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Abstract 
The interface between electronic components and biological objects plays a crucial role for the 
success of bioelectronic devices. Since the electronics typically include different elements such 
as an insulating substrate in combination with conducting electrodes, an important issue of 
bioelectronics involves tailoring and optimizing the interface for any envisioned application.  

In this work, we present a method of functionalizing insulating substrates (SiO2) and metallic 
electrodes (Pt) simultaneously with a stable monolayer of organic molecules ((3-
aminopropyl)triethoxysilane (APTES)). This monolayer is characterized by various techniques 
like atomic force microscope (AFM), ellipsometry, time-of-flight secondary ion mass 
spectrometry (ToF-SIMS), surface plasmon resonance (SPR), and streaming potential 
measurements. The molecule layers of APTES on both substrates, Pt and SiO2, show a high 
molecule density, a coverage of ~ 50 %, a long-term stability (at least one year), a positive 
surface net charge, and the characteristics of a self-assembled monolayer (SAM).  

In the electronical characterization of the functionalized Pt electrodes via impedance 
spectroscopy measurements, the static properties of the electronic double layer could be 
separated from the diffusive part using a specially developed model. It could be demonstrated 
that compared to cleaned Pt electrodes the double layer capacitance is increased by an APTES 
coating and the charge transfer resistance is reduced, which leads to a total increase of the 
electronic signal transfer of ~13 %.  

In the final cell culture measurements, it could be shown that an APTES coating facilitates a 
conversion of bio-unfriendly Pt surfaces into biocompatible surfaces which allows cell growth 
(neurons) on both functionalized components (SiO2 and Pt) comparable to that of reference 
samples coated with poly-L-lysine. Furthermore, APTES coating leads to an improved 
mechanical coupling, which increases the sealing resistance and reduces losses. These increases 
were finally confirmed by electronic measurements on neurons, which showed action potential 
signals in the mV regime compared to signals of typically 200 – 400 µV obtained for reference 
measurements on PLL coated samples. Therefore, the functionalization with APTES molecules 
seems to be able to greatly improve the electronic cell-chip coupling (here by ~1 500 %). 

This significant increase of the electronic and mechanical cell-chip coupling might represent an 
important step for the improvement of neuroelectronic sensor and actuator devices.   
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Zusammenfassung 
Die Schnittstelle zwischen elektronischen Komponenten und biologischen Objekten spielt eine 
entscheidende Rolle für den Erfolg bioelektronischer Geräte. Da die Elektronik typischerweise 
verschiedene Elemente, wie z.B. ein isolierendes Substrat in Kombination mit leitenden Elektroden, 
umfasst, stellt das Trimmen und Optimieren des Interfaces zwischen der Elektronik und dem 
biologischen Objekt eine der wichtigsten Herausforderungen der Bioelektronik dar.  

In dieser Arbeit stellen wir eine Methode für die zeitgleiche Funktionalisierung von isolierenden 
Substraten (SiO2) mit integrierten metallischen Elektroden (Pt) mittels einer stabilen Monolage aus 
organischen Molekülen ((3-Aminopropyl)triethoxysilan (APTES)) vor. Diese Monolage wird durch 
unterschiedlichste Techniken wie Rasterkraftmikroskopie (AFM), Ellipsometrie, Flugzeit-
Sekundärionenmassenspektrometrie (ToF-SIMS), Oberflächenplasmonenresonanz (SPR) und 
Strömungspotentialmessungen charakterisiert. Die Molekülschichten aus APTES weisen sowohl auf Pt 
als auch auf SiO2 eine hohe Moleküldichte, eine Bedeckung von ~ 50 %, Langzeitstabilität (mindestens 
ein Jahr), eine positive Oberflächen-Nettoladung und die Eigenschaften einer selbstorganisierten 
Monoschicht (SAM) auf.  

Bei der elektrischen Charakterisierung mittels impedanzspektroskopischer Messungen konnten die 
statischen Eigenschaften der elektronischen Doppelschicht durch ein speziell entwickeltes Modell vom 
Diffusionsteil getrennt werden. Es konnte gezeigt werden, dass im Vergleich zu reinen Pt-Elektroden 
die Doppelschichtkapazität durch eine APTES-Beschichtung erhöht und der Ladungsübertragungs-
widerstand verringert wird, was zu einer Erhöhung des elektronischen Signaltransfers um ~13 % führt.  

In den abschließenden Zellkulturmessungen konnte nachgewiesen werden, dass eine APTES-
Beschichtung eine Umwandlung der ursprünglich biounfreundlichen Pt-Oberflächen in biokompatible 
Oberflächen ermöglicht, die ein Zellwachstum (Neuronen) auf beiden funktionalisierten Komponenten, 
SiO2 und Pt, ermöglicht, das mit dem von mit Poly-L-Lysin beschichteten Referenzproben vergleichbar 
ist. Darüber hinaus führt die APTES-Beschichtung zu einer verbesserten mechanischen Kopplung, die 
den elektronischen Dichtwiderstand zwischen Zellen und Chip erhöht und damit elektronische Verluste 
reduziert. Diese Erhöhungen wurden abschließend durch elektrische Messungen an Neuronen bestätigt, 
die Aktionspotentiale im mV-Regime zeigten, im Vergleich zu den üblichen Signalstärken von 200 – 
400 µV für konventionelle PLL-beschichtete Elektroden. Die Funktionalisierung mit APTES-
Molekülen scheint somit die elektronische Zell-Chip-Kopplung signifikant zu verbessern, hier um 
~1 500 %. 

Diese signifikante Verbesserung der mechanischen und elektronischen Zell-Chip-Kopplung könnte ein 
wichtiger Beitrag zur Verbesserung neuroelektronischer Sensor- und Aktuatorbauelemente darstellen. 
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1. Introduction 
In today's world, the world of artificial intelligence, nanoelectronics, high-performance 
computers in the size of smartphones, one could conclude that with technology today, almost 
everything is possible. But considering seemingly simple things such as replacing an arm, as 
shown in science fiction movies (e.g. Star Wars or IRobot), we still face unsolved basic 
challenges. The arm alone (without hand) has already 7 degrees of freedom (R. Lioutikov, 
2012), the hand adds another 27 degrees of freedom (ElKoura & Singh, 2003). Although, 
technologically we are already able to create almost the same degrees of freedom, nowadays 
prostheses are able to perform only 6 movements (Pylatiuk & Döderlein, 2006), which is far 
from what a real arm can do. Where does this big difference come from? 

The fundamental challenges for a seamlessly integrated prosthesis are the information 
acquisition and information transfer, i.e. the reading and actuation of information, or simply, 
the communication between body and electronics.  

In case of the arm prosthesis, only the muscles of the upper arm, shoulder, and chest can 
currently be used, which leads to a lack of information and thus a drastically reduced degree of 
freedom for the use of an artificial arm. Moreover, a feedback of the arm, e.g. any sensing, can 
not be coupled into the neural system this way. Therefore, these days, researchers and industries 
worldwide are working on reading and transferring information directly from or into the neuron 
system, the body's natural information highway. These approaches range from transplanting 
chips directly in the brain (Chaudhary et al., 2020; Fattahi et al., 2014; Fourneret, 2020; Loeb, 
2018) to the electronics for neurons on-site (Fattahi et al., 2014; Loeb, 2018; Russell et al., 
2019), i.e. in the case of the arm prosthesis, the neurons in the extant arm. These neurons 
transmit the information of the movements to the prosthesis, but also the sensor data of e.g. 
touching sense of the artificial arm to the brain.  

 
Figure 1-1: Examples of different types of cell-chip communication used in prosthetics such as the brain chip communication 
(Lab Collection), the eye implant (adapted from (Loeb, 2018)), and the measurement of nerve signals in the arm (adapted from 
(Russell et al., 2019)). All of these technologies are in the end based on the properties of the neuroelectronic interface, sketched 
on the right, including electrodes and electrolyte with molecules of various kinds.    
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All suitable electronics (neuroelectronics), whether they are implanted in the brain, eye (Fattahi 
et al., 2014; Weiland & Humayun, 2014), or arm (Fattahi et al., 2014) are facing the same 
challenges due to the “rough” conditions in the body. The implanted electronics have to: 

 operate stable for a long time (years), 

 it should allow a perfect electronic 
coupling, i.e. low impedances, in order to 
be able to read smallest electronical 
signals, 

 it must be biocompatible, i.e. it shouldn’t 
provoke body reactions that could modify 
the neuroelectronic interface or even harm 
the cells, 

 it should be flexible to mimic the dynamic 
and fragile nature of cells (Wu et al., 
2020),  

 and it should be of the size of individual 
neurons to be able to read single neural 
signals.  

 

Figure 1-2: Schematic of a neuroelectronic interface 
functionalized with APTES molecules. 

Since the electronics have to operate in body fluid during the whole operation time, the 
requirements on the neuroelectronics are harsh. Especially the interface formed by a thin film 
of water molecules on the electronic represents an important and largely unsolved problem in 
physics, chemistry, and biology. Thin water films can not only change the adhesive, lubricating, 
and reaction properties of surfaces, in biological processes they are decisive for the charge 
transport via ions (Teschke et al., 2001).  

To address and solve these problems, researchers around the world tried different ideas, most 
of them come at the expense of other problems. For example, the use of relatively huge 
electrodes doesn’t lead to cellular resolution, usually causes invasive damage, and still has 
problems to resolve small electrical pulses. Another approach to reduce the impedance is the 
use of 3D structured electrodes, such as planar electrodes with additional columns or 
mushroom-like extensions, which should increase the effective surface area (Kibler et al., 2012; 
J.-H. Kim et al., 2010; Petrossians et al., 2011; S. Weidlich et al., 2017; Wesche et al., 2012)). 
However, the desired effect turned out to be small, which is contrasted by the complicated, cost-
intensive, and not very flexible production (Spanu et al., 2020). Flexible substrates (such as 
polydimethylsiloxanes (PDMS)) are also increasingly used to reduce invasive damage and to 
match the dynamics of the cells (Pennisi et al., 2010). In another approach, small 
microelectrodes coated with thin protein or peptide layers are used. These films make the 
electrodes biocompatible by mimicking the natural environment of neurons. However, this 
coating is still too thick (20 – 50 nm, (Colville et al., 2010)) to allow a good signal transfer. 
Furthermore, these coatings are only electrostatically bound to the electrode and substrate, and 
are easily removed by the cells (Y. H. Kim et al., 2011).  

The question arises whether a thin organic monolayer could be used, which binds to the surface 
of the electronic and, at the same time, interacts with the bio-object. This approach is not 
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entirely new. Especially, self-assembled monolayers (SAM) made of alkanethiols have already 
been used to improve the interface between electrode and neurons mechanically (Bryant & 
Pemberton, 1991; Laibinis et al., 1991; Swalen et al., 1987). However, this doesn’t include the 
binding of cells to the rest of the substrate. In order to promote adherence and binding of cells 
onto the complete chip (electrode and passivated areas), we have decided to use 3-
Aminopropyltriethoxysilan (APTES) molecules as a coating for the neuroelectronic chip since: 

 APTES has a silane head group which binds to all silicon-based substrates (e.g. SiO2, 
PDMS), which represents a standard carrier for neuroelectronics,  

 APTES should cause little to no insulation due to its small size (~0.7 nm), and 

 due to its amino group, APTES should be biofriendly and should provide a better 
mechanical coupling (Hao et al., 2016), which could even lead to a better clamping of 
the cells to the chip and, thus, an increased signal transfer (Metwally & Stachewicz, 
2019).  

The increase of the signal transfer has been observed in experiments with HL-1 cells by Markov 
et al. (Markov et al., 2018). However, it had neither been confirmed nor has the underlying 
mechanism been proven and analyzed yet. This will be the main task of this work. 

Therefore, after introducing the theoretical background (chapter 2) and the experimental 
techniques and sample preparation (chapter 3), we will analyze and discuss the impact of 
APTES coating on the properties of neuroelectronic interfaces (chapter 4). We start with the 
investigation of the binding and stability of silanes on metallic surfaces (electrodes) like 
platinum in chapter 4.1. In chapter 4.2, we compare the electronical properties of chips without 
and with APTES coating in a simulated neuroelectronic environment using a measuring setup, 
which was specially developed to mimic cell-chip communication. In chapter 4.3, we analyze 
the mechanical and electronical cell-chip coupling of our APTES coated chips in direct contact 
with the cells. Finally, chapter 5 provides the conclusion and valuation of this work. 

  



Molecular Layer Functionalized Neuroelectronic Interfaces: 
From Sub-Nanometer Molecular Surface Functionalization to Improved Mechanical 

and Electronic Cell-Chip Coupling 

4 
 

2. Theoretical Background 
Due to their thinness, perfect arrangement, and the various functionalities, which can be 
achieved by the large variety of functional groups, self-assembled monolayers (SAMs) 
consisting of organic molecules represent ideal candidates for the modification of surfaces of 
substrates for many applications. They can even be used as essential components in simple as 
well as complex organic electronic devices. In the following, we will sketch the state of the art 
and provide a brief theoretical background on the usage of SAMs in interfaces between organics 
and electronics, which is separated in:  

(i) introduction and state of the art of Self-assembled molecular monolayer and the 
deposition of silanes on substrates and electrodes, 

(ii) the analysis and the meaning of the Surface potential, 

(iii) the state of the art of the Electrochemical impedance spectroscopy and its usage, and 

(iv) a brief description of cells and Cells as electronic components. 

 

2.1. Self-assembled molecular monolayer 

Studies on self-assembled monolayers (SAMs) date back to the 1940s (Sizov et al., 2019) and 
have become increasingly important since then. Nowadays, SAMs can be found in many 
applications, of which organic solar cells (Lee et al., 2013; Wang et al., 2014; Yip et al., 2008), 
organic light-emitting diodes (OLEDs) (An et al., 2019; Bardecker et al., 2008), organic field-
effect transistors (OFETs) and biosensors (An et al., 2019; Bardecker et al., 2008) are presently 
the most common applications. But SAMs are also becoming more and more widespread in 
other areas such as batteries (Zettsu et al., 2016), fuel cells (C. Santoro et al., 2015; F. Y. Zhang 
et al., 2008), organic memory devices (Novembre et al., 2008), synaptors (Alibart et al., 2010) 
and RFID tags (Fiore et al., 2015). While in the latter cases, SAMs are still the subject of current 
research, SAMs have already reached the mass market in other areas (e.g. OLED displays). 

  
Figure 2-1: Formation of SAMs with (a) structural components of a typical organic molecule, and (b) SAM formation process 
in time (adapted from (Schmaltz et al., 2017)), starting with physisorption of molecules on the substrate, partially chemisorbed 
molecules, layer building process, to the final self-repairing dense monolayer.   

What are SAMs: “Self-assembly being a unifying concept in nature” (S. Zhang, 2003) can be 
described as “autonomous organization of components into patterns or structures without 
human intervention" (Whitesides & Grzybowski, 2002). A SAM is a self-assembled monolayer 
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of organic surfactants. These surfactants have a specific structure. They typically consist of a 
head group, which binds to the substrate, a backbone, and a functional group (Figure 2-1 (a)). 
This ambiphilic structure allows a high packing density of the molecules standing upright on 
the substrate and thus can form a monolayer that is ordered in two dimensions. The choice of 
the functional group depends only on the application. Frequently used functional groups are 
methyl, hydroxyl, carboxyl, amino, or thiol (Table 1). The backbone consists of alkyl chains 
and acts as a kind of spacer. The choice of the backbone typically varies from C2 to C12 (Sizov 
et al., 2019). The head group is responsible for specific binding to the surface of the substrate 
and can be bound through either physical or chemical bonds. A few frequently used head group 
– substrate combinations are silanes on SiO2, thiols on Au, or phosphonic acids on Al2O3 (Table 
1). On one hand, the bonds between the molecules and the substrate have to be strong enough 
to obtain a stable layer and avoid distortion of molecules, on the other hand, they have to be 
weak enough to ensure certain mobility of the molecules on the surface. The latter is essential 
to maintain a high packing density since the mobility and van der Waals force between the 
molecules can lead to a correction of the packing defects (Schmaltz et al., 2017).  

Table 1: Table of typically used functional and head groups and applications (adapted from (Alexey S. Sizov, 2019)). Notations 
are as follows: PEI is polyethyleneimine, TAA is triarylamine, PAA is polyacrylic acid, PEN is polyethylene naphthalate, PET 
is polyethylene terephthalate, and PI is polyimide. 

SAMs  Substrate Applications 

Functional group Head group   

COOH, OH, OOC-
C6F6, CH3 

Si(OAlk)3, PEI, PAA PEN, PI, PET Biosensors 

NH2, OH, SH, CF3, CH, 
CH3 

SiCl3, Si(OAlk)3 Si (SiO2) Nanostructured surface 

CH3, OH, SH, Ph, Imi PO(OH)2 Al (AL2O3) Multilayer dielectrics 

N2, NH2, SH Si(OAlk)3, PO(OH)2, 
SiCl3,  

Si (SiO2), Al (AL2O3)  Adhesion promoters 

CH3, CF3, OH, PEI, 
TAA 

Si(OAlk)3, PEI, PAA PEN, PI, PET Change of electrode 
work function 

SAM development: To briefly sketch the process of SAM formation, let us look at Figure 2-1 
(b). The process of self-assembly typically starts with single molecules absorbed on the surface. 
The more molecules are present, i.e. the higher the concentration of molecules on the surface, 
the more the molecules start to cluster in a disordered way caused by the van der Waals forces 
between the molecules. These clusters are fixed on the surface by the head group. This process 
continues, and the order improves until an ordered, stable monolayer has formed (Schmaltz et 
al., 2017). These layers can become extremely robust (Søndergaard et al., 2013) due to the high 
packing density, the strong bond to the substrate, and the forces between the molecules. 
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Figure 2-2: Different SAM constellations for different application fields, (a) non-local SAM, (b) mixed SAM, (c) multilayer 
SAM, (d) nanostructured SAM formations, (e) SAM used as dielectric/semiconductor interface in a FET and (f) SAM used as 
biosensors. 

Role of SAMs: Even though SAMs are already used in industry, the production of reliable 
surface modifications with SAMs is still a major topic in current research. SAMs in organic 
electronics can fulfill various functions.  

- The complete coverage of the substrate (Figure 2-2 (a)) is most common and mainly 
used to change the surface energy or act as an adhesion layer for further layers, 
nanoparticles, or bio-objects.  

- To control the surface potential more precisely, a mixed SAM (Figure 2-2 (b)) can also 
be used (Markov et al., 2017), which allows to tailor the surface properties for specific 
conditions.  

- Furthermore, SAMs can be stacked on top of each other forming well-defined multilayer 
and allowing a layer degree of flexibility (Figure 2-2 (c)) (Martin et al., 2017).  

- Locally restricted SAMs (Figure 2-2 (d)) can be used to create nano- to microstructures 
for microelectronic components or structures for cells (Yuan et al., 2020).  

- SAMs can also be used in combination with conventional electronic components, for 
example, to improve the electronical properties of FETs (Mathijssen et al., 2008) or to 
modify metal electrodes to change the working function or to enhance the injection of 
charge carriers in semiconductors (Figure 2-2 (e)) (Asadi et al., 2007).  

- Finally, SAMs can be used as a linking layer in ultra-sensitive biosensors (Figure 2-2 
(f)), where the functional group of the SAM binds to a target-specific receptor. For 
example, this enables the detection of picomolar concentrations of calcium in the 
salivary (Magar et al., 2020).  

Definitely, the possible applications range of SAMs is far beyond the given examples. 
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2.1.1. Silanes  

In this work, we will focus on the use of silanes as molecules for SAMs. Silanes have the 
advantage that they bind covalently to SiO2 – one of the most common substrates in electronics. 
Furthermore, we mainly focus on one silane, (3-Aminopropyl)triethoxysilane (APTES) (Figure 
2-3 (a)), because  

(i) it is very small (sub-nanometer) and therefore can be deposited via gas-phase 
deposition (evaporation), and 

(ii) at the same time, the amino functional group of APTES is considered to be 
biocompatible, and in contact with an electrolyte, the amino group becomes 
positively charges, which makes it attractive for neuroelectronic applications.  

To understand the binding of silanes to SiO2, we first have to take a closer look at the standard 
substrate for the deposition of silane SAMs, i.e. SiO2.  

SiO2 Substrate: SiO2 surfaces are typically obtained via temper processes from Si. It doesn’t 
possess a perfect crystalline structure. In order to describe the SiO2 surface, a (111) 
β-cristobalite structure can be assumed (Figure 2-3 (b)), a diamond-like structure that behaves 
similar to amorphous SiO2 (M. Zhang et al., 2015). The lattice constants are a = b = c = 7.16 Å 
(M. Zhang et al., 2015) and in the top and side view, every second silicon has an OH group 
(Figure 2-3 (c)). The resulting distance xNN of neighboring OH groups is: 

𝑥𝑁𝑁 =
𝑎√2

2
= 5.06 Å . 

Thus, each unit cell possesses three OH groups to which molecules can bind, and the maximum 
OH density would be 4.55 nm-2, which agrees with the experimental data of 4.9 nm-2 
(Pelmenschikov et al., 2000). 

 
Figure 2-3: Schematic of (a) the molecule APTES, (b) the β-cristobalite structure of SiO2 with (111) cut, and (c) top and side 
view of the activated SiO2 surface with OH docking points for the covalent molecular binding of APTES. 

Molecules: On contact with the surface, the methoxy group (OC2H5 arms, Figure 2-3 (a)) of the 
molecule reacts with water molecules on the surface, and the molecules can bind to the OH 
groups on the surface. This reaction results in a covalent bond between the surface and the 
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molecule (Figure 2-4). With increasing density of bound molecules and due to the van der 
Waals interaction between their chains (backbones), the molecules finally stand upright 
(Schmaltz et al., 2017). 

Due to geometric (steric) limitations, Si-O-Si links between the molecules or multiconnection 
to the substrate are not possible. The Si-O-Si group has a maximum length of 3.28 Å at an angle 
of 180° (Stevens, 1999) and thus is smaller than xNN, the distance between possible docking 
points on the surface. Cross-links would only be possible for very unlikely geometries of the 
headgroup, which would automatically hamper the binding of adjacent molecules and the 
formation of stable and dense layers. Moreover, links between unbound and bound molecules 
are also unlikely due to the size limitations considering the backbone and its C-H bonds with a 
size of 1.08 Å and the van der Waals radii of 3.5 Å for H bound to C (Stevens, 1999). However, 
if the monolayer is not packed with maximum density, additional bonds between molecules and 
between molecule and surface are possible, e. g. molecules could be lying on the surface or 
building island polymerizations.  

In conclusion, the formation of silane SAMs on SiO2 surfaces is reasonably understood. 
Therefore, we will use this system, i.e. silane on SiO2, as reference in this work. However, the 
behavior of silanes and the possible formation of SAMs on other systems is less or not 
understood or even not examined up to now. Especially the SAM formation on metal surfaces, 
which is one of the major topics of this work, is not understood. 

 
Figure 2-4: Sketched of bonded APTES molecules on SiO2 substrate in the side (left) and top view (right). 

 

2.2. Surface potential 

The investigation of electrokinetic phenomena, i.e. the study of charges and their movement at 
interfaces in the form of space charges, is an old research direction that dates back to the 18th 
century (Wall, 2010). The understanding of the role of surface charge is essential for many 
areas like:  

- colloidal dispersion (Barron et al., 1994; Byun et al., 2005), which is important for 
topics ranging from the effect, transport, and clustering of drugs to the production of 
paper,  

- in the study of the fade, behavior, and toxicity of nanomaterials in ecological and 
biological systems (Lowry et al., 2016), and  

- in the adhesion properties of bio-objects on surfaces (Kundu et al., 2016).  
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Also, other surface properties such as topology (Viswanathan et al., 2015), elasticity (Breuls et 
al., 2008; Sanz-Herrera & Reina-Romo, 2011), wettability (Dowling et al., 2011), and chemical 
composition (Tang et al., 2008) are often correlated to the surface potential.  

 
Figure 2-5: Schematic of a crystal structure with unsaturated bonds (red) at the surface (blue dashed line). 

What is a surface charge: In general, a surface looks different from the rest of the crystal. On 
the surface, there are unsaturated bonds that interact with the environment (Figure 2-5). As a 
result, surface charges can form, leading to a 2D plane with a non-zero charge. For example, in 
a perfect conductor, all charges are located on the surface. In insulators, an electric field creates 
a polarization in bulk and binds charges at the surface. From a chemical point of view, there are 
different ways to create surface charges. According to Lyklema and Jacobasch (Jacobasch, 1989; 
Lyklema, 2011), there are five main reasons why surface charges appear (see also Figure 2-6): 

(i) dissociation of surface groups, 

(ii) preferential absorption of anions or cations, 

(iii) absorption of polyelectrolytes, 

(iv) isomorphic substitution of anions and cations, and 

(v) depletion or accumulation of electrons (e.g. by an applied potential). 

 
Figure 2-6: Sketches of different examples for the origins of surface charges starting from left to right with dissociation of 
basic surface groups, losses of ions, ion and surfactant absorption, and accumulation or depletion of electrodes (adapted from 
(Greben, 2015)). Always top and bottom schemes belong together.  

Surface charges practically always occur when surfaces are in contact with liquids. This 
phenomenon is due to the anions and cations in liquids which interact with the surface. The 
exact determination of the surface charge is not possible with the current state of knowledge. 



Molecular Layer Functionalized Neuroelectronic Interfaces: 
From Sub-Nanometer Molecular Surface Functionalization to Improved Mechanical 

and Electronic Cell-Chip Coupling 

10 
 

Still, there are various measuring methods that can analyze the electrical double layer (see 
Electrical double layer) and thus give an idea of the surface charge. 

Measurement methods: There are different ways to investigate the surface charges at a 
solid/liquid interface (Figure 2-7) (Jacobasch, 1989). The choice depends mainly on the system 
to be investigated. For measurements of colloidal and nanoparticles, mainly electrophoretic or 
segmental measurements are used, whereas for planar surfaces or fixed particles, mostly 
streaming potential or electro-osmosis techniques are used. The principles are briefly described 
below. 

 
Figure 2-7: Measurement options of surface charges, starting from left to right with electrophoresis, sedimentation potential, 
electroosmosis, and streaming potential (adapted from (Greben, 2015)). The red arrow indicates the direction of 
particles/liquid flow forced by an electrical field, and the green arrow indicates the flow of the particles/liquid. 

