,148]. In the previous chapter, improved adhesion as well as enhanced charge transfer 

properties were indeed observed for enteric neurons cultured on biomimetic nanostructured 

MEAs. Apart from electronic optimization, the biomimetic nanostructures could also influence the 

adhesion and growth of the cells by providing topographical cues to the cell membrane, which in 

turn modulates the structure of cell cytoskeleton [165] and focal adhesion complexes (FACs) [166]. 

Therefore, proteins in the cytoskeleton and cell membrane have been stained with appropriate 

fluorescence markers in this chapter and their respective significance in the growth and adhesion 

process of cells to the biomimetic nanostructures have been summarized in Table 6.1.    

Table 6.1. Overview of fluorescence microscopy methods presented in this chapter with 

appropriate markers and their significance in neuronal growth and adhesion to the biomimetic 

nanostructured surfaces.  

Analysis 

method 

Marker  Measured 

quantity  

Significance  

Cell growth 

assay 

Chicken-anti-

PGP9.5 

Density of 

neuronal 

structures  

Growth of neurons compared for 

different surfaces 

Rabbit-anti-

S100B 

Density of glial 

structures  

Growth of glial cells compared for 

different surfaces 

Focal 

adhesion 

analysis 

Vinculin 

Monoclonal 

antibody  

Distribution of 

FAC network 

Larger number of FACs per unit cell was 

correlated to improved adhesion 

[167-168]  

TRITC-

conjugated 

phalloidin  

Actin 

cytoskeleton 

structure 

Cell spread area was extracted for the 

actin fiber network and compared for 

different surfaces 

  

  

FAC surface 

coverage  

Area of individual FACs calculated as a 

function of complete cell spread area 

and compared for different surfaces 

6.1. Neuron-glial cells growth assay on biomimetic nanostructures 

Confluent growth of neurons and glial cells on the biomimetic nanostructured surface is essential 

for the robust transmission of electrogenic activity from the cell body to the biosensor. Neuron 

and glial cells have been stained and the microscopy images have been evaluated for percentage 

area of cells covered on the biomimetic nanostructured surfaces, as well as, control surfaces.  
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6.1.1. Fluorescence microscopy with neuronal and glial cell markers  

The neuron-glial cell growth assay has been performed on CLGNS surfaces (height 40 nm) and 

unstructured planar gold surfaces with area approx. 20 mm2. This was the surface area of cell 

culture on the flip-chip bonded PCB MEAs used in this study (see Figure 4.1) and the results from 

these experiments can be projected to the microelectrode surfaces. Moreover, the microelectrodes 

(with diameter 30 µm) account to less than 1 % of the total cell culture area on the MEA chip, 

making the staining and microscopy process impractical for individual microelectrode evaluation. 

Comparison for primary cell culture is extremely difficult due to their high dependency on surface 

properties and culture pH value [169]. Therefore, enteric neuronal cells were used for assessing 

the influences on growth of networks. Collagen coated silicon wafer and laminin coated glass were 

used as positive controls for the cell cultures, along with the nanostructured and unstructured gold 

surfaces. Examples of fluorescence staining of enteric neural networks cultured on the 

aforementioned surfaces on DIV 7 can be seen in Figure 6.1. Differences in the density of neuronal 

and glial structures between the gold surfaces can be noticed from the immunofluorescence 

staining. Also, cells cluster aggregation could be observed on the nanostructured surfaces i.e., 

CLGNS gold and collagen coated silicon, which was absent on unstructured gold and glass. 

6.1.2. Comparison of cell density on culture surfaces   

Comparison of neuronal and glial structure areas to the whole picture area section showed 

significant differences in growth networks (Figure 6.2a-b and Table 1 of Appendix V). The density 

of neuronal and glial structures on nanostructured gold surface was significantly higher compared 

to unstructured gold, showing that the biomimetic nanostructuring process immensely improved 

growth and proliferation of cells on the conductive metal. Approx. 3-fold increase in density has 

been observed in the neuronal structures, whereas an improvement of factor of 1.8 has been 

observed for the glial structures. Collagen coated silicon was also used in this analysis, as it is the 

analogous to the CLGNS, which indeed showed the highest density of both neurons and glial 

structures. This result was expected, as the collagen interaction with the cells was improved by 

both topographical, as well as, biochemical effects of the hydrocarbon structures of the individual 

fibers [170]. Moreover, the collagen fibers possess 3D randomness which further contributed to 

the adhesion of cells to the surface. In contrast, the CLGNS only showed 2D randomness and the 

adhesion was improved only by topographical effects. Nevertheless, the application of the 

biomimetic nanostructures in this study is dedicated to biosensor surface functionalization. 

Therefore, the enhancement in the cell growth behavior on metallic nanostructured surface in 

comparison to unstructured surface is noteworthy. In literature, similar promising results were 

observed when nanostructured gold surfaces were cultivated with neuronal cells [171-172]. 

Unfortunately, enhanced neuronal-glial growth induced by the biomimetic nanostructures are only 

limited to the microelectrode surfaces and not the complete cell culture surface of the MEA.  
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Figure 6.1. Immunofluorescence staining microscopy images of enteric neuronal culture on 

CLGNS nanostructured gold and control surfaces. Neuronal marker PGP9.5 (green), glial marker 

S100B (red) and cell nuclei (DAPI, blue). 

 

Figure 6.2. Comparison of (a) neuronal cells (PGP9.5 area to whole picture section) and (b) glial 

cells (S100B area to whole picture section) on CLGNS nanostructured gold and control surfaces. 

Mean values and standard deviation from raw data, analysis of statistical significance by one-way 

ANOVA (**p < 0.01, ***p < 0.005, n = 4).† 

                                                            
†Cell culture, microscopy and image analysis on surfaces done by Steven Schulte, University of Applied Sciences 
Kaiserslautern Germany. 
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6.2. Investigation of FAC growth and maturation  

6.2.1. Fluorescence microscopy of FACs and actin cytoskeleton    

The focal adhesion analysis of the neurons was performed with on CLGNS nanostructured (height 

40 nm) and unstructured planar gold macroelectrode surfaces with surface area approx. 20 mm2. 

Planar glass surface has been used as a positive control. As explained in the previous section, it 

was impossible to map the microelectrode surface on the MEA culture surface for the fluorescence 

microscopy. Therefore, macroelectrode surfaces were used for the focal adhesion analysis instead 

of microelectrode surfaces. Enteric neurons extracted from post-natal mice were cultured on the 

aforementioned surfaces and fixed on DIV 1 (Figure 6.3a), DIV 4 (Figure 6.3b) and DIV 7 

(Figure 6.3c). Stronger adhesion of cells to the nanostructured surface can be effectively 

characterized by number, shape, size and orientation of the FACs formed at the interface [167-

168]. The FACs have been imaged by marking vinculin protein present in its composition. Similarly, 

actin cytoskeleton has also been marked for the same microcopy images to evaluate the shape of 

the cells adhering to the culture surface.  

A timeline of focal adhesion analysis is performed in this study to understand the progress of FAC 

formation and maturation on the cell culture surfaces. Dormant FACs are minute and circular in 

dimensions and upon cell growth and differentiation, the FACs mature in size as well as aspect 

ratio [77]. Larger number of FACs with higher aspect ratio would eventually result in stronger 

adhesion of the cells to the culture surface [168,173]. Apart from vinculin staining presented in this 

study, other proteins present in the FAC such as talin, kindlin and paxillin have been used for 

fluorescence microscopy and subsequent adhesion analysis in literature [174-175].    
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Figure 6.3. Formation and maturation of FACs and actin filaments for enteric neuronal culture on 

CLGNS nanostructured gold and control surfaces. Immunofluorescence staining of FAC marked by 

vinculin monoclonal antibody (green), actin cytoskeleton marked by TRITC conjugated phalloidin 

(red) and cell nuclei with DAPI (blue) fixed and imaged on (a) DIV 1, (b) DIV 4 and (c) DIV 7.† 

                                                            
†Cell culture and microscopy on surfaces done by Negin Adavoudi Jolfaei, Technical University of Kaiserslautern 
Germany. 
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The FACs were classified based on its longitudinal length namely, small (length smaller than 2 µm), 

nascent (length larger than 2 µm and smaller than 6 µm) and mature (length larger than 6 µm). 

