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Kurzzusammenfassung 

Lichtgesteuerte Kontrolle von neuronalen Informationen mit Hilfe organischer Bioelektroniken 

Neurologische Störungen oder Verletzungen nach Trauma induzierenden Unfällen können oft die 

natürliche Fähigkeit von Neuronen zerstören Informationen zu verarbeiten oder weiterzuleiten. Die 

nicht natürliche Verknüpfung zwischen Technologie und Lebewesen kann diese Defizite behandeln und 

überwachen oder auch die ursprüngliche Funktion wiederherstellen. Alle bioelektronischen Geräte 

müssen sich zwei Hauptherausforderungen stellen: Die Biokompatibilität zu lebendem Gewebe und 

die Stromversorgung des Gerätes selbst. In dieser Arbeit stelle ich zwei neue Ansätze vor, die auf 

lichtempfindlichen organischen Pigmenten basieren, die keine kabelgebundene Energieversorgung 

oder genetische Modifikation erfordern, um Zellen zu stimulieren oder zu steuern und die sicher in 

Bezug auf die Verwendung mit lebenden Zellen sind. 

Im Rahmen dieser Arbeit habe ich die Wechselwirkung von neuronalen Zellmembranen mit kolloidalen 

Makrokristallen aus Epindolidione-Pigmenten untersucht, die eine 3D Mikrostruktur auf ihrer 

Oberfläche aufweisen. Neuronen zeigten, dass sie ausgedehnte Netzwerke entwickeln und stabile 

Interaktionen mit diesen Strukturen erzeugen. Es wurde auch festgestellt, dass Neuriten in Richtung 

der organischen Pigmente wuchsen und adhärierten, oder während des Zellwachstums diese 

Verbindungen umbauten. Die photothermokapazitive Stimulation dieses Komplexes aus Neuronen 

und Pigmenten depolarisierte mit Hilfe eines Lasers die Zellmembran. Jedoch waren die 

Pigmentkristalle nicht in der Lage Aktionspotentiale zu induzieren. 

Weiterhin wurden in dieser Arbeit neuartige Halbleiter getestet, die auf organischen Pigmenten 

basieren und in einer Elektrolytlösung wie ein Kondensator zur lichtgesteuerten und photokapazitiven 

Stimulierung von Säugetierzellen funktionieren. Diese können mit sichtbarem rotem Licht angeregt 

werden, welches in der Lage ist durch die Haut ins Gewebe einzudringen. Diese so genannten OEPCs 

(Organic Electrolytic Photocapacitors) bestehen aus flachen Schichten von halbleitenden Pigmenten. 

Dafür wurden N,N’-Dimethylperylentetracarbonsäurediimid (PTCDI) und metallfreies Phthalocyanin 

(H2Pc) verwendet. Humane embryonale Nierenzellen (HEK) wurden mit dem spannungsgesteuerten 

Kaliumkanal Kv1.3 transfiziert. Elektrophysiologische Messungen zeigten eine zeitabhängige 

Ionenkanalaktivierung und eine Verschiebung der Kanalleitfähigkeit von etwa 30 mV, wenn die sich 

auf OEPCs befindlichen Zellen stimuliert wurden. Neuronen, die mit Lichtpulsen im Millisekunden 

Bereich stimuliert wurden, zeigten, dass wiederholt zuverlässig Aktionspotentiale erzeugt werden 

konnten, und zwar mit einzelnen oder mit einer Serie von Lichtpulsen.  
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Die hier vorgestellten Ergebnisse zeigen, dass diese bioelektronische Anwendung, die auf organischen 

Pigmenten basiert, für weitere in vitro Anwendungen sicher sind und dass man ohne genetische 

Veränderungen neuronalen Signale durch Licht erzeugen kann. Diese Ergebnisse bilden auch die 

Grundlage um in der Zukunft lichtgesteuert in vivo Anwendungen zu entwickeln, die mit hoher 

Präzision arbeiten.
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Abstract 

Optical Control of Neuronal Signaling with Organic Bioelectronics 

Neurological disorders or injuries after traumatic events often destroy the natural function of neurons 

to process or transduce information. The artificial connection between technology and the living 

organism can treat, monitor, or restore such functions and conditions. All bioelectronic devices must 

address two main challenges: biocompatibility and power supply. In this work, I introduce two novel 

approaches based on light-sensitive organic pigments that require no wiring or genetic modification 

to control cell stimulation and that are safe in terms of use with living cells. 

In this thesis, I have investigated the interaction of neuronal cell membranes with colloidal 

macrocrystals made from Epindolidione pigments that feature a 3D-shaped microstructure on their 

surface. Neurons developed extensive networks and stable interactions with these structures. Neurites 

that grew toward the organic pigments attached to them and remodeled connections during cell 

maturation. Photothermocapacitive stimulation of neuron-pigment complexes with laser light 

depolarized the cell membrane but was unable to induce action potential firing. 

I also benchmarked the performance of Organic Electrolytic Photocapacitors (OEPCs) on 

photocapacitive stimulation of mammalian cells with visible red light that can penetrate through the 

skin into tissues. OEPCs form a planar photovoltaic device with the n- and p-type semiconducting 

pigments N,N’-dimethyl perylene tetracarboxylicdiimide (PTCDI) and metal free phthalocyanine (H2Pc). 

Electrophysiology recordings of human embryonic kidney (HEK) cells transfected with the voltage-

gated potassium channel Kv1.3 showed a time-dependent channel activation and a channel 

conductance shift of around 30 mV when placed on OEPCs. Neurons stimulated with millisecond pulses 

fired reliably action potentials on single and repetitive light pulses. 

The findings demonstrate that organic pigment-based bioelectronics are safe to use in vitro and enable 

a nongenetic manipulation of neuronal signaling with light and high precision for future in vivo 

applications. 
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1 Introduction 

1.1 Motivation 

Neuronal signaling is essential for most complex organisms enabling them to develop sophisticated 

cognitive and behavioral complexity. Signaling pathways range from single cell to tissue levels, organs, 

or the entire organism. Chemical and electrical signals affect numerous processes directly and 

indirectly related to neurons or the nervous system [1]. Therefore, scientists of all disciplines and 

centuries developed ideas and methods to control neuronal signaling by activating or preventing 

processes related to it. 

Chemical stimulation methods often aim to deliver neurotransmitter to the target. Glutamatergic 

stimulation or silencing has been used successfully to stimulate retinal ganglion cells [2], alter 

respiratory excitation [3], attenuate chronic pain [4] or alter synapse formation [5]. Other classical 

neurotransmitters, such as acetylcholine or dopamine, may also play an important role in non-neuro 

related stimulation mechanisms such as blood pressure control [6] or body temperature regulation [7]. 

However, the most common method for controlling neuronal signaling is achieved by electrical 

stimulation, since the cell membrane depolarization with an electric field offers a faster and more 

targeted stimulus to a tissue than a comparably slower chemical release that features unspecific 

diffusion [8]. There are three major applications in this field: neuroprosthetics that try to restore lost 

functions [9-11], devices that facilitate the natural healing process after acute injuries [12-15], or 

monitoring neuronal activities and the response of excitable tissues [16-19]. Electrical stimulation is 

not only a mature concept for in vitro use, it also provides reliable methods for clinical applications 

[20] such as in the treatment of Parkinson’s disease [21, 22], pain reduction [23], or as signal converters 

for sensory organs such as cochlear [24-26] or retinal implants [27-29]. 

Most of these methods require wiring that complicates implantation, provides a high risk of infections 

[30-32], and causes discomfort for patients [33, 34]. Wireless bioelectronics, however, do not require 

an external energy source or an internal battery to deliver an electric current to the implant. 

Piezoelectric stimulation with ultrasound [35] or surface acoustic waves [36] avoids such risks, but 

mechanical vibrations [37] are introduced, which can result in self-heating [36, 38, 39]. 

A solution to many of the mentioned problems might be light as a source of energy. The three main 

light-based approaches are optogenetics [40], photopharmacology [41], and direct photostimulation. 
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Although the first two come with the catch of genetic modification or the delivery of chemicals, the 

latter is a more complex concept that describes different methods. 

Since all the mentioned approaches to control neuronal signaling have unique problems, one must be 

very careful when designing them. The goal is to find a method which achieves an artificially introduced 

stimulation with as little as possible negative impact on neurons. The key criteria for this endeavor are 

biocompatible and stable devices that are easy to handle and safe to operate. Therefore, I want to 

introduce two methods for neurostimulation and evaluate them and their potential for in vitro use. 

Depending on their application site, they might be novel and useful tools for future in vivo implants 

capable of ultimately controlling neuronal signaling and related downstream effects in human 

physiology. 
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1.2 Optical Control of Neuronal Signaling with Organic Bioelectronics 

The concept of bioelectronics is a broad research area covering applications for the treatment of 

diseases, monitoring physiological conditions or individuals, replacing functions, and many more. 

Bioelectronics provide an interface between life and technical solutions for a multitude of problems. 

A straight classification of all aspects is not possible. However, various concepts addressed in this thesis 

can be broken down into meaningful subunits (Figure 1) and contextualized to explain light-induced 

stimulation of excitable cells. 

Within this thesis, I am exploring the potential of two approaches using different light absorbing 

devices to control neuronal signaling via neurostimulation. Both are based on organic pigments, which 

are already available for commercial use, but differ fundamentally in their working principles. First, I 

will introduce colloidal pigment crystals forming a microstructure that quickly changes temperature  

 

 

Figure 1 Overview of concepts and methods required for the optical control of neuronal signaling 
with organic bioelectronics. 
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upon light absorption. These photothermocapacitive devices have a large and structured surface area 

compared to their diameter, allowing rapid heating of the nearby cell membranes and therefore 

changing the capacitance of the cell membrane. 

The second device is an organic semiconductor similar to its inorganic counterpart known from 

photovoltaic cells for electricity generation. However, the mechanism for neurostimulation is provided 

by a generated electric field in the electrolytic environment of an in vitro or in vivo system. The 

semiconducting materials charge during light absorption, causing the formation of an electrolytic 

double layer and a current between the oppositely charged electrodes. This photocapacitive 

mechanism results in a potential difference capable of polarizing nearby cell membranes. 
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1.3 The Cell System, the Plasma Membrane and Neuronal Signaling 

Cells are compartmentalized to provide the necessary conditions for many different functions. Herein, 

the plasma membrane is the most important entity for the organization of the cell. It separates the 

interior from the outside environment and is responsible for many processes that are crucial for cell 

functions, such as cell-cell communication [42], intracellular and extracellular signaling [43], the 

transmission of electrical signals [44], cell protection, and many more [45]. Especially the electrical 

activity of neurons and their ability to elicit and transmit action potentials (APs) is crucial for 

information signaling over longer distances in complex organisms. 

1.3.1 Cell Membrane and Electrolytic Environment 

The cell membrane is a lipid bilayer composed primarily of phospholipids and cholesterol [46]. In 

addition, fatty acids such as cholesterol or glycolipids are essential for structural integrity and cell 

stability. The proteins within the membrane have various functions that range from intracellular and 

extracellular signaling to the maintenance of the proper electrolytic environment (Figure 2).  

 

Figure 2 Schematic representation of a cell membrane with a lipid bilayer composed of the most 
common components such as phospholipids, cholesterol, and glycolipids, as well as different globular 
or integral proteins. Electrolytic composition with high potassium (K+) in the cell and high extracellular 
sodium (Na+) concentration [47]. 