Electrophoresis: Electrophoresis describes the electric field-driven migration of charged 
particles in a medium. The electric field generates a shear force in the electric bilayer 
surrounding the particles. Only charged particles are set in motion in the electric field. The 
mobility of the particles in comparison to the resting medium allows conclusions on the surface 
charge. 

Sedimentation potential: The sedimentation potential method is the opposite of electrophoresis. 
A particle moving in a gravitational field causes a potential at electrodes that allows to estimate 
the surface charges. 

Electroosmosis: Electroosmosis is the oldest method to study surface charges. For this purpose, 
the flow of a liquid through a porous membrane is measured in a known electric field. The 
velocity of the electroosmotic flow is proportional to the interaction between the charges in the 
liquid and the external electric field. During electroosmosis, a pressure gradient develops due 
to the potential difference between the two electrodes, which influences the flow of the liquid. 

Streaming potential: The streaming potential method is the opposite of electroosmosis. An 
electrical potential difference is created when an electrolyte flows under pressure through a 
channel with charged surfaces. This potential difference is caused by a displacement of the 
counter ions, which are deposited on the charged surface in the form of an electrical double 
layer and a mobile layer (see Electrical double layer). The pressure causes a potential shift in 
the so-called shear layer, which can be measured.  

In order to understand the phenomena taking place at the surface, let’s take a closer look at the 
so-called electrical double layer.       
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2.2.1. Electrical double layer  

As mentioned above, as a consequence of ionization, almost all surfaces have a defined surface 
charge in a polar medium. The surface affects the arrangement of adjacent ions in the polar 
medium. Ions with the opposite charge are attracted and ions with the same charge are repelled 
from the surface (Figure 2-8 (a)). This attraction and repulsion are explained by the DLVO 
theory (Derjaguin, Landau, Verwey, Overbeek), which describes the impact of the different 
forces in front of the surface (Figure 2-8 (b)). 

 
Figure 2-8: Schematics of the surface potential and the impact of different forces on the molecules in the electrolyte, with (a) 
a sketch of the electronic double layer of nanoparticles (top) and plane substrates (middle), and the resulting potential (adapted 
from (Lowry et al., 2016)) and (b) ion-surface interaction separated by the different forces according to DLVO theory 
(Derjaguin, Landau, Verwey, Overbeek).  

The surface charges automatically form in a liquid (Figure 2-8):   

(i) a strongly bound physiosorbed layer (Helmholtz layer),  

(ii) a weakly bound layer (mobile layer), and  

(iii) the neutral bulk of the electrolyte.  

As a consequence of the different mobilities, the Helmholtz layer acts as a capacitor at the 
surface. The electrodes of this capacitor are formed by the surface and the ions in the Helmholtz 
layer separated by an insulating water layer. The thickness of the Helmholtz layer can be 
estimated by the size of 2 water molecules and half of the ion radius (Brown et al., 2016).  The 
potential in the mobile layer drops off according to the Poisson equation using the Debye length 
and approaches zero in the neutral electrolyte of the bulk (Figure 2-8 (a) bottom).  
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The role of molecules: In order to modify (functionalize) the surface, for example, organic 
molecules, peptides, or proteins are placed on the surface to improve its properties in bio-
applications. Different models for the impact of such a surface functionalization on the 
electrical double layer can be found in the literature. For example, it is suggested that the 
functional group of molecules represents a new surface and the electronic double layer is 
formed on this new surface (Dreier et al., 2018; Schweiss et al., 2001). Others claim that the 
effective surface is a mixture of the original surface and the surface defined by the molecules 
(Hotze et al., 2014; Jacobasch, 1989). The latter used will be discussed in chapter 4.1.  

 
Figure 2-9: Surface charges and potential of different surfaces for the cases (a) no molecules, (b) large negatively charged 
molecules, (c) small molecules with negatively charged functional group, and (d) molecules with positively charged headgroups 
(according to (Lowry et al., 2016)). 

Figure 2-9 illustrates four different cases of the electronic double layer on surfaces and the 
associated potentials in the electrolyte. The first case (Figure 2-9 (a)) shows the reference, i.e. 
a bare surface with absorbed ions in an electrolyte. The second and third example (Figure 2-9 
(b) and (c)) shows a negatively charged surface with long negative charged molecules and short 
negatively charged molecules, respectively. The last example (Figure 2-9 (d)) shows a 
positively charged molecule on the negatively charged surface. The associated potential in the 
electrolyte is shown below each sketch. The molecules modify the potentials and the Debye 
length, in principle they extend the impact of the surface into the electrolyte. Especially 
interesting is the case of molecules with opposite charge on a surface (Figure 2-9 (d)), which 
applies for our case, i.e. APTES on a negatively charged surface. These molecules can lead to 
a charge reversal or charge overcompensation at the surface (Jacobasch, 1989; Plank & 
Sachsenhauser, 2006; Sachsenhauser, 2009, pp. 72, 117, 144).  

 

2.2.2. Electrokinetic potential 

As stated before, the surface charge cannot be measured directly. However, by measuring the 
electrokinetic potential (ζ-potential), conclusions on the surface charges can be obtained. The 
ζ-potential represents the potential at the shear plane, which is the plane between the stable 
Helmholtz layer and the mobile layer (Figure 2-10 (b)). It can be measured, for example, by 
streaming potential experiments. In this experiment, an electrolyte flow through a microchannel 
formed by two substrates with identical surfaces to be analyzed displaces the charged mobile 
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layer (Figure 2-10 (a)). By measuring the flow and the potential Vstr or current Istr, the resulting 
ζ-potential can be obtained via the Helmholtz-Smoluchowski equation (Hunter, 1981):  

 
𝜁 =

𝑑𝐼

𝑑𝑝
∙

𝜂𝐿

𝜀𝜀0𝐴
 , 

(2-1) 

where I is the resulting current flowing between the two electrodes, p is the pressure which is 
necessary to generate the laminar flow, η and ε are viscosity and dielectric constant of the 
electrolyte, and L and A are the length and cross-section of the flow channel, respectively.  

The ζ-potential can be modified by coating the substrate with molecules, especially due to their 
functional group (Garcia et al., 2020). This allows us to tailor the surface for any application 
using especially the charge of the functional group and a given electrolyte (Hao et al., 2016; 
Metwally & Stachewicz, 2019).   

 
Figure 2-10: Schematics of the ζ-potential, with (a) schematic of the streaming current channel for the measurement of the ζ-
potential (only counter ions of the electrolyte are shown) and (b) surface with the position of ζ-potential.  

 

2.3. Electrochemical impedance spectroscopy 

Another way to characterize the electronic properties of the surface is the electrochemical 
impedance spectroscopy (EIS). In this technique, the charge transfer at the surface is analyzed. 
The idea of EIS is already more than one century old. The first concept was introduced by 
Oliver Heaviside (Lvovich, 2012, Chapter 1). Over the last century, it has become widely used 
mainly as an analysis tool in materials research. There exist many fields of application, which 
varied from corrosion investigation and control (Mansfeld, 1995; Scully, 2000; Sherif & Park, 
2006b, 2006a), monitoring and synthesis of conducting polymer (Bardavid et al., 2008; Johnson 
& Park, 1996; Sarac et al., 2008), photoelectrochemistry, i.e. dye-sensitized solar cells and 
electron-transport properties (Han et al., 2004; He et al., 2009; Ku & Wu, 2007; 
Mahbuburrahman et al., 2015; Paulsson et al., 2006), batteries and fuel cells (Danzer & Hofer, 
2009; Kato et al., 2004; Lu et al., 2007; Malevich et al., 2009; Piao, 1999), to, most important 
for this work, biosensors and bio-applications (Kulka, 2011; MacDonald, 2006; Park & Yoo, 
2003; Randles, 1947). For example, Berggren et al. created a capacitive biosensor based on EIS 
for the detection of antibodies, antigens, proteins, DNA fragments, and heavy metal ions with 
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a detection limit down to femtomolar resolution by modifying electrode surfaces with SAMs 
(Berggren et al., 2001).  

 
Figure 2-11: Sketches of the electrochemical impedance spectroscopy with (a) the alternating voltage and current visualizing  
phase shift and amplitude, (b) impedance Z in imaginary and real representation, and (c) sketch of the Helmholtz layer (inner 
Helmholtz layer (IHL) and outer Helmholtz layer (OHL)) and the corresponding electronic circuit given by a simple Randles 
circuit.  

What is impedance: The impedance Z represents an extended concept of the resistive behavior 
in an alternating current circuit. The phase and amplitude of alternating current and voltage are 
observed in order to obtain the complex impedance (Figure 2-11 (a)). The complex voltage V 
and current I (Figure 2-11 (a)): 

 𝑉 = |𝑉|𝑒𝑗(𝜔𝑡+𝜙𝑉) , (2-2) 𝐼 = |𝐼|𝑒𝑗(𝜔𝑡+𝜙𝐼) , (2-3) 

with imaginary number j, phase Φ, and angular frequency ω, allow to evaluate the impedance 
similar to Ohm’s law:  

 
Z =

𝑉

𝐼
= |𝑍|𝑒𝑗(𝜙𝑉−𝜙𝐼), (2-4) 

which can be represented in complex space (Figure 2-11 (b)) with 𝜙 = 𝜙𝑉 − 𝜙𝐼 (Lvovich, 2012, 
p. 5). The absolute value of the impedance and the phase are given by: 

 
tan Φ =

𝑍′′

𝑍′
 , (2-5) |𝑍| = √𝑍′2 + 𝑍′′2 , (2-6) 

with Z’ and Z’’ denoting the real part and imaginary part of the impedance, respectively. Z’ is 
the real resistance (dissipation), whereas Z’’ represents the dispersive contribution of the 
impedance. Without phase shift (Φ = 0°) the impedance corresponds to a perfect resistor, for 
Φ = -90° a perfect capacitive behavior, and for Φ = 90° a perfect inductive behavior is present. 
With this basic ansatz, models can be designed that describe a system to be measured in order 
to identify individual components of the system. These models can become quite complex. 
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Figure 2-11 (c) shows the typically used model to describe the Helmholtz layer (see Electrical 
double layer), which is the Randles equivalent circuit (Randles, 1947). With minor 
modifications, it is also the most commonly used model in EIS. 

 

2.3.1. Representation of complex impedance 

The most common representations of impedance spectra are the Bode diagram or the Nyquist 
diagram. Both diagrams are developed for the graphic representation of frequency-dependent 
functions with complex-valued values. 

 
Figure 2-12: Representation of complex impedance from Randle circuit (inset) inform of a (a) Bode diagram (including the 
absolute impedance and the phase) and (b) Nyquist diagram. The chosen example values are for the parallel resistor 1 GΩ, 
the parallel capacitor 30 pF, and the serial resistor 5 MΩ. 

Bode diagram: The Bode diagram, named after Hendrik Wade Bode (American electrical 
engineer, developed in the 1930s), is used to represent transfer ratios in dynamic systems. It is 
mainly used for the representation of linear and time-invariant systems in electronics, control 
engineering, and impedance spectroscopy. In the Bode diagram, the amplitude gain (absolute 
value of the impedance) and the phase are plotted separately against the frequency (Figure 2-12 
(a)). Often, the absolute value of the impedance |Z| and the phase Φ are plotted double-
logarithmically and semi-logarithmically, respectively, as a function of frequency. This 
representation has the advantage that straight line segments can be used to approximate the 
course of the curves (Yarlagadda, 2010, p. 243) and thus identify the underlying model, i.e. 
equivalent electronic circuit.  

Nyquist diagram: The Nyquist diagram, named after Harry Nyquist (Swedish-American 
electrical engineer) (Nyquist, 1932), is mainly used to control the stability of systems in signal 
processing. In contrast to the Bode diagram, it consists of only one diagram in which the 
complex-valued impedance is plotted as a real and imaginary part with frequency as a parameter 
(Figure 2-12 (b)). In contrast to the Bode diagram, it is not possible to obtain direct statements 
about characteristic frequencies, e.g., cut-off frequencies. Instead, the Nyquist diagram offers a 
more general statement about the system and its stability. 

 



Molecular Layer Functionalized Neuroelectronic Interfaces: 
From Sub-Nanometer Molecular Surface Functionalization to Improved Mechanical 

and Electronic Cell-Chip Coupling 

16 
 

2.3.2. Physical electrochemistry and equivalent circuit elements  

Each element in an electrical circuit has its impedance, which, similar to Kirchoff's rules 
(Kirchhoff, 1845), can be combined (in series or parallel) with other elements to obtain the total 
impedance finally: 

Series 
combination: 

𝑍 = 𝑍1 + 𝑍2 + ⋯ + 𝑍𝑛 Parallel 
combination: 

1

𝑍
=

1

𝑍1
+

1

𝑍1
+ ⋯ +

1

𝑍𝑛
 . 

Table 2 shows the most used conventional elements in graphical Bode and Nyquist 
representation (see Representation of complex impedance). In most models, interfacial 
structures are neglected, and just empirical circuit elements are used ('black box' principle with 
parameters which fit to the experimental data (Bazant, 2019). Especially notable is the constant 
phase element (CPE), which will be discussed in the following. 

Table 2: Ideal circuit elements (Lvovich, 2012, p. 38) used in models, including a graphical representation of the respective 
Bode and Nyquist diagram with frequency and |Z| in logarithmic form and phase, Z’, and Z’’ in linear form. 

Component Equivalent 
Element 

Impedance Graphical representation 

Resistor R [Ω] 𝑅 

 

Capacitor C 
[F or Ω-1s] 

1

𝑗𝜔𝐶
 

 

Inductor L 
[H or Ωs] 

𝑗𝜔𝐿 

 

Warburg 
diffusion 

ZW [Ω] 𝑅𝑊

√𝑗𝜔
 

 

Constant 
phase 
element 
(CPE) 

Q or CPE 
[Ω-1sn] 

1

𝑄(𝑗𝜔)𝑛
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CPE: Usually, in a real system, deviations from ideal elements behavior can be observed. These 
deviations are especially noticeable in the Nyquist representation when the center of the 
characteristic semicircle doesn’t lie on the x-axis (see Figure 2-13 (a)). A possible explanation 
for this is that due to unevenness or inhomogeneities of the electrode the resulting impedance 
has to be modeled by a large number of different capacitors and resistors connected in parallel 
or series (Figure 2-13 (b)). This situation is equivalent to different “filaments” on the electrode, 
which have a frequency-dependent effect on the impedance and can be mathematically 
described by the impedance of a constant phase element:   

 
𝑍𝐶𝑃𝐸 =

1

𝑄(𝑗𝜔)𝑛
 , (2-7) 

with the fractional exponent n and the frequency-independent parameter Q. The name constant 
phase comes from its phase behavior, which is constant for this element (see Table 2). For n = 
0, the impedance describes and perfect resistor, for n = 1 an ideal capacitor, and n = -1 a perfect 
inductor. In parallel with a resistor Rp, the CPE produces a slightly rotated semicircle in the 
Nyquist plot with a rotation angle of (n − l) ∙ 90° (Figure 2-13 (a)).  

In the case of a perfect capacitor Cp, the capacitance can be calculated from the maximum 
angular frequency ωmax in the semi circuit of the Nyquist plot using: 

 
𝐶𝑝 =

1

𝑅𝑝𝜔𝑚𝑎𝑥
 . (2-8) 

According to Hsu and Mansfeld (Hsu & Mansfeld, 2001), the effective capacitance Ceff for the 
case of a parallel arrangement of a constant phase element and a resistor can be calculated 
similarly (Figure 2-13 (a)): 

 
𝐶𝑒𝑓𝑓 = 𝑄

1

(𝜔𝑚𝑎𝑥)1−𝑛 sin(𝑛𝜋 2⁄ )
≈ 𝑄(𝜔𝑚𝑎𝑥)𝑛−1 . (2-9) 

If the maximum angular frequency is not available because only parts of the semicircle have 
been measured, Brug (Brug et al., 1984; Hirschorn et al., 2010) demonstrated that the effective 
capacitance Ceff for a parallel resistance Rp and a parallel CPE (see Figure 2-13 (a)) can be 
calculated with the help of : 

 
𝐶𝑒𝑓𝑓 =

(𝑅𝑝𝑄)1 𝑛⁄

𝑅𝑝
 . 

(2-10) 

With an additional serial resistor Rs (Randel model) the equation (2-10) is modified to: 

 
𝐶𝑒𝑓𝑓 = [

𝑄𝑅𝑠𝑅𝑝

𝑅𝑠 + 𝑅𝑝

]

1
𝑛⁄

𝑅𝑠 + 𝑅𝑝

𝑅𝑠𝑅𝑝
 . 

(2-11) 
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Figure 2-13: Sketch of the CPE behavior, with (a) the Nyquist plot of a CPE parallel to a resistor (inset) as depressed semicircle 
with n=1 (gray) and n differs from 1 (black) for extracting the CPE (according to (Lvovich, 2012, p. 40,41)) and (b) the 
constellation of a CPE. 

It should be noted that CPE elements often are used to fit any type of experimental impedance 
data by merely varying the n-parameter and thus do not help to unravel the underlying model 
of the electronic circuit. Therefore, the CPE just helps to analyze data if there already exists a 
physical model for the analyzed system. 

Generally, the technic of analyzing an impedance spectrum hardly changed in the past century 
(Bazant, 2019). For different problems, different models are used. For example, the Butler-
Volmer model is used for Faradaic reaction kinetics (Thomas-Alyea & Newman, 2012), the 
Frumkin-Temkin isotherm for ion absorption (Bockris, 1998), the Poisson-Boltzmann model 
for electrical double-layer structure, the Nernst-Planck model for ion transport (Thomas-Alyea 
& Newman, 2012), the Helmholtz-Smoluchowski model for electroosmosis (Thomas-Alyea & 
Newman, 2012), Maxwell-Wagner model for polarization effects at the interface between 
different components (Lvovich, 2012, p. 8), and the Randles circuit for interfacial impedance. 
The latter is the model we will use in this work. 

 

2.4. Cells as electronic components 

Until now, we mainly dealt with the interface between electrode and electrolyte. Ultimately, we 
want to achieve improved cell-chip coupling, not only to measure or stimulate neural activity 
but also to enable a mechanical stable and biocompatible bond between chips and cells. Besides, 
the basic research on neural cell systems, an “intimate” bond between neurons and electronics 
might be important for many biological and medical applications. This includes already existing 
applications of electronic stimulation such as cardiac pacemakers or deep brain stimulators for 
Parkinson's disease (Hejazi et al., 2020), but also developing areas such as electronical 
stimulation for epilepsy or type II diabetes (Loeb, 2018), and areas where signal recording is 
important, such as retina prosthetics (Weiland & Humayun, 2014), or brain-computer interfaces 
(BCI) for helping people suffering e.g. paralysis (Chaudhary et al., 2020; Fattahi et al., 2014; 
Thompson et al., 2016). 
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Figure 2-14: Examples of electronical cell signal measurements: (a) intracellular patch-clamp measurements, (b) planar 
electrode, and (c) 3D electrode (example mushroom-shaped electrode). 

How to measure a neural signal: The biggest challenge, the development of long-life electrodes 
that are biocompatible, deliver high electronical signals, and cause little to no damage, hasn’t 
been solved yet. However, the methods to approach this goal are manifold. Conventional tools, 
like intracellular micropipettes (e.g. patch clamps, see Figure 2-14 (a)), have a maximum signal 
yield but damage the cell within hours. Moreover, it is difficult to extend this method to multiple 
cell measurements (Wu et al., 2020). Approaches such as planar multi-electrode arrays (MEAs, 
see Figure 2-14 (b)) are non-invasive but suffer from low signal yield due to a weak electrode-
membrane sealing (Wu et al., 2020). The combination of both approaches in the form of 3D 
electrodes (see Figure 2-14 (c)) is only slightly better than the planar MEAs (Heuschkel et al., 
2002; Metz et al., 2001; Thiebaud et al., 1997). For example, mushroom-shaped electrodes 
increase the effective electrode surface and thus increase the gap resistance (S. Weidlich et al., 
2017). However, the improvement is only small (400 µV to 800 µV are reported for recording 
of ~100 mV action potentials) (S. D. Weidlich, 2017) given in the literature (up to 500 µV) 
(Spanu et al., 2020; Wu et al., 2020). Additionally, the production of 3D microelectrode arrays 
is usually associated with complicated and expensive preparation processes and little flexibility 
(Spanu et al., 2020).  

Understanding the structure of neurons, their electronic signal and mechanism of adhesion is of 
major importance. 
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2.4.1. Structure of neurons 

 
Figure 2-15: Cortical neuron cell with (a) a neuron cell stained in green (calcein) and nucleus stained in blue (DAPI DNA 
staining) (see Fluorescence Microscopy), (b) schematically sketch of a cortical neuron including the nucleus, soma, dendrites, 
axon hillock, axion synapses, and a schematic of information collection and transfer (marked by arrows) of a neuron. 

Neurons represent the central units of the human nervous system. They are responsible for the 
information transfer in our bodies by receiving, integrating, and transmitting electronical 
signals. The general structure of a neuron cell is shown in a fluorescence microscope image in 
Figure 2-15 (a) and sketched in Figure 2-15 (b). It consists of a cell body, the so-called soma, 
dendrites, and an axon. The main machinery of the cell is the nucleus (blue-stained in Figure 
2-15 (a)), in the soma. The dendrites are collecting the information (input), the axon hillock 
sums up all input signals and, if a threshold is reached, generates an action potential (AP), which 
is transmitted via the axon to the synapses where the signal is passed to the next neuron(s) 
(Figure 2-15 (b)). At the axon, terminal synapses connect electronically and chemically to a 
neighboring cell. The intracellular amplitude of an AP is ~100 mV (see Action potential). 

 

2.4.2. Action potential 

Neurons are enveloped by a membrane. This membrane consists of a bilayer of phospholipid 
molecules, it is approximately 5 nm thick and insulating (Kandel et al., 2000). Selective ion 
channels and pumps are penetrating the membrane to allow an exchange of ions between inside 
and outside of the cell (intra- and extracellular). The ion channels, special proteins, allow an 
ion-specific ion-exchange without significant energy consumption. Many factors can change 
the ion conductivity of the ion channel. The resulting intracellular ion concentration can lead to 
repolarization or depolarization of the membrane. For a specific ion X, the potential equilibrium 
ΦX,eq can be calculated by the Nernst equation: 

 
𝛷𝑋,𝑒𝑞 =

𝑅𝑇

𝑧𝐹
∙ ln (

𝑐𝑋,𝑒𝑥𝑡

𝑐𝑋,𝑖𝑛𝑡
) , (2-12) 

with gas constant R, temperature T, ions valence z, Faraday constant F, and internal and external 
ion-specific concentration cX. The complete membrane potential Φm can be obtained via the 
Goldman-Hodgkin-Katz equation: 
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𝛷𝑚 =

𝑅𝑇

𝑧𝐹
∙ ln (

𝑃𝐾+ ∙ 𝑐𝐾+,𝑒𝑥𝑡 + 𝑃𝑁𝑎+ ∙ 𝑐𝑁𝑎+,𝑒𝑥𝑡 + 𝑃𝐶𝑙− ∙ 𝑐𝐶𝑙−,𝑒𝑥𝑡

𝑃𝐾+ ∙ 𝑐𝐾+ ,𝑖𝑛𝑡 + 𝑃𝑁𝑎+ ∙ 𝑐𝑁𝑎+,𝑖𝑛𝑡 + 𝑃𝐶𝑙− ∙ 𝑐𝐶𝑙−,𝑖𝑛𝑡
) (2-13) 

with the ion-specific permeabilities P. Generally, the ion composition and concentration of the 
electrolyte inside and outside of the cell differ, which leads to a potential difference, the 
membrane potential (Dudel, 1998; Kandel et al., 2000). Due to reciprocal diffusion, leakage, 
and other interactions in the equilibrium state, a resting potential is established, which is 
typically ~ -70 mV for neurons. If this potential is “depolarized” and reaches a threshold, an 
action potential (AP) is triggered. The AP can be separated into different phases (Figure 2-16 
(a)): 

(i) It starts with a stimulus, which can be due to an external electronic or 
chemical stimulation or input signals from other cells. If the input signal is 
strong enough, i.e. higher than the threshold, which is usually at -50 ± 5 mV 
(Dudel, 1998; Kandel et al., 2000) (Figure 2-16 (a)), an action potential is 
triggered, otherwise the stimulus fails to generate an AP. 

(ii) After successful stimulation, the depolarization starts by opening the fast 
sodium channels. Due to the chemical gradient (at the resting potential, the 
extracellular Na+ density is larger than the intercellular Na+ density), the Na+ 
ions flow into the cell. This increases the positive ion concentration in the cell, 
and the membrane potential rises rapidly up to +(40 ± 10) mV.  

(iii) When the sodium ion flow has reached its maximum, the potassium ion 
channels open and due to the chemical gradient (i.e. larger K+ density inside 
than outside the cell), K+ ions leave the cell (repolarization, Figure 2-16 (a)). 
The Na+ channels are successively closed at that time. Both depolarization 
and repolarization take typically 3 ms to a maximum of 20 ms. 

(iv) The continuous efflux of K+ ions results in hyperpolarization (a potential 
slightly below the resting potential of the membrane). The hyperpolarization 
is a result of the change of the membrane’s permeability and the resulting 
potassium dominance in the Goldman-Hodgkin-Katz equation (2-13). In this 
refactoring period, no further AP can be created. 

(v) In the end, the membrane is again at its resting potential, and the process can 
start over again.  
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Figure 2-16: Sketches of action potential (a) and cell membrane (b). In (a) the different phases of the action potential and the 
threshold are shown. Depolarization and repolarization usually take 3 ms. In (b), the equivalent electronic circuit of a cell 
membrane, according to the Hodgkin-Huxley model, is shown.   

Hodgkin and Huxley (Hodgkin & Huxley, 1952) introduced a model of the membrane with 
different ion conductance (Figure 2-16 (b)) equivalent to an electronic circuit consisting of the 
different conductance gNa+ for sodium channels, gK+ for potassium ions, and gL for a leakage 
current which for instance describes the Cl- ions. Parallel to the ion channels, the membrane 
capacitance has to be added. The resulting current contributions are: 

 𝐼𝑁𝑎 = 𝑔𝑁𝑎(𝛷 − 𝛷𝑁𝑎,𝑒𝑞),  

 𝐼𝐾 = 𝑔𝐾(𝛷 − 𝛷𝐾,𝑒𝑞), (2-14) 

 𝐼𝐿 = 𝑔𝐿(𝛷 − 𝛷𝐿,𝑒𝑞),  

and the conductance gK and gNa vary in time with the membrane potential. The total current can 
then be specified as:  

 
𝐼𝑚 = 𝐶𝑚

𝑑𝑉

𝑑𝑡
+ 𝐼𝑁𝑎 + 𝐼𝐾 + 𝐼𝐿 , 

(2-15) 

where V represents the difference between resting potential and membrane potential and Cm is 
the membrane capacitance per unit area (Figure 2-16 (b)).  