The length-based classification of FACs has been performed in literature to characterize cell 

adhesion to nanostructured surfaces and it has been applied to this study as well [176]. It can be 

observed in Figure 6.3a that the cell size on the DIV 1 on all three surfaces was uniformly 

diminished and the population of the FACs was predominantly small. In contrast, cells with larger 

dimensions fixed on DIV 4 (Figure 6.3b) showed a distinctive distribution of small, nascent and 

mature FACs. The first differences in the FAC shape, size and density between the nanostructured 

and unstructured gold surfaces were also observed here. No significant differences in the actin 

cytoskeleton structure was observed between surfaces on DIV 4, suggesting minimal impact on 

the cell shape. On DIV 7, the fully differentiated cells showed profound differences for the different 

types of FACs, especially at the periphery of the cell cytoskeleton (Figure 6.3c). From the raw 

fluorescence microscopy images of FACs and actin cytoskeleton, diverse information could be 

extracted to characterize the cell-surface coupling. Dimensional parameters of individual FACs 

such as longitudinal length, lateral width and surface area of coverage were calculated from the 

vinculin stained images (see Section 3.5.2). Similarly, the surface adhesion area of unit cell spread 

on the different surfaces has been extracted from the actin cytoskeleton staining images (see 

Section 3.5.2). Number of cells in the microscopy image was determined with the nuclei staining, 

which was essential for unit-cell focal adhesion analysis.  

6.2.2. Comparison of number of FACs per unit cell formed on culture surfaces  

The distribution of different types of FACs and total number measured on DIV 1, DIV 4 and DIV 7 

per unit cell on culture surfaces can be seen in Figure 6.4a-d (see Table 2 of Appendix V). As 

observed in the microscopy images, the total number of FACs on all types of surfaces increases 

gradually with prolonged cell cultures.  

On DIV 1, more than 75 % of the total number was consisted of the small FACs, whereas the 

contribution of the nascent FACs was minute and mature FACs was negligible. Interestingly, it can 

be observed that planar glass surface enabled the dormant neurons to form marginally larger 

number of small and nascent FACs, in comparison to the gold surfaces. This can be the attributed 

to the superior adsorption properties of the borosilicate material, which plays the preliminary role 

in cell attachment to the surface while seeding. Absence of large differences between 

nanostructured gold and unstructured gold on DIV 1 suggests that the nanotopography of the 

surface does not significantly influence the onset of FAC formation. On DIV 4, first differences in 

the total number of FACs between the surfaces could be observed. The nanostructured gold 

surfaces show relatively larger number of total FACs in comparison to unstructured gold and glass. 

Interestingly, no significant difference in small FACs could be observed between the three surfaces, 

while nascent and mature FACs are higher in number for the nanostructured surfaces.  
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Figure 6.4. Relation of number of FACs measured by fluorescence imaging of vinculin for 

nanostructured gold (NS), unstructured gold (US) and glass (G) surfaces. The FAC were classified 

into small (length smaller than 2 µm), nascent (length between 2 µm and 6 µm) and mature (length 

longer than 6 µm). The measurements were performed with neurons fixed on DIV 1, DIV 4 and DIV 

7. Mean values and standard deviation from raw data, analysis of statistical significance by one-

way ANOVA (*p < 0.05, **p < 0.01, ***p < 0.005, n = 10). 

As observed in the microscopy images, the full extent of FAC distribution for the gold and glass 

surfaces was seen on DIV 7. In comparison to unstructured surfaces, the nanostructured gold 

shows significant enhancement in total number, as well as, small, nascent and mature FACs. The 

nanostructured gold surfaces possess approx. twice the number of mature FACs, as compared to 

unstructured gold and glass surface. Minimal difference in the FAC number was observed between 

the unstructured glass and unstructured gold surfaces, which suggested that FAC maturation is 

significantly promoted by the nanotopography of the surface. And as the cell grows and spreads 

across the nanostructured gold, several new small and nascent FACs are formed, which further 
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contributed to the increase in total FACs. The FACs act as an anchor for the cells to the surface of 

adhesion and strength of cell adhesion is directly proportional to the total number, as well as, its 

dimensions [167-168,173]. Therefore, it can be inferred here that the nanotopography of the gold 

surface would activate the cells develop larger number of mature FACs during its growth, which in 

turn promotes the adhesion.   

6.2.3. Comparison of adhesion area of cell 

The area of cell spread on the adhesion surface has been calculated by segmentation of actin 

cytoskeleton marked by phalloidin in fluorescence microscopy images. Actin fibers are bound to 

the FACs of the cells at the periphery of the cell-surface interface and the boundaries of cells are 

marked by the phalloidin staining [121]. The overview of the adhesion surface area measured for 

enteric neuronal tissue on nanostructured gold, unstructured gold and planar glass surfaces fixed 

on DIV 1, DIV 4 and DIV 7 can be seen in Figure 6.5 (see Table 3 of Appendix V). On DIV 1, the 

glass surface showed slightly larger cell adhesion area in comparison to gold surfaces, which was 

similar to the trend observed for total FAC number in section 6.2.2. This could be material surface 

effect rather than a topographical effect, as the superior surface adsorption properties of glass 

helped in initial spreading of cells. On DIV 4, no significant difference in the cell adhesion area 

among the gold and glass surfaces was measured, which was clearly observed on DIV 1. Similarly, 

no significant differences between the nanostructured and unstructured gold were observed on 

DIV 7. It is evident from these observations that the topographical effects of the nanostructures 

improved the neuronal adhesion by the formation of larger number of FACs, without significantly 

increasing the cell adhesion area.  

  

Figure 6.5. Relation of cell adhesion area measured by fluorescence imaging of actin cytoskeleton 

for nanostructured gold (NS), unstructured gold (US) and glass surfaces. The measurements were 

performed on neurons fixed on DIV 1, DIV 4 and DIV 7. Mean values and standard deviation from 

raw data, analysis of statistical significance by one-way ANOVA (*p < 0.05 n = 10). 
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6.2.4. Comparison of coverage area of FACs by unit cell  

The nanostructured surfaces showed a significantly higher number of FACs, especially as the cell 

culture proliferates on DIV 7. Enhanced surface interaction of cells is not only function of total 

number of FACs, but also the proportion of cell adhesion area covered by the FACs. Therefore, the 

area covered by each type of FAC, as well as, the total FAC area has been calculated from vinculin 

marked microscopy images and phalloidin-marked microscopy images (see section 3.5.2). The FAC 

surface coverage area on nanostructured gold, unstructured gold and glass surfaces have been 

calculated on DIV 1, DIV 4 and DIV 7 can be seen in Figure 6.6a-d (see Table 4 of Appendix V).  

 

Figure 6.6. Relation of surface area covered by FACs measured by correlating vinculin marked 

surface to actin marked cell adhesion area for nanostructured gold (NS), unstructured gold (US) 

and glass (G) surfaces. The focal adhesion surface coverage measurements were classified into 

small (length smaller than 2 µm), nascent (length between 2 µm and 6 µm) and mature (length 

longer than 6 µm). The measurements were performed on neurons fixed on DIV 1, DIV 4 and DIV 

7. Mean values and standard deviation from raw data, analysis of statistical significance by one-

way ANOVA (*p < 0.05, **p < 0.01, n = 10).  
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On DIV 1, it can be observed that the total FAC surface coverage and the surface coverage of small 

FACs was larger for nanostructured gold in comparison to both unstructured gold and 

unstructured glass surfaces. This was in contrast to the result observed with the number of FACs 

measured in section 6.2.2, where glass surfaces showed maximum number of total and small FACs. 

This suggested that despite of having relatively smaller number, the nanostructured gold enabled 

the neurons to develop FACs with higher aspect ratio on the surface from the early stages of 

development. Similarly, nascent FACs contributed significantly to the total area of focal adhesion 

coverage of each surface, despite having a relatively smaller number. Therefore, the classification 

of the FACs based on the longitudinal length was extremely important here to understand the 

progress of its growth and maturation. On DIV 4, no significant difference in any of the FAC surface 

coverage area between different surfaces was observed. This was an unexpected result as 

significant differences on DIV 4 were observed for the number of nascent and mature FACs 

between nanostructured and unstructured surfaces in section 6.3.2.  

On DIV 7, the most substantial differences in FAC surface coverage were observed between 

nanostructured and unstructured surfaces, as the cells have completely proliferated. In comparison 

to unstructured gold, 50 % increase in the total FAC coverage, 37 % increase in nascent FAC 

coverage and 70 % in mature FAC coverage has been observed for the nanostructured gold. Similar 

to the number of FACs measured in section 6.2.2, the unstructured glass and unstructured gold 

showed similar FAC surface coverage. The mature FACs contributed the highest in the total FAC 

coverage, that is despite having lesser number, which showed the importance of FAC maturation 

during the cell growth and its significance in enhancement of cell interaction to the culture surface.  