 

Most processes within the cell require exact ion concentrations to be fully functional. Especially 

excitable cells such as neurons require a well-balanced electrolytic environment for signal induction 

and transmission, as well as for maintaining their resting membrane potential (Vrest). The typical 
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intracellular and extracellular ion concentrations for neurons are 12 mM Na+
in, 145 mM Na+

out, 

155 mM K+
in and 4 mM K+

out [48]. This concentration gradient is generated and maintained by ion 

pumps which lead together with the permeation through K+ channels to a Vrest of around -70 mV. The 

membrane is semi-permeable for ions to varying degrees. Charge separation and concentration 

gradient counteract diffusion until an equilibrium is reached. The equilibrium for each ion type can be 

calculated by the Nernst equation (1) with the Nernst potential Eion, gas constant R, temperature T, 

number of valence electrons zion, Faraday constant F and concentration c. 

 (1) 

 

The membrane potential Vm is mostly dependent on the K+ ion distribution but the membrane is also 

permeable for Na+ and Cl- to a certain degree. This correlation can be described by the Goldman 

equation (2). 

 (2) 

 

1.3.2 Ion Channels 

Ion channels are transmembrane proteins that facilitate the transport of ions across the cell 

membrane. In contrast to pores, most channels have an ion selectivity ranging from a low to a very 

high affinity for different species. The water molecules attached to ions are often substituted by the 

charged side chain residues of the ion channel selectivity filter and the ion concentration increases on 

one side of the membrane [49]. 

Ion channels can be classified into many different groups. Leak channels are constitutively open and 

allow free ion flow across the membrane along their concentration gradient. The K+ leak channels are 

important for maintaining the resting membrane potential in a cell since the Na+/K+-pump is always 

active and does not stop when the typical intracellular K+ concentration is reached. Excess K+ ions can 

flow out of the cell until the electrochemical equilibrium is in balance again [50]. 

Another type are ligand-gated ion channels which also allow the flux of Na+, K+, Cl- or Ca2+. In contrast 

to the previous ones, ligand-gated channels require an external stimulus to switch from a closed state 

to an open state. This is achieved mainly by allosteric binding of an effector molecule to protein 

domains that can bind extracellular mediators such as neurotransmitters or intracellular mediators 
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such as nucleotides or even other ions itself [49]. Well studied ligand-gated ion channels include a 

receptor, for example, for γ-aminobutyric acid (GABA), glutamate, or nicotine acetylcholine [51]. 

Mechanosensitive ion channels sense the membrane tension or curvature in procaryotic and 

eucaryotic cells and change their conformation upon stress. This is important to regulate cell 

homeostasis which can protect against osmotic stress [52], or it can provide information on other 

mechanical deformations that might be a stimulus for sensing the environment, for example in hair 

cells in the cochlea [53]. 

 

 

Figure 3 Overview of different ion channels with leak channels that are constitutively open and gated 
ion channels that change their conformation upon binding a ligand, sensing mechanical stress or a 
voltage change on the membrane [47]. 

 

The last major group of ion channels are voltage-gated channels that respond to a potential change at 

the membrane that induces a conformation change. Especially Na+, K+ and Ca2+ ion channels play a 

crucial role in the initiation and propagation of stimuli in excitable cells [54]. They can form protein 

complexes with heterologous subunits, but the general mechanism and function principle is the same 

for most of these channel types. 

Potassium channels are assembled from four identical subunits that constitute a pore-forming complex 

[55] (Figure 4 A). Sodium and calcium channels have four homologous subunits that are connected to 

a single protein (Figure 4 B). All voltage-gated ion channel subunits consist of six transmembrane-

spanning helices labeled as segment S1-S6. The S4 domain contains a series of basic amino acids, such 

as arginine (R) and lysine (K) in its sequence which are positively charged.  
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The membranes of excitable cells that undergo rapid depolarization become less negative on the 

inside. The positively charged residues (Figure 4 A right, blue barrel) move within the membrane a little 

toward the extracellular space, causing a conformation change [56] that can be recorded as a gating 

current. Specific ion species that passed the selectivity filter can then flow through the open pore 

generating an ion specific current that can be inward or outward rectifying. 

These ion channels can have several open and closed states depending on the charge movement of 

the sensor, but especially Nav ion channels are well known to have a third state: the inactive state. 

There are several mechanisms through which these channels are inactivated. The most prominent one 

is the N-type inactivation. The first residues at the N-terminus form a barrier that can block the pore 

on the cytoplasmic side, restricting the ion flux across the membrane [57, 58]. This process is reversible 

and can be achieved by a hyperpolarization of the cell. 

 

Figure 4 Schematic overview of two major voltage-gated ion channel species. (A) Shaker-related ion 
channel formed by 4 homologous subunits with an R and K rich voltage sensor in the transmembrane 
segment 4. The right side highlights a monomer (orange) of human Kv1.3, the voltage sensor (blue), 
and potassium ions in the selectivity filter (magenta) (PDB-ID: 7SSY). (B) Schematic representation of 
the structure of Nav and Cav ion channels with 24 transmembrane-spanning helices grouped into four 
identical domains. Concept adapted from [54] and created with [47]. 

 

1.3.3 General Electric Description of the Cell 

Alan Hodgkin and Andrew Huxley first described the ionic currents in giant squid axons and established 

a model that mathematically describes the propagation and initiation of an action potential [59]. The 

membrane of an excitable cell can be described in an equivalent circuit model (Figure 5) with three 

components (equations (3) – (5)): 
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The plasma membrane acts with its phospholipid bilayer as a dielectricum. Thus, it forms a parallel 

plate capacitor C with a membrane capacitance Cm, a charge Q, and an electrical potential V across the 

membrane. 

  (3) 

 

The conductance g (1/R) of ion channels is described as reciprocal of the resistance R. Hodgkin and 

Huxley defined a resistance for Na+ channels RNa, K+ channels RK and for the leakage of Cl- ions a resistor 

RCl.  

         (4) 

 

The last component is the electromotive force EMFion of an ion which is the difference between the 

membrane potential Vm (see Equation (2)) and the Nernst potential of a given ion Eion (see Equation 

(1)). 

 (5) 

 

The total membrane current Itotal is divided into a capacitive current Ic that charges the capacitor 

(membrane) and an ionic current Ii that flows through all ion channels. The current of a single ion 

channel Iion results from equation (4). 

 with   and  while   (6) 

 

With these equations and the equivalent circuit model (Figure 5), one can approximate the behavior 

of an excitable cell upon stimulation and whether AP firing is triggered or not. This stimulation pulse 

can come from either a classical electrode inducing a current with a given amplitude and duration to 

reach the threshold potential or from other stimulation methods (see Section 1.4). 
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Figure 5 Equivalent circuit model of a cell. 

 

1.3.4 Action Potentials 

The resting membrane potential is mainly driven by the K+ concentration gradient across the cell 

membrane and the electrical gradient of cations that flow out the cell, making the interior more 

negative until an equilibrium is reached (see Equations (1) and (2)) [60]. This Nernst potential (Eion) 

together with the membrane potential across the membrane constitute the electromotive force 

together with the conductance, determining the current flow of ions. Since there is a higher 

permeability for K+ in the plasma membrane than for Na+ the overall resting membrane potential is 

closer to EK than to ENa [61]. 

This can have pathophysiological effects when there are elevated levels of K+ in the blood. People with 

hyperkalemia have more depolarized cells, which can inactivate Na+ channels while K+ channels remain 

open, causing cells to become refractory which causes severe problems in neuromuscular activation 

[62]. However, this refractory effect is also known from healthy heart tissues and is caused by altered 

ion concentrations through altered membrane permeabilities. This changes the Vrest of special cells and 

enables a directed propagation which is necessary for normal heart physiology. The typical resting 

membrane potential in neurons is -70 mV but can range from -90 mV in skeletal muscles [63] to -50 mV 

in aortic smooth muscles [64]. 

A cell reacts in two different ways when a stimulus reaches an excitable cell. The neuron fails to initiate 

an AP if the threshold potential is not reached. Several stimuli can add up or cancel each other out in 
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complex neural connections. The cell will initiate or propagate the AP when the membrane potential 

exceeds the threshold potential due to the all-or-none law. Voltage-gated Na+ channels react to this 

membrane potential change and activate. Positively charged ions flow into the cell during this 

depolarization phase which further alters the membrane potential allowing more ion channels to open. 

This feedback loop leads to an overshoot that even switches the membrane polarity. One can observe 

the inward current of the Na+-cation in the negative current trace (Figure 6 A – blue). The conductance 

of the voltage-gated Na+ channels peaks earlier (Figure 6 B – blue) than the current. This discrepancy 

is explained by equation (6) and the EMF that is the driving force for the ion flow. 

Na+ channels already start to inactivate during the overshoot, while voltage-gated K+ channels open 

and allow the flux of K+-cations out of the cell (positive current in Figure 6 A – red). The cell membrane 

repolarizes and even hyperpolarizes due to slower channel kinetics of K+ compared to Na+ channels. 

No further APs can be initiated during the refractory period since voltage-gated Na+ channels need 

some time to transition from the inactivated state to the resting one. This slow transition and the rapid 

inactivation also allow for a unidirectional propagation of the signal along the membrane. The ionic 

concentration in the extra- and intracellular medium changes slightly compared to the charge transfer 

switching the membrane polarity from negative to positive and then back again. The Na+/K+ pump 

restores the ionic ratio to the levels before excitation. This process takes energy in the form of one ATP 

for pumping three Na+ ions out of the cell and two K+ ions into the cell. 

 

 

Figure 6 Currents and conductance during action potentials. Membrane potential (black) of a squid 
axon with (A) currents and the (B) conductance of Na+ (blue) or K+ (red) ion channels. Traces are 
calculated with the program Hodgkin-Huxley Cell Model from Robert Arnold (Gottfried Schatz 
Research Center – Biophysics, Medical University of Graz, Austria) based on the Hodgkin-Huxley 
equations. 
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The membrane of excitable cells deviates not only in the permeability of ions but also in the amount 

and composition of voltage-gated Na+ and K+ channels which further might have slightly different 

kinetics. This leads to a diversity in the shape and nature of APs [65] (Figure 7). 

 

 

Figure 7 Diversity of action potentials in mammalian central neurons. Adapted and reprinted with 
permission from Springer Nature: Nature Reviews Neuroscience, [65], according to license number 
5342390928481. 

 

1.3.5 The Patch Clamp Technique 

The electrical description of the cell helps to understand the basic biological mechanisms in excitable 

cells. One successful method enabled high-quality measurements of the membrane potential or the 

current flow across the membrane within the last decades. In the late 1970s and 1980s Erwin Neher 

and Bert Sakmann developed the foundation of the patch clamp technique by measuring small 

electrical currents of single ion channels in denervated frog muscle fibers [66]. 

Modern setups vary in individual components, but Figure 8 shows a standard configuration of a patch 

clamp rig. The microscope, the head stage of the pre-amplifier and the reference electrode are 

shielded by a Faraday cage to block external interfering electromagnetic fields. The measured analog 

signals are transmitted to an amplifier and digitized for data acquisition. For the purpose of this work, 

we extended this configuration by a light source for extracellular stimulation of cells through light-

sensitive organic bioelectronics. 
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Figure 8 Schematics of an electrophysiology set-up with a microscope in a faradaic cage. The 
measuring electrode (not shown) is mounted to a micromanipulator to precisely target cell membranes 
and connected to an amplifier via the preamplifier in the head stage. A digitizer converts analog signals 
into digital signals for electronic data acquisition. [47] 

 

A holder securing the coverslips is submerged in an electrolytic solution and contacted by a silver 

reference electrode coated with AgCl. The ionic current is transformed into an electric one and vice 

versa.  

 

The measuring electrode consists of a glass capillary with a small tip and an opening in the μm range. 