 

2.4.3. Cell adhesion 

Another essential aspect of neuroelectronics is the cell adhesion to the electronics (typically the 
electrodes of an electronic). Generally, cell adhesion is their ability to attach to other cells or 
extracellular surfaces. This adhesion is of significant importance, not only for cell growth but 
also for cell communication (Metwally & Stachewicz, 2019). The cell adhesion to substrates 
can be separated into three phases (Table 3) (Hong et al., 2006; Khalili & Ahmad, 2015): 

I. The first phase describes the attachment of the cell body to the substrate. In this phase, 
cells and substrate interact via electrostatic interaction, which means the surface charge 
(see Surface potential) plays a dominant role in this phase (Metwally & Stachewicz, 
2019).  
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II. Following the initial attachment, the cells continuously flatten and spread on the 
substrate. The spreading of the cells is the combination of an outgoing adhesion with a 
distribution and reorganization of the actin skeleton at the cell’s body edge (Huang et 
al., 2003; Khalili & Ahmad, 2015).  

III. In the last phase, the cell reaches the maximum area by spreading and organization of 
the actin skeleton with the formation of focal adhesion. 

The bonds between substrate and cell get stronger the longer the cell adheres (Khalili & Ahmad, 
2015). The adhesive bond is defined by the sum of all non-covalent (i.e. physical) bonds (e.g. 
hydrogen bonds, or van der Waals, dipole-dipole interaction) (McEver & Zhu, 2010). 

Table 3: The three stages of in vitro cell adhesion, starting with the electrostatic cell attachment to the substrate, the flattening 
and spreading of the cells to the formation of focal adhesion points (Adapted from (Khalili & Ahmad, 2015)). 

Cell Adhesion Phases Phase I Phase II Phase III 

Schematic diagram of 
cell adhesion 

   

Schematic diagram of 
the transformation of 
cell shape 

   

Cell adhesion 
mechanism 

Electrostatic 
interaction 

Integrin bonding Focal adhesion 

Adhesion stages Sedimentation Cell attachment Cell spreading and 
stable adhesion 

 

2.4.4. Neuroelectronic circuit 

In addition to Hodgkin and Huxley (Hodgkin & Huxley, 1952), who modeled the membrane in 
terms of an electrical circuit, Beer created an electrical model that describes the basic 
components of a neuroelectronic circuit (Beer, 1990). Figure 2-17 (a) shows all basic electronic 
elements of a neuron, the incoming and outgoing synaptic current and the intrinsic current, 
which mimics the complex electronic behavior of neurons and the interaction with other sensory 
neurons. The following R-C component represents the membrane impedance. Finally, there is 
the fire rate function, which does not represent every single action potential, but the overall rate 
of pulses at a given time.  

If we add a simple electrode to this picture (Figure 2-17 (b)), then the model can be simplified 
using the point contact method (Fromherz et al., 1991; Ingebrandt et al., 2005), which facilitates 
the coupling between electrode and cell to a simple point contact. The model assumes that 
electrolyte penetrates into the gap between cell and electrode, which adds a seal resistance Rseal. 
The cell membrane is a simplified version of the Hodgkin and Huxley representation (Figure 
2-16 (b)) with only one R-C circuit and divided into the free membrane area Zf, (i.e. the area 
that is only connected to electrolyte) and the junction area Zj which is located above the 
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electrode (Figure 2-17 (b)). This model allows us to describe the electronic properties of the 
cell-chip coupling in a simple and reasonable way. 

 
Figure 2-17: Neural electronic circuits, with (a) a neuron as an element in an electrical circuit (adapted from Beer (Beer, 
1990)) and (b) simplified representation of cell-chip coupling as an electronic circuit.  
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3. Experimental Methods 
In this chapter, the experimental methods and sample preparation used in this work are 
described in detail. Starting with the sample preparation and processing, following the 
characterization methods, and finally, the cell culture and analysis techniques are sketched. 

 

3.1. Choice of substrates, molecules, and sample preparation 

Different samples were prepared for different experiments. These samples, with the 
corresponding parameters, are listed below.  

- For the analysis of APTES on SiO2, p-doped (111)-oriented silicon (Si-Mat, 3.6-6.5 Ω-
cm) with a 100 nm thick SiO2 layer was used. 

- For the analysis of APTES on Pt, p-doped (111)-oriented silicon (Si-Mat, 3.6-6.5 Ω-
cm) with 500 nm thick SiO2 layer, 10 nm adhesion Ti layer, and a 50 nm Pt top layer 
via evaporation was used. 

- For the SPR analysis for APTES on Pt, special substrates (HIGHINDEX-CG, company 
Olympus), a type of lanthanum dense flint with a high refractive index and a thickness 
of 0.1 mm, were used. These substrates were coated with a 6 nm Ti adhesion layer and 
a 17 nm Pt top layer. 

- For impedance and action potential measurements, 0.5 mm thick quartz wafers with 
5 nm adhesion Ti layer and a 45 nm Pt top layer via evaporation were used. 

- For long term cell cultures, quartz substrates with 5 nm Ti and 5 nm Pt coating were 
used to ensure transparency for the bottom-up microscopy. 

The different organic molecules are listed in Table 4. 

The central organic molecule of this work is (3-aminopropyl)triethoxysilanes (APTES) (99%, 
SigmaAldrich), which was stored in Ar protection gas in a glovebox. For the deposition process, 
0.2 ml APTES was filled into a glass container, which is attached to the molecular deposition 
chamber for our gas-phase deposition (see chapter 3.1.4). 
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Table 4: Organic molecules used in this work.  

Molecule Structure Deposition 
process 

Schematic 

APTES 
(3-aminopropyl)triethoxysilanes C9H23NO3Si Gas phase MLD 

 

GLYMO 
(3-Glycidyloxypropyl)trimethoxysilane C9H20O5Si Gas phase MLD 

 

CYS 
Cysteamine C2H7NS Gas phase MLD  

PLL 
Poly-L-lysin (C6H12N2O)n Liquid deposition 

 

FITC 
Fluorescein isothiocyanate C21H11NO5S Liquid deposition 

 
 

3.1.1. Chemical cleaning  

The quality and formation of SAMs depend strongly on the cleanliness of the surface (Lessel 
et al., 2015). Therefore, it is essential to carry out thorough cleaning steps. All samples were 
cleaned at the beginning and intermediate steps in a cleanroom environment (ISO 1-3) in 
acetone (>99.9 %, Sigma-Aldrich) and propanol (2-propanol, >99.8 %, Sigma-Aldrich) in an 
ultrasonic bath, for 5 min each at 25 °C, 320 W and a frequency of 37 kHz. After cleaning, the 
samples were dried under nitrogen flow. 

 

3.1.2. Lithography 

Two different lithographic methods are used in our institute, e-beam lithography and optical 
lithography. During the optimizing process of the design of the MEA and the molecule pattern 
used in this work, high flexibility was required and therefore e-beam lithography was used. 
Moreover, the resolution of e-beam lithography can reach down to 10 nm (Broers et al., 1996), 
which helps create precise patterns, e.g. electrodes (in contrast, optical lithography has an 
approx. 10 – 100 times lower resolution). 

Consequently, the different patterns for molecules and electrodes (e.g. MEAs) were obtained 
via standard e-beam lithography and lift-off technique. For this purpose, special designs are 
developed (using AutoCAD 2020). The different lithographic steps are sketched in Figure 3-1 
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(a) and (b) for metallic electrode preparation and the molecule patterns, respectively. Both 
processes are described in the following and are based on (Lab Protocol): 

(i) Resist and chrome layer: The photoresist poly(methyl-methacrylate) (PMMA AR-P 
669.07) is spin-coated on the substrate using 4000 rpm for 60 s (Figure 3-1 (c)). The 
substrate is completely covered with resist, and the resulting thickness of the PMMA 
layer is approx. 700 nm. Directly after spin-coating, the sample is placed on a 120 °C 
hot plate in a closed container and remains there for half an hour. To prevent the 
sample from sticking to the heating plate, the backside is brushed over a tissue soaked 
in acetone on the way from the spin coater to the heating plate. In the case of non-
conducting substrates, a 10 nm Cr layer is deposited on the PMMA. The Cr layer is 
necessary to obtain the required conductance for e-beam writing. 

(ii) E-beam writing: For the e-beam writing (Figure 3-1 (a & b) (ii)) a mask is designed, 
typically with design and drafting software, e.g. AutoCAD (here Autodesk AutoCAD 

2020). The e-beam writing is done with VISTEC EBPG 5000 plus. The electron 
beam cracks the polymers in the PMMA at the positions that are exposed to the beam.  

(iii) Cr etching and development of PMMA: In case of the use of a chrome layer, the Cr 
layer has to be etched after e-beam writing. For this, a special solution is used, which 
consists of water, ceric ammonium nitrate, and perchloric acid. The  Cr etching 
solution has an etching rate of about 80 nm/min (B. Cai, 2016), the appropriate 
etching time is ~12 s for the 10 nm thick Cr layer. After etching, the sample stays in 
propanol for 60 s. To develop the PMMA pattern, the sample is dried with nitrogen 
gas and submerged for 90 s in the developer AR600-55. After the development, the 
PMMA, which was exposed to the e-beam, is removed, whereas the unexposed areas 
are still covered with PMMA (see Figure 3-1 (h), dark spots are areas without 
PMMA). To remove left-overs of PMMA, the samples are placed for 3 s in an oxygen 
plasma (Figure 3-1 (e)).  

(iv) Metallization and molecule deposition: For the metallic structure and electrodes 
(Figure 3-1 (a) (iv)) first, an adhesion layer of Ti is deposited before the actual 
electrode material Pt is deposited. Both metals are evaporated on the PMMA and the 
open areas. Depending on the application, the thickness of the Ti- and Pt-layer are 
different and range from 5 nm to 10 nm for Ti and 5 nm to 50 nm for Pt (see Choice 
of substrates, molecules, and sample preparation). In the case of molecular patterns, 
the substrates are transported to our MLD device, and instead of metal deposition, 
molecules are deposited on the PMMA patterned surface. The detailed steps for the 
deposition are described below in Molecular layer deposition. 

(v) Lift-off: To obtain the final structure, the PMMA, together with the Ti/Pt layer or 
molecule layer on top of the PMMA, is removed (therefore lift-off). The removal of 
the PMMA is done by placing the sample in acetone in an ultrasonic bath (10 min, 
25 °C, 320 W, 37 kHz). In the next step the acetone is removed with propanol (for 
1 min in an ultrasonic bath) and dried with nitrogen gas. In the end, only the wanted 
metal or molecule structure is left over (see Figure 3-1 (a & b) (v-vi) and Figure 3-1 
(g)). 

https://en.wikipedia.org/wiki/Computer-aided_design
https://en.wikipedia.org/wiki/Technical_drawing
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Figure 3-1: Lithography and lift-off technology for sensor creation (a) and patterned molecule deposition (b) consisting of (i) 
PMMA and (optional) chrome coating, (ii) e-beam writing, (iii) chrome etching, development and oxygen plasma/ozone 
cleaning, (iv) metal vaporization/molecule deposition, (v) lift-off; (vi) represents the sample with the resulting electrodes/stripes 
of molecules. Additional pictures of (c) spin coater, (d) 10 x 10 mm² SiO2 and Pt samples, (e) plasma oven, (f) ozone generator, 
(g) wafer with 9 sensors, and (h) patterned sample for molecule deposition. 

 

3.1.3. Ozone cleaning and ozone activation 

When a sample surface comes into contact with the environment, also organic contamination 
can occur. Therefore, it is important to clean each sample with ozone directly before the 
deposition of the organic molecules starts. Additionally, to the cleaning, the surface has to be 
activated, i.e. unsaturated OH bonds form on the surface, which serves as docking points for 
the organic molecules. All these processes take place in the deposition chamber (see Figure 
3-2), which allows us to deposit the molecules directly after cleaning and activation without 
opening the deposition chamber.  

For ozone cleaning and activation, the substrates are placed in the molecular layer deposition 
(MLD) chamber (see Figure 3-2), which is then evacuated to a pressure of ~10-5 hPa. After the 
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evacuation, the chamber is subsequently flooded with oxygen (99.99 % purity) up to an oxygen 
pressure of 100 Pa. Using a microwave discharge at a frequency of 2.45 GHz and a power of 
700 W, ozone is generated (Figure 3-1 (f)) and directed with the oxygen flow (100 sccm) to the 
chamber with the substrate (Figure 3-2 (a)). The ozone leads to the removal of residual organic 
impurities on the surface. Parallel to the cleaning, the ozone might activate the surface, as 
known for oxides like SiO2 (Yuan et al., 2019), or might create a thin layer of Pt oxide on the 
Pt surface. Since the ozone treatment is performed in our MLD chamber (see next section 
Molecular layer deposition), we benefit from the advantage that the molecules can be deposited 
directly after activation, i.e. without delays and a possible decay of the activation.  

 

3.1.4. Molecular layer deposition 

The gas-phase deposition of the molecules took place in our self-made molecular layer 
deposition (MLD) device, which is shown schematically in Figure 3-2 (a) and as an image in 
Figure 3-2 (b). During this work, the MLD was constantly developed further. Finally, the MLD 
device now consists of different components: mixer with the molecular sources, the MLD 
chamber, and the ozone generator (see Figure 3-3), which are described in more detail below. 

 
Figure 3-2: MLD chamber for gas-phase deposition of molecules: (a) schematic setup and (b) picture, consisting of (from left 
to right) the molecular sources, the chamber for deposition, and the ozone generator for cleaning and activating the samples. 

Mixing chamber: The working gas (Ar or N2) flows first into the mixing chamber (Figure 3-3, 
light blue) to establish the adequate concentration of organic molecules in the gas. The chosen 
pressure depends on the vapor pressure of the molecules. The gas flow passes the molecule 
sources. Three different molecule sources can be installed simultaneously (e.g. for multi or 
mixed layer deposition (Markov et al., 2017)) which can be opened without interrupting the 
protective atmosphere. Each of these sources can be additionally heated in a water bath to 
enhance the vapor pressure. The molecules are transported by the working gas flow towards the 
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three insets for sample stages or sensors. Lamps can be placed above each of the stations to heat 
the samples radially (Glass, 2020) (see Figure 3-2).   

MLD chamber: From the mixing chamber, the flow continues into the MLD chamber (Figure 
3-3, light green). In the middle is another sample table on which larger samples (wafers) or 
several samples can be placed. The MLD chamber is the central chamber where the mixing 
chamber, pump, ozone generator and various control sensors (e.g. pressure sensor, capacitance 
sensor, and resistive sensor, which are used to monitor the molecular deposition (Markov et al., 
2017; Wolf, 2017)) are connected. 

Ozone generator: The ozone generator (Figure 3-3, light red) is a modified microwave oven 
(see Figure 3-2 (b)) through which oxygen passes during the cleaning and activation (during 
this time the working gas Ar or N2 is switched off). The oxygen converted into a plasma by the 
microwaves and ozone is generated. This ozone flows into the system and breaks up organic 
residues (cleaning) and activates the samples. Since this process (cleaning and activation) can 
be performed without interrupting the protective atmosphere, a perfect cleanliness and degree 
of activation can be achieved prior to the actual deposition of the molecules.  

 
Figure 3-3: Sketch of the MLD chamber (top view), including the three main areas, the mixing chamber with molecular sources 
(blue), the main MLD chamber (green), and the ozone generator (red). The arrows mark the direction of the gas flow (oxygen 
and working gas) for different processes.  

A typical APTES deposition process starts with inserting the samples and evacuate the system. 
The pressure of 10 mPa can be reached. Prior to the deposition, the substrates are always 
cleaned and activated for 3 minutes with ozone in the MLD setup (the procedure is described 
above in Ozone cleaning and ozone activation). After surface activation, the oxygen supply is 
turned off, and the process gas is switched to Ar (10 Pa, 27 sccm) for the deposition. The actual 
deposition of APTES is initiated by opening the valve of the molecule source. After 10 minutes 
of deposition, the valve of the molecule source is closed again. After the deposition, the samples 
are kept in the MLD device under vacuum condition for 2.5 days post-deposition treatment, 
which is vital for the formation of APTES SAMs for gas-phase deposition at room temperature 
(Yuan et al., 2019) (see S 5 in Appendices). 
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3.2. SAM characterization 

After the deposition, measurements are necessary to analyze the molecular layers. In this work 
ellipsometry, fluorescence microscopy, atomic force microscope (AFM), time of flight 
secondary ion mass spectrometry (ToF-SIMS), surface plasmon resonance (SPR), streaming 
potential, and impedance spectrometry were used. In the following chapter, these ex-situ 
characterization methods are described in more detail. 

3.2.1. Ellipsometry 

 
Figure 3-4: Ellipsometry setup, with (a) a sketch of the working principle, and (b) and (c) pictures of the two ellipsometers 
used in this work (Lab Collection). 

Ellipsometry is a very sensitive optical method that has been used to analyze surfaces and thin 
films for about a hundred years. It exploits the fact that the state of polarization of light can 
change when the light beam is reflected from a surface or interface. If the surface is covered 
with a thin film, the entire optical system of film and substrate affects the change in polarization. 
It is, therefore, possible to obtain information about the film properties, in particular the film 
thickness, via this technique.  

Two different ellipsometer setups (RSE (Figure 3-4 (b)) and EP4 (Figure 3-4 (c))) are used in 
this work. They operate on the same working principle, which is sketched in Figure 3-4 (a) and 
in Figure 3-5. The linear polarized white light is first guided to a reference sample where the 
beam is reflected with an angle of incidence (AOI). This reference sample is rotated by 90° 
around the central beam axis (Figure 3-5). From the reference probe, the laser beam is directed 
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to the sample to be examined, where it is reflected with the same AOI. The light passes through 
an analyzer and is detected by a spectrometer, where the final polarization of the beam is 
analyzed. The final polarization of the laser light is then modeled using the known (or assumed) 
layer sequence with the corresponding diffraction index to obtain the thickness of a layer. 
Alternatively, one can also deduce the diffraction index for a layer if its thickness is known. 

 
Figure 3-5: Pathway of the laser beam of the RSE (adapted from (Glass, 2020)). The light is first polarized then reflected on a 
reference sample to the sample to be analyzed, back to an analyzer, and finally to the detector. The reference sample is rotated 
by 90° with respect to the beam axis.  

Most of the measurements were performed with a reference spectroscopic ellipsometer 
(Accurion nanofilm RSE) (see Figure 3-4 (b)). Since the thin molecular layer can only be 
detected in the comparison of areas with and without molecules, patterned molecule layers are 
used in these measurements (see Lithography). For reference samples (SiO2 terminated Si 
coated with APTES), a three-layer model (SiO2-APTES-air) was used, whereas a 2-layer model 
(APTES-air) was used for Pt coated substrates with APTES. For APTES, a reflective index of 
n = 1.413 has been chosen (Yameen et al., 2013). The set of material parameters used in this 
work is given in Table 5. 

Table 5: Parameters used for ellipsometry. 

 Material  Reflection index  
 Air 1  
 APTES 1.413  
 SiO2 1.454  

 

3.2.2. Fluorescence Microscopy  

Fluorescence microscopy was used for the visualization and analysis of: 

- molecule layers on Si-based substrate using a fluorescent marker and 

- living and dead staining of neural cells using fluorescent dyes (see Neural cells). 

The fluorescence microscope is based on the fluorescence of material (e.g., molecules), which 
absorbs and emits upon illumination. The emission is based on fluorescence, a form of 
luminescence, and usually has a longer wavelength, and thus, lower energy. The emission 
happens with a small delay of a few microseconds after the illumination of the material. The 
emitted light, which is much weaker than the illumination, is recorded. The detection limit 
depends on the brightness of the background. 
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Figure 3-6: Apotome fluorescence microscope example result showing a patterned APTES layer marked by FITC with GLYMO, 
which doesn’t bind FITC, filling the openings.  

For fluorescence analyses of the molecular layers and for the cell cultures, a Zeiss Apotom 
microscope (increased axial resolution) and the associated Zen microscope software were used. 
Fluorescein isothiocyanate (FITC) was used as an optical marker for the analysis of the 
molecular layers. FITC is a fluorescein molecule functionalized with an isothiocyanate-reactive 
group. This group is reactive with nucleophiles, which includes amine groups. Therefore, FITC 
binds excellently to APTES (Figure 3-6 and S 2 in Appendices).  

The preparation steps are performed according to the (Lab Protocol). FITC was mixed with a 
concentration of 10 μg/mL with ultrapure water. The sample coating is done via liquid 
deposition. A drop (100 μL) of the FITC solution is placed on the sample and kept at room 
temperature for 1 h in a dark room to avoid any exposure to light. The samples were rinsed with 
ultra-pure water twice, each time for ~ 2 min, to remove all unbound FITC molecules from the 
surface. After rinsing, the sample was purged in N2 flow. In the end, only chemisorbed FITC 
remains on the APTES surface, unbound FITC and physisorbed FITC are removed during the 
rinsing step (Figure 3-6). 

 

3.2.3. Atomic force microscopy 

Atomic force microscope (AFM) represents a mechanical scanning technique of surfaces on a 
nanometer-scale, which is based on atomic interaction between a scanning tip and the surface 
of the sample (Figure 3-7). A (fragile) tip on a cantilever is moved above the surface, the motion 
of the tip depends on the topography of the surface. The topography is measured and recorded 
via a reflected laser beam on the cantilever (Figure 3-7 (a)), which is detected with 2D position-
sensitive photodetector. The vertical motion of the tip is due to the atomic interaction (force) 
between the tip and the surface. A typical image obtained from a patterned molecular layer on 
a surface is shown in Figure 3-7 (c). The AFM can measure in different modes. In the contact 
mode, the topography is scanned, whereas in the tapping mode (phase image) van der Waals 
force (without contact) or the elasticity (in contact with the surface) are analyzed. 

AFM images were recorded using a Nanoscope MultiMode 8 microscope (Bruker) with a 
piezoelectric scanner (E-series with a scan range of 8 μm × 8 μm) applied on an area of 50 x 
50 µm² in the center of the larger area in the tapping mode (Lab Protocol). Aluminum back-
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coated Si cantilevers (Bruker, OTESPA-R3) were used with a nominal tip radius of ∼7 nm 
and a typical spring constant of k ≈ 26 N/m, f0 ≈ 300 kHz.  

 
Figure 3-7 AFM setup with (a) a sketch of the working principle, (b) an image of an AFM setup, (c) an example of a typical 
measurement of a patterned APTES layer on SiO2, and (d) a picture of the cantilever and parts of the holder. In (c), the 
yellowish part represents the area covered with molecules and the reddish part the pure SiO2 substrate. 

 

3.2.4. Time of flight secondary ion mass spectrometry  

In time-of-flight secondary ion mass spectrometry (ToF-SIMS), the surface of the object under 
investigation is bombarded with primary ions (usually noble gas, gallium, or bismuth ions), 
secondary particles (positive and negative ions as well as neutral particles) are released from 
the uppermost atomic layers of the sample, which can consist of single atoms, but also of 
clusters and fragments and the emitted ions (positive or negative) are identified with a time-of-
flight mass spectrometer providing information about the chemical composition of the sample 
surface. 
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Figure 3-8: Schematic of ToF-SIMS for (a) depth profile and (b) mapping; in (c) an image of the ToF-SIMS Ⅳ used in this 
work is shown [Copyright: Forschungszentrum Jülich / Ralf-Uwe Limbach].  

For this type of spectroscopy, the surface is bombarded with an ion beam and the surface species 
are sputtered off. Mainly neutral ions are produced, but also ions with positive or negative 
charges, which are then analyzed in a time-of-flight (ToF) tube. The ions are detected by a dual 
channel plate. Due to the effect of the ion beam on the surface, the material is continuously 
removed, which means that as the sputtering time progresses, the material is penetrated deeper 
and deeper. This allows a depth profile of the sample to be analyzed.  

With a lower dose of the ion beam, however, it is also possible to scan over the sample to be 
analyzed, thus obtaining element or distribution maps. With these maps, quantitative statements 
can be made, e.g., structured surfaces. Depending on the primary source used, resolutions of 
about one micrometer can be achieved in spectroscopy and mapping. 

A ToF-SIMS setup (TOF.SIMS IV.NCS, IONTOF GmbH, Germany) (Figure 3-8 (b)) was used 
to analyze the molecular layers on Pt. For the analysis of the material’s depth profile, a Cs beam 
(1 keV, 90 nA) was applied to remove material on a layer area of 300 x 300 µm² with a sputter 
ion dose density of 1.49 to 2.15 ∙ 1017 ions cm2⁄ . For the material analysis, a primary ion beam 
of Bi+ ions with an energy of 30 keV and a primary ion dose density of 1.84 to 2.59 ∙

1014 ions cm2⁄  is applied to a smaller area of 50 x 50 µm² in the center of the larger area. For 
the mapping of the elements at the surface, only the primary beam of Bi+ ions are used.  
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3.2.5. Surface plasmon resonance spectroscopy  

 
Figure 3-9: SPR-spectroscopy with (a) the sketch of the light path (adapted from (Kreysing et al., 2018)), (b) image of the back 
focal plane (BFP) with the white marked area used for the resulting measurement and (c) image of the SPR setup.   

Surface plasmon resonance (SPR) spectroscopy represents an analysis method for a fast-
quantitative determination of layer thicknesses or gap sizes in the nanometer range. For this 
purpose, surface plasmons are excited on a thin metal layer on which the analyte is located. For 
this, the back of the metal, i.e., the other side of the analyte, is examined for total reflection with 
polarized light using a prism. The refractive index of the analyte significantly influences the 
excitation conditions and thus the angle.   