6.3. Summary and outlook 

The main objective of this chapter was to understand and analyze the topographical advantages 

provided by CLGNS biomimetic nanostructures on the biomechanics of cell culture adhesion. From 

the cell growth assay, significantly larger networks of the neurons and glial cells were observed for 

the nanostructured surfaces (natural collagen and CLGNS) in comparison to planar unstructured 

surfaces (glass and gold). This result could be correlated with the enhancement in surface wetting 

induced by the synthetic and natural nanostructures. Cell-surface interaction is also modulated by 

the formation and maturation of FACs consisting of membrane proteins, cytoskeletal components 

and functional groups present on the culture surface [77,167-168,173]. From the focal adhesion 

analysis, significant enhancement in FAC population was observed for nanostructured surfaces, 

especially on DIV 7. Moreover, the coverage of the mature FACs was also enhanced by biomimetic 

nanostructures as the cell culture proliferated on DIV 7.  

Functionalization of biosensor surfaces with synthetic nanostructures in literature has shown 

immense beneficial effects in enhancement of cell surface coupling. But the molecular–level 

understanding behind this enhancement has not yet been properly established. Combination of 
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high-resolution electron microscopy with focused ion beam technique has been previously used 

to visualize the junction between the cell membrane with the nanostructures [88], but not the 

individual FACs. Therefore, to precisely characterize the cell adhesion with nanostructures, a 

combination of ultra-high magnification electron microscopy with fluorescence markers would 

help visualize the morphology, shape and orientation of individual FACs. In case of neurons, it 

would also be interesting to observe the combination of focal adhesion analysis with fluorescence 

microscopy of calcium transients propagated across the cell membrane on the nanostructured 

surfaces, which would extend the understanding of the relation between cell adhesion and 

extracellular signaling.  

It has been observed with the surface wetting measurements in Chapter 4, as well as, in neuronal 

growth assay in this chapter that the CLGNS indeed enhance the cell spreading properties of the 

gold surface. But in both the experiments, the optimum surface properties were observed for 

natural collagen fibers coated on silicon surface. The topographical properties of the 

nanostructures play a crucial role in surface spreading of cells, but in order to attain the best cell 

adhesion properties, it is essential to mimic the biomolecular structure of the natural collagen. 

Hence mimicking of the 3D randomness in the natural collagen nanostructures is very essential to 

best reproduce the adhesion properties on the culture surface. Nevertheless, the findings in this 

chapter provide a brief outlook on the timeline of FAC formation and maturation on the 

biomimetic nanostructures. And by correlating with the seal impedance measurements and 

electrophysiological measurements in Chapter 5, it could be established that biomimetic 

nanostructures on the metal surface do indeed enhance cell-surface interaction which eventually 

would be significantly beneficial for biosensor functionalization.  

 



7. Discussion and future advancements 

 

 

105 
 

 

 

 

 

 

 

 

 

 

 

 

 

7. Discussion and future advancements 

 

Randomly organized biomimetic metal nanostructures inspired from the organization and dimensions of 

natural collagen have been successfully fabricated in this study. Electrochemical, physical and biological 

characterization have shown significant improvement in performance of the biomimetic nanostructured 

microelectrodes. Despite excellent reproducibility of the nanostructuring process, there are important 

discussion points to be addressed, which could not only help improve the nanostructuring process, but also 

efficient application of the nanostructures to biosensors and tissue engineering.
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7.1. Comparison of biomimetic nanostructuring process to state-of-

the-art research 

In this study, a novel biomimetic nanostructuring method has been described with natural 

nanostructures present in the extracellular matrix used as a template. In literature, biomimetic 

nanostructures have been fabricated with several natural templates such as shark skin [177], moth 

eye [178], lotus leaf [179], cicada wing [180] etc. Interestingly, biomimetic nanostructures have 

shown to replicate the functional property of the natural nanostructures along with the 

topographical features. For instance, ceramic nanostructures have reproduced the antireflection 

surface property that was a characteristic of the moth eye template (Figure 7.1a) [179]. Similarly, 

polymeric nanostructures have shown to reproduce superhydrophobicity which existed in the lotus 

leaf surface template (Figure 7.1b) [178]. The biomimetic nanostructuring presented in this study 

is dedicated exclusively for biosensor functionalization (e.g., microelectrode surfaces). Therefore, 

the cell adhesion properties associated with natural nanostructures have been replicated with the 

CLGNS. Moreover, it can be seen in Figure 7.1a-b that the state-of-the-art biomimetic 

nanostructured surfaces do not exhibit substantial randomness in its nanofeatures. Whereas the 

CLGNS fabricated in this study exhibit randomness in dimensions, as well as, structure orientation.  

 

Figure 7.1. (a) SEM of moth eye inspired nanostructures (adapted from [178]) and (b) SEM of lotus 

leaf inspired nanostructures (adapted from [179]).  

Apart from the randomness in the nanostructures, it is also important to compare the biomimetic 

nanostructured microelectrodes developed in this study with examples of other state-of-the-art 

nanostructured gold microelectrodes used for neural interfaces. For instance, Figure 7.2a shows 

the impedance spectra measured with wire-like gold nanostructured microelectrode fabricated 

with anodized alumina template [181] and Figure 7.2b shows mushroom shaped gold 

nanostructured microelectrodes fabricated with nanoimprint lithography [41]. It could be observed 

that the relative reduction in impedance magnitude (in comparison to unstructured 

microelectrode) is relatable to the impedance reduction induced by the CLGNS presented in this 

study. It is important to point out that there have also been other studies with nanostructured 
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gold microelectrodes with impedance reduction in much larger magnitude as compared to 

biomimetic nanostructures fabricated in this study. Gold nanoflake structured microelectrodes 

developed with electrodeposition showed 44x reduction in impedance magnitude at 1 kHz [182] 

(Figure 7.2c), which is desired for the biomimetic nanostructuring. Nevertheless, CLGNS possess 

the additional advantage of directly replicating the topography of natural cell adhesion surfaces, 

which have helped the promotion of neuron life cycle events such as growth, differentiation and 

proliferation.  

 

Figure 7.2. Impedance magnitude reduction measured for gold nanostructured microelectrodes 

in comparison to planar gold microelectrodes: (a) gold nanopillars developed with anodic alumina 

template (adapted from [181]), (b) mushroom-shaped gold structures developed with nanoimprint 

lithography (adapted from [41]) and (c) flake nanostructured gold structures developed with 

electrodeposition, before deposition in white and after deposition in black (adapted from [182]). 

7.2. 3D Random collagen-like gold nanostructures  

It has been mentioned in several sections of this study that the CLGNS fabricated with thermal 

nanoimprint lithography and gold electroplating exhibit 2D randomness profile. This is because of 

the bottom-up nanostructure fabrication process which results is excellent covalent adhesion to 

the underlying substrate gold layer. Nevertheless, surface wetting measurements in Chapter 4, as 

well as, neuronal growth assay in Chapter 6 have shown that the 3D randomness exhibited by 

natural collagen showed the best surface enhancement. Therefore, novel approaches to fabricate 

the 3D random CLGNS that do not use the bottom-up nanostructure growth have been discussed 
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here. Deposition of metal on the nanoimprinted resist can be done with physical vapor deposition 

methods such as evaporation [33] and with chemical methods such as electrodeposition [34]. And 

in Chapter 4, it was shown that the cavities on the imprinted surface did indeed exhibit a 3D 

randomness profile. Therefore, deposited metal will be expected to fill all the imprinted cavities 

and hence forming a nanostructure pattern which also exhibits 3D randomness profile. The 

challenge here was to extract the top-bottom deposited nanostructured gold on to another 

substrate such as glass or silicon wafer. The thermal nanoimprint resist used for the fabrication of 

2D random CLGNS was a thermoplastic polymer with a glass transition temperature of 105 °C, 

which makes it vulnerable to structural disintegration when used in high temperature physical 

vapor deposition methods (such as metal evaporation). Instead, a thermosetting polymer was used 

as a nanoimprint resist, where the polymer was irreversibly cross-linked during the imprint process 

giving it high thermal stability. Post imprint, the metal layers (200 nm Au as nanostructure layer 

and 20 nm Ti as sticking layer) were evaporated into the nanoimprint cavities. In literature, the 

exaction of top-bottom deposited layers onto another substrate wafers have been done with 

methods such as compression bonding [183], adhesive bonding [184] etc. Compression bonding 

has the disadvantage of using extremely high temperature and pressure conditions which could 

lead to unnecessary structural damage (such as peeling and bucking), which makes adhesive 

bonding easier to use. Biocompatible and optically transparent polymer OrmoComp® has been 

used as the adhesion layer. And by subsequent UV curing and thermal crosslinking, the 

nanostructure layer and substrate wafer were firmly bound and then separated from nanoimprint 

resist surface giving standalone nanostructured gold surface. AFM scanned profile of the natural 

collagen fibers on NIL master, 2D randomness CLGNS fabricated in this study and 3D randomness 

CLGNS fabricated with the aforementioned process line with evaporation and adhesive bonding 

can be seen in Figure 7.3a-c. The smaller CLGNS shows a height of 32 nm (marked by red line 

Figure 7.3c), the larger nanostructure shows a height of 177 nm (marked by blue line Figure 7.3c) 

and the wider nanostructure shows a width of 2 µm (marked by yellow line Figure 7.3c). 