The electrode is filled with a conducting solution that mimics the intracellular ion concentration which 

is also in contact with an Ag/AgCl electrode (Figure 9 A) to close the circuit. There are different 

configurations of how the pipette contacts a membrane. In the cell-attached mode (Figure 9 B), one 

approaches the cell with a slight overpressure which is then released when close to the membrane. 

This increases seal resistance and reduces noise by forming a tight seal between the membrane and 

the electrode [67]. This mode allows to record spontaneous firing of excitable cells or single ion 

channels, since the cell interior is not altered [68]. 

The rapture of the cell membrane is achieved by a sudden change in pressure. This configuration is 

called whole-cell (Figure 9 C) and provides electrical access to the interior of the cell similar to a 

microelectrode that impales the cell directly [69]. In contrast to single channel experiments, this 

method allows to measure e.g., the sum of currents flowing through all membrane channels. 
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Figure 9 The patch clam technique and its configurations. (A) General schematics of an amplifier 
connected to a measuring electrode in a patch pipette. (B) Cell-attached, (C) whole-cell, 
(D) perforated-patch, (E) outside-out and (F) inside-out configuration. [70] 
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Hamill et al. developed two further methods in 1982, the outside-out (Figure 9 E) and inside-out 

(Figure 9 F) configuration [71]. Both techniques rapture the cell and take a small patch of the cell 

membrane which is often used to measure single ion channel currents. The method is also commonly 

used in small cells with low capacitance or high expression of some ion channel species [72]. 

To gain electrical access to the cell without rapturing the membrane, pore-forming antibiotics can be 

introduced into the pipette solution. This prevents a washout of the cell interior and provides an 

exchange of most monovalent ions through the membrane. Larger molecules remain in the cytoplasm, 

allowing the study of signaling pathways and other scientific questions that require an intact cell. 

Another big advantage of the perforated-patch configuration (Figure 9 D) is, that once established, the 

perforated patch provides a more stable seal and longer recording times which is useful for long-term 

experiment in excitable cells. 

The patch clamp technique provides two modes of operation. The voltage clamp is often used to study 

ion channel gating by controlling the membrane voltage. To maintain this clamped voltage, a current 

flows across the membrane which is recorded by the amplifier. In current clamp mode, a current is 

injected into the cell and the membrane voltage is recorded which gives information about e.g., the 

depolarization of excitable cells. The true current clamp mode is achieved by a voltage follower circuit 

in the amplifier. In this work, we just used an I-V converter amplifier with capacitive feedback circuit. 



1.4 Stimulation 

23 
 

1.4 Stimulation 

1.4.1 Chemical and Mechanical Cell Stimulation 

Cell stimulation can be achieved with a multitude of techniques for clinical applications and research-

related questions. Most established tools use chemical methods, such as chemo attractants for cell 

migration or invasion studies [73], drug administration [74] for patient treatments, or even artificial 

chemical stimulation that introduces non-physiological receptors or agents into cell signaling pathways 

[75]. Another wide area is the mechanical stimulation of cells and tissues [76] by physical stretching of 

cell cultures that stimulates hormone production [77] or stem cell differentiation [78]. 

1.4.2 Electrical Stimulation of Excitable Cells 

The most common form of stimulation anyhow is the electrical coupling of excitable cells which can 

be subdivided into three major classes: Direct coupling, capacitive coupling, and induction (Figure 10). 

Direct current coupling is the process of direct cell stimulation in which electrodes are contacted to 

excitable tissues or membranes. The electric current thereby causes a potential change and a 

polarization of the membrane. This method allows for the use in in vitro or in vivo applications such as 

neurite growth [79], bone fracture healing [80, 81], and stem cell differentiation of neuronal cells [82]. 

Capacitive coupling produces a homogeneous and uniform electromagnetic field. The probe is located 

between two electrodes [83] and is not in direct contact with the electrode. Since this does not require 

a conductive scaffold, capacitive coupling allows noninvasive stimulation [84]. Inductive coupling 

generates a controlled electromagnetic field that generates small currents and potential differences 

close to a probe by using coiled electrodes [83]. 

 

Figure 10 Electrical stimulation of cells via (A) direct or (B) capacitive coupling or (C) induction. 
Reprinted with permission from Springer Nature: Biomaterials Research, [84], under the terms of the 
Creative Commons CC BY license. 
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1.4.3 Electrode Materials 

Electrodes are made of metals and metal alloys or polymers that can be either organic or inorganic. 

Metal electrodes, in particular, raise a certain number of problems often related to faradaic processes 

(see Section 1.4.4). Although noble metals such as gold are known for their inertness and stability in 

solution, various studies have reported that Au or Au-alloy electrodes caused cell death in primary and 

cell line cell cultures [85] due to the release of metal ions. Other materials exhibited reduced 

biocompatibility [86] when magnesium was utilized or toxicity through the application of silver and 

copper electrodes [87]. Another problem for in vitro use is the alteration of the medium or electrolytic 

environment by changing the pH [81] or oxygen concentrations [88]. Inorganic semiconducting 

materials, such as silicon, exhibit higher biocompatibility and less toxicity [89] which explains their 

widespread use in microelectrode arrays [89, 90]. 

However, in recent years, organic semiconductors and conducting biopolymers have matured into an 

alternative in electrode design. Current flow and charge transfer can occur via the transport of 

electrons or protons and ions in these electrodes. The abundant and naturally occurring pigment 

melanin was among the first conductive organic compounds found and studied for the use in broader 

applications [91]. A more modern and commonly used material is the PEDOT polymer (poly(3,4-

ethylenedioxythiophene)) mixed and doped with the PSS polymer (polystyrene sulfonate). PEDOT:PSS 

is widely used in electrode designs for neurostimulation such as a coating for microelectrode arrays 

[92] or as a replacement for transparent conductors like ITO (indium tin oxide) [93]. 

A subclass of organic semiconductors is the class of photoactive pigments. Indigo and its derivatives 

have been used for centuries, but the first application as a bioelectric photovoltaic cell was developed 

in the 1980s [91, 94]. In contrast to other organic compounds, indigo is very light-stable due to the 

process of excited-state proton transfer [95]. Through photoexcitation, indigo reaches an excited state 

which exhibits another reactivity compared to the ground state. Rapid proton transfer [96] allows rapid 

deactivation from that excited state and a stabilization of the molecule. 

The semiconducting property of indigo is related to the nature of its crystalline structure [91]. Indigoid 

monomers form a polymer through hydrogen bonds during crystal growth allowing π–π stacking 

between the aromatic rings which is important for the charge transport and mobility (Figure 11 A). 

Other variants, such as epindolidione, reach their high mobility by forming linear chains [97] 

(Figure 11 B). Within this work, pigments similar to indigo such as metal free phthalocyanine (H2Pc) 

and epindolidione were used to exploit their material properties for photocapacitive and 

thermocapacitive stimulation. 
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Figure 11 Crystal structure of indigo and variants. Hydrogen bonds between (A) π–π stacked indigo 
monomers or (B) linear bonded indigo derivatives. (C) Indigo, (D) metal free phthalocyanine (H2Pc) and 
(E) epindolidione. (A) and (B) were adapted and reprinted with permission from John Wiley and Sons: 
Advanced Materials, [91], according to license number 5347721276562. 

  

1.4.4 Stimulation Mechanisms 

All cells in tissues and organs are surrounded by an extracellular fluid containing ions of opposite 

charge. In vitro cell cultures also use media and solutions that mimic a physiological ion concentration. 

During electrode stimulation, the main charge carriers in the fluid are cations and anions. Electrical 

circuits, however, use electrons as charge carriers. This creates the need to transduce the form of the 

charge carrier from electrons to ions at the interface between the stimulation electrode and the 

electrolyte for stimulation [98, 99]. 

Faradaic 

Faradaic charge transfer occurs when electrons are transferred directly between the electrode and the 

electrolyte. If the working electrode is negatively charged, then nearby reactants are reduced while 

oxidative reactions occur at the counter electrode [100]. This can lead to oxide formation and metal  
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Figure 12 Faradaic processes on an electrode. Charge transfer between an electrode and the 
electrolyte causes faradaic redox reactions. The products are likely to diffuse away, preventing a 
reverse reaction. [47] 

deposition at the electrode interfaces, or to a pH change in the electrolyte due to the reduction of 

water [98]. Reversing the current flow by switching from a cathodic current to an anodic one does not 

recover the educts since most reactants diffuse away during a stimulation pulse (Figure 12). These 

processes are not optimal for cell stimulation because of the change in the physiological electrolyte or 

because of the durability of the electrodes that are consumed or destroyed by electrochemical 

processes. 

 

Capacitive 

An electric potential forms between the electrode and the electrolyte, creating an electric field when 

the electrode is charged. This means that electrons accumulate at the negatively charged surface of 

the cathode and positively charged ions in the electrolyte accumulate next to the electrode, forming a 

double layer capacitor. Likewise, also other charged molecules orient in that field and a potential 

gradient forms within the electrolyte (Figure 13) [98]. The injected charge is also stored in the 

capacitor. The opposite process occurs at the counter electrode. When the polarity is reversed, the 

injected charge is recovered without transferring electrons throughout the electrolyte electrode 

interface. 

This is a safer method of cell excitation because it mimics natural-occurring processes during 

stimulation. However, if the injected charge is too high, faradaic processes will also occur alongside 

the capacitive ones.  
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Figure 13 Capacitive processes on an electrode. Charge transfer between an electrode and the 
electrolyte. Formation of a double layer with oppositely charged charge carriers. The schematics depict 
a cathodic stimulus where the electrode charges negatively and attracts positive charges from the 
electrolyte. [47] 

 

The capacitance and therefore the amount of charge that can be injected into the electrolyte are 

dependent on the size of the electrode. The surface area can either be increased by microstructuring 

the electrode [101, 102] as in the case of 3D shaped pigment plates [103] within this thesis or by the 

use of pseudocapacitive materials such as PEDOT:PSS [104]. This polymer has a high volumetric 

capacitance [105] due to its conducting polymer chains that surround a large area which is accessible 

to the electrolyte (Figure 14) [106]. 

 

 

Figure 14 Schematic representation of PEDOT:PSS with amorphous polymers from a mixture of 
Poly(3,4-ethylenedioxythiophene) and polystyrene sulfonate. 
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Figure 15 Pseudocapacitive processes on an electrode with a PEDOT:PSS coating. [47] 

Pseudocapacitors also transfer electrons, as in faradaic processes, but the redox products cannot 

diffuse away because they are part of the electrode or its coating. Therefore, the electrolyte is not 

altered and the overall composition of the electrode is restored by reversing the currents (Figure 15). 

 

1.4.5 Stimulation Parameter 

Neurostimulation devices are typically operated with a working and a counter electrode. A cathodic 

current flows when the working electrode is negative compared to its pre-stimulus potential. Is the 

electrode driven positive, then the current is anodic [98] (Figure 16 A). This current can be continuously 

injected creating a monophasic pulse or reversed to create a biphasic pulse (Figure 16 B) which also 

reverses electrochemical processes as previously described [100]. The current of both phases can 

either be balanced or imbalanced (Figure 16 C). Positive and negative phases can be continuous or 

interrupted (Figure 16 D). 

A cathodic-leading balanced biphasic pulse is quite advantageous for cell stimulation for various 

reasons [107, 108]. If the anodic phase does not match the cathodic phase in terms of total injected 

charge, some charge may remain at the electrode and decrease the effect of succeeding stimulation 

pulses. A delay between the cathodic and anodic phases might also contribute to a loss of charge, as 

diffused products cannot be recovered quickly enough. 