We used an objective based SPR microscope setup, which is shown schematically in Figure 
3-9. It requires the use of specific samples consisting of high-index coverslips usually coated 
with a thin gold layer (Hassani & Kreysing, 2019). In this work, we successfully introduced Pt 
(which represents our electrode material) as a metal layer for surface plasmon (Hassani et al., 
2020). These samples were covered with molecular layers and placed on top of a total internal 
reflection fluorescence (TIRF) objective and illuminated spot-wise using radially polarized 
He – Ne laser light. The laser light is focused on the backside of the sample and excites surface 
plasmon waves. Due to the plasmon resonance, the plasmon can be analyzed by imaging the 
reflected light at the back focal plane (BFP) (Figure 3-9 (a) and (b)). By fitting the reflection, a 
quantitative statement about the layer thickness of each point or pixel can be obtained, a scan 
of the sample could even yield the layer profile (Hassani et al., 2020). 
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3.2.6. Streaming potential analysis  

The electrokinetic potential measurement is a powerful tool to analyze the electronic properties 
of a surface. The theoretical background of the surface potential and Helmholtz layer was 
already described in Surface potential. In this work, the streaming current method is chosen for 
the determination of the ζ potential. A schematic of the principle and the setup are shown in 
Figure 3-10.  

 
Figure 3-10: Streaming potential measurement with (a) a sketch of the working principle (adapted from (Glass, 2020)), (b) 
picture of SurPass electrokinetic analyzer device, and (c) flow channel cell. (Lab Collection) 

For the surface potential measurement, a modified electrokinetic analyzer (SurPASS, 
AntonPaar Deutschland GmbH) was used. It is used to determine the surface charge at the shear 
plane of substrate surfaces, coatings or molecular layers. Two identically prepared samples 
were mounted with their surfaces facing a flow channel with a gap distance of ~ 75 µm (Figure 
3-10). Using the syringes, electrolyte from the external reservoir is pumped through the 
microchannel between the samples. Electrodes at both ends of the microchannel allow to 
determine the ζ potential using the Helmholtz-Smoluchowski equation:  

 
𝜁 =

𝑑𝐼

𝑑𝑝
∙

𝜂𝐿

𝜀𝜀0𝐴
 , 

(3-1) 

where I is the resulting current flowing between the two electrodes, p is the pressure which is 
necessary to generate the laminar flow, η and ε are viscosity and dielectric constant of the 
electrolyte, and L and A are the length and cross-section of the flow channel, respectively. The 
resulting electrokinetic potential (ζ-potential) represents the potential at the shear plane, which 
separates the mobile layer and the immobile (Helmholtz layer) and is a measure of the surface 
potential. According to the lab protocol (Yuan et al., 2020), the electrolyte solutions are aqueous 
solutions based on ultrapure water (Milli-Q) containing potassium chloride (1 mM KCl). 
During the experiment, the temperature of the medium was kept constant at 25 °C, the pH value 
was kept at 5.4. Before each experiment, the experimental setup was rinsed with 2 L of ultrapure 
water and subsequently with the working electrolyte solution.  
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3.2.7. Impedance spectroscopy 

The impedance spectroscopy was used to analyze the frequency dependent electronic response 
of our Pt samples exposed to an electrolyte. In these measurements, the amplitude and the phase 
are measured as function of the frequencies (spectrum). The theoretical description has already 
been given in Electrochemical impedance spectroscopy. Especially for these measurements, 
different chips and designs were developed to mimic the situation at the neuroelectronic 
interface. 

 

 
Figure 3-11: Development of measuring setup for the impedance measurements, which are used to mimic the cell-chip behavior, 
with (a) picture series of the development of the sample design (especially electrodes) and electrolyte container. (b) and (c) 
represent technical drawings of the container for the EIS measurement in side view (Icebox 1.0 and Icebox 2.0). 

For the impedance measurement, a special chip container was developed (Figure 3-11). The 
standard setup for the electrochemical impedance spectroscopy (EIS) for bioapplications 
consists of a glass ring glued with polydimethylsiloxane (PDMS) onto the chip. This container 
is then filled with electrolyte or cell medium for the measurement (Figure 3-11 (a), top). 
Obviously, this setup can only be used once, since the removal of the ring would destroy the 
chip. 

 



Molecular Layer Functionalized Neuroelectronic Interfaces: 
From Sub-Nanometer Molecular Surface Functionalization to Improved Mechanical 

and Electronic Cell-Chip Coupling 

39 
 

Since we want to perform a series of experiments with different coatings, we developed a new 
setup which should be: 

 reusable (without damaging the film or electrodes), 

 transparent to allow better control of this experiment, and 

 with a slow flow of the electrolyte in order to avoid gradients in the electrolyte 
concentration or formation of crystals on the layer. 

For this purpose we developed the system Icebox I to III and the corresponding chip designs 
(Figure 3-11) with, in the end, the following properties: 

- high visibility (transparent), 

- long term electrolyte supply (electrolyte exchange channel, see Figure 3-12 (d)), 

- plug-and-play principle (easy connection of the tubes for electrolyte), 

- mechanical sealing by pressing (no glue or paste), 

- flexible in design changes (3D printed), 

- transportable and handy (container + table: 150 mm x 150 mm x 50 mm), 

- 200 µL container for electrolyte resolve (dehydration protection), 

- 4 mm in diameter chip-electrolyte contact area, 

- hole for microscope analysis (see Figure 3-12 (c)), 

- fast mounting and dismounting (guidelines for container and chip, see Figure 3-12 (e)), 

- stable and easy multichannel connection (electrode bar, see Figure 3-12 (f)), and 

- backside hole for heating and orientation (see Figure 3-12 (e)). 

With the above improvements, it is now possible to measure the chips faster and more 
accurately.   
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Figure 3-12: Impedance spectroscopy with (a) and (b) typical impedance measurement in Bode representation, (c) microscope 
image through the opening, and (d) to (f) pictures of the setup. (a) shows the absolute value |Z| of the impedance and (b) shows 
the phase of the impedance, both of a 10 000 µm² electrode in a 1 M KCl electrolyte. (d) shows the blue electrolyte container 
in the side view, (e) table in top view, and (f) table, container and contact bars in top view.  

In this work, an LCR ST2826 (Sourcetronic GmbH, Germany) was used to measure the 
impedance in a frequency regime of 20 to 5 MHz and a voltage of 100 mV. The size of the 
different electrodes ranges from 100 µm² to 10 000 µm². A typical measurement of the 
amplitude of the impedance |Z| and the phase is shown in Figure 3-12 (a) and (b), respectively.  

 

3.3. Neural cells 

In this chapter, cell culture, life-dead staining, and cell chip communication experiments are 
described.  

 

3.3.1. Cell culture  

 
Figure 3-13: Example of a cell culture on quartz (here coated with GLYMO and PLL) at DIV 1, after the first medium change, 
approx. 5 h after seeding. The white circles represent already dead cells, whereas the larger objects are living cells. 

The cells (rat cortical neurons) were cultured according to an existing lab protocol (Yuan et al., 
2020). Before starting the actual cell culture, the samples must be sterilized. For this purpose, 
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the samples are immersed in ethanol and dried in a nitrogen stream. Now, the cells can be 
seeded. The cortical neurons are used here were taken from E18 Wistar rat embryos. The cortex 
is dissected from the embryonic brain tissue and is digested with trypsin-EDTA at 100 % 
humidity, 37 °C and 5 % CO2 atmosphere. In the next step, neurobasal medium (Life 
Technologies GmbH, Germany) is supplemented with 1 % B27 (Life Technologies, Germany), 
50 μg/mL gentamicin and 0.5 mM L-glutamine to remove the trypsin. The sample is washed 
three times and then carefully dissociated with a 1 µL pipette. To separate glial cells and cell 
clumps, the sample is left at room temperature for 2 min and then the supernatant is diluted in 
neurobasal medium. In the case of cell staining, 75 k - 80 k cells per substrate were added to a 
12-well culture dish, which corresponds to a cell density of ~200 mm-2. For electronical signal 
measurements, typically 220 k cells are used, which corresponds to a cell density of 
~1 000 mm-2. After 4 hours the cells have settled and the medium can be carefully exchanged. 
For the rest of the cell culture time, the half of the medium is changed 2 times a week. A typical 
cell culture on the first day in vitro (DIV 1) after the first medium change is shown in Figure 
3-13. The animal work was carried out with the approval of the Landesumweltamt f�r Natur, 
Umwelt und Verbraucherschutz Nordrhein-Westfalen, Recklinghausen, Germany, number 84-
02.04.2015.A173 and 81-02.04.2018.A190. 
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3.3.2. Cell staining 

 
Figure 3-14: Apotome fluorescence microscope results (a-d). (a) shows a brightfield image of neuron cell culture, where living 
cells are stained with calcein (b), dead cells with ethidium (c), and DNA stained with DAPI (d). The white scale bars are 
200 µm. 

Fluorescence analysis of cell cultures includes different staining (Figure 3-6 (b-d)) and 
brightfield images (Figure 3-6 (a)). For the cell growth analysis, live/dead staining was 
performed using 1 μg/mL calcein-AM (Figure 3-6 (b)) and 2 μM ethidium homodimer (Figure 
3-6 (c)) (both Life Technologies) in supplemented cell growth medium to stain live and dead 
cells green and red, respectively. Additionally, DNA staining was performed using 1 μg/mL of 
4′,6-Diamidin-2-phenylindol (DAPI) (Figure 3-6 (d)), which stains the nucleus of live and dead 
cells. Cells and dyes were incubated for 15 min at 37 °C.  

3.3.3. Cell-chip communication  

For recording cell signals (action potential), neuron cells were immobilized on specially 
prepared microelectrode arrays (MEAs). The MEAs were fabricated on quartz wafers and 
consist of arrays of Pt microelectrodes (size 100 to 10 000 µm²) with APTES or, for 
comparison, PLL coating. The electrodes consist of 5 nm of Ti as an adhesive sublayer and 
45 nm Pt top layer. The neural signal was measured on DIV 14 using an in-house build amplifier 
system (BioMAS19).  
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Figure 3-15: BioMAS19 for cell signal measurements, with (a) head stage with a chip in a faraday cage (Lab Collection), (b) 
main- (top) and pre-amplifier (bottom) [Copyright: Forschungszentrum Jülich / Ralf-Uwe Limbach], and (c) simplified 
schematic of the working principle of the main-amplifier (Lab Collection). In (a) the microscope (1) is positioned above the 
pre-amplifier (3) on an x-y stage (2). In (c) the electronic circuit is separated into the two amplification circuits and the filter 
circuit. 

The actual chip is inserted into the chip holder (with 64 spring contacts) in the pre-amplifier 
(Figure 3-15 (a) number 3 and Figure 3-15 (b), bottom), in which the signal is amplified tenfold. 
This complete setup is placed in a Faradic cage under an optical microscope, which allows 
observing the cells during electronical measurements (Figure 3-15 (a)). All up to 64 electrodes 
are connected and can be read out by the electronic simultaneously. From the pre-amplifier, the 
amplified signal goes via an optical filter to the main-amplifier (Figure 3-15 (b), top). A 
simplified working principle of the main amplifier circuit is shown in Figure 3-15 (c). In 
principle, it consists of the indicated three functional parts, first amplification step, filter, and 
second amplification step. The combination of both amplifiers offers the choice of further 
amplifying the already ten times amplified signal (pre-amplifier) up to 1 000 times 
amplification in total. The filter circuit consists of a parallel RC circuit with 2.2 µF. Resistors 
of either 5 MΩ, 500 kΩ, 50 kΩ, 5 kΩ, or 1 kΩ result in a variable 3 dB high-pass filter from 
0.01 to 72 Hz. Since the operational amplifiers built into the BioMAS invert the signal, there is 
an additional option to reset the input to the original polarization. Two capacitors in parallel to 
the two amplification stages (180 pF and 220 pF) are implemented to filter out higher 
frequencies (8.8 kHz and 7.2 kHz, respectively) for edge smoothing. The amplified data is 
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transferred into an analog to digital converter (USB-6255 DAQ - National Instruments, Austin 
Texas USA). It provides a 16-bit resolution at a maximum sample rate of 1.25 MHz for single-
channel operation, and in total 750 kHz for multi-channel operation, applying for example 64 
electrodes ending with a sample rate of ~12 kHz (750 kHz/64). 
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4. Results and Discussion  

 
Figure 4-1: The three major tasks for investigations in cell-chip coupling. The interface modifications for tailoring the surface 
properties, the modified electrode's electronical characterization, and the resulting cell chip interaction.  

This work's major aim was to analyze and, if possible, improve the mechanical and electronical 
cell-chip coupling via the functionalization of the electrodes with organic molecules. The 
demands of neuroelectronic applications on the cell-electrode interface are high. In the best 
case, it should be:  

 bioaffine, i.e., cells should adhere and grow on it without deterioration,  

 it should allow a good electronical coupling, which enables a “communication” between 
cells (neurons) and electronic, and  

 it should be stable without deterioration of neither cells nor electronic.  

Furthermore, it would be nice if the process would be simple, robust, and flexible concerning 
both, substrates and electronics. Considering all these demands, we decided to test an APTES 
functionalization of the electrodes. The resulting research is therefore divided into three major 
steps (Figure 4-1), which are discussed in this chapter: 

(i) first, in chapter 4.1 SAM formations on electrodes, we demonstrate and discuss the 
deposition and SAM formation of APTES on Pt electrodes and compare the layers 
on Pt with the deposition of APTES on SiO2 substrates, 
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(ii) then, in chapter 4.2, Electronical characterization of the interface, we analyze the 
electronic properties of these electrodes with and without APTES coating in an 
electrolyte, and  

(iii) finally, in chapter 4.3 Cell culture, we demonstrate the positive impact of APTES 
coating on the cell cultures (cortical neurons) and the electronical and mechanical 
cell-chip coupling.  

Let’s start with the investigation of the APTES coated Pt surfaces. 

 

4.1. SAM formations on electrodes 

This chapter is based on my publication “Surface Functionalization of Platinum Electrodes with 
APTES for Bioelectronic Applications” (Wolf et al., 2020). 

The interface between the usually inorganic electronic components and biological objects such 
as neurons plays a crucial role in the success of applications ranging from biosensors to 
bioelectronics (An et al., 2019; Bardecker et al., 2008; Magar et al., 2020). Modifying the 
surface of substrates in order to tailor their surface properties (ranging from mechanical or 
electronic properties to bioaffinity) and thus optimizing them for a given application is a well-
known strategy. For example, the functionalization of a conventional inorganic substrate such 
as SiO2 via silanization is well understood (Markov et al., 2017; Stevens, 1999; Vandenberg et 
al., 1991; Yuan et al., 2019). However, bioelectronic components such as electrophysiological 
sensors are typically composed of several materials like insulating oxides and metals with very 
different surface properties. So far, there is no general and simple way to modify these materials. 
While the modification of SiO2 is done via silanes, metals are typically treated with thiols. The 
latter works well for Au, but Pt is more involved. Therefore, the question remains of how we 
can functionalize the substrate, including its electronic components (e.g., in the form of metallic 
electrodes) in a similar way, if possible, simultaneously and with comparable results. 

There are many approaches for surface functionalization, which all have their strengths and 
weaknesses. They are mainly based on the modification of the existing surface (e.g. 
morphological modification (J.-H. Kim et al., 2010; Petrossians et al., 2011; S. Weidlich et al., 
2017; Wesche et al., 2012)) or on the functionalization of the surface with the help of an 
additional layer (or multilayer), which then represents the new surface. The conventional path 
is the coating of the substrate and electronic component with a biocompatible polymer (e.g. 
polystyrene sulfonate (PEDOT:PSS)) or peptides (e.g. poly-L-lysine (PLL)). The polypeptide 
PLL provides perfect biocompatibility, whereas PEDOT:PSS, being a conducting polymer, 
promises improved electronical signal transmission. However, these large molecules are 
usually only electrostatically bound to the substrate and are easily removed from the surface in 
high salt culture medium (Y. H. Kim et al., 2011). Therefore, they typically form unstable 
bioelectronic interfaces. In order to obtain a stable interface, the use of linker molecules 
covalently binding the large molecules to the substrate is proposed (Balland et al., 2008; 
Frasconi et al., 2010). However, this automatically increases the thickness of the interface and, 
thus, the separation between the electronic and the biological objects in bioelectronic 
applications. 

Therefore, the question arises as to whether a thin molecular layer could be used, which binds 



Molecular Layer Functionalized Neuroelectronic Interfaces: 
From Sub-Nanometer Molecular Surface Functionalization to Improved Mechanical 

and Electronic Cell-Chip Coupling 

47 
 

to the substrate surface and, at the same time, serves as an interface to the biological object. For 
the interface between metallic electrodes and neurons, the use of various alkanethiols which 
form self-assembled monolayers (SAM) on metals such as Au, Ag, or Cu has been suggested 
and successfully tested (Bryant & Pemberton, 1991; Laibinis et al., 1991; Swalen et al., 1987). 
However, these thiols typically do not bind to the rest of the substrate surface, which in most 
cases, consists of oxides (e.g. SiO2). It has therefore been discussed whether silanes that bind 
to oxides could also be used for the functionalization of metallic electrodes (Brito et al., 2002; 
Moses et al., 1978; Rosario-Castro et al., 2010; Takenaka et al., 2015). 

In this chapter, we analyze the binding of (3-aminopropyl)triethoxysilane (APTES) to Pt 
surfaces. These layers serve as a reference for the APTES layers on Pt. First, we demonstrate 
that we are able to produce SAMs of APTES on SiO2 comparable to the literature (Markov et 
al., 2017; Pasternack et al., 2008). We will show that with adequate oxidation of the Pt surface, 
we obtain a stable APTES layer on Pt, which is comparable to those on SiO2. We demonstrate 
that APTES is able to bind to Pt via its silane head group and appears to form a stable organic 
SAM coating.  

 

4.1.1. Detection of monolayer 

Since the characterization of extremely thin molecular layers is challenging, APTES was 
deposited on SiO2 and Pt in a patterned fashion, forming alternating stripes with and without 
APTES. For this purpose, SiO2- and Pt-coated substrates (see Choice of substrates, molecules, 
and sample preparation in Experimental Methods) were spin-coated with PMMA, and a stripe 
pattern was generated on the substrate via e-beam lithography and lift-off technique (see 
Lithography in Experimental Methods). Depending on the envisioned analysis technique, 
different patterns were chosen. The substrate with the PMMA pattern was placed in the MLD 
device (Figure 3-2 (a)). Prior to APTES deposition, the substrate was exposed to ozone 
treatment for 3 minutes (see Ozone cleaning and ozone activation in Experimental Methods), 
which leads to a removal of the remaining resist at the open parts of the PMMA pattern and, at 
the same time, in case of Pt substrates, generates a platinum oxide on the Pt surface (Mom et 
al., 2019; Saliba et al., 1999). The platinum oxide is stable under ambient conditions and in a 
buffer medium. Even exposure to ethanol or 30 % H2O2 is not reducing the oxide back to its 
metallic state (see S 1 in Appendices). APTES was deposited onto the patterned surfaces via 
gas-phase MLD according to the recipe given in Molecular layer deposition, including a post-
deposition treatment of 24 h for SiO2 and approx. 2.5 days for Pt substrates. After this treatment, 
the PMMA was removed in acetone, leaving a sample with APTES in a stripe pattern. 

Different analysis techniques were chosen, including AFM, ellipsometry, XPS, fluorescence 
microscopy, IR-, Raman spectroscopy, UV-vis spectroscopy, ToF-SIMS, and SPR. Due to the 
limitations in either sensitivity or selectivity and to restrictions imposed by the Pt layer on the 
different techniques, only a few characterization techniques permit the resulting APTES pattern 
to be visualized and/or characterized. In the following, we first show the AFM (Figure 4-2) and 
ellipsometry measurements (Figure 4-3) for APTES on SiO2 for comparison and then we show 
the results of AFM, ToF-SIMS, ellipsometry, and SPR (Figure 4-4 to Figure 4-7) for APTES 
on Pt substrates. Furthermore, the surface potential was analyzed for both types of substrates, 
SiO2 and Pt, with and without molecules (Figure 4-8). It should be noted that some of the 
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experiments were performed or repeated months after deposition in order to demonstrate the 
stability of the APTES layer. 

 

4.1.2. APTES on SiO2 

The binding and SAM formation of APTES molecules on SiO2 is well established. It is just 
briefly demonstrated to show that our gas-phase MLD process can produce comparable layers 
of APTES. More experimental results (e.g. fluorescence microscope and XPS) have been 
performed and can be seen in Appendices S 2 and S 3.  

 
Figure 4-2: Characterization of patterned APTES layers on SiO2, (a) topological mapping and (b) a height line scan from top 
to bottom. The orange dashed-dotted line is the corresponding fit for the bars of APTES, and the blue dashed-dotted line the 
fit of the substrate. 

AFM (Figure 4-2): In order to directly obtain the thickness of our APTES layers on SiO2, we 
analyzed patterned APTES samples using AFM. A 6 x 6 µm² area was scanned. Figure 4-2 (a) 
shows two APTES strips with a width of 1 µm and a distance of 2 µm. In a typical line scan of 
the height (Figure 4-2 (b)), the fit of the heights of the stripes and bare substrate are marked 
with an orange and blue dot-dashed line, respectively. The difference in height is approx. 1 nm. 
The white dots most likely represent leftovers of the PMMA after development.  
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Figure 4-3: Characterization of patterned APTES layers on SiO2 via ellipsometry. (a) shows the mapping with the 3-layer 
model. Δh is the difference between the two green squares. (b) shows a height scan from the green line in the picture section 
in the inset. 

Ellipsometry (Figure 4-3): Another way to determine the height of the APTES layer is given 
by ellipsometric analyzes. For the mapping of another APTES pattern (Figure 4-3 (a)) a 3-layer 
model is used with the layers and reflection indices of SiO2 (n = 1.454), APTES (n = 1.413) 
and air (n = 1). A typical height scan provides a step of 0.84 nm, considering all steps across 
the sample (Figure 4-3 (b)) height of 0.8 to 1 nm is visible. 

Both experiments in Figure 4-2 and Figure 4-3 correspond to the thickness of an APTES SAM, 
which is given by the length of APTES molecules of approximately 0.7 nm (Markov et al., 
2017; Pasternack et al., 2008). Further experiments like XPS (S 3), surface potential (Figure 
4-8), and fluorescence microscope measurements (S 2) confirmed the presents of APTES SAMs 
on SiO2.  

  

4.1.3. APTES on Pt 

Since the electronic cell-chip coupling mainly takes place at the electrodes, the question of 
whether APTES binds to Pt electrode and whether it forms SAMs might even be more important 
in neuroelectronics. However, as described above, it is much more tricky to obtain the 
experimental evidence of the APTES layer on Pt than on SiO2. Nevertheless, in the following, 
we first describe the experiments for analyzing the presence of molecules on Pt and their 
stability, starting with AFM measurements.   
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Figure 4-4: Characterization of patterned APTES layers on Pt via AFM. (a) shows the phase mapping of the APTES bars on 
a Pt substrate and (b) the corresponding phase distribution with Gaussian fits of the peaks of APTES bars in red, Pt in green 
and resulting curve in blue. 

AFM (Figure 4-4): Obviously, the analysis of the surface topography via AFM would be the 
simplest way to verify the presence of an APTES layer. However, the roughness of the Pt layer 
and the fact that the patterning (including ozone treatment) itself introduces surface 
modifications in the order of the expected APTES layer prevents reasonable surface mapping 
via this technique. Therefore, we produced AFM phase maps that reveal differences in the 
surface properties of the patterned sample. A typical phase image (6 x 6 µm² area) taken in 
tapping mode (Figure 4-4 (a)) clearly shows a material contrast. 1µm wide stripes of APTES 
appear in a horizontal orientation. The phase contrast is a result of the different stiffnesses of 
the areas with and without molecules (Halper & Ellenbogen, 2006). The phase distribution of 
the complete mapping is plotted in Figure 4-4 b. The two areas are separated by Gaussian fits, 
where green represents the substrate and red the molecules. Both phases, the molecules and Pt 
substrate, show a different stiffness expressed by a phase difference of ~ 2° in the AFM 
experiment. 

 
Figure 4-5: Characterization of patterned APTES layers on Pt via ToF-SIMS. (a) shows a ToF-SIMS mapping and (b) a ToF-
SIMS depth profile. The dashed line symbolizes the surface.  
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ToF-SIMS (Figure 4-5): Two different types of ToF-SIMS experiments were performed for our 
samples. In the first experiment, element mapping employing only the primary ion beam (Bi+) 
at low energy was used to scan the surface of a patterned APTES layer on Pt. Setting the analysis 
to 28Si+ (for other isotopes see S 4 in Appendices), we obtain a map of the areas coated with the 
silane APTES. Figure 4-5 (a) shows a typical Si map of a sample patterned with APTES stripes 
of different widths. The APTES stripes (starting halfway at a horizontal position of ~70 µm) 
show up in yellow, which indicates the enhanced amount of Si due to the presence of APTES, 
whereas the areas protected by PMMA during APTES deposition show no Si (black), indicating 
the absence of APTES in these areas. Since the mapping in Figure 4-5 (a) was performed 3 
months after the deposition of the APTES molecule, this also indicates the stability of the 
molecular layer on the Pt sample.  

The second experiment shows a depth profile of Si recorded on an APTES decorated area and 
for comparison an area without APTES. In Figure 4-5 (b), the respective intensity of the Si is 
shown as a function of sputter time, which is equivalent to a depth profile of Si. Although there 
is a small Si signal at the reference surface without APTES, which probably stems from 
contaminations, the initial Si signal of the APTES area is by far higher than that of the area 
without APTES. Moreover, immediately after the initial peak, the Si signal also vanishes for 
the measurement on the APTES-coated sample, indicating that the ultrathin APTES layer is 
removed by the Cs ions and the ToF-SIMS analysis penetrates the Pt. This transition of the 
signal occurred after a few seconds (therefore, the timescale is plotted logarithmically) as 
indicated by a dashed line in the figure. Both ToF-SIMS experiments demonstrate that our 
deposition process leads to the formation of a stable and thin APTES layer on Pt. 

 
Figure 4-6: Characterization of patterned APTES layers on Pt via ellipsometry. (a) shows ellipsometry mapping with (b) the 
resulting line scan of height taken along the green line in (a). 

Ellipsometry (Figure 4-6 (a)): In order to obtain an idea of the thickness of the APTES layers, 
we analyzed the patterned APTES samples using ellipsometry. Figure 4-6 (a) shows a typical 
height mapping of an APTES pattern. The bars (3 groups of bars with a length of 1 mm) are 
clearly visible in the color plot. In order to perform a quantitative analysis, line scans across the 
bar structure are extracted from the experiment. Figure 4-6 (b) shows a typical height profile 
taken along the line indicated in Figure 4-6 (a). It shows the expected pattern consisting of 
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extended areas (width 110 µm) without APTES and smaller areas (width 18 µm) with APTES. 
On average, the difference in height between the two types of areas is ∆ℎ ≈ (1.15 ± 0.2) nm. 