Unfortunately, the double-helix hydrocarbon structure of the natural collagen fibers (with 

microfibrils of dimensions under 1 nm) could not be observed on the 3D random CLGNS surface. 

This is a proof-of-concept for the fabrication of 3D random CLGNS and they are expected to show 

superior surface wetting and cell growth, compared to the 2D random CLGNS. 

The 2D CLGNS fabricated with electroplating are adhered to the substrate surface with extremely 

strong metallic bonds, whereas the 3D CLGNS fabricated by evaporation and adhesive bonding 

are bound by an external polymer layer. Therefore, long-term stability of the structures to the 

substrate wafer has to be tested. Moreover, the presence of a dielectric polymer medium in the 

wafer stack could be disadvantageous for electric signal conduction, which could be subsequently 

detrimental to biosensor application. Several characterization tests have to be performed to 

compare the advantages (as well as disadvantages) of 3D random CLGNS over 2D random CLGNS.  
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Figure 7.3. (a) Collagen fiber network spin-coated on silicon and used as master stamp for 

nanoimprint-based replication methods. (b) CLGNS fabricated with thermal nanoimprint 

lithography and subsequent electroplating depicting 2D randomness in the structural orientation. 

(c) CLGNS fabricated with UV nanoimprint lithography and subsequent physical vapor deposition 

depicting 3D randomness in the structural orientation (adapted from [185]). 

7.3. Whole-surface-nanostructured microelectrodes 

The nanostructured microelectrode arrays in this study have showed significant improvement in 

signal-to-noise ratio by reducing the global impedance and improved the coupling between cells 

and the electrode surface. For the extracellular activity measurements, approx. 200 000 cells were 

(b)

(a) natural collagen on silicon 

 
(b) 2D randomness collagen-like gold nanostrucutres  

 
(c) 3D randomness collagen-like gold nanostrucutres 

 
 

 



7. Discussion and future advancements 

 

 

110 
 

plated on each MEA chip, which encompasses a culture surface of approx. 20 mm2. The MEA with 

60 electrodes (each of surface diameter of 30 µm) encompasses approx. 1 % of the total culture 

surface area. As only the electrode surfaces were nanostructured, the passivation layer which 

encompasses more than 99 % of the culture surface was planar unstructured. Therefore, it is 

essential for the complete cell culture surface including the passivation layer to be structured with 

biomimetic nanostructures to obtain optimum neuronal growth and network formation. SU-8 

epoxy-based polymer has been used as the passivation layer for the microelectrodes due to its 

supreme biocompatibility and electrical insulation properties [186]. Unfortunately, SU-8 as an 

insulating polymer layer cannot be nanostructured with the nanoimprint lithography. For this 

application, nanoimprintable insulating polymer is required that can be cured at a temperature 

lower than 200 °C, so as to not destroy the information of the collagen fibers on the master stamp. 

OrmoComp® has been used for this application, which is a UV-curable, optically transparent, 

biocompatible polymer with electrical permittivity in the range similar to SU-8 polymer [187]. 

OrmoComp® can be used as a complete dielectric passivation on top of glass substrate or in 

combination with an auxiliary SU-8 layer. The nanostructured MEAs post patterning with 

lithography and gold etch for contact pads and connection tracks was spin-coated with 1 µm of 

OrmoComp® polymer and then imprinted with an intermediate IPS foil (with a negative tone of 

the collagen coated silicon master) and then cured with UV light and finally cross-linked at 150 °C 

to form dielectric passivation layer. This passivation layer is then processed with photolithography 

to open microelectrode contact pads. AFM profile and SEM image of the whole-surface 

nanostructured MEAs can be seen in Figure 7.4a-b. It can be observed that the nanostructured 

passivation layer exhibits 3D randomness profile where anisotropy was observed in lateral 

dimensions, axial dimensions and structural organization. Upon further inspection, the collagen-

like polymer nanostructures (CLPNS) with larger width replicated the nano-fibril double-helix 

organization which was observed in the natural collagen fiber network on silicon master. Therefore, 

the CLPNS indeed exhibited the truest from of 3D randomness replication which was absent in 

collagen-like metal nanostructures. Early biocompatibility tests with enteric neurons on the 

nanostructured OrmoComp® surfaces showed excellent results, with a large proportion of live 

cells even after DIV 7.  

In literature, polymers such as SU-8, parylene C and polyimide have been used for passivation of 

microelectrode which exhibit excellent dielectric and structural stability for long term 

electrophysiological application. But OrmoComp® is a relatively novel polymer and no substantial 

literature exists elucidating its long term structural and electrical stability. A comprehensive 

characterization of physical, optical, electrical and biological properties is essential to truly 

understand the potential of the 3D random nanostructured passivation layer for biosensor 

application. Subsequently a combination of 3D randomness in CLGNS and CLPNS passivation layer 

would eventually result in the fabrication of a completely 3D random nanostructured 

microelectrode array.  
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Figure 7.4. (a) AFM surface profile and (b) scanning electron microscopy image of whole-surface-

nanostructured microelectrodes where the passivation layer surface (OrmoComp® material) is 

nanostructured with UV nanoimprint lithography and the electrode surface is nanostructured with 

thermal nanoimprint lithography (adapted from [185]).  

7.4. Biomimetic nanostructures replicating extracellular matrix 

composite 

During the initial stages of randomly organized nanostructures fabrication process, inspiration was 

derived from the natural adhesion surface of the mammalian basement membrane which consists 

of a complex network of ECM biomolecules such as collagen, fibrin, laminin etc. Collagen is the 

most predominant component of the ECM network and its thermal and mechanical stability made 

it applicable to be used in nanoimprint lithography for the fabrication of randomly organized 

biomimetic nanostructures. During the process of the biomimetic collagen nanostructure 

fabrication with NIL and natural collagen fibers, novel techniques with versatile materials were 

discovered that negated the necessity of thermal and mechanical stability for the structures on the 

master stamp. This essentially allowed the extension of the biomimetic synthetic nanostructure 

fabrication process to other sensitive biomolecules of ECM, as well as, the complete ECM 

composite network. This would be the next step of the biomimetic nanostructuring process, as the 

beneficial effects of composite ECM coatings are documented to be superior in comparison to 

collagen coatings for cell culture experiments [188].  

The first step in the replication process of the ECM network was the fabrication of the master 

stamp for the NIL environment and this in itself has been the biggest challenge. In contrary to 

collagen coatings, there exists very limited literature on established methods for reproducible 

coatings of composite ECM network on flat surfaces such as glass or silicon. Moreover, it was also 

challenging to image the ECM coat with surface scanning methods or electron microscopy, 

especially without fixation with organic aldehydes. The ECM gel commonly used for cell surface 
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coating (extracted from mucosal mouse membrane) is diluted in culture medium solution. The 

culture medium solution consists of a high proportion of dissolved salts (eg. sodium bicarbonate, 

sodium chloride, etc.) which are deposited on the silicon surface when incubated or spin-coated. 

Therefore, it could not be used for NIL master preparation. Alternate approach was to individually 

spin coat the biomolecules present in the ECM complex in a sequential order. Therefore, collagen 

type I (1:100 mg/ml), collagen type IV (1:100 mg/ml), fibronectin (1:100 mg/ml) and laminin 

(1:100 mg/ml) were spin-coated in succession on the same silicon wafer with the method 

described in Chapter 3 (Figure 7.5). It could be observed that the collagen fibers were dominating 

the surface profile due to their larger dimension and the other biomolecules could be sparsely 

derived from the surface profile. This pseudo-ECM NIL master could be used for biomimetic 

replication, but it is not the truest representation of ECM composite consisting of several other 

biomolecules. 

 

Figure 7.5. AFM surface profile of pseudo-ECM NIL master developed by sequential spin-coating 

of collagen type I, collagen type IV, fibronectin and laminin on silicon wafer with the process used 

in this study for collagen solution.  

Other ECM composites such as Matrigel® and Maxgel®, which have been successfully isolated on 

glass and silicon surfaces in literature [21] could be used for the development of biomimetic master 

stamp. SEM and AFM of ECM composite Matrigel® resembling the anterior corneal basement 

membrane can be seen in Figure 7.6a-b [21]. The features show a 3D randomness profile, but the 

mechanical stability could not be reproduced in this study. 
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Figure 7.6. (a) SEM and (b) AFM 3D profile of Matrigel® ECM (adapted from [21]).  