The cathodic phase depolarizes the attached part of the membrane, causing voltage-gated Na+ 

channels to initiate an AP at this membrane patch. The non-attached membrane slightly 

hyperpolarizes in this process. An anodic leading stimulation has phases with reversed polarities and 

is capable to induce AP firing on the free membrane [109]. 
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Figure 16 Stimulus pulse phases for electrode stimulation. (A) Monophasic pulses with cathodic or 
anodic currents. (B) Comparison between a monophasic pulse and the opposite phases of a biphasic 
pulse. (C) Charge balanced and imbalanced pulses; the imbalance can be either on the cathodic or 
anodic side. (D) Comparison between biphasic pulses with a continuous profile or an interphase delay 
between cathodic and anodic phase. 

 

If the charge of a biphasic pulse is not balanced, then both configurations might induce APs at their 

respective site of action, dependent on the amplitude of the pulse. Other parameters, such as the time 

between two pulses, can also affect AP firing. Rapid succeeding stimulation pulses can increase 

membrane polarity increment wise with every stimulus. 
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1.5 Light as an Energy Source 

Chemical neurostimulation is widely used in science and is successful in the treatment of many 

pathophysiological conditions. However, for many applications, this method is not specific enough to 

work precisely on local targets. Wired electrical stimulation solves this problem and enables precise 

control of neuronal signaling processes with greater spatiotemporal resolution compared to chemical 

stimulations. Since the disadvantages of electrical stimulation around biocompatibility [110], inflexible 

design [111, 112], inflammation issues [113] and power supply are well known, the search for 

promising new methods has drawn more and more attention to light-activated approaches. 

The simplest method is direct light absorption by tissues. Water molecules absorb infrared light [114] 

and locally increase the surrounding temperature [115] and thus depolarize the cell membrane by 

increasing the electrical capacitance [116]. Endogenous biomolecules, such as those present in 

mitochondria, are also capable of absorbing light, but their applicability as a target is still under debate 

[117]. 

 

1.5.1 Stimulation with Optogenetics and Photopharmacology 

The optogenetic approach combines genetics and light to investigate a multitude of phenomena 

in vitro and in vivo. However, its roots originate in neuroscience [118]. Opsins are light-sensitive 

proteins that transform a light stimulus into a signal that can be processed by cells. The first opsins 

found encoded for ion channels. That genetic information was derived from algae or other microbes. 

Boyden et al. transfected neurons with channelrhodopsin-2, a light-gated cation channel [119]. They 

stimulated their probes with blue light and evoked an inward current with microsecond pulses. 

Neuronal stimulation could also be achieved by a series of light pulses that might induce trains of APs 

or synaptic events [120]. The rapid advancement in this field nowadays leads to applications that can 

precisely control single neurons and trigger gain or loss of function mechanisms (Figure 17) [118]. This 

is achieved by genetic introduction of different molecules into the cell, but also through a variety of 

different stimulation wavelengths and pulse protocols [40]. 
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Figure 17 Difference between electrical and chemical stimulation. Targeted neurostimulation of 
single cells for the activation (channelrhodopsin) and inhibition (halorhodopsin) of single cells with 
different wavelengths. Reprinted with permission from Springer Nature: Nature Methods, [118], 
according to license number 5356970964744. 

 

Photopharmacology introduces light-sensitive ligands to their targets that can switch conformation or 

undergo cyclization upon light stimulation [121]. These mostly artificial photoswitches have an 

azobenzene or diarylethene group within their structures that photoisomerize the molecule into an 

active or inactive conformation. Photoswitches can be administered as free-circulating drugs or 

tethered to their specific targets such as ion channels [41]. 

 

 

Figure 18 Mechanism of photoswitches. (A) Azobenzene and (B) Diarylethene groups and 
photoisomerization upon light stimulation. Adapted and reprinted with permission from [121], 
Copyright 2014 American Chemical Society. 
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Optogenetics and photopharmacology are two innovative approaches to mitigate the problems 

associated with wired stimulation techniques. However, one of the biggest downsides of optogenetics 

is the need to introduce genetically modified vectors of xenographic origin into hosts. This and the 

introduction of artificial photoswitches might raise concerns about biological safety. Both methods are 

relatively young and need to prove their potential in long-term applications in humans. 

 

1.5.2 Stimulation with Photovoltaics 

General Description of Photovoltaics 

Photovoltaic cells convert light energy into electric energy. Thereby, they generate an electrical 

potential and an electric current when photons are absorbed by certain materials. Photovoltaic devices 

use semiconducting materials that are mostly based on inorganic chemistry like Si, GaAs, InP, or GaN 

which form solid crystalline structures. The most prominent example is the use of highly pure silicon 

wafers in semiconductor production. Group V elements from the periodic table, such as P or As, can 

be introduced in the crystal lattice to enhance electron mobility. These atoms have a higher number 

of valence electrons allowing nonbinding electrons to move freely through the material. This process 

is called doping and results in an n-type semiconductor material. Doping the silicon with group III 

elements, such as B or Al, results in a p-type semiconductor carrying an electron hole (Figure 19). 

 

Figure 19 Doping of semiconductors using the example of crystalline silicon. (A) n-type semiconductor 
with an excess of electrons. (B) p-type semiconductor lacking electrons; depicted as virtual particles 
diffusing as electron holes. 
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Figure 20 Simplified schematics of photovoltaics. (A) Planar heterojunction between electron donor 
and acceptor semiconductor layers with an anode and a cathode which is here depicted as a 
transparent electrode for a facilitated light transmission to the semiconductors; both electrodes might 
have an extra layer between them and their semiconductor for an improved charge transfer (ETL = 
electron transfer layer and HTL = hole transfer layer). (B) Bulk heterojunction of mixed donor and 
acceptor substrates. (C) Working principle of PVs with the stages of (i) light absorption and exciton 
creation, (ii) exciton diffusion to the junction, (iii) charge separation, and (iv) charge extraction via 
electrodes. 

The development of organic photovoltaics began with pigments [122] such as quinacridone or P3HT 

(poly(3-hexylthiophene-2,5-diyl) [123] that can form single or multiple heterojunctions [124]. Today, a 

wide variety of organic materials are used to produce organic photovoltaics. These are arranged in two 

main configurations forming a planar or a bulk heterojunction (Figure 20 A and B). Bulk heterojunctions 

use two polymers mixed together, creating a blend of donor and acceptor molecules [125, 126]. A 

clearly separated junction between both semiconductors is achieved by adding two layers of organic 

materials on top of each other [127, 128]. Doping of organic semiconductors can also enhance their p- 

or n-type properties through the oxidation [129] of pigments or the addition of dopants, similar to 

inorganic PVs, during the manufacturing process [130, 131]. 

The general working principle for all photovoltaics (PVs) is the same. Photoactive molecules absorb a 

photon which leads to an excited state. The exciton created during this process diffuses to the junction 

where the electron and electron-hole pair disintegrates via charge separation into single charge 

carriers (Figure 20 C) [123]. Compared to their inorganic counterparts made from Si or Ge [132], 

organic photovoltaics have a disadvantage due to their reduced mobility of charge-carriers. Si-based 
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PVs form large crystalline lattices compared to the smaller pigment crystals of organic compounds 

which limits the diffusion length of excitons [133, 134] and therefore reduces the generation of charge 

carriers [135]. These disadvantages are compensated for by a higher absorption coefficient [123] which 

allows the production of thinner organic PV devices. 

 

Photocapacitive Stimulation with Organic Electrolytic Photocapacitors 

In this thesis, I explore the effect of Organic Electrolytic Photocapaitors (OEPCs) on ion channel gating 

and neurostimulation. These devices have a thin indium tin oxide (ITO) layer as a back electrode that 

can cover glass coverslips or be coated on other support materials. On top are two vapor-deposited 

layers which form the photoactive pixel for the experiments. The planar heterojunction is composed 

of N,N’-dimethyl perylene tetracarboxylicdiimide (PTCDI) as electron acceptor (n-type layer – 

Figure 21 C) and metal free phthalocyanine (H2Pc) as donor (p-type layer – Figure 21 D) [136, 137]. 

Both OEPC device variants have either a drop-casted PEDOT:PSS ring (Figure 21 A) or a spin-coated 

layer (Figure 21 B) on top of their surface to increase the volumetric capacitance for cell stimulation. 

The red light sources used here are either diffuse radiating LEDs or a focused laser which allows a more 

precise targeting of the samples. The tissue is relatively transparent for wavelengths between 650 nm  

 

 

 

Figure 21 Organic Electrolytic Photocapacitors (OEPC) devices. (A) Configuration with a drop-casted 
PEDOT:PSS ring on the back electrode or (B) with a spin coated thin layer of PEDOT:PSS on the surface 
of the whole device to increase volumetric capacitance. (C) N,N’-dimethyl perylene 
tetracarboxylicdiimide (PTCDI) as electron acceptor (n-type layer). (D) metal free phthalocyanine 
(H2Pc) as donor (p-type layer). 



1.5 Light as an Energy Source 

35 
 

and 950 nm as well as for 1000 nm and 1350 nm. The first range is well known from the measurement 

of blood oxygen levels with red light-driven pulse oximeters whose light can penetrate the skin. OEPCs 

absorb light in a similar range because of the composition of their photoactive organic pigments. 

OEPC devices are electrically free-floating in an electrolytic environment. H2Pc has a high absorption 

coefficient, and its absorption peak is between 600 and 800 nm, making this pigment a good choice 

for light stimuli within the tissue transparency window. The created exciton then diffuses to the 

heterojunction between both pigments. H2Pc and PTCDI form well-connected layers that have been 

shown to not delaminate from each other [136]. PTCDI pigment crystals have a high charge carrier 

mobility facilitating the transport of electrons. 

OEPCs, as photocapacitive stimulation devices, act in a way identical to the capacitive stimulation 

mechanism described above. Electrons accumulate in the PTCDI layer during charging and a double 

layer forms between the interface of the n-type layer and the electrolyte (Figure 22). The back 

electrode becomes positively charged which also induces double layer formation of opposite polarity 

[137, 138]. 

 

 

Figure 22 Model of the photocapacitive stimulation mechanism on OEPCs. Formation of a double 
layer at the interface of the n-type semiconducting pigment and the electrolyte upon light-induced 
charging. The attached membrane becomes depolarized (less negative on the inside) and the free 
membrane becomes slightly hyperpolarized according to the two domain model. [47] 
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The negatively charged semiconductor surface and the positively charged ITO create a transient 

electric field. When switching the light on, OEPCs create a cathodic stimulation pulse that depolarizes 

the attached cell membranes (Figure 22) to such an extent that neurostimulation related voltage-gated 

ion channels can open. The opposite effect occurs when the light is switched off. 

Schön, Fromherz, et al. [109, 139, 140] described this behavior with capacitive metal electrodes. They 

divided the cell membrane into two domains, the membrane patch attached to the stimulation 

electrode, and the rest that is free floating. The attached membrane becomes less negative on the 

inside during cathodic stimulation (Figure 22) which gates the ion channels in this area. The free 

membrane even gets slightly hyperpolarized during electrode charging. The cell membrane polarizes 

during this short charging period according to Figure 22. 

Cathodic stimulation directly depolarizes the attached membrane. Creating an anodic-leading OEPC 

device through changing the order of the pn-layer could also lead to cell stimulation, since the free 

membrane would undergo depolarization. However, this would require much higher currents and a 

potential change due to the larger distance between the electrode and the free membrane. 
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1.5.3 Photocapacitive Stimulation with 3D-shaped Transducers 

Shape of Photocapcacitive Transducers 

Organic pigments with semiconducting properties can be used to form planar layers to exploit the 

photoelectric effect. They are called organic photovoltaics when the layers are connected to an anode 

and a cathode. As shown above, the same device can be operated without a wired anode and cathode 

to induce capacitive stimulation on the free-floating device in an electrolytic environment. Another 

way to use organic pigments is to directly use them as transducers that absorb light and dissipate 

energy by heating their surroundings. 