 
Figure 4-7: Characterization of patterned APTES layers on Pt via SPR. (a) shows SPR mapping; and (g) SPR line scan (red) 
showing the average height profile (red) and the background range (gray) of all lines in the marked red square in (f).  

SPR (Figure 4-7): Another way to analyze the height of the APTES layer is given by the SPR 
experiment. The scanning mode of our custom-built SPR microscopy setup (see chapter 3.2.5) 
was employed to acquire the angular spectrum of reflectance at each point at a wavelength of 
632.8 nm for the APTES-coated Pt samples (see Choice of substrates, molecules, and sample 
preparation). The subnanometer thickness of the APTES layer was calculated based on the shift 
in the peak of the reflectance spectrum in the close proximity of the critical angle using the 
Fresnel equations (Hassani et al., 2020). The measurement was performed in air, and the 
reflectance indices glass (nglass = 1.788), Ti (nTi = 3.3 + i3.8), Pt (nPt = 2.8 + i5.6), air (nair = 
1.000) and APTES (nAPTES = 1.429) were used to evaluate the APTES film thickness. 

Figure 4-7 (a) shows a mapping of the APTES height of a patterned sample obtained by SPR 
(Hassani et al., 2020). The mapping was performed on a 190 x 190 µm² area, the red square 
marks the areas of line scans used for the evaluation of the height profile (Figure 4-7 (b)). The 
distance between the peaks agrees with the periodicity of the structure, and the resulting average 
height of 0.61 ± 0.1 nm. Additionally, this experiment was repeated after 1.5 years with the 
same result, which again indicates the stability of our APTES layer on Pt surfaces.  

In conclusion of these first measurements shown in Figure 4-4 to Figure 4-7, we demonstrated 
the presence of APTES on Pt and showed that the resulting layer has a thickness which 
corresponds to the length of APTES molecules of approximately 0.7 nm in the literature 
(Markov et al., 2017; Pasternack et al., 2008) and to the layer thickness of APTES SAMs on 
SiO2 (see Figure 4-2 and Figure 4-3). 
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4.1.4. APTES monolayer properties 

Surface potential analysis (Figure 4-8): Measurements of the kinetic potential (ζ potential) 
were performed to obtain information on the different functionalization of the surface due to 
the ozone treatment (activation) and APTES coating. For this purpose, the results obtained for 
our Pt sample are compared to data recorded for SiO2, a system that is well understood (Stevens, 
1999; Yuan et al., 2019). For the ζ potential analysis, two identical 10 x 10 mm² samples were 
mounted with the surfaces to be analyzed facing each other, forming a 75 µm gap for the 
electrolyte flow (see Streaming potential analysis). By measuring the electrolyte flow and the 
corresponding drop of the electrical potential in the flow channel, the ζ-potential can be 
evaluated using the Helmholtz-Smoluchowski equation: 

 
𝜁 =

𝑑𝐼

𝑑𝑝
∙

𝜂𝐿

𝜀𝜀0𝐴
 

(4-1) 

where p is the pressure necessary to generate the laminar flow, η and ε are the viscosity and 
dielectric constant of the electrolyte, L and A represent the length and cross-section of the flow 
channel, respectively, and I is the resulting current measured between two electrodes placed at 
each side of the measuring cell. Moreover, recording the ζ-potential for a prolonged period 
allows additional information to be obtained about the stability and possible changes of the 
surface exposed to the electrolyte.  

 
Figure 4-8: Development over time of the ζ potential measurement of Pt and SiO2 after ozone activation (red) and APTES 
coating (blue) in a 1 mM KCl electrolyte at pH 5.4. The dashed lines are exponential fits of the experimental data (points) 
according to  𝜁 = 𝐴 ∙ 𝑒𝑥𝑝(𝑡 𝜏⁄ ) + 𝜁𝑜 with decay time , the dashed-dotted line represents the initial potential of the activated 
samples. 
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Figure 4-8 shows the development of the surface potentials of SiO2 and Pt after activation with 
ozone (see Ozone cleaning and ozone activation) and after coating with APTES (see Molecular 
layer deposition). Zero time (t = 0) refers to the first exposure of the surface to the electrolyte. 
Continuous measurements were performed in 1 mM KCl at pH 5.4 and a constant temperature 
of 25 °C. Since the behavior of the surface potential of SiO2 after activation and APTES coating 
is well understood (Stevens, 1999; Yuan et al., 2019), the comparison of the two systems proved 
to be very helpful.  

Figure 4-8 shows that both systems, SiO2 and Pt behave very similarly and therefore:  

(i) it seems to be possible to activate Pt in a similar manner to SiO2, 

(ii) Pt and SiO2 lose their activation, although this process is much faster for Pt,  

(iii) physisorbed APTES seems to be removed in the electrolyte for both systems, 
whereas  

(iv) at the same time, a stable (i.e. chemically bound) APTES layer can be formed on 
both substrates with  

(v) most likely the amino group of APTES representing the functional group which 
defines the new surface on both systems.  

The different surface states of the systems will first be described in detail. 

Activated state: At the beginning (t = 0) of the measurement, the bare samples (Pt and SiO2) 
are in the activated state. As a result of the ozone treatment of the surface, a strongly negative 
ζ potential is established. This phenomenon is well known (Stevens, 1999; Yuan et al., 2019). 
It results from the formation of OH- groups at the SiO2 surface (see Silanes). By activating the 
sample, open silanol bonds form at the surface and upon exposure to the electrolyte, the surface 
potential of SiO2 decreased to approx. -67 mV. The behavior of Pt is comparable to that of SiO2. 
Due to the ozone treatment, a highly negative ζ potential of approx. -59 mV is established. 

Transition to the non-activated state: For SiO2, we know that activation vanishes with time and 
the silanol groups return to their more stable Si-O-Si siloxane configuration (Yuan et al., 2019). 
After 2-3 days of exposure to the electrolyte, the activation of SiO2 has vanished and the ζ 
potential reaches a stable value of approx. -40 mV, which corresponds to the non-activated state 
of a cleaned SiO2 surface for the chosen experimental conditions (see Figure 4-8). The Pt 
samples behave very similarly. They also lose their activation over time. However, this process 
is much faster for Pt compared to SiO2 and the change of the ζ potential is much greater. We 
obtain an exponential decay with a time constant 𝜏𝑆𝑖𝑂2

= 15.2 h for SiO2 and 𝜏𝑃𝑡 = 0.6 h for 
Pt indicating that the activated state is less stable or the surface is more reactive in the electrolyte 
for Pt compared to SiO2. The change of the surface potential depends among other things on 
the density of the -OH groups, which can be activated by the ozone treatment. The SiO2 (β-
cristobalite structure) most likely forms a hexagonal structure of oxygen positioned on Si, which 
can be activated (see Figure 4-10). The distance between adjacent oxygen atoms can be 
approximated by:  

 
xNN =

a√2

2
= 5.06 Å , 

(4-2) 
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(a = 7.16 Å is the lattice parameter of the cubic unit cell of SiO2) and leads to a maximum 
density of OH groups of nSiO2

= 4.55 nm−2, which agrees with experimental data of 4.9 nm−2 
(Pelmenschikov et al., 2000).  

 
Figure 4-9: Platin face-centered cubic crystal structure as (a) unit cell including the (111) plane (blue), and (b) the top and 
side view of the oxidized (111) surface, including (white) the resulting hexagonal structure of the oxygen atoms (red points) 
with the next-neighbor distance xNN = 2.77 Å. 

In comparison, Pt is expected to grow in a face-centered cubic structure with a lattice constant 
of a = 3.92 Å (see Figure 4-9 (a)). The expected binding of oxygen with 3 Pt atoms results in a 
hexagonal arrangement of oxygen on the Pt surface (here we assume Pt (111)) with an oxygen 
spacing of  

 xNN = a√2 2⁄ = 2.77 Å, (4-3) 

(see Figure 4-9 (b)). In this case, the resulting maximum density of OH groups would be nPt =

15 nm−2 and thus ~ 3 times larger than nSiO2
. This could be one reason for the greater charge 

of the ζ potential induced by the activation of Pt (∆ζ ≈ −43 mV) compared to SiO2 with a 
reduction of the ζ potential of ∆ζ ≈ −26 mV. 

APTES-coated samples: The APTES coating generally leads to a significant increase in the 
surface potential, which is due to the APTES amino group that reacts with the electrolyte and 
forms -NH3

+ (ammonium cation) (K. Cai et al., 2006). In both systems, the initially strong 
increase (for APTES on SiO2 we observe a ζ potential of ~ 40 mV at t = 0) decreases within a 
few hours (𝜏 ≈ 1.7 h and 0.8 h for SiO2 and Pt, respectively) to a stable value which, however, 
is still clearly higher than the ζ potential of the surface without APTES (see arrows in Figure 
4-8). For SiO2 it is known that this decrease in the ζ potential is a result of the removal of weakly 
physisorbed APTES from the surface (Greben et al., 2015; Yuan et al., 2019). The stable ζ 
potential observed after a few hours of exposure to the electrolyte represents the electrokinetic 
potential of the SiO2 surface coated with a chemically bound monolayer of APTES, a self-
assembled monolayer (SAM) (Yuan et al., 2019). We believe that the behavior of APTES on 
Pt is very similar. The initial decrease of the ζ potential of the APTES-coated Pt surface stems 
from the removal of physisorbed APTES. After 2 hours (𝜏 ≈ 0.8 h) a stable ζ potential of 
approximately -6.5 mV is obtained, which is still significantly higher than the potential of the 
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Pt layer without APTES (see Figure 4-8). Long-term measurements showed that these layers 
seem to be stable even over several months. 

 
Figure 4-10: Schematics of APTES binding onto SiO2 surfaces consisting of side and top views of covalently bound APTES on 
SiO2 (β-cristobalite structure) including (right) the resulting hexagonal structure of the oxygen atoms (red points) with the 
next-neighbor distance xNN = 5.06 Å. 

To conclude this part of the work, we will discuss and compare the possible options of the 
binding of gas-phase deposited APTES on SiO2 and Pt. For APTES on SiO2, it is known that 
the ethoxy group (OC2H5) of the molecule can covalently bind to the activated silanol surface 
bonds (Si-OH) (Figure 4-10). Since the distance between adjacent silanol bonds on the SiO2 
surface is typically much larger than the extension of the APTES ethoxy groups, APTES is 
expected to bind with only one arm onto SiO2 (Stevens, 1999; M. Zhang et al., 2015). As a 
result, APTES can form SAMs on SiO2 with a maximum molecule density equal to the density 
of silanol groups, i.e. nAPTES,SiO2

=  4.55 nm−2 for the β-cristobalite structure with an oxygen 
next-neighbor distance of xNN = 5.06 Å (equation (4-2)). The formation of APTES SAMs on 
SiO2 has already been demonstrated for our gas-phase MLD process (Yuan et al., 2019).   

In contrast, much less is known about the binding of APTES on Pt. Although it has been 
reported that APTES layers can be deposited on Pt surfaces (Brito et al., 2002; Moses et al., 
1978; Rosario-Castro et al., 2010; Takenaka et al., 2015), there are mostly speculations about 
the binding and SAM formation of APTES on Pt.  

The possible bonds that are suggested for APTES molecules on platinum surfaces are shown in 
Figure 4-11. The bonds are ordered by strength, starting with the Van der Waals bond (Figure 
4-11 (a)) up to the strongest covalent bond (Figure 4-11 (d)).  

The van der Waals bond (Figure 4-11 (a)) is based solely on the force between the carbon chain 
and the surface. This force is generated by fluctuations in the electron shells. These fluctuations 
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introduce a dipole moment in the neighboring surface, which leads to the bonding of the 
molecules at the surface. Typically, the force is in the order of 0.4 – 4.0 kJ/mol (Gross & Marx, 
2018, p. 102). 

The second possibility is the binding between the amino group of APTES and the platinum 
surface (Figure 4-11 (b & c)). Generally, a covalent bond between amino and platinum is 
possible, however, it can only be achieved in complicated synthetization processes (e.g. 
cisplatin (Jeschonek et al., 2011)). More likely would be an electrostatic bond or hydrogen bond 
between the amino group and the platinum surface. In this case, the hydrogen loses its electrons 
almost completely. As a result, a positively charged area is created to which a second 
electronegative atom can bind ionically. Due to the size of a proton, only two atoms can be 
connected via one hydrogen bond (Gross & Marx, 2018, p. 140). The strength of the hydrogen 
bond is approx. 12-30 kJ/mol. The bond can be stronger by crosslinked molecules with multiple 
hydrogen bonds (Figure 4-11 (c)).  

The last and strongest option would be the covalent bond via an oxygen atom with the silane 
group. Due to shared electrons between atom cores, their positive charge obscured by them, 
and an attractive force is created (>60 kJ/mol) (Gross & Marx, 2018, Chapter 3.4). 

In the literature, the discussion is mainly focused on amino-Pt (Brito et al., 2002; Lenhard & 
Murray, 1977; Takenaka et al., 2015) and Si-Pt bonding (Kuo et al., 1979; Lenhard & Murray, 
1977; Moses et al., 1978). Brito et al. for example performed X-ray and infrared spectroscopy 
on aminopropyltrimethoxysilane and found out, that all atoms (Pt, C, Si, and N) atoms can be 
found on the surface, but in the infrared spectroscopy, the band for stretched N-H vanishes. 
They conclude that this is due to amino – Pt bonds. Takenaka et al. investigated the connection 
between carbon nono tubes and platinum nanoparticles via APTES molecules and presumed 
that the amino group is connected to both sides, the platinum and the carbon nanotubes, and are 
interconnected by crosslinks between the silane group (Figure 4-11 (c)). Lenhard & Murray did 
volumetric analyses and measured Electron Spectroscopy for Chemical Analysis (ESCA) 
spectra. They concluded that it’s a complex mixture of bindings and both, the amino and silane 
group, could bind to Pt/PtO surfaces. Moses et al. and Kuo et al. analyzed amine silanes on 
different surfaces (among others also on platinum) via X-ray photoelectron spectroscopy, 
infrared spectroscopy, and electrochemical methods. They stated that silanes bind stably via 
anhydrous reaction media to metal oxide electrodes. 

The different possible types of binding suggested for this system in the literature, which is 
illustrated schematically in Figure 4-11, will therefore be discussed in the light of our 
experimental results.  
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Figure 4-11: Possible types of binding of APTES on Pt surfaces ordered by binding strength: (a) van der Waals bond, (b) 
hydrogen bonding via the amino group, (c) polymerized APTES layer again with amino group binding, and (d) covalent bond 
via the ethoxy head group. 

The probably weakest binding is expected for a van der Waals interaction (Figure 4-11 (a)) of 
molecules and Pt layer. Such physical binding is most likely present directly after the deposition 
of the molecules. However, our surface potential analysis (Figure 4-8), as well as reports in the 
literature (Greben et al., 2015; Yuan et al., 2019), demonstrated that physisorbed molecules are 
easily removed from the Pt surface. During our streaming potential measurements, an exposure 
of the surface to the electrolyte led to a removal of the physisorbed molecules, although the 
remaining APTES layer was stable for months (Figure 4-8). Therefore, we can exclude a van 
der Waals bond for the stable APTES layer. 

Another weak interaction is given by an amino-platinum bond (Figure 4-11 (b)) of APTES on 
Pt (Brito et al., 2002; Takenaka et al., 2015). This bond consists of either a hydrogen bond 
between the molecule amino group and the oxidized Pt or a covalent bond between the amino 
group and Pt. Both options are sketched in Figure 4-11 (b). Since the hydrogen bond is quite 
weak, it can be excluded for the formation of a stable APTES layer. Moreover, since we 
demonstrated that the Pt can be functionalized with APTES showing a significant increase in 
the surface potential due to the impact of the amino functional group (see Figure 4-8), this type 
of binding is also not likely to be responsible for our stable APTES layer. However, 
polymerization of amino-bound APTES (Figure 4-11 (c)) could enhance the overall binding of 
an interlinked molecule and would also permit functionalization (Takenaka et al., 2015). 
However, in this case, we would expect thicker APTES layers than those measured in our case 
via ellipsometry and SPR (see Figure 4-6 and Figure 4-7). 
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Figure 4-12: Schematics of APTES binding onto Pt surfaces consisting of side and top view of APTES SAM formation with 
triple covalent binding on Pt(111) including (right) the hexagonal structure of the oxygen atoms (red points) at distance xNN = 
2.77 Å. 

There are good reasons to believe that our gas-phase deposition leads to covalent binding of the 
ethoxy group of APTES to the oxidized Pt (Figure 4-11 (d) and Figure 4-12): 

(i) First, after the removal of the physisorbed APTES, the remaining layer proves to be 
extremely stable. Repeated measurements demonstrated the presence of the APTES 
layer even after several months and repeated exposure to the electrolyte. This 
requires a strong binding such as the covalent binding between the ethoxy group and 
Pt.   

(ii) Second, the thickness of the APTES layer was found to be 0.61 - 1.15 nm (see Figure 
4-6 and Figure 4-7). This value agrees very well with literature values reported for 
APTES SAMs on SiO2 (Markov et al., 2017; Pasternack et al., 2008) and with our 
measurements on SiO2 (see Figure 4-2 and Figure 4-3).  

(iii) Third, we not only observe a significant increase in the surface potential due to the 
functionalization with APTES (see Figure 4-8), but this increase is even comparable 
to the impact of APTES SAM on SiO2 on the electrokinetic potential. Considering 
the face-centered cubic structure (a = 3.92 Å) of Pt again with the binding of oxygen 
to 3 Pt atoms, the resulting hexagonal arrangement of oxygen on the Pt surface with 
an oxygen spacing of xNN = 2.77 Å (Figure 4-12) and a maximum density of -OH 
groups of nPt = 15 nm−2 would be too dense to allow the covalent binding of one 
APTES molecule per oxygen atom (Stevens, 1999). Therefore, in contrast to the 
situation for SiO2, binding of all 3 ethoxy groups of each APTES molecule to the 
adjacent oxygen atoms of the oxidized Pt surface would be possible (Eslamibidgoli 
& Eikerling, 2016). The resulting binding of APTES would be very stable and would 
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lead to the formation of a SAM, as illustrated in Figure 4-12. The resulting optimum 
density of APTES molecules would be nAPTES,Pt  5 nm−2, which is similar to the 
value of nAPTES,SiO2

=  4.55 nm−2 obtained for APTES SAMs on SiO2.  

(iv) Finally, the electrokinetic potential of the surfaces with APTES SAMs is given by: 

 𝜁𝑡𝑜𝑡 = (1 − g) ∙ 𝜁𝑠𝑢𝑏 + g ∙ 𝜁𝐴𝑃𝑇𝐸𝑆  , (4-4) 

where 𝜁𝑠𝑢𝑏  and 𝜁𝐴𝑃𝑇𝐸𝑆  represent the individual  potential of the substrate and 
APTES, respectively, and g characterizes the coverage of the surface with APTES. 
Since the coverage seems to be similar for both systems, g and 𝜁𝐴𝑃𝑇𝐸𝑆  can be 
evaluated from the comparison of the electrokinetic data of both systems by: 

 
𝑔 =  1 −

𝜁𝑡𝑜𝑡,𝑃𝑡 − 𝜁𝑡𝑜𝑡,𝑆𝑖𝑂2

𝜁𝑃𝑡 − 𝜁𝑆𝑖𝑂2

 , 
(4-5) 

 
𝜁𝐴𝑃𝑇𝐸𝑆 =  

𝜁𝑡𝑜𝑡 − (1 − 𝑔) ∙ 𝜁𝑠𝑢𝑏

𝑔
 . 

(4-6) 

Inserting the data obtained for the stable surfaces (SiO2 and Pt) with and without 
APTES shown in Figure 4-8, we obtain reasonable values of g ≈ 0.54  for the 
coverage with APTES for both systems and a slightly positive  potential of 3 mV 
for APTES at pH 5.4.  

In conclusion, all evidence showed that APTES is present in the intended areas, stable for 
months, and has a layer thickness of 0.61 – 1.15 nm. Additionally, we have shown that both 
systems, SiO2 and Pt, show similar behavior patterns and both surfaces can be functionalized. 
Also, the coverage of the molecules on the surface is as expected. This series of experimental 
results convinced us that we deal with an APTES SAM on Pt, which is comparable to the one 
on SiO2.  
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4.2. Electronical characterization of the interface 

 
Figure 4-13: Electronical characteristics of electrode-cell coupling with the emphasis on the electrode-electrolyte interface.  

After demonstrating the binding and monolayer formation of APTES on Pt, the material of 
electrodes for the neuroelectronic interface, we have to examine the impact of the molecule 
layer on the electrode impedance. In order to do this, an impedance spectroscopy experiment 
has been developed, which consists of a setup (see Impedance spectroscopy) and chip design, 
which simulates the situation of a cell-chip contact (see Figure 4-13). The construction of the 
measuring device explained in detail in chapter 3.2.7, had to allow long-term measurement 
without contamination in a flow of a stable electrolyte. Moreover, the definition and design of 
the electrodes exposed to the electrolyte turned out to be quite tricky. In this chapter, the 
development of the impedance spectroscopy, especially the design and preparation of the chip 
and the subsequent characterization of the electrodes with and without APTES functionalization, 
are discussed.  
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4.2.1. Chip design 

 
Figure 4-14: General understanding of impedance with (a) sketch of an electrode in an electrolyte including Helmholtz layer 
and the corresponding model of the electric circuit and (b-d) the impedance representations of a Randles circuit (black) and 
in colors the different elements themselves (i.e. charge transfer resistance Rct, double layer capacitance Cdl, and electrolyte 
resistance Rel) including the symbolized shift of the curves by changing the parameter of the elements. 

In order to optimize the chip and electrode design, let’s first take a brief look at what we want 
to measure. The impedance of a metallic electrode in an electrolyte is typically described by 
the Randles circuit (Randles, 1947) (see Figure 4-14 (a)). The Randles circuit consists of an 
(electrolyte) resistor Rel connected in series with a capacitor Cdl in parallel to a resistor Rct. In 
the Randles circuit, the capacitor describes the capacitance that is formed on the water layer on 
the surface by the ions in the electrolyte. The parallel resistor is called the charge transfer 
resistor and describes the leakage of the capacitor. Figure 4-14 (b)-(c) describe the impact of 
the individual components in the Randles circuit on the impedance spectra to be measured. 
Figure 4-14 (b) and (c) show the Bode representation (see Representation of complex 
impedance) of the amplitude of phase of the impedance. Figure 4-14 (c) shows the impact of 
the elements of the Randles circuit on the Nyquist representation of impedance (see 
Representation of complex impedance).  

For the analysis of the interface, the relevant experimental regime has to be adapted to the 
situation in neuroelectronic experiments, which means the typical electrolyte (e.g. the cell 
medium) can be simulated by 1 mol KCl solution, and the relevant frequency regime is several 
Hz to several kHz. We chose a frequency regime of 20 Hz to 2 MHz for our impedance 
spectroscopy. In order to identify and analyze the different elements of the Randles circuit, i.e. 
Rct, Cdl, and Rel, we had to choose an adequate design of the electrodes. Let’s discuss the 
different issues separately. 
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Electrolyte resistance: The role of the electrolyte in the impedance of the Randles circuit is the 
simplest and least interesting one. Rel affects the impedance at high frequencies. It causes a 
plateau in the |Z| and a return of the phase to 0° (Figure 4-14 (b) and (c)). The actual frequency 
regime of the transition to the plateau and zero phases basically depends on the ratio Cdl/Rel. In 
the Nyquist plot (Figure 4-14 (d)) Rel shifts the entire semicircle only slightly to the right. The 
electrolyte resistance can be changed by the concentration of the electrolyte, by the distance 
between the electrodes, and by the electrode sizes. Since the electrolyte resistance is not 
interesting for our analysis, we try to minimize the resistance Rel by choosing the high molarity 
of our electrolyte, i.e. 1M KCl, and a small distance between the electrodes. 

Double-layer capacitance: The double-layer capacitance Cdl has the largest impact on the 
impedance. It dominates the central frequency regime of the spectrum and, as we will see later, 
also the cell-chip coupling. An increase of Cdl leads to a decrease in |Z|. It also broadens and 
deepens the U-shaped minimum in the phase plot (Figure 4-14 (c)). Similar to Rel, the 
capacitance does not change the general shape of the Nyquist plot, but it determines how far 
the circle extends into the frequency regime (Figure 4-14 (d)), i.e., if the capacitance increases, 
a smaller part of the semicircle can be measured in an experiment with a lower frequency limit 
(or the frequency range has to be extended). For example, only a quarter of the circle may be 
drawn. The double-layer capacitance depends on the type of ions, the thickness of the 
Helmholtz layer, and the area of the electrode. It is typically given as 0.1 – 0.6 F/m² (Lvovich, 
2012, p. 69). 

Charge transfer resistance: The charge transfer resistance Rct describes the charge transfer of 
the Helmholtz layer. It is responsible for the low-frequency plateau in the Bode plot (Figure 
4-14 (b)). The height of the plateau is given by the sum of Rct and Rel. Together with Cdl, Rct 
determines when |Z| and φ deviate from the plateau and the zero-phase, respectively. In the 
Nyquist plot, the charge transfer resistance represents the diameter of the semicircle. The 
semicircle itself is zero at Rel and the sum of Rel and Rct. There exists no reliable literature 
values for the charge transfer resistance, but it is known that Rct depends on the area of the 
electrodes, the electrolyte concentration, electron activity, electric field, temperature, and 
pressure (Lvovich, 2012, p. 74). 

Design optimization: Obviously, it would be desirable to see the complete set of features, as 
shown in Figure 4-14 (b) – (d). However, this is not possible. Therefore, an adequate design of 
the electrodes had to be developed. This was done in 4 steps (see Figure 4-15):  
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Figure 4-15: Development of chips for impedance spectroscopy from top to bottom, separated in 4 steps: step 1: most 
straightforward design with two large sputtered Pt electrodes on a 10 x 10 mm² borosilicate substrate; step 2: multi-electrode 
array with different capacitance, electrode size, and electrode-electrode distances; step 3: different sized electrodes (100 µm² 
- 20 000 µm²) in a symmetric arrangement; and step 4: electrode bars with a large electrode bar, serving as 2nd electrode for 
all measurements in the middle. The blue, dashed circuit is the contact area for the electrolyte in the measurement setup (see 
chapter 3.2.7), and the yellow lines are the electrodes. Furthermore, in the 4th step the non-exposed area is protected by a 
~700 nm thick PMMA layer. 