Unfortunately, a master stamp with the composite ECM network of molecules for replication and 

nanostructure fabrication could be not developed. Nevertheless, if a master stamp could be 

successfully coated with ECM composite, they could be replicated with soft nanoimprint 

lithography [28]. In soft NIL, the thermosetting polymer (such as polydimethylsiloxane) can be 

deposited on the ECM coated master and with the help of a chemical curing agent, the polymer 

can be fixed and cross-linked at room temperature for an extended time period. This negative 

tone of the ECM composite network on the thermosetting polymer can be then replicated into the 

biomimetic polymer and metal nanostructures with the processes described in this study. 

Application of synthetic ECM-mimicking nanostructures could be extremely beneficial to the 

functionalization of metal and polymer surfaces for biosensor application, as well as, tissue 

engineering.   

7.5. Application of biomimetic nanostructures to other biosensors 

Biomimetic synthetic nanostructures have been applied on the surface of microelectrodes and a 

significant improvement was observed in electrophysiology measurements. The synthetic 

nanostructures can also be used for other applications in biosensors and tissue engineering, where 

cell-coupling plays an important role. An overview of alternate applications of the biomimetic 

nanostructures in biomedical technology and tissue engineering can be seen in Figure 7.7.  

(a) (b)
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Figure 7.7. Illustration of possible biosensor applications of biomimetic synthetic nanostructures 

classified based on material and cell environment. 

7.5.1. Biosensors  

The metallic biomimetic nanostructures can find a profound application in the functionalization of 

the metal surfaces for biomolecular sensors such as DNA sensors, bacterial sensors etc. The larger 

active sensor surface area with the biomimetic nanostructuring would promote the adhesion of 

proteins and cellular components and at the same time would reduce the impedance. The 

biomimetic nanostructured patterned surfaces could provide topographical cues for cells which 

can eventually be applied for targeted drug delivery [189]. Also, the biomimetic nanostructures 

could be fabricated replicating the functional shape of biomolecule receptors (such as enzymes, 

aptamers, etc. [190-191]) which would be extremely beneficial in biomolecular sensing. Polymer 

nanostructures can find an important application where biocompatible dielectric surfaces are in 

contact with the cells, one of which is the passivation layer for microelectrodes that has been 

discussed in this section 7.2. Another example is the gate channels of ion-sensitive field effect 

transistor (ISFET). Since the dielectric gate channels are the active sensor surface of the ISFETs, the 

nanostructuring could significantly promote adhesion and consequently signal acquisition [192]. 

OrmoComp® polymer described in section 7.2 for the polymer nanostructuring has been 

successfully used in development of active lenses in industry, which could open the door for the 

application in bio-photonics as well [193]. 

7.5.2. In vivo and ex vivo application 

In vivo microelectrodes (e.g., needle biosensor) are used for the extraction of extracellular activity 

from neuronal organs such as brain and spinal cord, where the electrodes are placed within the 

organism [194-195]. The most critical factor for successful implantation of in vivo electrodes is the 

formation of scar tissue. Presence of nanostructures on the electrode surface mimics the natural 
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basement membrane environment and subsequently reduces the scar tissue formation [196]. For 

ex vivo application, the organs and organoids are extracted from the organism and are cultured 

in the artificial environment where they are measured for extra- and intracellular activity. Scar 

tissue formation is a major issue here as well which could be alleviated with nanostructured 

microelectrode surface. Moreover, the penetration of the organoid epithelium is a requirement for 

the efficient recordings which could be accomplished by the 3D nanostructures. 

7.5.3. Carbon-based materials and ceramics 

In this study, the biomimetic nanostructuring process has been presented for metal biosensor 

surfaces and for polymer dielectric surfaces. Ideally, it could be extended for other materials used 

in biosensor application and tissue engineering, most prominently for carbon-based materials and 

ceramics. Carbon-based materials such as graphene and carbon nanotubes are known for their 

excellent mechanical strength, biocompatibility and electrical conductivity which make them great 

substrate materials for biosensor application [197-198]. Graphene and CNTs are most commonly 

deposited by wet chemical methods and chemical vapor deposition [199-200], which makes them 

applicable to be used in nanoimprint lithography and subsequently for biomimetic 

nanostructuring. Ceramics such as TiN, ITO and IrO have been commonly used as the electrode 

material for MEAs due to their excellent conductivity and nanorough columnar structure 

[68,201-202]. These ceramics can be further optimized with the biomimetic nanostructuring, as the 

most common methods of deposition include physical vapor deposition and atomic layer 

deposition. Other ceramics such as hydroxyapatite and forsterite which are extensively used in 

tissue engineering can also be functionalized with the biomimetic nanostructuring for bone tissue 

engineering and targeted drug delivery [203-205].  
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Conclusion 
This study presents an advanced biomimetic nanostructuring technique inspired from the 

biological nanostructures present in the natural adhesion surface of cells. The nanostructures have 

been fabricated inspired from the randomness pattern of natural collagen fibers present in the 

extracellular matrix. The collagen fibers were replicated in to gold nanostructures with nanoimprint 

lithography and electroplating. Subsequently, they were applied to the surface of microelectrode 

arrays that were used in electrophysiological recordings.  

The primary requirement of the biomimetic nanostructures was to possess a high degree of 

randomness in their organization and dimensions. Collagen fibers are one the most prominent 

ECM biomolecules and by spin-coating the fibers onto a flat silicon surface, the structural 

randomness was successfully transferred to collagen-like gold nanostructures (CLGNS). The CLGNS 

macroelectrode surfaces (20 mm2) were then characterized with topographical measurements, 

surface wetting measurements and electrochemical impedance spectroscopy. The lateral 

dimensions (width) of the CLGNS measured with AFM was found to be in the range between 95 nm 

and 1800 nm, which was similar to the natural collagen fibers, whereas the axial dimension was 

measured to be uniform across the entire surface. Depending upon the electroplating time for 

nanostructure growth and the height of the smallest reproducible collagen fiber, the CLGNS on 

macroelectrode surfaces was measured to have an axial dimension of 40 nm. For CLGNS with 

40 nm height, the overall increase in the surface area measured to be approx. 28 %. The surface 

wetting of the CLGNS macroelectrode surfaces was evaluated with contact angle measurements 

and an increase of 33 % in the critical surface energy was measured in comparison to unstructured 

surfaces. Impedance spectroscopy on the CLGNS macroelectrode surfaces showed 54 % reduction 

in impedance magnitude at 1 kHz in comparison to unstructured surfaces. 

The CLGNS were used for the functionalization of microelectrode arrays to promote the adhesion 

of neuronal culture to the electrode surfaces and hence improve the quality of extracellular 

recordings. To have a better understanding of the effect of nanostructure on the electronic 

properties of the microelectrodes, the CLGNS were fabricated with two heights: 30 nm and 50 nm. 

The nanostructure densities were measured to be in range between 20 % and 68 % on 

microelectrodes. From impedance spectroscopy measurements, the largest decrease in impedance 

magnitude was observed for nanostructures with higher density and larger height, whereas the 

electrodes with smaller height showed very minimal reduction in impedance. Cell adhesion 

analysis on microelectrode was performed by measuring the seal impedance at cell-

microelectrode junction and observed 3-fold amplification of the seal impedance for CLGNS 

microelectrode (with 50 nm height). This could be directly correlated to a smaller seal gap between 

the neuronal culture and the microelectrode resulting in tighter cell-surface coupling. Finally, 

electrophysiological measurements showed 35 % increase in signal-to-noise ratio for the CLGNS 

microelectrode (with 50 nm height), in comparison to unstructured microelectrodes.  
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Along with the biosensor surface characterization, the cellular focal adhesion and growth effects 

of the CLGNS have also been analyzed in this study with immunofluorescence microscopy. 

Neuron-glial growth assay showed approx. 270 % improvement in the neuronal surface coverage 

and 180 % in glial surface coverage for the nanostructured macroelectrode surfaces. Afterwards, 

comprehensive analysis of growth and maturation of focal adhesion complexes (FACs) on 

nanostructured macroelectrode surfaces was performed. 50 % increase in the total FAC coverage, 

37 % increase in nascent FAC coverage and 70 % increase in mature FAC coverage was observed 

for the nanostructured gold on day 7 of differentiation. The increase in number of the FACs and 

presence of larger proportion of the FACs with higher aspect ratio was attributed to be the reason 

for the stronger adhesion of cells to the CLGNS surfaces, which eventually resulted in enhancement 

in microelectrode electrophysiological properties.    