This heat dissipation is influenced by the shape of the heat transducer. Simulations with quinacridone, 

a pigment structurally related to epindolidione, showed that planar layers (Figure 23 C) are not as 

efficient in dissipating heat as spherical objects (Figure 23 B) containing the same pigment molecules. 

Moreover, the devices showed an increased temperature and a faster heating as well as a faster heat 

dissipation when the surface of the sphere was structured with micro- to nanoscale needles or plates 

(Figure 23 A) [103]. 

 

 

Figure 23 Heating simulations of quinacridone. (A) Microstructured 3D surface, (B) colloidal shape 
with plane surface and (C) planar pigment surface. Reprinted under the terms of Creative Commons 
CC BY from the supplementary information of [103]. 
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Direct Capacitive Coupling Stimulation Mechanism with 3D shaped Organic Pigments 

The use of 3D-shaped organic pigment semiconductors as chromophores raises the question of how 

one could influence neuronal signaling by light. Two possible mechanisms [103] have been proposed 

on how such structures could polarize cellular membranes: direct capacitive coupling and 

optocapacitance [103]. 

With direct capacitive coupling, the cell membrane polarizes in a way that is opposite to that of the 

semiconducting material which is in close contact to the cell membrane. An increase in the interface 

area between the semiconductor and the membrane could lead to an increased potential for cell 

depolarization. This can be achieved by microstructuring the surface of the light transducer (Figure 24). 

However, it is highly unlikely that a charge separation occurs if the semiconducting pigments are not 

connected to another conductor or semiconducting material. A missing heterojunction interface 

hinders the charge separation of excitons created by photoexcitation. 

 

Figure 24 Direct capacitive coupling mechanism. 3D microstructured crystalline pigments attached to 
a cell membrane under light stimulation. [47] 

 

Photothermocapacitive Stimulation Mechanism with 3D shaped Organic Pigments (Optocapacitance) 

Free standing 3D shaped structures that consist of only one semiconducting material are more likely 

to exhibit faradaic (photocatalytic) or photothermal processes [138]. The photothermal effect 

describes that the capacity of the cell membrane is directly dependent on the temperature. The 

capacitance change in the membrane gives rise to capacitive currents which can depolarize the cell 

membrane. This effect was confirmed in various experiments [116, 141-145] and is not attributed to 

ionic currents produced by ion channels. The biophysical mechanism of how the membrane 

capacitance increases due to a change in temperature is under debate [146-148] . 
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However, the capacitance of the cell membrane increases with higher temperatures, as the surface 

area of the cell membrane expands and the thickness of the membrane decreases [149, 150] 

(Figure 25). The change in membrane capacitance through heating causes capacitive currents which is 

called optocapacitance when the dissipated heat is derived from a transducer that absorbs light 

directly [151]. The transducer can be water [116] or, in the case of this thesis, organic pigments [103] 

that attach directly to the cell membrane. A direct measurement of optocapacitive currents is 

complicated because they overlap with other temperature-sensitive currents  measured within 

experiments, e.g., the activation of temperature-dependent channels [152] or the simple increase of 

ionic conductance of ion channels in a temperature elevated environment. 

 

Figure 25 Structural change of a lipid bilayer after heating. The membrane area increases as the 
thickness of the lipid bilayer decreases. Reprinted with permission from [149], Copyright 2011 
American Chemical Society. 

 

The temperature-induced expansion of the membrane is only half the story in understanding the 

increase in capacitance. The intracellular part of a cell is more negative than the extracellular part. The 

membrane potential originates from the Nernst potential (see 1.3.1) where e.g., K+ ions flow out of the 

cell leading to a net negative charge inside the cell. However, the membrane potential also originates  

 

Figure 26 Surface charge potential of a lipid bilayer at resting potential. The inner leaflet of a cell 
membrane is more negatively charged than the outer one. [47] 
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from the surface charge potential (Vs) of the lipid bilayer. The phospholipid bilayer has two leaflets 

that have an asymmetric charge distribution [153, 154]. The inner leaflet contains more negatively 

charged proteins or molecules [155] that attract positive ions in a very narrow window (Figure 26). 

The light absorption of microstructured pigments leads to a temperature increase near the cell 

membrane which increases the membrane area and its capacitance. This means that the membrane 

can store more charges, resulting in a capacitive current by the redistribution of charges close to the 

membrane. This change in Vs leads to a depolarization of the cell [151]. Pinto, Bezanilla et al. show in 

their mathematical models that effective AP generation requires a rapid change in membrane 

capacitance to generate a large voltage change [151] for cell stimulation. 

 

 

Figure 27 Proposed photothermocapacitive stimulation mechanism. [47] 
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1.6 Hypothesis and Aims 

Optical control of neurostimulation with organic bioelectronics requires an extensive exchange 

between many disciplines such as neuroscience, material science, membrane biophysics, photonics, 

electrophysiology, and many more. All communities have their unique communication language and 

approaches to address similar problems, raising the need for an interdisciplinary strategy. 

The main objective of this work is to combine these different disciplines and to explore the potential 

of organic pigment-based bioelectronics to stimulate neuronal signaling in vitro, which can later 

translate into other in vitro or in vivo applications that might help to treat neurological 

pathophysiologies with bioelectronic implants. 

Therefore, I examine two novel concepts of light-sensitive stimulation devices and their applicability 

in terms of cell-device interaction, biocompatibility, activation mechanism, functionality, and 

reliability. To achieve this goal, we defined several milestones for the thesis: 

 Establish new tools and repurpose existing methods by adapting them to the needs that 

wireless, light-activated stimulation techniques require 

 Introduce new model systems in the laboratory to evaluate the effectiveness of bioelectronic 

devices on in vitro applications 

 Report new insights back to collaboration partners in material science and neuroscience to 

improve device prototypes and model systems 

 Optimize the interaction between model systems and bioelectronic devices 

 Explore the stimulation mechanism with the help of ion channels and the patch clamp 

technique 

 Activate neurostimulation in mammalian neurons with bioelectronics 

The shift from classical electronics to organic-based bioelectronics within the last two decades is a 

paradigm shift in science and for in vivo applications. Both disciplines have the intrinsic problem of 

how to power such devices, since they try to combine artificial technology with biological processes. 

The use of light as an energy source for bioelectronic devices is a new approach that has become 

possible only with technological advances in material science and organic chemistry mainly within the 

last decades. This work introduces two new systems that take advantage of light as an energy source 

for cell stimulation but differ fundamentally in their underlying activation mechanisms.
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2 Materials and Methods 

2.1 Thermocapacitive Stimulation 

2.1.1 Epindolidione Colloidal Microstructures 

The epindolidione microstructures were synthesized and crystallized by the lab of Wolfgang Heiss 

(Chair of Materials for Electronics and Energy Technology, Friedrich-Alexander-Universität Erlangen-

Nürnberg, Germany) [156]. 

The colloidal crystals were dispersed in 1.6 mg ml-1 DMSO (dimethylsulfoxide). Disposable glass 

capillaries were used to coat the coverslips with the crystals. To prevent clocking or pigment loss due 

to adhesion of pigments to the glass wear surfaces, the stock solution was diluted 1:1 with DMSO. Each 

coverslip was coated with 2 - 4 μg cm-1 epindolidione. After the evaporation of DMSO, the coverslips 

were washed with PBS (Phosphate Buffered Saline solution) and distilled water. The coated surfaces 

were sterilized with 15 min of UV radiation and stored in a dark environment until further use. 

2.1.2 Cell Culture and Cell Viability 

HEK293 cells (p18 – p35) were cultured in Dulbecco's Modified Eagle's Medium (DMEM) supplemented 

with 10 % Fetal Bovine Serum (FBS) and splited every 3 days at around 80 % confluency.  

Neurons were derived from postnatal rats (Sprague Dawley, Charles River). In summary, the 

hemispheres of decapitated P0-1 pups were collected, the hippocampi were removed, then 

transferred to a McIlwain tissue chopper (Mickle Laboratory, UK) and finally cut in 100 μm slices. The 

tissue was digested in 1 ml of Accutase at 310.15 K for 20 min and then transferred to 5 ml 10 % DMEM 

in a cell strainer to separate aggregates. The resulting cells were centrifuged (1000 rpm, 5 min) and 

seeded into dishes with colloidal crystalline epindolidione pigments. The medium was then changed 

to neurobasal medium with B27 supplement, antibiotics, 5 ng ml-1 FGF (fibroblast growth factor), 

20 ng ml-1 EGF (epidermal growth factor) and glutamine at a final concentration of 0.5 mM. After 

4 days of cultivation, the FGF concentration was increased to 10 ng/ml and the cells were used for 

further experiments. 

Cell viability tests were performed for HEK293 cells in 96-well plates. The colorimetric MTS assay 

CellTiter 96® AQueous One Solution Cell Proliferation Assay (Promega, Germany) was assessed 

according to the manufacturer’s protocol at different time points for each cell type. The luminescence 

was then measured with a CLARIOstar platereader (BMG Labtech, Germany) at 490 nm.
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2.1.3 Scanning Electron Microscopy 

For SEM imaging, DIV5-14 neurons on epindolidione coated glass coverslips were washed with PBS and 

fixed with 2 % paraformaldehyde, 2.5 % glutaraldehyde and 0.1 M cacodylate buffer adjusted to pH 7.4 

for 30 – 60 min. For Osmium staining, the glass coverslips were transferred into a container with 4 ml 

of 2 % OsO4 solution for 30 min. The OsO4-cacodylate solution was then removed and dehydration was 

achieved by a series of 30 %, 50 %, 70%, 80 %, 90 %, 96 % and 100 % ethanol solutions. The coverslips 

were immersed in the corresponding beaker for 15 min each. The devices were transferred to a 100 % 

acetone solution and dried with a critical point dryer (BalTec CPD 030, Balzers, Lichtenstein). Sputter 

coating was then performed in vacuum with prior flushing of the chamber with argon gas in a BalTec 

SCD 500 (Balzers, Lichtenstein). SEM images were acquired with a Zeis Sigma 500 VP (Zeiss, Germany). 

2.1.4 Imaging and Analysis of Dynamic Interactions 

Long-term observations of neurite outgrowth towards epindolidione crystals were conducted with a 

cell observer (Axiovert 200M, Zeiss, Germany). Positions were defined in a 6-well plate and brightfield 

images were taken every 30 minutes. The images were stabilized with the Fiji image analysis platform 

[157] and the growth of neurites was traced for each frame with the Simple Neurite Tracer plug-in 

[158]. The analysis was performed using a Matlab script developed in house [159]. 

2.1.5 Electrophysiology and Light Stimulation 

Patch clamp experiments were performed on an inverted Nikon Eclipse TE300 microscope, with an 

Axopatch 200B amplifier (Axon Instruments, USA) and a Digidata 1440A (Molecular Devices, USA). 