(i) In a first test, two large Pt electrodes were sputtered onto a 10 x 10 mm² borosilicate 
substrate (Figure 4-15, step 1) and measured in the electrolyte (1 mM KCl). The two 
electrodes connected in series via an electrolyte, posses a total impedance: 

 
𝑍𝑡𝑜𝑡 = (

1

𝑍𝑅𝑐𝑡,1

+
1

𝑍𝐶𝑑𝑙,1

)

−1

+ 𝑍𝑅𝑒𝑙
+ (

1

𝑍𝑅𝑐𝑡,2

+
1

𝑍𝐶𝑑𝑙,2

)

−1

, 
(4-7) 
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with 𝑍𝑅𝑐𝑡,𝑛
 the impedance of the respective charge transfer resistance, 𝑍𝐶𝑑𝑙,𝑛

 the 
impedance of the respective double-layer capacitance and 𝑍𝑅𝑒𝑙

 the electrolyte 
impedance. The resulting capacitances turned out to be too large to provide a 
reasonable impedance spectrum that would allow us to derive the characteristic 
features of the Helmholtz layer. 

(ii) In a second step, different types of designs were tested. The designs differ in the 
electrode sizes, electrode-electrode distance, and in the capacitance. Microscopic 
images of the different electrodes are shown in Figure 4-15.  Unfortunately, it turned 
out that the feedlines strongly contributes to the measurement and made it impossible 
to interpret the data.  

(iii) In a third step, a symmetric design was chosen (Figure 4-15). In this design, always 
electrodes of the same size can be measured against each other. The symmetrical 
arrangement simplifies the analysis since:  

 
𝑍𝑡𝑜𝑡 = (

1

2 ∙ 𝑍𝑅𝑐𝑡

+
1

2 ∙ 𝑍𝐶𝑑𝑙

)

−1

+ 𝑍𝑅𝑒𝑙
 . 

(4-8) 

Since we learned from step 2 that the electrolyte container cannot be placed with 
adequate precision, extended electrodes with extremely thin feedlines were used. For 
example, electrodes with a size of 10 x 10 µm² had 100 µm long feedlines with a 
width of 1 µm, of which 100 µm should be in contact with the electrolyte. Therefore, 
even if the chip is perfectly installed, the feedlines still contribute 50 % to the total 
surface. This means that already small displacements can lead to a significant change 
in the impedance spectrum. Additional problems are: 

 the complex lithography, necessary for the 1 µm feedlines can led to 
misproductions, 

 the changing of the electrodes via the tiny lines might be problematic, 
especially at high frequencies, and 

 the fact that the electronical lines cannot be modeled as a simple plate 
capacitor, but rather like a 2D to 3D line. 

(iv) In order to avoid all these effects and to get reliable data, the design has been 
fundamentally changed:  

 most noticeable is the large counter electrode in the center of the chip (Figure 
4-15). The capacitance of the counter electrode was chosen such that its features 
lie outside our frequency range and do not affect the spectrum (see Table 6).  

 The electrode pads with feedlines were replaced by a uniform electrode bar. For 
statistics and control, there are 4 electrodes of each size on each side. This time, 
however, not to be measured against each other, but to be measured against the 
counter electrode.  

 In order to avoid problems with the displacement of the chip and the resulting 
variation of the exposed area, a ~700 nm thick PMMA film was spin-coated on 
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the chip leaving only the central part open, which is supported to be exposed to 
the electrolyte. As a result, we obtained perfect and reproducible data. Figure 
4-16 shows the impedance |Z| and phase of four electrodes of the same size (in 
this case 10 000 µm²) in the Bode representation. The data perfectly overlap 
indicating that there is no difference in the properties of the electrodes, i.e. 
exposed area, resulting Helmholtz layer, etc. That means our measurement is 
extremely stable and reliable. Only such extremely stable measurements 
ultimately allow a reliable statement about the impact of the subnanometer 
molecules on the electronic properties of the Helmholtz layer.  

 
Figure 4-16: Bode representation of the impedance spectrum of 4 different electrodes with the same size with (a) the absolute 
value of the impedance and (b) the phase angle vs. the frequency of all 4 electrodes. The electrode for the final design (step 4) 
(10 000 µm²) was measured against the large counter electrode (see Figure 4-15 (c)), the data lie exactly on top of each other.  

The typical size of the electrodes in neuroelectronics has to match the size of the neural 
structures and, therefore, should be smaller than ~400 µm². In order to prevent the small 
electrodes from having geometric effects, i.e., that they behave like electrodes between 2D and 
3D due to their small size, much larger electrodes (up to 20 000 µm²) were examined in addition 
to electrodes < 400 µm². Only in this way is it possible to analyze the different characteristics 
geometrically independent. The resulting design parameters of the electrodes are listed in Table 
6. 

Table 6: Important sizes for final design (step 4). The distance represents the shortest distance between the electrode and 
counter electrode. 

Electrodes Sizes [µm²] Length [µm] Width [µm] Distance [µm] 

1 200 40 5 738 

2 1000 200 5 1624 

3 6000 500 12 1275 

4 10000 500 20 1062 

5 20000 1000 20 448 

Counter electrode 1200000 4000 300  
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4.2.2. Electronic model for the interface 

 
Figure 4-17: Different important sizes for the surface analysis, including from small to large: EDL (Brown et al., 2016), APTES 
molecule (Pasternack et al., 2008), Debye length (see eq. (4-9)), PLL (Colville et al., 2010), electrode height (chapter 3.1.2), 
typical cell-chip distance for typical coatings (Khalili & Ahmad, 2015; Zaidel-Bar et al., 2004), and the cell diameter. 

Before we start modeling the surface, we should consider the different sizes in order to be able 
to make statements, comparisons, and estimates of our parameters. For this purpose, the 
different sizes of characteristic features and components in a neuroelectronic interface are 
shown in Figure 4-17. The thickness of the electronic double layer (EDL) is given by the height 
of an adhered water molecule and the diameter of a hydrated K+ ion (Brown et al., 2016). The 
thickness of APTES SAM is given by the length of the APTES molecule (see chapter 4.1), and 
the Debye length is calculated with:    

 
𝜆𝐷 = √

𝜀0𝜀𝑟𝑘𝐵𝑇

2𝑁𝐴𝑒2𝐼
 , 

(4-9) 

where ε0 is the field constant, εr is the permittivity of water (~80), kB is the Boltzmann constant, 
NA is the Avogadro constant, e is the elementary charge, and I is the ionic strength, which is  

 
𝐼 =

1

2
∑ 𝑐𝑖 ∙ 𝑧𝑖

2 , (4-10) 

with the molar concentration ci and the charge number zi of ion type i. For our single charged 
ions, I is simply given by to the concentration. Additionally, Figure 4-17 shows the thickness 
of a PLL layer, which typically ranges between 20 nm and 30 nm if the sample is rinsed after 
liquid deposition and 40 nm to 50 nm if PLL is air-dried (Colville et al., 2010). The cell-chip 
distance lies typically between 15 nm and 100 nm (Khalili & Ahmad, 2015; Zaidel-Bar et al., 
2004), and depends on the coating and the attraction of the substrate. 

Using the thickness of the EDL, we can estimate the capacitance of the Helmholtz layer simply 
by: 
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 𝐶

𝐴
= 𝜀0𝜀𝑟

1

𝑑
= 0.138 

F

m²
 , (4-11) 

with d = 0.6 nm of the thickness of the Helmholtz layer and εr = 9.34 of the permittivity for 
0.1 M KCl at a distance of 0.6 nm from the surface (Teschke et al., 2001). 

Let’s now apply the standard electrochemical model, the Randles circuit, to our data. Figure 
4-18 shows the Bode and Nyquist representations of our data obtained for the 10 000 µm² 
electrodes in 1 M KCl solution. Furthermore, it shows the best fit using the Randels approach 
with Cdl = 2.1 nF, Rct = 20 MΩ, and Rel = 740 Ω. It is quite obvious that the Randles fit can only 
roughly explain the measured data. For example, |Z| fits only at high frequencies, whereas it is 
incorrect at low frequencies. Also, the phase is correct in the high-frequency range. The fit is 
particularly bad in the Nyquist representation (Figure 4-18 (c)), where it doesn’t fit at all. 

 
Figure 4-18: Experimental data for 10 000 µm² Pt electrodes and best Randles fit in Bode representation (a) and (b) and 
Nyquist representation (c). For the Randles circuit Rct = 20 MΩ, Rel = 740 Ω, and Cdl = 2.1 nF are chosen.  

This shows that it is impossible to apply the simple Randles circuit with fixed (i.e. frequency 
independend) values for Cdl, Rct, and Rel to explain the electrode-electrolyte interface. Only the 
high frequency regime might be explained reasonably well, which indicates that we might be 
able to obtain reasonable statements about the electrolyte resistance. Experiments on the 
resistance of the electrolyte (not shown here) actually demonstrated that Rel is nearly frequency 
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independent and can be associated with the impedance at high frequencies. This allows us to 
separate the problem and simplify the system to Rct and Cdl in parallel. 

For this, we have to calculate from the impedance for a Randles circuit allowing frequency 
dependent values for Rct and Cdl: 

 
𝑍 = 𝑍′ + 𝑖𝑍′′ = (

1

𝑅𝑐𝑡
− 𝑖

1

𝐷
)

−1

+ 𝑅𝑒𝑙  , 
(4-12) 

with 

𝐷 =
1

𝜔𝐶𝑑𝑙
 , (4-13) 𝑍′′ = |𝑍| ∙ sin 𝜑 , (4-14) 𝑍′ = |𝑍| ∙ cos 𝜑 . (4-15) 

The imaginary and real parts of the impedance is then: 

 
𝑍′′ = |𝑍| ∙ sin 𝜑 = −

𝑅𝑐𝑡
2 𝐷

𝑅𝑐𝑡
2 + 𝐷2

 , 
(4-16) 

 
𝑍′ − 𝑅𝑒𝑙 = |𝑍| ∙ cos 𝜑 − 𝑅𝑒𝑙 =

𝑅𝑐𝑡

(
𝑅𝑐𝑡

𝐷
)

2

+ 1

 . (4-17) 

By using the ratio of equation (4-16) and (4-17):  

 𝑍′′

𝑍′ − 𝑅𝑒𝑙
= −

𝑅𝑐𝑡

𝐷
 

(4-18) 

and insert it in equation (4-17) we obtain values for the charge transfer resistance and the double 
layer capacitance: 

 
𝑅𝑐𝑡 = (|𝑍| ∙ cos 𝜑 − 𝑅𝑒𝑙) ∙ ((

|𝑍| ∙ sin 𝜑

|𝑍| ∙ cos 𝜑 − 𝑅𝑒𝑙
)

2

+ 1) 
(4-19) 

 

𝐶𝑑𝑙 = −
(

|𝑍| ∙ sin 𝜑
|𝑍| ∙ cos 𝜑 − 𝑅𝑒𝑙

)

𝜔𝑅𝑐𝑡
 

(4-20) 
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Figure 4-19: Double-layer capacitance (a) and normalized double-layer capacitance (b) for different Pt electrode sizes 
obtained from the experimental data using eq. (4-19) and (4-20). The green area indicates the regime of literature values, the 
dashed line represents the theoretical capacitance (eq. (4-11)), and the inset shows the modified Randles model with frequency 
dependent parameters Cdl and Rct.  

Figure 4-19 summarizes the resulting frequency dependence of the capacitor Cdl for the 
electrodes of different sizes (200 µm² - 20 000 µm²). The electrolyte resistance (see equation 
(4-20)) is assumed to be constant and taken from the high-frequency part of the impedance 
spectrum. The main observations are:  

 As expected, the larger the area, the greater the capacitance.  

 Most striking is that the capacitance is linear in the double logarithmic plot for all 
different electrode sizes. This suggests that we “isolated” the capacitance from the 
circuit.  

 It is also noticeable that the capacitance is frequency-dependent and decreases with 
increasing frequency. This decrease speaks for a frequency-dependent diffusion for 
charges (ions) into the insulator (Maxwell-Wagner mechanism), which affects the 
capacitance. If the capacitance is normalized with the electrode area, Figure 4-19 (b), 
this decrease with increasing frequency becomes even more apparent. This also explains 
why different values for the capacitance of a double layer in KCl electrolyte are given 
in the literature (Halper & Ellenbogen, 2006; Namisnyk, 2003; Rocha et al., 2016; 
Srinivasan, 2006).  

 The theoretical value of the EDL capacitance (equation (4-11)) is marked by the dashed 
line in Figure 4-19 (b). It represents the capacitance of the ideal EDL, i.e. without 
diffusion of ions into the Helmholtz layer and, as such, agrees well with the 
experimental value obtained for the highest frequencies.  

 Finally, it is noticeable that the electrodes with the same width (see Table 6) lie directly 
above each other. The electrodes with the widths 5 µm (200 µm² and 1 000 µm²), 12 µm 
(6 000 µm²), and 20 µm (10 000 µm² and 20 000 µm²) show 3 individual, slightly 
different frequency dependencies, which indicate that the small dimension (width) plays 
a role. Our results are in accordance with the literature (Halper & Ellenbogen, 2006; 
Namisnyk, 2003; Rocha et al., 2016; Srinivasan, 2006). 
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Figure 4-20: Charge transfer resistance (a) and normalized charge transfer resistance (b) for different Pt electrode sizes 
obtained for experimental values using eq. (4-19).  

Let’s look at the corresponding charge transfer resistance determined with to equation (4-19), 
which is plotted in Figure 4-20 (a):  

 As expected, the largest contact (20 000 µm²) has the lowest resistance and the smallest 
contact (200 µm²) the highest resistance.  

 Similar to the capacitance, the resistance decreases with increasing frequency. This 
indicates that the leakage current (probably a displacement current) increases with 
increasing frequency. Since the charge transfer resistance is composed of tunneling 
effects of electrons and ion movement near the Helmholtz layer in the electrolyte, this 
decrease in resistance at higher frequencies can be explained by the inertia of the ions 
in the electrolyte during diffusion into the Helmholtz layer. The slope of Rct vs f in the 
double logarithmic plot is approx -1, which surgest a power law dependence of Rct α f-1. 
This is actually not the exponential behavior, which is characteristic for a diffusive 
behavior. It rather indicates the connection of Rct to the capacitive component and 
motivates the interpretation of the system with a parallel circuit of a frequency 
independent resistor Rct and a constant phase element (CPE), which is used in the 
following. 

 In contrast to the capacitance (Figure 4-19 (b)), no geometric effect of the electrodes 
can be observed here. Literature values for the charge transfer resistance are not found, 
which is probably due to the strong frequency dependence.  
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Figure 4-21: Nyquist representation of the impedance of a 10 000 µm² Pt electrode in an electrolyte (1 M, KCl), including a 
the linear fit of the first 15 points, and the angle of the resulting fit in (a), the inset zoom-in shows the measured electrolyte 
resistance Rel. In (b) a sketch of the Nyquist plot of Randles circuit with a CPE replacing the capacitor is shown (Lvovich, 2012, 
p. 40,41). The linear fit in (a) is 𝑓(𝑥) = −13.1 ∙ 𝑥 + 9457.  

In order to further improve the model, we replaced the modified Randles model by substituting 
the dominating capacitance by a CPE (see chapter 2.3.2). Mathematically seen, the CPE acts 
similar to an arbitrarily long string of parallel-connected resistors and capacitors. For us, it 
describes the local variation of capacitance and resistance on real electrode as well as the 
diffusion of ions. A significant advantage of the CPE is that we can separate the systemic 
parameters, i.e., the capacitance of the Helmholtz layer and the charge transfer resistance, from 
the diffusion and consider them as frequency-independent parameters. For this purpose, we first 
have to take a closer look at the different parameters. 

To get a first idea of the modified electric circuit, we look at the Nyquist representation of the 
impedance (Figure 4-21 (a)). The onset of the expected semicircle in the Nyquist plot provides: 

 The value of the electrolyte resistance (here Rel ≈ 729 Ω) and 

 the initial slope n = α/90°, which should be 1 (α = 90°) for a perfect capacitor. 

In our measurement, the angle is clearly smaller than 90° (here 84°), which indicates that the 
capacitor should be replaced by a constant phase element ZCPE (see chapter 2.3.2). The 
impedance of a constant phase element is given by the formula (Table 2): 

 
𝑍𝐶𝑃𝐸 =

1

𝑄(𝑗𝜔)𝑛
 (4-21) 

where Q and n = α/90° are frequency-independent variables. The value of the fractional 
exponent n must lie between -1 and 1. Q is a phenomenological parameter, which describes a 
perfect capacitor at n = 1, a perfect inductor at n = -1, and an inverse resistor at n = 0.  
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Figure 4-22: Bode representation of the impedance of ozone cleaned Pt electrodes of different sizes with (a) the absolute value 
of the impedance and (b) the phase. The dashed line represents the Randles fits replacing the capacitor by a constant phase 
element (inset in (b)). The electrode sizes are ranging from 200 µm² to 20 000 µm².  

For the new fit, the Randles model (Figure 4-22 (b), inset) with a constant phase element was 
chosen. Representative measurement curves for the different electrodes are plotted in the form 
of the Bode representation with the corresponding fits (dashed lines) in Figure 4-22. The fits 
describe the experimental data perfectly. So we can assume that our modified Randles model 
describes the system well. The values of the different parameters are summarized in Table 7. 
The self-written script for analyzing the impedance data is given in the appendix (see Script for 
impedance). The major component of the script is a fit vector, which ensures that the absolute 
impedance, phase, and imaginary part are fitted in parallel. The charge transfer resistance Rct 
should be considered with special caution, since only a few (Figure 4-21 (a)) to no (Figure 4-22 
(a and b)) data points at low frequency provide features for the evaluation of Rct. Since Rct is 
extremely large, we only see a small part of the beginning of the semicircle in our plots, which 
leads to large errors. All other fit parameters seem to be trustworthy. 

Table 7: Fit parameters averaged over 4 electrodes of the same size and their standard deviation for our ozone cleaned Pt 
electrodes using the modified Randles circuit with a constant phase element. 

Electrode size [µm²] Rel [Ω] Q [10-9∙Ωsn] n Rct [1015∙Ω] 

200 2783 ± 116 0.140 ± 0.023 0.942 ± 0.003 21.2 ± 29.5 

1000 1583 ± 24 0.633 ± 0.046 0.938 ± 0.003 7.46 ± 9.97 

6000 871 ± 21 2.79 ± 0.68 0.946 ± 0.002 2.97 ± 4.66 

10000 739 ± 30 4.17 ± 0.68 0.949 ±0.002 1.44 ± 1.09 

20000 624 ± 4.9 8.68 ± 0.65 0.950 ± 0.002 0.85 ± 0.41 

The parameters of Table 7 are plotted in Figure 4-23 as function of electrode size. The fractional 
exponent is similar for all electrodes indicating that: 

 All electrodes behave similar with respect to their homogeneity and their electronic 
character and 

 with a value of n ≈ 0.94 the CPE behaves very similar to a perfect capacitor with n = 1. 
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All other parameters, Q, Rct, and Rs depend on the electrode size and will be discussed 
separately in the following. 

 
Figure 4-23: Fitted parameters of ozone cleaned Pt electrodes of different sizes with (a) the electrolyte resistance Rel, (b) the 
phenomenological parameter Q of the CPE (equation (4-21)), (c) the charge transfer resistance Rct, and (d) the fractional 
exponent n of the CPE. Fits are shown as a dashed line, including the fit results in red. The electrode size is ranging from 
200 µm² to 20 000 µm².  

 

4.2.3. Electrolyte resistance 

Via the Randles fit, where the capacitance is replaced by a CPE, the electrolyte resistance can 
be verified. To compare the resistance with literature values, one can calculate the resistivity 
by using the spreading resistance of a rectangular electrode (Kristiansson et al., 2007). With the 
approximation of the electrode by an ellipse with sizes (see Figure 4-24 (a)): 

 𝑎 = 𝐿 √𝜋⁄  , 𝑏 = 𝑊 √𝜋⁄  (4-22) 

 and the use of the elliptical integral K(m): 

 

𝐾(𝑚) = ∫
𝑑𝑥

√1 − 𝑚 ∙ 𝑠𝑖𝑛2(𝑥)

𝜋
2⁄

0

 , 

(4-23) 
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where L is the electrode length and W is the electrode width, we ontain a specific resistance of 
the electrolyte of: 

 
𝜌𝑒𝑙 =

𝑅𝑒𝑙 ∙ 2𝜋𝑎

𝐾 (1 −
𝑏2

𝑎2)
 . (4-24) 

 
Figure 4-24: (a) schematic of the elliptical approximation to a rectangle electrode used for the definition of the spreading 
resistance of an electrode (adapted from (Kristiansson et al., 2007)) and (b) resulting electrolyte resistance for our electrodes 
of different sizes in 1 M KCl. Literature values (green dashed line) are for 20 °C and a KCl concentration of 1 M.  

Figure 4-24 (b) shows the resulting specific resistance of the electrolyte obtained for the 
different electrodes using equation (4-24). The specific resistance of the electrolyte ρel is more 
or less constant and of the correct order of magnitude. The small deviations from the literature 
values (Handbook of Chemistry & Physics, 2001) can be ascribed to the rough approximation 
of the rectangular electrode by an ellipse. 

 

4.2.4. Double-layer capacitance 

According to Brug et al. (Brug et al., 1984; Hirschorn et al., 2010) and as shown in equation 
(2-12), the effective capacity can be determined for our model according to: 

 
𝐶𝑒𝑓𝑓 = [

𝑄𝑅𝑒𝑙𝑅𝑐𝑡

𝑅𝑒𝑙 + 𝑅𝑐𝑡
]

1
𝑛⁄ 𝑅𝑒𝑙 + 𝑅𝑐𝑡

𝑅𝑒𝑙𝑅𝑐𝑡
 . (4-25) 

The effective capacitances for the different electrode sizes are plotted in Figure 4-25 (a), a 
sketch of the modified Randles model is added in the inset. 
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Figure 4-25: Effective capacitance (a) and normalized effective capacitance (b) from the fit parameters in Table 7, as  function 
of electrode size. The green range is correlated to the different values found for Cdl in the literature (Halper & Ellenbogen, 
2006; Namisnyk, 2003; Rocha et al., 2016; Srinivasan, 2006), the line is the theoretical value of an ideal Helmholtz layer 
calculate for 0.1M according to equation (4-11). The error is calculated via the propagation of uncertainty. The modified 
Randles model is shown in the inset.  

Figure 4-25 (a) shows the expected increase of the effective capacitance with increasing 
electrode size. The calculated values are summarized in Table 8. In order to be able to compare 
the values of the effective capacitance or the double layer capacitance with the values given for 
KCl in literature, Figure 4-25 (b) shows the normalized capacitance C/A, which is more or less 
constant and thus independent of the area. The literature values for a double layer capacitance 
usually vary between 0.1 and 0.4 F/m² (Halper & Ellenbogen, 2006; Namisnyk, 2003; Rocha 
et al., 2016; Srinivasan, 2006) in one literature even 0.63 F/m² is reported (Brown et al., 2016). 
Theoretically (equation (4-11)), we estimated a capacitance of 0.14 F/m². Even though our 
determined values are in perfect agreement with the literature values, it should be noted that the 
CPE method is a mathematical approach that provides an effective, frequency-independent 
value that describes a frequency-dependent parameter. 

Table 8: Calculated effective capacitance for fit values in Table 7 with the help of equation (4-25). 

Size [µm²] Ceff [pF] 

200 56.8 ± 10.1 

1000 252.9 ± 20.4 

6000 1344.2 ± 229.3 

10000 2112.1 ± 364.3 

20000 4593.0 ± 604.8 

 In a last step, we can try to analyze the permittivity of the Helmholtz layer. Using the data in 
Figure 4-25 (b) and assuming a distance of 0.6 nm, we obtain a permittivity:  

 
𝜀𝑟 =

𝐶𝑒𝑓𝑓 ∙ 𝑑

𝐴 ∙ 𝜀0
= 16.3 . 

(4-26) 
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This permittivity is larger than the value of 7.5 (Teschke et al., 2001) reported for a distance of 
0.6 nm to a surface. There might be two main reasons for this discrepancy: 

 Teschke et al. used a smaller concentration of 0.1 M KCl in their experiment and 

 the effective size of the Helmholtz layer might be smaller than 0.6 nm, which represents 
the bare size of the molecules. 

Another way to obtain the permittivity is given by a conversion of the impedance into a 
“modulus” according to (Lvovich, 2012, Chapter 1): 
 

𝑀∗ = 𝑀′ + 𝑗𝑀′′ = 𝑗𝜔𝐶0𝑍∗ =
1

𝜀𝑟
∗
 , 

(4-27) 

where j is the imaginary number, C0 the vacuum capacitance, Z* the complex impedance, and 
εr the permittivity. This way large Rct’s do not play a role. We can calculate the real and 
imaginary part of the modulus according to: 
 

𝑀′′ = −
𝜔𝜀0𝑍′𝐴

𝑑
 , 

(4-28) 

 
𝑀′ =

𝜔𝜀0𝑍′′𝐴

𝑑
 . 

(4-29) 

The permittivity is the inverse modulus (equation (4-27)):  

 
𝜀′′ =

𝑀′′

𝑀′2 + 𝑀′′2
 , 

(4-30) 

 
𝜀′ =

𝑀′

𝑀′2 + 𝑀′′2
 . 

(4-31) 

 
Figure 4-26: Complex dielectric constant according to equations (4-30) and (4-31) for our different sized electrodes separated 
in real and imaginary (inset) part of the permittivity. The green marked area is the frequency range where typically the 
permittivity is determined. The dashed lines are the fits to the low frequencies.  
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Using again a thickness of the Helmholtz layer of d = 0.6 nm, we obtain the complex 
permittivity of the Helmhotz layer for our electrodes (Figure 4-26). 

 First, the permittivity εr is typically taken at high frequencies (i.e. where Cdl dominates 
Rct) and in the linear regime (i.e. where Rel doesn’t play a role). Typically a frequency 
of 100 kHz is chosen, which results in a permittivity of εr ≈ 18.4. This is in perfect 
agreement with the permittivity calculated above (equation (4-26)). 

 Second, the peak in the imaginary part of ε” (inset Figure 4-26) are indications of 
Maxwell-Wagner interfacial polarisation or the Maxwell-Wagner relaxation frequency. 
At this frequency, the system losses energy and the molecules in the Helmholtz layer 
start to relax.  

 

4.2.5. Charge transfer resistance 

As already mentioned, the charge transfer resistance Rct is burdened with large errors, since 
only a small part of the semicircles can be seen in the Nyquist plot (see Figure 4-21 (a)). 
However, we can obtain values for Rct from the fit. 