The enhancement in the electrophysiological properties of the microelectrode induced by the 

biomimetic nanostructures enables the opportunities to be applied for the in vivo and ex vivo 

applications. The extension of biomimetic nanostructuring process with other materials such as 

polymers, ceramics, carbon-based materials would further expand its versatility which eventually 

would lead to multifold applications in biosensor technology, tissue engineering and drug delivery. 
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Appendix I. Photolithography mask 

designs  

 

Figure 1. Lithography mask design used for patterning natural collagen fiber network on silicon 

surface, which was subsequently used as a master template for thermal nanoimprint lithography 

process. Inset shows the dimensions used for nanostructuring area for each MEA chip. 

Figure 2. Lithography mask design used for patterning internal contact pads, external contact 

pads and connection lines on gold substrate surface. Inset shows layout of 60 internal contact 

pads in the MEA chip. 

  

800 µm

1
6

0
0

µ
m

5 mm 

 

 

800 µm

1
6

0
0

 µ
m

microelectrode 
dimension 30 µm10 mm Microelectrode dimension 30 μm 



Appendix I. Photolithography mask designs 

 

 

137 
 

 

 

Figure 3. Lithography mask design used for patterning microelectrode openings on the metal 

contact pads, where the passivation layer is subsequently removed. Inset shows layout of 60 

microelectrodes in the MEA chip.  

Figure 4. Printed circuit board layout for flip-chip bonding. The external contact pads of the 

wafer-scale MEA chip fabricated in clean rooms is bonded with the internal contacts of the PCB 

chip marked in inset to produce fully functional biosensor device.
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Appendix II. Cleanroom standard 

operating procedure   
Table 1. Fabrication of collagen coated silicon master  

Step Apparatus/Materials  Process parameters 

1. Collagen solution 

preparation 

Bovine Achilles 

tendon collagen 

type I 

1. Collagen powder 1 mg/ml (w/v) 

dissolved in 0.01 M HCl at 4 °C 

overnight with constant stirring 

2. Solution mixed at 9000 RPM for 5 

minutes 

3. Filtered with 100 µm and then 20 

µm pore width nylon filter. Filtrate 

used for spin-coating 

2. Collagen spin-coating Spin-coater  1. Silicon wafer cleaned for 10 

minutes in piranha solution and then 

O2 plasma treated 

2. 1 ml collagen filtrate spin-coated at 

20 RPM for 45 minutes 

3. Patterning of collagen 

wafer 

Lithography and 

reactive-ion etching  

1. 2 µm image-reversal photoresist 

AR-U 4030 for 60 seconds at 3000 

RPM with acceleration 10 seconds 

2. Post-baked 90 °C for 120 seconds 

3. 365 nm UV light bright field 

exposure 10 seconds at 34 mJ/cm2  

4. Developed with AR 300-26 

developer for 10 seconds 

5. Open regions etched with reactive-

ion etching in 30 sccm O2 gas flow 

100 W power and 13 Pa 

4. Anti-sticking layer Spin-coater 1. Anti-sticking layer (BGL-GZ-83) at 

2000 RPM for 30 seconds with 

acceleration 5 seconds 
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Table 2. Fabrication of collagen-like gold nanostructures  

Step Apparatus/Materials  Process parameters 

1. Substrate layer 

deposition  

Physical vapor 

deposition evaporation 

apparatus   

1. Borosilicate glass wafers cleaned in 

piranha solution for 10 minutes in 

piranha solution and then O2 plasma  

2. 20 nm Ti and 200 nm of Au 

evaporated on glass surface 

3. 450 nm thermal NIL resist 

mr-I8000R spin-coated for 30 

seconds at 1500 RPM with 

acceleration 10 seconds 

4. Post-baked 100 °C for 60 seconds 

2. Nanoimprinting 

collagen coated silicon 

master on thermal NIL 

resist  

Nanoimprint 

lithography apparatus 

1. Collagen coated silicon and resist 

mr-I8000R imprinted at 160 °C and 40 

bar for 5 minutes 

2. Stamp released the at 100 °C 

3. Residual layer etching Reactive-ion etching 1. 400 nm of thermal NIL resist 

residual layer etched with O2 gas flow 

of 30 sccm at 13 Pa and 25 W power 

for 220 seconds 

4. Nanostructure growth Gold electroplating  1. Open cavities of the T-NIL resist 

filled with gold at plating density 

1 mA/cm2 for time calculated for 

required nanostructure height in 

gold-sulfite bath  

2. Nanoimprint resist is stripped with 

acetone and iso-propyl alcohol 
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Table 3. Fabrication of microelectrode arrays with biomimetic nanostructures  

Step Apparatus/Materials  Process parameters 

1.Electrode and 

connection tracks 

formation 

Lithography and Wet 

chemical etching 

1. 1.5 µm positive photoresist AR-P 5910 

(diluted 100:40 in AR 300-12) for 60 

seconds at 8000 RPM with acceleration 10 

seconds 

2. Post-baked 90 °C for 120 seconds 

3. 365 nm UV bright field exposure 8.5 

seconds at 34 mJ/cm2  

4. Developed with AR 300-26 developer for 

60 seconds 

5. Hard-baked 110 °C for 5 minutes 

6. Open gold regions etched in KI:I2:H20 

(4:1:40) for 30 seconds 

7. Open titanium regions etched in 5 % 

buffered HF solution for 30 seconds 

8. Photoresist is stripped with acetone and 

iso-propyl alcohol 

2. Passivation layer 

deposition 

plasma enhanced 

chemical vapor 

deposition 

1. SiO2 and Si3N4 deposited with SiH4 (20 

sccm) and N2O (20 sccm) as alternating 

layers to form 1 µm of passivation layer 

Spin-coated SU-8 

epoxy-based polymer  

1. 1 µm photoresist SU-8 2010 (diluted 1:3 

in PGMEA) (w/v) for 30 seconds at 3000 

RPM with acceleration 10 seconds 

2. Soft-baked 90 °C for 60 seconds 

3. Flood exposure 10 seconds at 340 

mJ/cm2 

4. Post exposure baked 90 °C for 60 

seconds  

5. Hard baked 150 °C for 180 minutes 

3. Inner and outer 

contact pad opening 

Reactive-ion etching  1. 4 µm positive photoresist AR-P 5910 for 

60 seconds at 6000 RPM with acceleration 

10 seconds 

2. Post-baked 90 °C for 120 seconds 

3. Dark field exposure 28.5 seconds at 34 

mJ/cm2  

4. Developed with AR 300-26 developer for 

75 seconds and cleaned  

5. Hard-baked 110 °C for 300 seconds 

6. Open resist regions etched with CF4-O2 

gas flow of 25 sccm-3.1 sccm respectively 

at 1.33 Pa and 100 W power for 10 minutes  

7. Photoresist is stripped with acetone and 

iso-propyl alcohol 
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Table 4. MEA wafer-level to chip-level assembly 

Step Apparatus/Materials  Process parameters 

1. Dicing  Wafer Dicer 1. 4-inch nanostructured wafer consists of 

42 dies, each diced with diamond saw at 

5 mm/sec dice rate  

2. PCB chip bonding Flip-chip bonder 1. Silver glue transferred to the inner 

contact pads of the PCB chip with a 

squeegee 

2. The diced nanostructured MEA wafer 

(11 mm x 11 mm) is pick-and-placed on 

the flipped PCB with the silver glue 

3. Baked at 120 °C for 60 minutes  

3. PCB passivation  1. PCB passivated with 

polydimethylsiloxane and a borosilicate 

glass ring of height 5 mm height and 

22 mm diameter 

2. Baked for 120 °C for 60 minutes 
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Appendix III. Enteric neuron culture 

preparation 
Table 1. Fixation and drying of cells on the MEA wafer for SEM imaging 

Step Process parameters 

1. Neuron Isolation 1. Post-natal C57BL6J mice (p 2-5) killed without 

anesthesia  

2. Neurons extracted from myenteric plexus of small 

intestine where the muscle layer was stripped and 

digested for 150 minutes in Hank’s balanced salt solution 

(H6648, Sigma-Aldrich Corporation), containing 

collagenase and DNAs. 

3. Neural networks of myenteric plexus were cleaned and 

proliferated in culture flasks to generate neurospheres  

2. MEA preparation and cell 

seeding 

1. MEA surface was activated in O2 plasma 40 sccm gas 

glow for 1 minute 

2. Poly-d-lysine diluted in PBS 1:100 (w/v) coated on MEAs 

for 1 hour  

3. 24 hours for proliferation and then approx. 20 

neurospheres (resulting in 200 000 neurons) seeded  

3. Culture maintenance  1. Cultured networks maintained in MEM supplemented 

with horse serum, L-glutamate, glucose, gentamicin at 

37 °C and 5 % CO2 

2. Differentiation medium is replaced on DIV 4 after 

seeding and then subsequently after every 2 days.  