Recordings of HEK293 cells attached to the epindolidione microstructure were made at room 

temperature with a bath solution containing 140 mM NaCl, 5 mM KCl, 1 mM MgCl2, 2 mM CaCl2, 

10 mM HEPES and 10 mM glucose adjusted to pH 7.4 with NaOH and an intracellular one containing 

145 mM KCl, 1 mM MgCl2, 10 mM HEPES and 10 mM glucose adjusted to pH 7.4 with KOH. For laser 

stimulation, we used a 10 W solid laser (450 nm) coupled into the optics of the microscope. The self-

made laser mount was controlled by an Arduino Genuino MEGA2560 micro controller [159]. Current 

clamp recordings were performed with I = 0 pA.
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2.2 Photocapacitive Stimulation 

2.2.1 Device Fabrication 

The OEPC devices were produced in the laboratories of Eric D. Głowacki and Vedran Đerek in the 

Laboratory of Organic Electronics (Linköping University, Sweden), in the Central European Institute of 

Technology (Brno, Czech Republic) and the Faculty of Science (University of Zagreb, Croatia). Device 

fabrication for prototypes and single variants might be slightly altered depending on the place of 

manufacturing and availability of the production equipment on site. In general, the performance of all 

OEPC devices was evaluated by a standard procedure prior to use. 

Cleaning 

We used commercially available glass coverslips that already had an ITO coating on one side. They 

were precleaned in a 323,15 K ultrasonic bath for 15 min each cycle in a series of different solvents: 

Acetone, Isopropanol, Hellmanex 2 % and DI water. Between each cycle and before solvent change, 

the glass coverslips were washed with DI water and dried with N2 (g). 

In the next step, the pre-cleaned ITO glass coverslips were placed in a 343,15 K basic piranha solution 

(150 ml of DI water, 30 ml of ammonium hydroxide and 30 ml of hydrogen peroxide 30%) for 3 min to 

remove additional organic materials, to etch the surface and to oxidize the metal. After treatment, the 

coverslips were rinsed with DI water and dried with N2 (g). 

Silanization 

To prepare a hydrophobic surface for the further deposition of the pn-layers, the etched ITO was 

silanized with octyltriethoxysilane (OTS). For vapor deposition, two 30 μl drops were spread into a 

30 cm metal box. A plastic spacer held the coverslips approximately 2 cm away from the bottom in 

place with the ITO side facing towards the OTS. The metal box was then closed and heated to 363,15 K 

on a hot plate for 2 hours. The hydroxyl groups react with the silicon by a nucleophilic attack forming 

a monolayer on top of the ITO with hydrophobic octyl groups now covering the surface area 

(Figure 28). The silanized coverslips were then sonicated in acetone for 15 minutes at 323,15 K, rinsed 

with isopropanol and dried with N2 (g). 
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Figure 28 Schematic reaction during silanization. Nucleophilic attack of hydroxyl groups on OTS 
(dimensions are not to scale). 

 

Physical Vapor Deposition 

The pn-layer was deposited via thermal evaporation via physical vapor deposition (PVD). Therefore, 

the reaction chamber is evacuated to approximately 1 × 10-6 mbar and the crucible containing the 

organic pigment is heated, releasing molecules into the vapor phase. The high vacuum in the chamber 

reduces the likelihood of a collision between the vaporized pigments and other molecules present in 

the atmosphere in the PVD chamber (Figure 29). 

 

 

Figure 29 PVD chamber for the deposition of organic pigments. PVD chamber and schematic 
representation with the rotating mask holder and the inlet for the glass coverslips, quartz crystal for 
measuring the deposited pigment thickness, crucibles for heating up the pigments and a shutter. 
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The cleaned and silanized ITO glass cover slips were put into a holder that can rotate around its axis 

for an even and uniform formation of pigment crystals on its surface. The masks varied in size and 

shape to define the pixel dot size (e.g. 15 mm, 5 mm and 1 mm) and were mounted into the holder, 

covering the glass rim which should be protected from vapor deposition. 

The first crucible contained the pigment for the p-type layer metal free phthalocyanine (H2Pc) 

(Figure 30 A) and was heated by applying approximately 0.5 A to the resistive heating element. After 

removing the protective shutter element, the evaporated molecules can condensate on the surface of 

the mask holder forming a thin film of pigment crystals. The evaporation rate can be fine-tuned via the 

applied current and the deposition rate (~1.6 Å s-1) is monitored by a quartz crystal microbalance. The 

n-type layer with N,N’-dimethyl perylene tetracarboxylicdiimide (PTCDI) (Figure 30 B) was deposited 

the same way on top of the p-type layer with 1.9 A current and a deposition rate between 

0.5 – 1.6 Å s-1. The film thickness of each layer was set to 20-30 nm. 

 

 

Figure 30 Organic pigments for the photopixel of the OEPC devices. (A) metal free phthalocyanine 
(H2Pc) for the p-type layer and (B) N,N’-dimethyl perylene tetracarboxylicdiimide (PTCDI) for the n-type 
layer. 

 

PEDOT:PSS Coating 

PEDOT:PSS is a mixture of Poly(3,4-ethylenedioxythiophene) and polystyrene sulfonate forming a 

conductive and organic polymer that increases the capacitance of the OEPC device. In this work, two 

main methods for applying PEDOT:PSS were used. Either a 2-3 mm thick ring was drop-casted on the 

metal back electrode manually with a pipette or a drop of PEDOT:PSS was placed in the middle of the 
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OEPC device and then spin-coated by a fast rotating table (~7000 rpm). This results in a thin and even 

coating on the whole surface of the OEPC device, including the photopixel and the back electrode. The 

film thickness can be adjusted by the rotation speed. 

 

2.2.2 Device Characterization 

The device characterization was performed in the laboratories of Eric D. Głowacki and Vedran Đerek 

in the Laboratory of Organic Electronics (Linköping University, Sweden), in the Central European 

Institute of Technology (Brno, Czech Republic) and the Faculty of Science (University of Zagreb, Croatia) 

in order to ensure constant performance of the OEPCs between batches and production places. For 

this, the photovoltage and photocurrent were measured with an Ag/AgCl electrode mounted in a 

syringe filled with 0.1 M KCl. The electrode is connected via the electrolyte to the photopixel during 

the measurement, while the back electrode is directly connected to the metal of the OEPC device 

[137]. 

For the validation of the transient voltages, we used the patch clamp amplifier in voltage clamp mode 

and the solutions used to patch clamp HEK293 cells (see below). The reference electrode was placed 

1.5 cm away from the center of the photopixel and the patch pipette was placed approximately 10 μm 

to 30 μm above the surface to ensure comparable measurements. 

 

2.2.3 Scanning Electron Microscopy 

For SEM imaging, DIV10-21 neurons on OEPC devices were washed with PBS and fixed with 

2 % paraformaldehyde, 2.5 % glutaraldehyde and 0.1 M cacodylate buffer adjusted to pH 7.4 for 

30 – 60 min. Dehydration was achieved by an ethanol series from 30 %, 50 %, 70%, 80 %, 90 %, 96 % 

and 100 % by immersing the device into the corresponding beaker for 15 min each. Subsequently, the 

devices were transferred to a 100 % acetone solution and dried with a critical point dryer (BalTec CPD 

030, Balzers, Lichtenstein). The sputter coating was then performed under vacuum with prior flushing 

of the chamber with argon gas in a BalTec SCD 500 (Balzers, Lichtenstein). SEM images were acquired 

with a Zeis Sigma 500 VP (Zeiss, Germany). 
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2.2.4 Cell Culture and Cell Viability 

HEK293 Cells 

HEK293 cells (p18 – p35) were cultured in Dulbecco's Modified Eagle's Medium (DMEM) supplemented 

with 10 % Fetal Bovine Serum (FBS) and split every 3 days at around 80 % confluency. 

Cells stably expressing the Kv1.3 ion channel were generated by linearizing a plasmid containing a 

TagRFP-Kv1.3 sequence from mus musculus and a neomycin resistance gene (Figure 31). HEK293 cells 

were then transfected with Lipofectamine 2000 (Invitrogen, Thermo Fisher Scientific, Inc.) and cultured 

with G418 (Genetecin) for two weeks to select for cells expressing the plasmid with the resistance 

gene. Subsequently, they were sorted by FACS analysis (FACS Aria Illu, BD Biosciences, Germany) and 

stHEKKv1.3 single cell clones of similar RFP brightness were picked and pooled. We used 1 μM PAP-1 

(5-(4-Phenoxybutoxy)psoralen) in the growth medium to inhibit ion channel conductance. The 

inhibitor cannot be washed out. Therefore, the medium was changed to a PAP-1 free medium 4 hours 

before experiments to allow cells to synthesize new channel proteins. 

 

Figure 31 Plasmid map of TagRFP-Kv1.3. Schematic representation created with SnapGene (Insightful 
Science) with a N-terminal His-Tag, a red fluorescent protein, the gene of interest Kv1.3 from mus 
musculus and a neomycin resistance gene cassette. 
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Neurons 

Neurons were derived from postnatal rats (Sprague Dawley, Charles River). The preparation differs 

from the previous one and the process was previously described [20, 160]. In summary, the 

hemispheres of decapitated P0-1 pups were collected in an ice-cold solution containing 137 mM NaCl, 

5.4 mM KCl, 1.1 mM Na2HPO4, 1.1 mM KH2PO4 and 6.1 mM glucose adjusted to pH 7.3; in addition we 

also added 1:100 100 mM kynurenic acid to the solution. The hippocampi were separated and 

transferred to a papain solution (25 U ml-1) for a maximum of 30 min at 310.15 K. The tissue was 

disintegrated by gentle up and down pipetting and a series of pipettes becoming smaller before 

seeding the cells into glass rings sitting on poly-D-Lys coated glass coverslips or OEPC devices. After 

being attached to the surface, the medium was changed to a DMEM medium with high glucose 

(4.5 g l-1), 10% FBS and a nutrient solution. 

Cell Viability 

Cell viability tests were performed for HEK293 cells in 24-well plates and neurons in 96-well plates 

containing glass coverslips as control or OEPC devices with an appropriate diameter. The colorimetric 

MTS assay CellTiter 96® AQueous One Solution Cell Proliferation Assay (Promega, Germany) was 

assessed according to the manufacturer’s protocol at different time points for each cell type. The 

luminescence was then measured with a CLARIOstar platereader (BMG Labtech, Germany) at 490 nm. 

2.2.5 Electrophysiology 

Patch clamp experiments were performed on an inverted Olympus IX70 microscope, with an Axopatch 

200B amplifier (Axon Instruments, USA) and a Digidata 1440A (Molecular Devices, USA). The patch 

pipettes were pulled on the micropipette puller P-1000 (Sutter Instruments, USA) from thin glass 

walled capillaries 30-0068 for HEK293 cells and thick-walled capillaries 30-0060 for neurons (Harvard 

Apparatus, USA). The recordings were performed at room temperature. We also used an insulating 

bath chamber made from polytetrafluoroethylene and an Ag/AgCl electrode as a reference electrode. 

For perfusion experiments, we used a chamber from NGFI (Graz, Austria). 

HEK293 and stHEKKv1.3 

The bath solution for HEK293 cells contained 140 mM NaCl, 5 mM KCl, 1 mM MgCl2, 10 mM HEPES and 

10 mM glucose adjusted to pH 7.4 with NaOH and the intracellular one contained 145 mM KCl, 

1 mM MgCl2, 10 mM HEPES and 10 mM glucose adjusted to pH 7.4 with KOH. 
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Neurons 

The bath solution for neurons contained 140 mM NaCl, 2.5 mM CaCl2, 2 mM MgCl2, 2 mM KOH, 

10 mM HEPES and 10 mM glucose adjusted to pH 7.4 with NaOH and the intracellular one contained 

3.5 mM NaCl, 1.5 mM CaCl2, 0.25 mM MgCl2, 10 mM HEPES, 120 mM D-gluconic acid potassium salt, 

1.5 mM D-gluconic acid sodium salt and 5 mM EGTA (3,12-Bis(carboxymethyl)-6,9-dioxa-3,12-

diazatetradecane-1,14-dioic acid) adjusted to pH 7.3 with KOH. In contrast to HEK293 cells, neurons 

were recorded with a perforated patch using amphotericin B (250 μg ml-1) that was added to the 

pipette solution shortly before the experiment. We further used 0.5 μM TTX (tetrodotoxin) in the bath 

solution for experiments blocking the voltage-gated sodium channels. 