 
Figure 4-27: Charge transfer resistance Rct (a) and normalized charge transfer resistance (b) according to the fit parameters 
in Table 7 as a function of electrode size. The black dashed line in (b) is the averaged value of Rct and the red dashed line the 
fit of the heterogeneous kinetic rate constant kheter. The error is calculated via error propagation, the modified Randles model 
is shown in the inset.  

Figure 4-27 shows the behavior of the charge transfer resistance Rct plotted against the electrode 
size, in (b) the resistance is normalized with the electrode size. It can be seen that: 

 Rct decreases as expected with increasing electrode size, 

 it is extremely high (1015 - 1017 Ω), 

 it becomes more accurate with larger electrode size, i.e. the error bars become smaller, 
and 

 Rct ∙ A is constant. 

Both, the high charge tranfer resistance and its constancy when normalized with the area 
indicates that we have successfully separated the resistance from the diffusion part, i.e. the 
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frequency-dependent charge displacement. We can, therefore, assume, that the charge transfer 
resistance mainly describes chemical reactions on the electrode surface and tunnel effects. 
Moreover, since the voltage is very low (100 mV), we are in a regime where water reactions 
should not be expected. Even tunnel effects over a distance of 0.6 nm have to be still relatively 
small, leading to the high resistances. 

In addition, we can fit a modified form of the Butler-Volmer equation to determine the 
heterogeneous kinetic rate constant kheter (Figure 4-27 (b), dashed red line), which is a measure 
of the speed of chemical reactions in the nearer equilibrium potential (Lvovich, 2012, p. 75): 

 
𝑅𝑐𝑡 =

𝑅𝐺𝑇

𝐹²𝐴 ∙ 𝑘ℎ𝑒𝑡𝑒𝑟 ∑ 𝑧𝑖𝐶𝑖

 (4-32) 

with the gas constant RG, the absolute temperature T, the Faraday constant F, the electrode area 
A, and the valence z and concentration C of the ion species i. This results in a kheter of: 

 
𝑘ℎ𝑒𝑡𝑒𝑟 = 0.028 

𝜇𝑚²

𝑠
 

(4-33) 

From this, it becomes obvious that very few reactions take place on the surface. 

 

4.2.6. Impact of molecules 

Now that we have understood the basic properties and behavior of electrodes in the electrolyte, 
we can look at the impact of APTES molecule on the electronic properties of the interface.  

 
Figure 4-28: Comparison of the impedance of a 10 000 µm² Pt electrode with (orange) and without (black) APTES coating in 
an electrolyte (1 M, KCl) in Nyquist representation. The dashed lines are the sketched semicircles.  

Figure 4-8 shows the Nyquist representation of the impedance of an APTES coated Pt electrode 
compared to the bare Pt electrode. Due to the linear form of the Nyquist plot, the small changes 
caused by the APTES layer are clearly visible. Obviously, the semicircle has changed due to 
the coating, which can be explained by either:  

 A reduced radius, and thus a smaller charge transfer resistance, which would speak for 
an increased conductivity of the electrode-electrolyte interface or  
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 a further "tilting" of the circle and thus a smaller fractional exponent, which would 
indicate a change in the surface conditions.  

Let’s first look at the electrode properties that should not change, such as the electrolyte 
resistance Rel. 

 
Figure 4-29: Comparison of electrolyte resistance for ozone cleaned electrodes and APTES coated electrodes. The resistivity 
of the electrolyte is calculated via the spreading resistance using equation (4-24).  

Figure 4-29 shows the resistivity of the electrolyte. This resistivity is calculated from the 
measurement data for bare Pt electrodes (black) and APTES coated electrodes (orange) using 
the spreading resistance from equation (4-24). Additionally, the literature value (dashed green 
line) for a 1 M KCl solution at 20 °C is plotted. The electrolyte resistance is exactly the same 
for both electrodes (APTES coated and ozone cleaned) and is slightly higher than the literature 
value (Handbook of Chemistry & Physics, 2001). That simply means the conditions are the 
same in both experiments.  

In order to analyze the surface condition, we take a closer look at the fractional exponent n of 
the CPE for both cases (with and without APTES coated Pt electrode). The values were 
determined using the fit as described in chapter 4.2.2 for the Randles model with a constant 
phase element (Figure 4-30, inset). 
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Figure 4-30: Comparison of the fractional exponent of the CPE (see equation (4-21)) for ozone cleaned electrodes (black) and 
APTES coated electrodes (orange), including the model for the fitting (inset).  

Also, the values of the fractional exponent are almost identical. The same or a slightly smaller 
exponent has been expected for APTES since the coating with molecules should yield slightly 
rougher electrode with more defects. However, the n-values of the APTES coated electrodes lie 
slightly above the ozone-cleaned reference samples, which means that APTES seems to even 
improve the homogeneity of the capacitor. However, this increase is small and maybe not 
significant enough to make a statement about a positive impact of the molecules on the n-value. 
Nevertheless, we can state that the molecules do not have a negative influence on the capacitor 
behavior. 

To see the impact of the molecules, let's look at the charge transfer resistance and the effective 
capacitance, both directly describe the double layer. If there are changes in the interface, we 
would expect to see it at the Helmholz layer. 

 
Figure 4-31: Comparison of the charge transfer resistance Rct normalized by the area for ozone cleaned reference electrode 
(black) and APTES coated electrodes (orange). The dashed lines represent the average values of Rct ∙ A.  

Figure 4-31 shows the charge transfer resistance normalized by the electrode area of the cleaned 
bare reference sample and the APTES-coated sample. The dashed lines represent the average 
value of Rct ∙ A.  
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In general, Rct is difficult to be determined (see chapter 4.2.2), since in the given frequency 
range hardly any features of the charge transfer resistor are visible. Therefore, the values should 
only be considered with caution. Nevertheless, we can state that in both cases (with and without 
APTES) the charge transfer resistors are approximately constant. Overall, all values for Rct and 
thus for the normalized resistance of the APTES-coated sample range below the reference 
sample. The average values for the normalized charge transfer resistance for the APTES sample 
are ~2.3 MΩm² and, thus, ~5 times smaller than that of the reference sample with ~12.2 MΩm².  

However, Rct is basically only relevant in the low-frequency range from Hz to µHz (Lvovich, 
2012, p. 74) and is therefore not really relevant for the measurement of the action potentials of 
the neurons with a typical frequency spectrum (of ~20 Hz – 10 kHz). More important is the 
capacitive coupling. 

 
Figure 4-32: Comparison of the effective capacitance Ceff normalized by the electrode area for ozone cleaned reference 
electrodes (black) and APTES coated electrodes (orange). The dashed lines are the average values of Ceff color-coded to the 
corresponding coating. The green range marks the literature values for the double layer capacitance in a KCl solution (Halper 
& Ellenbogen, 2006; Namisnyk, 2003; Rocha et al., 2016; Srinivasan, 2006), and the green line is the calculated plate capacitor 
(see equation (4-11)).  

Consequently, we now look at the electrode size normalized effective capacitance in Figure 
4-32. The capacitance is calculated from the constant phase element according to equation 
(4-25). The error bars are determined with error propagation. The dashed lines indicate the 
respective mean value of the capacitances of the different electrode sizes. The area marked in 
green indicates the range for which literature values for the double layer capacitance in KCl 
solution are found (Halper & Ellenbogen, 2006; Namisnyk, 2003; Rocha et al., 2016; Srinivasan, 
2006), and the green solid line represents the capacitance estimated from the sizes of the EDL 
(Figure 4-17). We observe: 

 All values (APTES coated (orange) and reference sample (black)) lie within the range 
of the literature values.  

 The normalized capacitance values seem to be independent of the electrode sizes. 
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 All capacitances obtained for the APTES coated electrodes lie slightly above the value 
for the reference sample.  

The averaged normalized capacitance of the APTES coated electrodes is ~0.27 Fm-2, and that 
of the reference sample is ~0.24 Fm-2. Assuming an EDL thickness of 0.6 nm we obtain a 
reasonable permittivity of the inner Helmholtz layer for APTES coated electrodes of εr, APTES = 
18.3 (εr, ref  = 16.3). Using the size of the APTES molecule of 0.7 nm, we obtain even εr, APTES 
= 21.3.  

Although it is obvious that the molecule can change the properties of the electronic double layer, 
the mechanism behind it is not fully understood. It is possible that  

 the molecule changes the effective electrode size and thus its capacitance and resistance.  

 Another explanation could be a modification of the Helmholtz layer by the molecule, 
allowing more defects and, therefore, a lower charge transfer resistance. This could also 
decrease the effective distance between the capacitor electrodes due to the increased 
number of defects on the surface. 

 Additionally, the molecules could shift the surface charge of the electrode closer to a 
neutral potential (see Figure 4-8), which increases the mobility and thus the 
polarizability of the water molecules. As a result the higher permittivity of the water 
layer would result in a higher capacitance. 

In conclusion of this chapter:  

(i) We developed a setup and a chip design which mimics the situation of the electrode-
electrolyte contact in neuroelectronic experiments and delivers reliable and 
trustworthy impedance measurements.  

(ii) We successfully developed a model to analyze the impedance data, separate the 
diffusion from the static circuit elements and provide the characteristic coupling 
parameters such as n-value, Rct, Cdl, and Rel.  

(iii) Finally, we demonstrated that a subnanometer thick APTES molecule layer has a 
positive impact on the electronical coupling. This improvement can be characterized 
by: 

 
𝑛𝐶𝑑𝑙

=
𝐶𝐴𝑃𝑇𝐸𝑆 − 𝐶𝑟𝑒𝑓

𝐶𝑟𝑒𝑓
 , (4-34) 

showing an improvement of 13.25 % for the electrode-electrolyte coupling obtained 
via APTES coating (Figure 4-33). 
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Figure 4-33: Improvement nCdl of the electrode-electrolyte coupling obtained by APTES coating of the Pt electrodes according 
to eq.(4-34). The ratio of the energies in the capacitor is shown, including the average increase of 13.2% as a dashed line.  

Although on first sight this increase seems to be small, it might represent a first step to an larger 
improvement. Since the APTES layer is only 0.7 nm thick compared to 20 – 30 nm thick PLL 
layers (see Figure 4-17) (Colville et al., 2010), we expect that the cell-electrode distance is also 
reduced for APTES coating. This would increase the sealing resistance, i.e. the resistance 
responsible for signal loss, and thereby could further increase the signal transmission. 
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4.3. Cell culture and cell-chip coupling on functionalized electrodes 

This chapter is partial based on my publication “Surface Functionalization of Platinum 
Electrodes with APTES for Bioelectronic Applications” (Wolf et al., 2020). 

 
Figure 4-34: Artistic sketch of cell cultures on a chip (left) and electronical cell-chip coupling (right), including the 
corresponding electrical circuit. 

In the last part of this work, we discuss the impact of the APTES coating on neural cell growth 
and the resulting electronic signal transfer between neural cells and electrodes. It is known that 
the surface potential has a huge impact on the initial cell adhesion on surfaces (Gilles et al., 
2012; Hao et al., 2016; Yuan et al., 2019). However, it is also important to know whether cells 
mature on a given surface and, in the case of electronic cell interfacing, whether the interface 
allows reasonable electronic signal communication (Figure 4-34). In order to analyze the impact 
of the APTES coating on cell growth and cell-chip communication and to confirm first 
experiments on HL-1 cells of Markov et al. (Markov et al., 2018), cortical neurons were seeded 
on SiO2 substrates, and Pt coated surfaces with PLL coating as reference. In this part of the 
thesis, we will first 

(i) analyze the bio affinity (chapter 4.3.1, Bio affinity of SiO2 and Pt surface) by 
observing the initial adhesion of cells on Pt and SiO2 substrates with different 
coatings, and compare it to the respective surface potential. 

(ii) In the second step (chapter 4.3.2, Growth behavior and dynamic) we will analyze 
the growth behavior during the complete culture to study the development and 
maturation of the cells.  

(iii) In chapter 4.3.3, Mechanical cell chip coupling, we compare the mechanical cell 
chip coupling, by analyzing the development of adhesiveness and resulting gap 
formation of the cells on the substrate, and  

(iv) finally, in chapter 4.3.4, Electronic cell-chip coupling, we will show the improved 
electronic coupling between cells and the electrode. 

Let’s start with the bioaffinity of the different substrates and different coatings. 
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4.3.1. Bio affinity of SiO2 and Pt surface 

 
Figure 4-35: Cell growth, according to Arimura et al. (Arimura & Kaibuchi, 2007): stage 0: cells sink to the ground (i.e. 
substrate); stage 1 and 2: development of the neurites; stage 3: evolution of a growth cone; stage 4: development of axon and 
dendrites; stage 5: full matured cell and interconnection of neighboring cells to neighbors; after a developed network the cells 
start to be electronically active and die after some time.  

 The mechanical adhesion of cells on a surface can be divided into different phases (Figure 
4-35; see also chapter 2.4.3). It starts with a sedimentation phase in which gravity and the 
electrostatic interaction between cell and substrate are the dominant forces. After then the actual 
cell attachment the first bonds are formed by membrane proteins with the surface. Finally, the 
cell starts to spread resulting in a permanent, stable bond with the help of focal adhesion, i.e. 
anchoring cell bonds that mechanically bind the actin cytoskeleton of a cell to the substrate and 
can bring the cell up to 15 nm close to the substrate (Khalili & Ahmad, 2015; Zaidel-Bar et al., 
2004).  

At the same time, the cells start to grow and form dendrites and axions. According to Arimura 
et al. (Arimura & Kaibuchi, 2007), cell growth on a substrate can be divided into 5 stages 
(Figure 4-35):  

- In stage 1 short lamellipodia and filopodia are formed around the soma.  

- After about 2 days in vitro (DIV), in stage 2, the cell develops first the immature 
neurites.  

- At 2-5 DIV, a growth cone is formed on one of the neurites (stage 3), which is then 
assigned to become the axon of the cell. This neurite develops faster than the others. 
This choice of the neurite does not have to be final, it can change.  

- The longest neurite undergoes a molecular change in stage 4 that transforms it into the 
axion of the cell, whereas all other neurites change to dendrites in stage 4. This process 
happens on about 5 – 9 DIV.  

- From DIV 7 on, the cells begin to develop into fully developed neurons and establish 
connections to neighboring cells, i.e. formation of first synapses.  

- Typically, the cell becomes electronically active between DIV 10 and DIV 16.  

- Obviously, the last stage is the cell’s death, which depends on the conditions imposed 
on the cell by the environment.  

In this context, not only electrostatic cell-substrate interaction, but also physical (e.g. 
mechanical or topological) and chemical interactions between cell and substrate play an 
important role for cell adhesion, growth, formation of a network, electronic activity, and, 
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finally, death of a cell on a substrate. Deviations from the “standard” behavior of cell culture 
(e.g. cell density, growth features, death rate, and life time) are indications for the neuroaffinity 
of a given environment or substrate. It is therefore important to first analyze the affinity and 
growth of cells on our APTES functionalized Pt in comparison to standard systems like PLL 
coated on SiO2. 

First of all, we compare the different substrates. As reference substrate, we take SiO2 with PLL 
and APTES coatings and compare it with Pt samples with and without APTES.  

 
Figure 4-36: Neural cell culture experiments on SiO2 surfaces with different coatings consisting of: (a)-(c) comparison of 
fluorescent microscope images of live/dead staining of neurons on ozone cleaned SiO2 samples without (a) and with the coating 
with APTES (b) and borosilicate sample coated with PLL (c) as the reference sample. The cell cultures are taken at DIV 6, the 
scaling bar corresponds to 100 µm, (d) resulting statistics of neurons after DIV 6 showing the total number of live neurons 
(green bars), dead neurons (red bars), the total number of neurons (blue bar), and the nominal seeding neuron density (dashed 
line) For the statistics 6-14 representative areas of 895.26 x 670.80 µm² were investigated.  

Figure 4-36 shows a comparison of cortical neuron cell distributions (a-c) and the resulting 
densities (d) for cleaned SiO2, SiO2 surfaces coated with APTES, and a PLL-coated BSG 
(borosilicate glass) as references. The culture was stained at the 6th day in vitro (DIV) with 
calcein-AM for the living cells and ethidium homodimer for the dead cells (see chapter 3.2.2). 
The main observations without any coating are:  

 That on ozone cleaned SiO2 are much fewer cells than on the APTES coated or the 
reference sample coated with PLL.  
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 The ozone cleaned SiO2 sample (Figure 4-36 (a)) has the lowest amount of living cells 
(green) and also fewer dead cells (red). Thus, the total number of cells (Figure 4-36 (d), 
blue) is also much lower compared to the other samples, and the seeded cell density 
(blue dashed line). This is in accordance with the literature (Yuan et al., 2020). Also, 
the network seems to be much less developed, the typical high dendrite density is 
missing. This shows that an attractive coating is necessary for cell culture to achieve a 
healthy cell culture.  

 The samples coated with APTES or PLL show similar behavior, with a high density of 
cells of ~40 % of the seeding cell density. Also, the network development seems to be 
on the same level.  

 On all 3 samples, the ratio between living and dead cells is almost the same. The APTES 
coated sample shows 52.1 % dead cells compared to the living, PLL 49.2 %, and the 
uncoated SiO2 surface 62.9 %. From this, it can be concluded that the death rate is about 
the same and that the problem lies in the sedimentation phase, i.e. the electrostatic 
attraction between cells and substrates at the beginning of the cell culture. This is in 
accordance with the surface potential of SiO2 and APTES coated samples (Figure 4-8 
and Figure 4-38). The higher the surface potential, the more cells adhere to settle on it 
in the earliest phase of the cell culture (Hong et al., 2006; Khalili & Ahmad, 2015). PLL 
also has amino groups, which suggests that the surface potential of PLL coated SiO2 is 
even slightly higher than the APTES coated SiO2.  

The cell culture seems to confirm our assumptions and the results of Markov et al. (Markov et 
al., 2018) that an amino layer like an APTES SAM transforms the surface into a more attractive 
surface for neurons.   
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Figure 4-37: Neural cell culture experiments on Pt surfaces with different coatings consisting of: (a)-(d) comparison of 
fluorescent microscope images of live/dead staining of neurons on Pt samples without (a) and with the coating with APTES (b) 
or PLL (c, d), (c) shows a BSG reference sample with PLL, the cell cultures are taken at DIV 6, the scaling bar corresponds to 
100 µm; (e) resulting statistics of neurons after DIV 6 showing the total number of live neurons (green bars), dead neurons 
(red bars), the total number of neurons (blue bar), and the nominal seeding neuron density (dashed line), for the statistics 11-
40 representative areas of 895.26 x 670.80 µm² were investigated.  

Figure 4-37 shows a comparison of cortical neuron cell distributions (a-d) and the resulting 
densities (e) for cleaned Pt, Pt surfaces coated with APTES or PLL, and a PLL-coated BSG  as 
reference. The main observations of this comparison are: 

 Neurons don’t mature on pure (cleaned) Pt surfaces. In detail, there are hardly any living 
neurons (green) on the cleaned Pt sample. Only a few dead neurons (red dots) are 
visible. Furthermore, living neurons are not at all mature. They possess a spherical shape 
without neurites in contrast to the other images. Since dead neurons are easily detached 
from the surface, the total density of neurons is extremely low in this case (see Figure 
4-37 (e)).  
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 In the case of PLL- or APTES-coated Pt (Figure 4-37 b, d), the neuron cell densities 
(alive, dead, total) is similar to that of the reference sample (Figure 4-37 e), and the 
living neurons are in a mature state.  

 
Figure 4-38: Total (live and dead) number of cells normalized by the seeding cell density as a function of the surface potential 
of the substrate at pH 5.4 taken from Figure 4-8, Figure 4-36, and Figure 4-37 for SiO2 substrates (solid points) and Pt 
substrates (open points), both with (orange) and without (black) APTES coating.  

 Different from the SiO2 (Figure 4-36) on all Pt samples, the number of dead cells is 
higher than that of living cells. At the same time, the surface potential of pure Pt is 
higher compared to SiO2. Figure 4-38 shows a comparison of the surface potential and 
the total number of adhered cells, the values of the surface potential are taken from 
Figure 4-8. It should be noted that this value represents the ζ potential at a pH value of 
5.4 and not the physiological conditions. Nevertheless, it can be taken as a measure for 
the surface potential at physiological conditions. Except for bare Pt, we observe a clear 
trend, the higher the surface potential, the more cells adhere on the surface. This agrees 
with the literature (Markov et al., 2018; Yuan et al., 2020). The only exception is the 
cleaned Pt sample, where hardly any cell adheres. This indicates that in the case of 
cleaned platinum, there are other reasons for the low cell adhesiveness. Moreover, more 
or less, only dead cells adhere.  

All these results show that bare Pt is an unfriendly environment for cells. Therefore, and 
especially for Pt electrodes indicating that a coating with PLL or APTES is required to enhance 
the neuron viability and to obtain a network of matured neurons comparable to that of the 
reference sample consisting of PLL-coated SiO2. 
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4.3.2.  Growth behavior and dynamic 

 
Figure 4-39: Time series of microscope brightfield pictures of typical growth behavior neuron cells for Pt plus APTES as an 
example. The white bars represent 200 µm. The zoom-in in the colored rectangles are shown in Figure 4-40 – Figure 4-42.  

Cells need their time to become electronically active. Usually, this takes 10 – 14 days. 
Therefore, it is important not only to look at the cells at DIV 6 but to pay special attention to 
their development over time. Figure 2-1 shows microscope pictures of a typical neuron growth 
on Pt coated with APTES for the first 10 days in vitro (DIV). For the platinum sample, special 
5 nm thick Pt layers had to be deposited to ensure a sufficient transparency for the bottom-up 
microscopy. Unfortunately, the cells on the APTES coated 5 nm Pt films didn’t adhere well and 
were removed on DIV 9 during medium change. However, we can nicely observe the growth 
of the cells, the development of the network, and the formation of neurospheres (clusters of 
neurons). Examples for all three cases are discussed in the following. 

 
Figure 4-40: Neurosphere formation over time on APTES coated Pt samples. Zoom of blue rectangles in Figure 4-39. The 
white bar represents 100 µm.  
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First, we look at the formation of neurospheres. An example from Figure 4-39 is selected (blue 
rectangle) in Figure 4-40. At DIV 1, it starts with two single cells that join at DIV 3 on top of a 
dead cell or contamination. Then this part migrates over the surface of the substrate and collects 
cells (DIV 4-6). Thereby links to other cells are continuously forming. From DIV 8 on, it looks 
as if the inner cells are dead and only the outer ones are still alive. After day nine, the 
neurosphere has disappeared. 

 
Figure 4-41: Cell growth over time on APTES coated Pt samples. Zoom of yellow rectangles in Figure 4-39. The white bar 
represents 100 µm.  

Figure 4-41 shows an example of cell growth over time (bottom right of the image). The yellow 
rectangles in the cell time-series in Figure 4-39 are expanded. It visualizes how the cell body is 
getting bigger and more dendrites grow on the cell body. A neurosphere is formed from the 
remaining cells. 
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Figure 4-42: Network formation over time on APTES coated Pt samples. Zoom of red rectangles in Figure 4-39. The white bar 
represents 100 µm.  

Figure 4-42 shows the formation of a network of cells. The red rectangle in the cell time-series 
in Figure 4-39 are shown. First, the cells orbit each other while they are still mobile (DIV 1-3). 
At DIV 4, two cells move together and form stronger and more diverse connections to the 
neighboring cells. 

 
Figure 4-43: Neuron density (live and dead) vs. time of culturing on SiO2 without (black), with APTES (orange) and PLL 
(green) coating. The inset represents an excerpt from a typical brightfield microscope image used for this analysis. The dashed 
lines represent a linear fit for the different cultures.  

A first analysis of the cell culture development can be obtained by the statistics of the cell 
density for the different systems.  
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Figure 4-43 shows the development of the total cell density (dead and live, however without 
neuronspheres) on the different functionalized SiO2 surfaces, cleaned, APTES coating, and PLL 
coated. Since live-death staining, used for instance in Figure 4-36 and Figure 4-37, has a toxic 
effect on the cells, brightfield microscope images (Figure 4-43, inset) had to be used for the 
statistics. This makes it difficult to identify cells at an earlier age than DIV 2, where the first 
cell signatures become visible (e.g. dendrite growth). The scattering of the data is due to the 
fact that the cell cultures are stored in an incubator and were only taken out for the images. 
Therefore, it is not possible to photograph the same positions, instead, representative places on 
the samples were chosen and evaluated. The linear fits, therefore, represent the best indications 
for the development of the respective cell culture. Moreover, since slightly different starting 
populations and especially after the first change of the medium 4 h after preparation are not 
uncommon, we normalized the cell density by the value obtained by the linear fit for DIV 2.   

From the course of the linear fit, it can be seen that the neuron density decreases over time for 
bare SiO2 and PLL coated SiO2, whereas it is constant for the APTES coated SiO2. As described 
in chapter 3.3.1, the medium is changed twice a week. During this process, cells (especially 
dead cells) that adhere to the surface are rinsed away. This explains the reduction in the total 
number of cells for the bare and the PLL coated sample. The APTES coated sample, on the 
other hand, shows no reduction in the cell density, which indicates a higher adhesiveness of 
neurons on the APTES-coated sample, i.e. a stronger bond between cells and APTES-coated 
surface.  

 
Figure 4-44: Living cells during the cell culture, on SiO2 without (black), with APTES (orange), and PLL (green) coating. 
Living cells are normalized by the area and the total number of cells.  

In a second step we consider the survival rate of the cells on different substrates. Figure 4-44 
shows the density of living cells normalized by the total density of cells. The percentage of 
living cells on bare SiO2 is very low from the beginning, which means that most cells are dead 
but still adhere to the surface. This confirms the result of Figure 4-36 (d) that bare SiO2 isn’t 
suitable for cell growth, it needs an adequate functionalization. The sample coated with PLL 
starts (DIV 2) with about 50 % living cells and increases slightly to ~60 %. The latter can be 
explained by the washing away of the dead cells, which indicates a worse adhesion of dead cells 
on PLL coated SiO2 and agrees with the decrease of the total cell density shown in Figure 4-43. 
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The APTES coated sample starts with a similar ratio of ~50 % as the PLL coated sample, but 
unlike PLL, this ratio remains constant until day 9 (better cell adhesion of dead cells), before 
the living cells density rapidly decreases. This also agrees with observations shown in Figure 
4-43, which demonstrated the better cell adhesiveness also for dead cells for APTES coated 
SiO2. 