 

Table 2. Fixation and drying of cells on the MEA wafer for SEM imaging 

Drying solution Time 

1. Culture medium removed and rinsed in 1x in PBS 10 minutes 

2. Cells fixed in 5 % glutaraldehyde  3x 10 minutes 

3. 70 % ethanol 30 minutes 

4. 80 % ethanol 30 minutes 

5. 90 % ethanol 30 minutes 

6. 96 % ethanol 30 minutes 

7. Absolute ethanol / Hexamethyldisilazane (≥ 99 %) 1:1 30 minutes 

8. Hexamethyldisilazane (≥ 99 %), 2nd time left to evaporate  2x 30 minutes 

9. MEA wafers performed as soon as possible to avoid rehydration  
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Appendix IV. Fluorescence microscopy  
Table 1. Neuron-astrocyte growth 

Step Process parameters 

1. Staining cells 1. Neuronal networks cultured on nanostructured surfaces 

fixed in 4 % formaldehyde (w/v) solution on DIV 7 and then 

washed 3 times with PBS solution 

2. Stained with neuronal marker Chicken-anti-PGP9.5 and 

glial marker Rabbit-anti-S100B for 1 hour and washed with 

PBS  

3. Stained with Secondary antibodies Donkey-anti-

Chicken 488 and Donkey-anti-Rabbit 594 for 1 hour and 

washed with PBS 

4. Stained with 6 µl of DAPI  

2. Fluorescence microscopy   1. Neurons are imaged at 465 nm emission wavelength; 

Glial cells are imaged at 565 nm emission wavelength light 

and nuclei at 605 nm emission wavelength  

 

Table 2. Focal adhesion analysis 

Step Process parameters 

1. Staining cells 1. Neuronal networks cultured on nanostructured surfaces 

fixed in 4 % formalin (w/v) solution on DIV 1 or DIV 3 or 

DIV 7 and then washed 3 times with PBS solution 

2. Cell membrane permeabilized with 0.2 % Triton X100 

(w/v) for 10 minutes and washed with PBS 

3. Stained with TRITC-conjugated phalloidin (diluted in 

methanol) for 1 hour and washed with PBS  

4. Stained with anti-Vinculin monoclonal antibodies 

(purified clone 7F9) for 1 hour and washed with PBS 

5. Stained with Secondary antibodies Donkey-anti-

Chicken 488 and Donkey-anti-Rabbit 594 for 1 hour and 

washed with PBS 

6. Fixed with 6 µl of DAPI 

2. Fluorescence microscopy   1. Focal adhesion complexes (Vinculin) are imaged at 465 

nm emission wavelength; actin filaments are imaged at 

565 nm emission wavelength light and nuclei at 605 nm 

emission wavelength  
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Appendix V. Cell adhesion analysis on 

collagen-like gold nanostructures 
Table 1. Relation of (a) PGP9.5 and (b) S100B signal to whole picture area as a measure of the 

amount of neuronal and glial cells on different structures (n = 4).  

Type of  

microelectrode 

Density of neurons measured 

with PGP9.5 signal 

Density of glial cells measured 

with S100B signal 

Planar glass  31.4 ± 9.3 19.3 ± 6.6 

Collagen coated silicon 37.1 ± 8.1 26.3 ± 9.5 

nanostructured gold 28.1 ± 6.4 18.9 ± 5.4 

unstructured gold 9.7 ± 4.2 8.7 ± 4.1 
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Table 2. Relation of number of focal adhesion complexes measured by fluorescence imaging of 

vinculin for different structures (n = 10): Glass (G), unstructured (US) and nanostructured glass 

(NS). 

Type of 

focal 

adhesion 

complex  

G NS US G NS US G NS US 

 DIV1  DIV1 DIV1 DIV4 DIV4 DIV4 DIV7 DIV7 DIV7 

Small 

(length 

smaller than 

2 µm) 

43.3 ± 

11.9 

44.8 ± 

13.2  

36.2 ± 

8.1 

80.1 ± 

10.3  

81.6 ± 

11.1  

77.5 ± 

15.8  

118.5 ± 

22.7 

128.8 ± 

22.1 

104.2 

± 21.5 

Nascent 

(length 

between 2 

µm and 6 

µm) 

9.31 ± 

3.46  

9.99 ± 

3.54  

7.75 ± 

2.54  

28.8 ± 

11.1  

33.5 ± 

13.2  

27.1 ± 

7.51  

44.6 ± 

15.4  

61.7 ± 

18.3  

44.2 ± 

14.8  

Mature 

(length 

longer than 

6 µm) 

1.33 ± 

1.41   

0.89 ± 

1.28  

0.61 ± 

1.05  

4.87 ± 

1.07  

5.91 ± 

1.47  

5.46 ± 

2.19  

7.13 ± 

3.35  

14.6 ± 

5.24  

8.37 ± 

2.52 

Total 62.9 ± 

16.5  

55.6 ± 

15.3  

44.3 ± 

10.1  

122.8 ± 

29.2 

119.3 ± 

23.7  

89.1 ± 

22.2  

170.2 ± 

39.9 

198.1 ± 

27.8 

157.1 

± 29.5 

 

Table 3. Relation of cell adhesion area measured by fluorescence imaging of actin cytoskeleton 

for different structures (n = 10): Glass (G), unstructured (US) and nanostructured glass (NS). 

 G 

[µm2] 

NS 

[µm2] 

US 

[µm2] 

G 

[µm2] 

NS 

[µm2] 

US 

[µm2] 

G 

[µm2] 

NS 

[µm2] 

US 

[µm2] 

 DIV1  DIV1 DIV1 DIV4 DIV4 DIV4 DIV7 DIV7 DIV7 

Cell 

adhesion 

area  

1784 

± 425  

1327 

± 246  

1275 

± 262 

2701 ± 

589 

3300 ± 

824 

3226 ± 

914 

3989 ± 

728 

4801 ± 

689 

4670 ± 

1005 
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Table 4. Relation of surface area covered by focal adhesion complexes measured by correlating 

vinculin marked surface to actin marked cell area for different structures (n = 10): Glass (G), 

unstructured (US) and nanostructured glass (NS). 

Type of 

focal 

adhesion 

complex  

G 

[%] 

NS 

[%] 

US 

[%] 

G 

[%] 

NS 

[%] 

US 

[%] 

G 

[%] 

NS 

[%] 

US 

 [%] 

 DIV1  DIV1 DIV1 DIV4 DIV4 DIV4 DIV7 DIV7 DIV7 

Small 

(length 

smaller than 

2 µm) 

1.87 ± 

0.57 

2.68 ± 

0.61 

2.08 ± 

0.34 

2.47 ± 

0.71 

2.24 ± 

0.57 

1.77 ± 

0.42 

2.11 ± 

0.36 

2.26 ± 

0.44 

2.01 ± 

0.55 

Nascent 

(length 

between 2 

µm and 6 

µm) 

1.73 ± 

0.33 

1.73 ± 

0.35 

1.49 ± 

0.43 

2.64 ± 

0.86 

2.85 ± 

0.68 

2.82 ± 

0.73 

2.83 ± 

0.79 

3.71 ± 

0.63 

2.67 ± 

0.67 

Mature 

(length 

longer than 

6 µm) 

0.52 ± 

0.42 

0.37 ± 

0.27  

0.28 ± 

0.24 

1.35 ± 

0.34 

1.83 ± 

0.59 

1.72 ± 

0.58 

1.64 ± 

0.74 

3.44 ± 

0.99 

1.66 ± 

0.95 

Total 4.13 ± 

1.32 

4.79 ± 

1.28 

3.87 ± 

1.07 

6.48 ± 

1.92 

6.62 ± 

1.85 

6.42 ± 

1.74 

6.59 ± 

1.91 

9.41 ± 

2.07 

6.34 ± 

2.17 
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Appendix VI. Surface profiles of CLGNS 

microelectrodes 

 
Figure 1. 2D AFM surface profiles of H1D1 and H1D2 CLGNS microelectrodes used for 

nanostructure coverage and impedance spectroscopy measurements. Height scale similar to the 

Figure 5.6a-b. 
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Figure 2. 2D AFM surface profiles of H2D1 and H2D2 CLGNS microelectrodes used for 

nanostructure coverage and impedance spectroscopy measurements. Height scale similar to the 

Figure 5.6c-d. 
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Appendix VII. List of equipment 