Light Stimulation and Patch Clamp Protocols 

During the experiments different methods for light stimulation were used. We used either a 10 W LED 

(660 nm, Roschwege, Germany) collimated (Figure 32 A) from the top or mounted on the objective 

revolver from the bottom (Figures 32 B and C). Neurons on OEPC devices were primarily stimulated 

with a 700 mW diode laser (638 nm, Lasertack, Germany). 

The voltage clamp and current clamp protocols are indicated in the results section corresponding to 

each experiment and figure. Neuronal stimulation recordings in current clamp were performed with 

I = 0 pA. 

 

Figure 32 Light sources for OEPC stimulation. (A) Collimation of a 10 W LED from the top. (B) and (C) 
bottom illumination (660 nm) with a 10 W LED mounted on an objective revolver. (D) Laser illumination 
with a 700 mW diode laser (638 nm). 
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2.2.6 Confocal Microscopy and Cell Membranes 

Staining cell membranes of HEK293 was achieved by transfecting the cells transiently with mTagRFP-

Membrane-1 (Addgene plasmid # 57992). Z-stacks of 12-bit images were taken with a confocal 

microscope (A1R, Nikon, Japan) using a Plan Apo 40x/0.95 objective (Nikon, Japan). Further imaging 

parameters were set to: pixel dwell time of 1.1 μs, pixel size = 0,31 μm/px, Z-step = 0.374 μm and 

4 times averaging. For 3D convolution, mesh generation and surface area calculation, the Amira 

software 6.5.0 (Thermo Fisher Scientific) was used. 
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3 Results 

3.1 Thermocapacitive Stimulation with Homogen Colliodal Pigment Crystals 

Photostimulation requires a light-sensitive acceptor in the cell or in proximity to convert the energy 

into a stimulus. The introduction of photoactive ion channels or chromophore-containing proteins 

means an alteration of the cell's genetic code. This is relatively easy to achieve for in vitro cell culture, 

but more complicated to realize for in vivo applications. In this thesis, I tested a photosensitive 

molecule as an alternative that dissipates heat after light absorption and depolarizes the cell 

membrane. This molecule is a pigment that can form a 3D-shaped macromolecular crystals during 

chemical synthesis. 

3.1.1 Stability of Crystalline Microstructures and Cell Attachment 

Epindolidione Crystals 

Epindolidione molecules form round microstructures with diameters between 5 μm to 10 μm. They 

are subdivided into dozens of continuous plates of the crystalline pigments (Figure 33 A) that further 

increase the surface area. The working hypothesis was that a large and structured surface area 

provides many interaction sites for the cell membrane to attach to. 

The microstructures are dispersed in an organic solvent (DMSO). Storage vials were carefully inverted 

or vortexed to prevent clumping. The microstructures were then pipetted onto glass coverslips. The 

general majority adhered to the glass surface while the solvent evaporated. Careful rinsing with water 

washed away an estimated 20 % of the structures. SEM images show that the remaining pigment 

crystals cluster in larger groups with loose contacts to other organic crystals (Figures 33 B-D). Neither 

a dilution of the crystalline pigments (1.5 mg ml-1 to 0.15 mg ml-1) in DMSO, nor an accelerated 

evaporation of the solvent prevented the observed clustering on the coverslips. 

In vitro Cell Culture 

Initial experiments suggested a strong attachment of HEK293 cells to the microstructures. Cells in 

solution seeded into dishes randomly attached to the glass coverslips and the microstructures 

(Figure 34 A). The cells were observed to displace microstructures when the culture grows confluent 

(Figure 34 B). Furthermore, there was no indication that the cells internalized whole structures or parts 

of the pigments. The crystals, however, detached from the glass substrate as soon as they got in  
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Figure 33 Representative SEM images of epindolidione pigment crystals. (A) Single round 
microstructure with platelets. (B) and (C) microstructures clustered together on glass coverslips. (D) 
Overview of the distribution between single particles compared to clustered ones (unpublished data). 

 

contact with a cell membrane. Similar observations were also made with neurons. They matured in 

cell culture for up to three weeks without problems (Figure 34 C). The microstructures did not detach 

or disintegrate in the electrolytic medium during long-term cultivation. Only cell membranes were able 

to detach the microstructures from the glass. 

 

 

Figure 34 Representative brightfield images of epindolidione pigment crystals with (A) and (B) 
HEK293 cells or (C) neurons (unpublished data). 
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Cell Attachment 

The detachment of the microstructures could be explained by further SEM imaging. Cell membranes 

of spherical HEK293 cells (Figure 35 F) or neuron somata (Figures 35 D and E) fuse together with 

microstructures when they come into close contact with each other. The cell membranes grow over 

the pigment plates and adapt their shape according to the 3D structure of the pigment crystals. This 

creates a large interaction site where both surfaces can bind firmly to each other. 

 

Figure 35 Representative SEM images of epindolidione pigment crystals with cells. (A) – (E) Primary 
hippocampus neurons from Rattus norvegicus (P0-1) that establish an interconnected network 
between cells and outgrown dendrites to pigment microstructures. (F) Cell membrane of a HEK293 cell 
that grows over the epindolidione platelets (unpublished data).  
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Another observation was the outgrowth of neurites and dendrites toward microstructures. Neurons 

established a regular network of cell interactions (Figure 35 A), but they also established extensive 

connections to the pigment surfaces (Figures 35 B and C).  

 

3.1.2 Dynamic Interactions between Crystalline Microstructures and Neurons 

Further long-term live cell experiments were conducted on a cell observer to investigate the dynamics 

between the neurite growth and the interaction with the microstructure surface. Neurons were 

seeded on glass coverslips coated with epindolidione and the maturation process was imaged. 

Brightfield images were automatically made every 30 minutes on a microscope with an incubation 

chamber covering the probe. 

The neurons establish a neuronal network by growing neurites in all directions. They interact with 

neighboring cells by connecting to their membranes or by reorganizing the growth direction. Since the 

neurons were sparsely seeded in the in vitro cell culture, one could observe a high mobility and a great 

number of events, when neurites attached or retracted from and to the pigments (Figure 36 A). The 

median retention time of 9 neurons was 14.8 h while 4 neurites exhibited two binding events on 

different spots (Figure 37). 

We traced the outgrowth of single neurites with a semi-automated approach by measuring the 

trajectory in an X-Y coordinate system. We defined the end point of the growth cone and plotted its 

position for a representative neuron over a 72 h time course (Figure 36 B). In this case, the neurite 

connected to a microstructure (Figure 36 A and B – t = 9 h orange) and remained attached for 6.5 h. 

We further calculated the relative dynamic of the growth cone compared to its previous positions 

(Figure 36 C – orange). The dynamic in this area is less than 5 μm (8 pixel) in both axes and within the 

error margins for the semi-automated tracking approach. The neurite retracted then from the 

microstructure after 20 h which correlates with a higher dynamic (Figure 36 C – green) until the neurite 

binds to another epindolidione pigment (indicated in red) (Figure 36 A – C). 
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Figure 36 Dynamic of neurite growth and interactions with epindolidione. (A) Brightfield imaging of 
neurons seeded on glass coverslips coated with microstructures over time and the neurite trajectory 
in blue. (B) End points of the neurite in space (X-Y axis) plotted over time. (C) End points of the neurite 
in space (X-Y axis) plotted over the dynamic change compared to the previous coordinates. Orange, 
green and red crosses indicate the position. Circles highlight the corresponding data points 
(representative analysis - unpublished data). 

 

Figure 37 Retention time of neurites attached to epindolidione microstructures. Single datapoints of 
9 neurons with 13 binding events within 72 h (unpublished data).
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3.1.3 Light Stimulation and Cell Viability 

Experimental Set-up 

In the next step, we evaluated the effect of light stimulation on membrane depolarization. A self-

constructed laser (450 nm) was coupled into the optics of the microscope and focused to a spot size 

(5 - 10 μm) similar to the diameter of the epindolidione microstructures (Figure 38 B – arrow). Cells 

that had two or more pigments attached were chosen for electrophysiological experiments 

(Figure 38 A). The adhesion between cells and microstructures varied for each measurement. Some 

pigments were washed away when approached with the patch pipette which was under a slight 

overpressure. 

 

Figure 38 HEK293 cells with epindolidione microstructures. (A) Single cells attached to pigment 
structures. (B) Laser spot (460 nm) focused to the plane of epindolidione microstructures (unpublished 
data). 

Patch Clamp Experiments 

We tested three different light pulse length conditions with a laser light intensity between 0.2 and 

1 mW μm-2. The membrane of HEK293 cells depolarized with a median of Δ 4.5 mV for 50 ms and 

100 ms pulses (Figure 39 A). There is no significant difference in height between pulse amplitudes, but 

membrane depolarization remained constant during light stimulation (Figure 39 B). When the 

membrane is voltage-clamped to the resting potential of the cell, we could record transient capacitive 

peaks with opposite directions when the light is switched on and off (Figure 39 C). A slight current 

increase was recorded during the pulses of longer stimulations (50 ms and 100 ms). However, the 

height of the transients remained relative constant. Some noise was introduced by the nearby 

electronics of the laser set-up. 
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Figure 39 Light stimulation of epindolidione microstructures attached to HEK293 cells. (A) Overview 
of the median membrane depolarization for 10 ms (0.2 mW μm-2), 50 ms (1 mW μm-2) and 100 ms 
(1 mW μm-2) with a 450 nm laser (N = 7) and (B) a representative trace in current clamp. (C) 
Corresponding voltage clamp measurements to (B) (unpublished data). 

Cell Viability 

The small laser spot was carefully aligned to hit the epindolidione microstructures. Some HEK293 cells 

bursted during light stimulation due to high laser intensities, despite avoiding hitting the cells directly 

with the laser spot. Lower intensities, however, resulted in weaker cell membrane depolarization. 

In cell culture, it was observed that proliferating HEK293 cells were more likely to die, when attached 

to epindolidione structures compared to controls. This effect was not observed in maturating primary 

neurons. Therefore, we tested the cell viability of HEK293 cells on epindolidione with an MTS assay 

that showed a significantly reduced cell viability (Figure 40). When interpreting these data, one must 

be careful, since the absorption of epindolidione precursor molecules, dispersed single molecules, and 

colloidal microstructures varies significantly [156]. The absorbance of colloidal pigment crystals shifts 

to a peak maximum at 490 nm with a broad absorption spectrum adjacent to it. The reaction of the 

assay converts the MTS to formazan. The absorption of this formazan dye is then measured at 490 nm. 

Whether the epindolidione pigments slowly dissolve or disperse might be to debate. 
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Figure 40 Cell viability of HEK293 cells attached to epindolidione microstructures. HEK293 cells on 
colloidal epindolidione crystalline pigments (red) and a control condition with cells seeded in well 
plates (black) with n = 3 (unpublished data). 
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3.2 Photocapacitive Stimulation with Organic Pigment Semiconductors 

Organic Electrolytic Photocapacitors have a fundamentally different device architecture compared to 

the microstructured epindolidione crystals. While the latter devices might be superior to the planar 

design of OEPCs in terms of cell interaction, a photocapacitive stimulation mechanism might be more 

effective for neurostimulation than a thermocapacitive one. In this part of the thesis, I will explore the 

interaction between cells and OEPCs, as well as the potency and the principal mechanism of the 

stimulation mechanism.