The decrease in the density of living cells starting at day 9 on APTES-coated SiO2 is also 
reported in literature (Gilles, 2010). But it has been suspected that the molecules detach from 
the SiO2 and thus the cell adhesion decreases. However, in chapter 4.1 we already demonstrated 
that APTES binds strongly to SiO2, especially stronger than PLL, which can easily be detached 
from the surface by cells (Y. H. Kim et al., 2011).  

The explanation for the reduction of living cells is probably rather given by the (too) strong 
adhesion of neurons to the substrate. Cells have to be supplied with food from the medium. If 
the cells are attached too close to the substrate, the food supply of the cells hampered, as a 
result, the cells can no longer be properly supplied with food. According to Hong et al (Hong 
et al., 2006; Khalili & Ahmad, 2015) the flattening of the cell, i.e. the strong mechanical 
interaction with the surface, occurs in phase III of the cell connection (see chapter 2.4.3) and 
thus shortly before the cell becomes electronically active. Thus, the development over time of 
the living cell density coincides with this explanation and indicates one shortcoming of the 
functionalization with APTES, i.e. the too strong mechanical coupling of the cell to the 
substrate.  

 

4.3.3. Mechanical cell chip coupling 

Common techniques to analyze the cell-chip distance are for example focused ion beam or 
electron microscope investigations (F. Santoro et al., 2017; Seyock et al., 2017; Wrobel et al., 
2008) or plasmon resonance experiments (Kreysing et al., 2018). However, these methods 
require complex preparation steps like a fixation process that kill the cells and could change the 
cell-chip distance. Moreover, it provides only a value for the cell-chip distance but not the 
development of the cell-chip coupling over time. However, by using the correlation between 
the flattening of the cells and the cell-chip distance (chapter 4.3.2), we are able to monitor the 
cell-chip coupling by recording the cell diameter. 
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Figure 4-45: Averaged cell diameter of living cells on APTES coated (orange) and PLL coated (green) SiO2 samples, and for 
comparison on APTES coated Pt (black) as function of the days of culturing. On the right side, the impact of the cell-chip 
interaction on the lateral cell diameter is sketched.  

Figure 4-45 shows the resulting cell diameter of isolated cells on the APTES and PLL coated 
SiO2 samples and for APTES coated Pt.  

Generally, the diameter of the cells increases with days of culturing and have a maximum at 
day 13 before they apparently start to shrink again. This increase of the diameter is caused by 
the growth of the cells on the surface. In the beginning, the diameter of the cell on APTES and 
PLL coated SiO2 samples are similar or even a bit smaller on APTES in comparison to PLL. 
However, around day 9, this behavior is reversed, the cells on the APTES coated SiO2 sample 
start to have a larger diameter in comparison to the cells on PLL coated samples. This is exactly 
the time when the cells are completing their adherence. As a result, the cell is pressed to the 
surface and the diameter increases. The stronger increase of the diameter of the APTES coated 
SiO2 indicates that the cell-chip interaction is larger in this case compared to the PLL coated 
SiO2. The decrease of the diameter, in the end, could be taken as an indication of maturation 
(PLL) or even the onset of dying of the cells (APTES). The fact that the diameter of the cells 
on the extremely thin Pt layer with APTES are smaller than those on SiO2 (with PLL or APTES) 
might be an indication for the smaller cell-chip interaction of APTES coated Pt. However, we 
can not exclude that it is an artifact of the extreme thin layer, since cells didn’t really adhere to 
this system. 
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4.3.4. Electronic cell-chip coupling 

 
Figure 4-46: Action potential of neural cells on Pt electrodes with APTES (a) and PLL (b) coating at DIV 14. The insets show 
the schematics of the respective cell-chip contacts including the corresponding electronic circuitry.  

Finally, we characterized the impact of the APTES coating on the cell-chip communication of 
Pt multielectrode arrays (MEA). For this purpose, we compared action potential (AP) signals 
of rat cortical neurons that were seeded on quartz wafers equipped with APTES- or PLL-coated 
Pt MEAs. We used a seeding cell density of 881 neurons/mm² and recorded the neural signals 
after maturation of the neurons (DIV14) using a custom-built amplifier system (BioMAS) (see 
chapter 3.3.3) with an Ag/AgCl reference electrode in the cell culture medium. 

Typical AP signals recorded for the neuron cell culture on APTES- and PLL-coated chips and 
the corresponding signal-to-noise ratio (SNR) are shown in Figure 4-46 (a) and (b). Whereas 
the PLL-coated Pt electrode shows an AP signal of ~ 60 µV, the APTES coating leads to a 
much larger AP signal of ~ 5.5 mV. This agrees with the literature, where publications typically 
report AP signals < 500 µV for extracellular measured signals via MEAs (Spanu et al., 2020; 
Wu et al., 2020), whereas AP signals of up to 10 mV are demonstrated for a different type of 
neurons (HL-1 cells) on APTES-coated MEAs (Markov et al., 2018). Moreover, considering 
the typical noise level of ~ 5 µV, our observation leads to a significantly higher SNR ≈ 34 dB 
for APTES-coated MEAs compared to an SNR ≈ 13 dB for PLL-coated MEAs. This vast 
improvement of the SNR again agrees with the observation of HL-1 cells on APTES-coated 
MEAs reported in the literature (Markov et al., 2018).  
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There are two possible explanations for the vast improvement of the AP signal and resulting 
SNR caused by the APTES coating: 

 On the one hand, the signal transfer between neurons and electrodes is improved by the 
reduction of the electronic double layer impedance Zel at the Pt-electrolyte interface, 
(Figure 4-46, inset). This impedance is defined by the electronic properties of the 
Helmholtz layer, which forms at this interface and which is affected by the APTES 
layer or the alternative PLL coating. In chapter 4.2.6 we demonstrated the positive 
impact of the APTES on the capacitance and charge transfer resistance and, thus, the 
impedance of the interface. The peptide PLL is much larger (Colville et al., 2010) than 
the APTES molecules and doesn’t adhere (bind) at the surface, which indicates that we 
do not expect a stable improvement of the electronic cell-chip coupling by a PLL 
coating. 

 On the other hand, the spacing between the Pt electrode and the neuron is reduced due 
to the mechanical cell-chip interaction with the APTES layer. This has been 
demonstrated in chapter 4.3.3. This automatically increases the seal resistance RS and, 
thus, improves the signal transfer.  

The increase of the signal transfer between neurons and the Pt electrodes for APTES coating 
and the resulting vast improvement of the SNR, most likely results from a combination of both, 
the reduction of the interface impedance and the increase of the sealing resistance. 

In conclusion, we showed in this chapter: 

 that a coating of the substrate (SiO2) and the electrode (Pt) is necessary for cell growth. 
Without a suitable coating, the network cannot develop properly, and the cells die.  

 Furthermore, APTES coating and PLL coating seem to be nearly equally ideal for cell 
growth itself. However, the adhesion of cells on APTES is stronger than that on PLL.  

 On the other hand, cells on PLL survive longer, which may be due to the “softer” 
surface of the thicker PLL coating or the stronger adhesion of APTES and the resulting 
lack of nutrition.  

 Nevertheless, and most important, we showed that APTES coating results in much 
higher signal transmission (in the mV regime) and a much larger signal-to-noise ratio 
(~13 dB).   
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5. Conclusion and Outlook 
In this thesis, we demonstrated that electronic chips with surfaces consisting of an insulating 
oxide (SiO2) with integrated metallic electrodes (Pt) can be functionalized with APTES and, 
thus, improved for neuroelectronic applications. The APTES molecules form a SAM layer on 
SiO2 and Pt, which is stable (at least for a year), and, due to their amino group, generate a 
biocompatible surface, facilitating the growth of neurons on SiO2 and Pt electrodes. Moreover, 
this stable APTES SAM improves the electronic and mechanical cell-chip coupling between 
electrodes and neurons. 

  

 

APTES was deposited via gas-phase-based MLD, which allowed to perform the complete 
preparation consisting of cleaning and activation of the chip, APTES deposition, and post-
deposition treatment in a perfectly controlled way in one recipient without breaking the vacuum. 

The presence of APTES layers on Pt has been demonstrated by various ex-situ methods such 
as AFM, ToF-SIMS, ellipsometry, SPR, and surface potential experiments. We showed that the 
APTES layer on Pt grows and behaves similarly to that on SiO2. The Pt surface can be activated 
and the resulting difference in the electrokinetic potential is consistent with the calculations and 
density of possible docking bonds for molecules on the surface. APTES forms stable layers on 
Pt after the removal of physisorbed molecules. The resulting functionalization of the surface 
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shows a clear impact of the amino group on the surface potential (  3 mV at 5.4 pH and 1 mM 
KCl). The coverage of the molecules on SiO2 and Pt surfaces seems to be similar (~50 %) and 
the thickness of the APTES layer on Pt (0.6 – 1 nm) is comparable to the values of 0.7 – 0.8 nm 
measured and reported for APTES SAMs on SiO2 (Markov et al., 2017; Pasternack et al., 2008). 
The analyses indicate that the gas-phase deposited APTES most likely binds covalently with 
their silane group on Pt and forms a stable SAM.  

In a second step, we demonstrated a successful chip development, enabling reproducible 
electronic measurements via impedance spectroscopy in electrolyte conditions and mimicking 
the cell-chip interface. These measurements made it possible to visualize and analyze even the 
smallest changes in the impedance caused by surface modifications. With the help of a specially 
developed model, we successfully separated the impact of the diffusion from characteristic 
static properties of the electronic double layer. We were able to demonstrate an improvement 
of the double layer capacitance from 2.4 F/m² to 2.7 F/m² and a reduction of the charge transfer 
resistance caused by the APTES coating resulting in an improvement of the electrode-
electrolyte coupling by ~13 %.  

 
Figure 5-1: Electronical cell-chip coupling experiments according to A. Markov et al. (Markov et al., 2018) using standard PI 
passivated MEAs functionalized with APTES and fibronectin and tested with HL-1 cells forming a confluent layer yielding AP 
signal up to ~10 mV (a) and our approach using MEAs without passivation and APTES functionalization tested with cortical 
rat neurons yielding signals up to ~6mV. 

In the last step, we showed that both, SiO2 substrates and Pt electrodes became biocompatible 
if they are coated with APTES. In contrast to a conventional coating, for example with PLL, 
the APTES coating also improves the mechanical coupling between chip and cells. This seems 
to lead to a smaller gap between electrodes and cells and, thus, a higher sealing resistance. This 
sealing resistance together with the electrode-electrolyte coupling are responsible for the signal 
transfer between cell and electrode. Since both, sealing resistance and electrode-electrolyte 
coupling, are improved by the APTES coating, we obtained a strong improvement of the cell 
signals (action potential) to several mV (typically 4-6 mV, SNR ~34 dB) compared to typical 
signals of 200 – 400 µV (SNR ~ 13 dB) obtained for PLL coated chip. This confirms the first 
and at that time surprising observations of A. Markov obtained for conventional chips and HL-1 
cells (Markov et al., 2018) that the functionalization with APTES improves the electronic cell-
chip coupling significantly, here by ~1 500 %. 

In contrast to our work, Aleksandr Markov (Markov et al., 2018) used standard MEAs 
passivated with 1 µm polyimide (PI), which were coated with organic molecules (APTES and 
GLYMO) and fibronectin (a glycoprotein) (Figure 5-1 (a)). Due to the special features of HL-1 



Molecular Layer Functionalized Neuroelectronic Interfaces: 
From Sub-Nanometer Molecular Surface Functionalization to Improved Mechanical 

and Electronic Cell-Chip Coupling 

101 
 

cells (cardiac muscle cell derived from AT-1 mouse artial cardiomyocyte tumor lineage 
(Claycomb et al., 1998)), which form a confluent layer, it was argued that the complex 
molecular layer or sealing between the confluent cell layer and the functionalized PI passivation 
could have been responsible for the large signal transfer of ~10 mV for the extracellular action 
potential. Our measurements are performed on bare MEAs without passivation and for neural 
cells, which grow sporadically and form networks (Figure 5-1 (b)). This system is obviously 
closer and more relevant for neuroelectronic applications. Moreover, it allowed to analyze the 
signal transfer in detail. 

In this work, we demonstrated that APTES SAMs represent an exceptional tool for surface 
functionalization for neuroelectronic applications. The APTES SAMs create stable, patternable, 
and biofriendly coatings that increase the cell-chip coupling (mechanically and electronically) 
and lead to fantastic signal-to-noise ratios. This technology might, therefore, not only be 
suitable for tomorrow's prosthetics but could also be used in a variety of biosensors. By simply 
exchanging the functional group of the organic molecule, surfaces could be tailored for specific 
purposes or used as linker (receptor) for other bio-objects such as proteins or DNA. As a next 
step, the issue of the cell stability (in our case, cells died typically on DIV 9) should be solved. 
One solution might be to combine molecules with a monolayer of the peptide PLL. Another 
option could be the use of flexible substrates like PDMS or porous substrates to solve the 
nutrition problem.  

In the end, the APTES functionalization of the electrodes represents an outstanding and exciting 
possibility to boost the cell-chip coupling. It might represent an important tool to improve 
neuroelectronic sensor and actuator devices. 
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II. Appendices 
Figures  

 
S 1: (a) Cyclic voltammogram of a platinum wire in 1M KH2POH3 at pH 4.2. Pt oxidation (0.6 V onwards) and reduction (at 
0.27 V) peaks are clearly visible. (b) Linear sweep voltammetry of a platinum wire after oxidation in an oxygen plasma oven 
and after storage of the sample in ethanol or H2O2 for five minutes. In all voltammograms, a clear reduction peak is present 
indicating that a Platinum surface oxide was electrochemically reduces and neither previous chemical treatments nor sample 
storage under ambient conditions could reduce the formed oxide. The peak height is arbitrary and varies from sample to sample 
due to varying insertion depths of the wire in the electrolyte. SCE is the abbreviation for Standard Calomel Electrode, an 
electrode with Hg/HgCl as reference system.  

 

 
S 2: Fluorescence microscope picture of APTES molecules on SiO2 stained with FITC. (a) with SiO2 background and (b) with 
second deposition of GLYMO. 
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S 3: XPS analysis of the molecular deposition at 3 different states, i. e. after “cleaning” the virgin SiO2/Si substrate with 
acetone and propanol, after “activation” with ozone, and after deposition of APTES. (a) shows a complete spectrum of the 
cleaned substrate, (b) and (c) show the C-peaks and N-peaks for all 3 states, respectively.  

 
S 4: ToF-SIMS measurement of APTES stripes on Pt substrate, showing (from left to right) the signal of the isotopes 28Si, 29Si, 
and 30Si. The yellow bars represent the APTES deposited areas.  
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S 5: Development of the electrokinetic potential of APTES coated Pt samples (MLD) without (orange symbols) and with (green 
symbols) post-deposition treatment (PDT) measured in 1mM KCl at pH 5.4. During PDT the sample is kept under vacuum 
condition in the deposition chamber for 3 days; the red dashed line represents the electrokinetic potential of a cleaned Pt 
sample. 

 

Script for impedance 

""" 
Created on Wed Aug  5 11:30:02 2020 
@author: Niko 
""" 
### packages 
import numpy as np 
import matplotlib.pyplot as plt 
import pandas as pd 
import tkinter as tk 
from tkinter import filedialog 
import os, os.path 
from scipy.optimize import curve_fit  
import scipy.integrate as integrate 
import ntpath 
import glob 
from tqdm import tqdm 
 
### constants 
epsilon_0 = 8.8541878128e-12 
 
def s(a = 0, b = 0, c = 0): 

serial = a + b + c 
return serial  

 
def p(a, b): 

parallel = (a**(-1)+b**(-1))**(-1) 
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return parallel 
 
def getFile(addNum=4): 

### import dataset and add necessary columns. Here “channel” + channel number + “_” + electrode size 
in µm² +”.txt” (e.g. channel1_1000.txt) file with frequency, Z’, and Z’’ 
if file_extension == '.txt': 

print("Ending is: " + file_extension) 
# read data 
data_raw = pd.read_table(file_path, sep="\t") 
 
#rename colums 
data_raw.rename(columns={str(list(data_raw)[0]):"frequency"}, inplace=True) 
data_raw.rename(columns={str(list(data_raw)[1]):"Re"}, inplace=True) 
data_raw.rename(columns={str(list(data_raw)[2]):"Im"}, inplace=True) 
 
df = pd.DataFrame(data_raw) 
 
### Add columne  
betragZ = [] 
phi = [] 
size = [] 
 
for i in range(len(df["Im"])): 

 
betragZ.append(np.sqrt(data_raw.Re[i]**2+data_raw.Im[i]**2)) 
phi.append(np.arctan(data_raw.Im[i]/data_raw.Re[i])*180/np.pi) 
size.append(int(tail_1.split("_")[1])*1e-12) 
 

df["Z"] = betragZ 
df["Phi"] = phi 
df["Electrode_size"] = size 
 

 
else: print("don't know file format") 
 
return df 

 
def linearFit(): 

### Fit to Nyquist plot linear, for estimate electrolyte resistance Rel and fractional exp. n  
coef1 = np.polyfit(raw.Re[-30:-5],raw.Im[-30:-5],1) 
poly1d_Rel = np.poly1d(coef1) 
Rel = -coef1[1]/coef1[0] 
n = -1*np.arctan(coef1[0])*180/np.pi /90 
 
return Rel, n, poly1d_Rel 

 
def funcx(x, Rel, Q, n, Rct): 

### Function for fitting. s(…,…) is serial and p(…,…) is parallel  
w = (2 * np.pi * x) 
ZRct = Rct*1e8 
ZRel = Rel 
ZQ = 1/(Q*1e-11*(1j*w)**n) 
model_test = s(ZRel, p(ZQ, ZRct)) 
return model_test 

 
def fit_Randles(Rel, n): 
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### Fit of funcx to |Z|, phi, and Z’’ 
Q=0.5 
Rct=1 
 
fit_parameter = (Rel, Q, n, Rct) #fit parameter 
param_bounds=([Rel*0.99, 0, n*0.9, 0],[Rel*1.01, 1000, n*1.001, 1e15]) #parameter boarders 
 
def fmodel(x, Rel, Q, n, Rct): 

return np.vstack([np.abs(funcx(x, Rel, Q, n, Rct)), np.angle(funcx(x, Rel, Q, n, Rct), deg=True), 
np.abs(funcx(x, Rel, Q, n, Rct))*np.sin(np.angle(funcx(x, Rel, Q, n, Rct)))])  

 
 
x = raw.frequency.to_numpy() 
y1 = raw.Z.to_numpy() 
y2 = raw.Phi.to_numpy() 
y3 = raw.Im.to_numpy() 
 
 
y_data = np.vstack([y1,y2, y3]) 
 
def fmodel_flat(x, Rel, Q, n, Rct): 

return fmodel(x[0:int(len(x)/3)], Rel, Q, n, Rct).flatten() 
 
popt, pcov = curve_fit(f=fmodel_flat, xdata=np.tile(x, 3), ydata=y_data.flatten(), p0=fit_parameter, 
bounds=param_bounds, maxfev=100000) 
 
print("Rel = " + str(popt[0]) + "\n" + 

"Q = "  + str(popt[1]*1e-11) + "\n" + 
"n = "  + str(popt[2]) + "\n" +  
"Rct = "  + str(popt[3]*1e8)) 

 
return popt, pcov 

 
 
def cir_3D(x, Z, phi, Rel): 
 

### frequency dependent Rct, Cdl, and loss   
 
Rct_f = (Z*np.cos(phi*np.pi/180)-popt[0])*((Z*np.sin(phi*np.pi/180)/(Z*np.cos(phi*np.pi/180)-
Rel))**2+1) 
Cdl_f = -(Z*np.sin(phi*np.pi/180)/(Z*np.cos(phi*np.pi/180)-Rel))/(2*np.pi*x*Rct_f) 
 
return Rct_f, Cdl_f, Loss 

 
 
def plotOverview(): 
 

### Graphen plotten 
 
fig = plt.figure(dpi=90, facecolor='w', edgecolor='k', figsize = (20,20))#13.5 
fig.suptitle(tail + '\n' + 'rho = ' + str(rho_el)) 
ax1 = fig.add_subplot(331)     
 
ax1.plot(raw.Re, -1*raw.Im, 'o--', raw.Re[0:-1], (-1)*poly1d_Rel(raw.Re[0:-1]), '--k') 
ax1.grid(True) 
ax1.set_xlabel("Z' [$\Omega$]") 



Molecular Layer Functionalized Neuroelectronic Interfaces: 
From Sub-Nanometer Molecular Surface Functionalization to Improved Mechanical 

and Electronic Cell-Chip Coupling 

xvii 
 

ax1.set_ylabel("-Z'' [$\Omega$]") 
ax1.set_title("Nyquist"+ '\n' + "R$_{el}$=" + str(np.format_float_scientific(Rel,2)) +", 
n="+str(np.format_float_scientific(n,2))) 
 
ax2 = fig.add_subplot(332) 
ax2.loglog(raw.frequency, raw.Z, 'o--', label="data") 
ax2.loglog(raw.frequency, raw.Z/raw.Z*Rel, '--k', label="Rel from Nyquist = " + str(Rel)) 
ax2.set_xlabel("Frequency [Hz]") 
ax2.set_ylabel("|Z| [$\Omega$]") 
ax2.set_title("Bode |Z|" + "\n" + "R$_{el}$=" + str(np.format_float_scientific(popt[0],2)) + ", Q="  + 
str(np.format_float_scientific(popt[1]*1e-11,2)) + "\n" + "n="  + 
str(np.format_float_scientific(popt[2],2)) + ", R$_{ct}$= " + 
str(np.format_float_scientific(popt[3]*1e8,2))) 
ax2.loglog(raw.frequency, np.abs(funcx(raw.frequency, *popt)), linestyle='--', color='orange', 
label="Fitted Curve") 
ax2.grid(True) 
 
ax3 = fig.add_subplot(333) 
ax3.semilogx(raw.frequency, raw.Phi, 'o--') 
ax3.plot(raw.frequency, np.arctan((funcx(raw.frequency, *popt).imag/funcx(raw.frequency, 
*popt).real))*180/np.pi, color="orange") 
ax3.set_xlabel("Frequency [Hz]") 
ax3.set_ylabel("Phase [°]") 
ax3.set_title("Bode Phase") 
ax3.grid(True) 
 
ax4 = fig.add_subplot(334) 
ax4.loglog(raw.frequency, Rct_f, 'o--', label="data") 
ax4.set_xlabel("Frequency [Hz]") 
ax4.set_ylabel("R$_{ct}$ [$\Omega$]") 
ax4.set_title("parallel Resistance") 
ax4.grid(True) 
ax4.legend() 
 
ax5 = fig.add_subplot(335) 
ax5.loglog(raw.frequency, Cdl_f, 'o--', label="data") 
ax5.set_xlabel("Frequency [Hz]") 
ax5.set_ylabel("C$_{dl}$ [F]") 
ax5.set_title("parallel Capacitor") 
ax5.grid(True) 
ax5.legend()     

 
def R_Spread(Rel): 

### calculate spreading resistance 
if raw.Electrode_size[1] == 200*1e-12: 

a = 40e-6/(np.pi)**0.5 
b = 5e-6/(np.pi)**0.5 

elif raw.Electrode_size[1] == 1000*1e-12: 
a = 200e-6/(np.pi)**0.5 
b = 5e-6/(np.pi)**0.5 

elif raw.Electrode_size[1] == 6000*1e-12: 
a = 500e-6/(np.pi)**0.5 
b = 12e-6/(np.pi)**0.5 

elif raw.Electrode_size[1] == 10000*1e-12: 
a = 500e-6/(np.pi)**0.5 
b = 20e-6/(np.pi)**0.5 
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elif raw.Electrode_size[1] == 20000*1e-12: 
a = 1000e-6/(np.pi)**0.5 
b = 20e-6/(np.pi)**0.5 

else:  
print("size is not defined") 

 
def integrand(x): 

return 1/(1-(1-b**2/a**2)*(np.sin(x))**2)**0.5 
 
K = integrate.quad(integrand, 0, np.pi/2) 
 
rho = Rel*2*np.pi*a/K[0] 
return rho 

 
def save(): 

### save all parameter (*.csv) and the overview figure (*.jpg) 
 
panda = pd.DataFrame(raw) 
panda["rho"] = rho_el 
panda["R_ct"] = Rct_f 
panda["C_dl"] = Cdl_f 
panda["Real_cal"] = funcx(raw.frequency, *popt).real 
panda["Imag_cal"] = funcx(raw.frequency, *popt).imag 
panda["|Z|_cal"] = np.abs(funcx(raw.frequency, *popt)) 
panda["Phase_cal"] = np.angle(funcx(raw.frequency, *popt), deg=True) 
panda["R_ct*A"] = Rct_f*raw.Electrode_size 
panda["C_dl/A"] = Cdl_f/raw.Electrode_size 
 
panda.to_csv(head + '/' + os.path.basename(file_path) + '_data.csv', index = False) 
picture_path = head + '/' + os.path.basename(file_path) +'_fit_' + 'data.jpg' 
plt.savefig(picture_path, format='jpg', dpi=100) 
 
if test == True: 

pass 
else: 

plt.close() 
 
if __name__ == '__main__': 

### Program order 
# if test is 1 or True, just one file will be analyzed, if test is 0 or False, all files in the folder will be 
analyzed 
test = 1 
 
root = tk.Tk() 
root.withdraw() 

 
if test==True: 

# fetch and print file 
file_paths = [] 
file_path_1 = filedialog.askopenfilename() 
file_paths.append(file_path_1) 
print(file_paths[0]) 

 
 

else: 
file_dir = filedialog.askdirectory() 
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print(file_dir) 
file_paths = glob.glob(file_dir + '\*.txt') 

 
 

for i in tqdm(range(len(file_paths))): 
 
file_path = file_paths[i] 
head, tail = ntpath.split(file_path) 
filename, file_extension = os.path.splitext(file_path) 
head_1, tail_1 = ntpath.split(filename) 
 
raw = getFile() 

 
Rel, n, poly1d_Rel = linearFit() 
 
popt, pcov = fit_Randles(Rel, n) 
 
rho_el = R_Spread(popt[0]) 
 
Rct_f, Cdl_f  = cir_3D(raw.frequency, raw.Z, raw.Phi, popt[0]) 
x_log = np.logspace(1, 7, 1000, endpoint=True) 
 
plotOverview()  
 
if test==True: 

pass 
else: 

save() 
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