Name of equipment Equipment model Manufacturer  

Atomic force microscopy  Dimension IKON Bruker Corporation 

Contact angle measurement  OCA 15 DataPhysics GmbH 

Flip chip bonder  T3002-M Dr. Tresky AG 

Fluorescence microscope DM6 FS Leica Microsystems Gmbh 

Fluorescence microscope AXIO OBSERVER Z1 Carl Zeiss AG 

Hotplate HP 150 RRT Lanz AG 

Impedance tester  MEA-IT60 device  Multichannel Systems GmbH 

Mask Aligner MA/BA 6 Süss Microtec AG 

MEA signal recording device MCS MEAmini2100  Multichannel Systems GmbH 

Metal-evaporator BAK-500 Balzers- Evatec AG 

MEA signal generator  60MEA2100-SG Multichannel Systems GmbH 

Nanoimprint Lithography  Eitre 6 Obducat AB 

optical microscope SZH10 Olympus K.K 

Oxygen Plasma  Plasma treatment Nano Diener Plasma GmbH 

PECVD  Plasmalab 133 Oxford Instruments PLC 

potentiostat SP200 Biologic SAS 

potentiostat Zennium-X ZAHNER-Elektrik GmbH & Co. KG 

Reactive-ion etching  SI 591 M SENTECH Instruments GmbH 

SEM  Supra 40 Gemini Carl Zeiss AG 

Signal generator 60MEA2100-SG Multichannel Systems GmbH 

Spin-coater Labspin 8 Süss Microtec AG 

wafer Dicer  DAD-2H/6T Disco Corporation 

SEM sputter machine 108 Auto Sputter Coater Cressington gmbh 
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Appendix VIII. List of chemicals and 

materials  

Name of equipment Description/CAS Manufacturer  

3 M Ag/AgCl electrode 6.0733.100 Metroohm GmbH 

2’diamidinephenylindole 90229 Merck, S.A. de C.V. 

Acetone 67-64-1 Carl Roth Gmbh & Co. Kg 

Ag/AgCl pellet electrode Hybrid Ag-AgCl  Multichannel Systems GmbH 

Anti-sticking layer  BGL-GZ-83 PROFACTOR GmbH 

Borosilicate glass wafers Borofloat 33 Siegert Wafer GmbH 

Cantilevers AFM AC240TS-R3 Asylum Research Corporation 

Chicken-anti-PGP9.5  ab72910 Abcam PLC 

Collagen type I  9007-34-5 Sigma-Aldrich Corporation 

Collagenase 5 401 151 001 Roche Holding AG 

Diamond blade wafer saw Nbc-zh 2050 Disco Corporation 

DNase 11 284 932 001 Roche Holding AG 

Donkey-anti-Chicken 488  703-545-155 Jackson ImmunoResearch  

Donkey-anti-Rabbit 594  A-21207 Thermo Fisher Scientific Inc. 

Cell culture medium 31331-028 gibco Inc 

ECM Gel E6909 Sigma-Aldrich Corporation 

Ethanol  64-17-5 Carl Roth Gmbh & Co. Kg 

Ethylene glycol  107-21-1 Carl Roth Gmbh & Co. Kg 

Fibronectin 289-149-2 Sigma-Aldrich Corporation 

Glutaraldehyde 50-00-0 Carl Roth Gmbh & Co. Kg 

Glial marker S100B  ab52642 Abcam PLC 

Gloss additive  Glanzzusatz Goldbad SF Metakem GmbH 

Glutaraldehyde  111-30-8 Carl Roth Gmbh & Co. Kg 

Glycerol  56-81-5 Carl Roth Gmbh & Co. Kg 

Gold electrode  Gold disk Platinum ring Metroohm GmbH 

Gold electrolyte  Goldbad SF Metakem GmbH 

Hydrogen peroxide 7722-84-1 Th. Geyer GmbH & Co. KG. 
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Hank's balanced salt  (P04-33500 PAN Biotech GmbH 

Hexamethyldisilazane  999-97-3 Carl Roth Gmbh & Co. Kg 

Hydrochloric acid 7647-01-0 Sigma-Aldrich Corporation 

Hydrofluoric acid 7664-39-3 Microchemicals GmbH 

Iodine 7553-56-2 Carl Roth Gmbh & Co. Kg 

Iso-propyl alcohol  67-63-0 Carl Roth Gmbh & Co. Kg 

Laminin 114956-81-9 Sigma-Aldrich Corporation 

Nylon filter Siebgewebe Nylon  Meerwassershop 

Phosphate based buffer 7 0011044 Thermo Fisher Scientific Inc. 

Poly-D-lysine 27964-99-4 Sigma-Aldrich Corporation 

Polydimethylsiloxane Sylgard 187 Dow Corning Corporation, 

Potassium chloride  7447-40-7 Th. Geyer GmbH & Co. KG. 

Photoresist AR-U 4000 Allresist GmbH 

Photoresist AR-P 5910 Allresist GmbH 

Photoresist developer AR 300-26 Allresist GmbH 

Photoresist dilutor AR 300-12 Allresist GmbH 

Platinum mesh electrode 929883 Sigma-Aldrich Corporation 

Propylene glycol methyl 

ether acetate (PGMEA) 108-65-6 Sigma-Aldrich Corporation 

Silicon wafer SSP 100 Siegert Wafer GmbH 

Silver adhesion glue H20E-PFC 1OZ Epoxy Technology, Inc. 

Sodium chloride 7647-14-5 Th. Geyer GmbH & Co. KG. 

Sulfuric acid 7664-93-9 AppliChem GmbH 

Static polymer foil  SoftPress® Obducat AB 

Thermoplastic resist  mR-I 8030 R® microresist technology GmbH 

Thermosetting resist  mR-I 9030 R® microresist technology GmbH 

TRITC-conjugated Phalloidin  90228 Merck, S.A. de C.V. 

UV nanoimprint resist OrmoComp® microresist technology GmbH 

Vinculin monoclonal 

antibody 90227 Merck, S.A. de C.V. 
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Appendix IX. List of software 

List of software Name/Version Manufacturer 

Potentiostat software ThalesXt ZAHNER-Elektrik GmbH 

Potentiostat software EC-Lab v11.43 Biologic SAS 

MEA Impedance tester MEA-IT V 1.4.18 Multichannel Systems GmbH 

AFM data analyzer Gwyddion V2.55 Czech Metrology Institute 

Contact angle 

measurement 

dpiMAX DataPhysics Instruments 

GmbH 

MEA signal recording MCS Experimenter V 2.20.0 Multichannel Systems GmbH 

MEA signal analyzing 

software 

Multi Channel Analyzer V 

2.20.0 

Multichannel Systems GmbH 

Fluorescence microscopy LAS X software V 3.7.0.20979 Leica Microsystems Gmbh 

Image processing ImageJ 1.53s NIH, USA 

Statistical analysis Microsoft Excel 2016 Microsoft Corporation 
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Appendix X. List of abbreviations 

Acronym Abbreviation 

1D 1 dimension  

2D 2 dimension  

3D 3 dimension  

AC Alternating current  

AFM Atomic force microscopy 

ANOVA Analysis of variance 

AP Action potential 

CE Counter electrode 

CLGNS Collagen-like gold nanostructures 

CNS Central nervous system 

CNT Carbon nanotubes 

D1 Low density CLGNS nanostructures  

D2 High density CLGNS nanostructures  

DAN Deterministic aperiodic nanostructures 

DAPI DAPI (4',6-diamidino-2-phenylindole) 

DAQ Data acquisition system 

DC Direct current  

DI  Distilled water 

DIV Day in vitro 

DMEM Dulbecco’s modified Eagle's medium 

ECM Extracellular matrix 

EIS Electrochemical impedance spectroscopy  

FAC Focal adhesion complex 

GTPase Guanosine triphosphate hydrolase enzymes 

H1 CLGNS with 30 nm height 

H2 CLGNS with 50 nm height 

IC Integrated circuit 

ISFET Ion-sensitive field-effect transistor 

ITO Indium Tin Oxide ceramic 

https://en.wikipedia.org/wiki/Analysis_of_variance
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MEA Microelectrode array 

NIL Nanoimprint lithography 

NS Nanostructured macroelectrode surface 

P2P Peak-to-peak 

PCB Printed circuit board 

PDF Probability density function 

PDMS Polydimethylsiloxane 

PMMA Poly(methyl methacrylate) 

PNS Peripheral nervous system 

PSP Postsynaptic potentials 

RE Reference electrode 

RPM Revolutions per minute 

RMS Root mean square 

SCCM Standard cubic centimeters per minute 

SEM Scanning electron microscopy 

SNR Signal-to-noise ratio 

SpO Peripheral oxygen saturation electrode 

TRITC Tetramethylrhodamine 

US Unstructured macroelectrode surface 

UV Ultraviolet 

WE Working electrode 

 

 

 

 

 

 

https://en.wikipedia.org/wiki/Revolutions_per_minute
https://www.thermofisher.com/de/en/home/life-science/cell-analysis/fluorophores/tritc-dye.html
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