3.2.1 Scanning Electron Microscopy 

Strong attachment of cells to the OEPC devices is very important for successful photocapacitive 

stimulation. A rather small cleft region between the cell membrane and an OEPC minimizes the decay 

of the surface potential within the electrolytic environment. During this PhD project, many different 

cell types were tested for their potential to be stimulated, e.g., HL1 cells, RBL cells, or rodent 

cardiomyocytes. Especially, cell culture cell lines tend to adhere strongly on a huge variety of surfaces 

without further coatings that mimic the extracellular matrix such as polymers like poly-Lys or laminin. 

These agents would further increase the cleft region to the cell membrane. HEK293 cell culture cells, 

in particular, demonstrated a strong and robust attachment to the crystalline pigments of the n-type 

layer. In contrast to cell culture cell lines, primary cells mostly need a completely different environment 

for growth and maturation. Like whole tissues, isolated heart muscle cells did not adhere at all to the 

commonly used surfaces in cell culture. Neuronal cells, however, need a surface coating for a solid 

attachment, but together with feeder or glial cells, they form a tight connection between each other 

and exhibit a narrow cleft to the attached surface. The aim of the following paragraphs is to evaluate 

the attachment of HEK293 cells and hippocampal neurons from rats to different surfaces of OEPC 

devices. 

Surfaces of OEPC Devices 

In all experiments, we chose two different surface conditions to seed cells on. HEK293 cells were 

seeded directly on the crystalline surface of the PTCDI pigments that constitutes the top layer of the 

OEPC device (Figure 41 A). Neurons, however, were seeded together with glia cells on top of a spin-

coated PEDOT:PSS layer, covering the whole OEPC. The surface received a poly-D-Lys treatment prior 

to cell seeding (Figure 41 B). 



3.2.1 Scanning Electron Microscopy 

61 
 

 

Figure 41 Overview of different OEPC surfaces. (A) SEM imaging of the crystalline PTCDI surface of the 
n-type layer. (B) SEM imaging of the spin-coated PEDOT:PSS surface together with poly-D-Lys 
(representative images). PEDOT:PSS is indicated in purple in the schematic illustration, N,N’-dimethyl 
perylene tetracarboxylicdiimide (PTCDI) as electron acceptor (n-type layer) is indicated in red and 
metal free phthalocyanine (H2Pc) as donor (p-type layer) is indicated in blue. 

 

HEK293 on n-type Crystalline PTCDI Pigments 

We decided to seed single HEK293 cells directly onto the photoactive surface of an OEPC device variant 

consisting of an ITO layer, a p-type layer and an n-type layer (bottom to top). Single cell contacts were 

monitored with scanning electron microscopy. 

The dehydration steps during the preparation of the SEM samples seem to have a negligible effect on 

cell morphology. Since the cells were seeded 1-3 h before preparation, one can observe round cell 

shapes (Figure 42 A). The filopodia grew radially in all directions (Figures 42 B and D) and the somata 

attached directly to the crystalline surface of the PTCDI n-type layer pigments (Figure 42 C). Even when 

dehydration artifacts and cell shrinkage are considered, most of the cell membranes are in close 

contact with the OEPC surface. In some cases, we even observed a rapture of the photo layer caused 

by cell shrinkage under harsh preparation conditions, indicating that the strong adherence between 

the membrane and the OEPC surface is more powerful than the strong adherence between the pn-

layer and ITO. 
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Figure 42 Representative SEM images of HEK293 cells on n-type layer crystalline PTCDI pigments. (A) 
Clustered cells, (B) Single cell, (C) Soma and (D) filopodia of HEK293 cells.  

 

Neurons on Spin-coated PEDOT:PSS Polymers 

Similarly to cell culture cells, neuronal cultures show viable cells with normal morphology. After 

seeding on the spin-coated PEDOT:PSS layer, cells maturated 2-3 weeks on the OEPC device before 

SEM preparation. Neurons formed complex and highly interconnected networks among each other 

and with supporting glia cells (Figures 43 A and B). Neurons can be observed to grow directly on the 

PEDOT:PSS surface (Figure 43 C) or to attach to nearby glia (Figure 43 B). In addition, multiple neurites 

and dendrites were observed to grow into the PEDOT:PSS layer and even into the underlying pigment 

layer (Figure 43 C). This reduces the ability of the OEPC device to be reused for future experiments, 

but the results support our assumption that the cells like to maturate on the device surface. Neuronal 

outgrowth on and into the surface together with the support of glia cells indicate a strong and close 

contact between the cell membrane and the OEPC device. Cell culture cells such as HEK293 or RBL cells 

can easily be dissociated from OEPC surfaces with serine proteases such as Trypsin or enzyme solutions 

such as Accutase. Although neurons thrive on OEPCs, removing them is a more tedious task. A harsh 
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Figure 43 Representative SEM images of DIV14-21 hippocampal neurons on OEPC devices spin-
coated with PEDOT:PSS. (A) and (B) interconnected neuronal network consisting of Rattus norvegicus 
hippocampal neurons and glia cells (P0-1). (C) and (D) layer structure of OEPC devices after SEM 
preparation protocol. 

mixture of enzymes and detergents (Tergazyme) is needed to remove the cell membrane from the 

surface, resulting in partial defects when cleaned after an experiment (Figure 43 D). Even if the 

PEDOT:PSS coating has a negative effect on reusability, we could not find any negative effects on 

maturation behavior and cell attachment. 

 

3.2.2 Cell Viability on OEPCs 

The surface of the OEPC plays an important role in cell attachment and in the formation of a narrow 

cleft region between the membrane and the device. However, material optimization can introduce 

problems for in vitro experiments. Possible contaminants from the production process or degradation 

and delamination processes of single components as well as leachables could influence cell viability. 

Therefore, we tested the viability with a colorimetric MTS assay. 
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Figure 44 Cell viability of cells on OEPC devices compared to control groups (+SD). (A) HEK293 cells 
on n-type crystalline PTCDI pigments (red) with n = 6. (B) Hippocampal neuro-glia mixture from Rattus 
norvegicus (P0-1) on PEDOT:PSS spin-coated OEPCs (red) with n = 10. Poly-D-Lys coated glass coverslip 
as control group (black). Adapted and reproduced with permission from John Wiley and Sons: 
Advanced Materials Technologies, [20], under the terms of the Creative Commons CC BY license. 

 

We seeded 75.000 HEK293 cells per well containing an OEPC device or a glass control. The OEPC 

conditions (red squares) and controls (black circles) represent at least six replicates of two independent 

experiments (Figure 44 A). One should note that HEK cells do not really maturate but mostly proliferate 

during the four days of cell culture. Due to this reason, we normalized cell viability to the control 

condition for each time point. Similarly to this approach, we seeded a mixture of 170.000 neuronal and 

glial cells for the experiment with 10 replicates from two independent experiments (Figure 44 B). We 

performed a multiple unpaired t-test analysis for each condition (desired FDR = 1.00%) and could not 

observe any significant change in cell viability between the OEPC conditions and respective glass 

controls for HEK293 cells and neurons. 

 

3.2.3 OEPC Device Characterization 

For the characterization of OEPC devices, mainly a 10 W high-power LED (660 nm) was used as 

illumination source that stimulates the specimens from the bottom. Other attempts to focus the light 

within the internal optics of the microscope or the collimation of the illumination source from the side 

led to a dramatic decrease in light intensity or a lack of adjustment for the focus plane. During this 

project, many different OEPC variants (Figure 45) were tested for their neurostimulation capabilities. 

For the sake of simplicity, all devices were first tested with HEK293 cells to determine their response 
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to light stimuli. The material composition of the devices varied for experimental reasons, but the 

overall structure remained the same: supporting material, metal electrode, photoactive pn-layer, and 

occasionally a surface coating. The first component was either a glass coverslip, a rigid PET foil or some 

thin Parylene-C. The electrode material was mostly ITO, but gold was also used, especially in the first 

attempts. The composition of the photoactive layer stayed the same, but the pixel size could have 

changed from a grid of small 1 mm dots to a single large pixel of 13 mm. The PEDOT:PSS coating was 

applied as either a spin-coated layer over the full OEPC surface area, a drop-casted ring on the metal 

electrode, or was not applied at all. Because many of these combinations were 'work-in-progress' 

devices, in electrophysiological measurements, the following OEPC design was mainly used: a glass 

coverslip as a supporting material for stability reasons when mounting to the patch clamp setup or 

practical issues when handling in cell culture. ITO was used as metal back electrode because of its 

material properties of being conductive but also of being transparent for light. This is especially 

important when the light source stimulates the OEPC from the bottom. Lastly, we preferred to use 

large 13 mm photo pixels because they do not need perfect light alignment and the larger OEPC surface 

area increases the probabilities of cells attaching to the photopixel. 

 

 

Figure 45 Selection of different OEPC devices and prototypes. (A) 30 mm ITO glass coverslip with 
13 mm photopixel, (B) 30 mm ITO glass coverslip with 13 mm photopixel and a drop-casted PEDOT:PSS 
ring on the back electrode, (C) flexible 30 mm ITO PET foil with 13 mm photopixel, (D) 10 mm ITO glass 
coverslip with 5 mm photopixel, (E) 30 mm gold glass coverslip with a grid of 1 mm photopixel and (F) 
30 mm glass coverslip with 1 mm photopixel on 2 mm gold back electrodes. 
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Influence of the Inter-pulse Time on OEPCs 

OEPC devices absorb the red light from the 10 W LED that charges the surface of the photopixel and 

the back electrode. PTCDI, the electron acceptor molecule in the surface-exposed n-type layer, charges 

negatively when the light is switched on. After this cathodic leading phase, an anodic current occurs 

when the light is switched off. Figure 46 shows a series of light pulses and the potential measured on 

a HEK293 cell that is attached to the OEPC surface. Since OEPC stimulation is biphasic, one measures 

a negative potential followed by a positive one. The distance between both phases is dependent on 

the pulse length (see next section). However, the amplitudes of the negative and positive ongoings 

should be constant for every light pulse. 

When the OEPC is stimulated with a rapid train of succeeding pulses, one observes a steady decrease 

in the amplitudes for both phases (Figure 46). One can interpret these results that OEPCs require a 

minimum inter-pulse time to fully charge and discharge. This time depends on the length of the light 

pulse. The overall capacity of the OEPC device is reduced with each charging cycle when there is not 

enough time between pulses to fully discharge. This effect can add up, decrease device efficiency, and 

reduce the peak high for all succeeding pulses. 

 

 

Figure 46 Representative image of the potential change measured on a HEK293 cell attached to a 30 
mm ITO-glass OEPC with a 13 mm pixel. 20 ms pulses with an interpulse time of 250 ms with 
decreasing amplitudes of their positive and negative peak amplitudes. Red bar indicates the light pulse. 

 

Influence of Different Light Pulse Lengths on OEPCs 

Next, I measured how the recorded potential changes when altering the stimulus pulse lengths. OEPCs 

were given enough time to fully discharge between stimulations so that the previously described effect 

could be excluded. 
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When the light is turned on, the OEPC introduces an electric potential that creates a negative voltage 

peak which decays over time and reaches a steady-state plateau. This plateau is slightly lower than the 

resting state potential (Figure 47 A). When the light is turned off, an opposite potential peak develops. 

Both peak amplitudes correlate with the pulse length. 

The steady-state plateau reaches a stable potential after around 2 ms to 3 ms where one can measure 

no further perturbation (Figures 47 A, B and C). It must be noted that capacitive stimulation itself takes 

place in much shorter time scales. The decay of the negative peak can be interrupted when the light is 

turned off before reaching the steady state. This leads to a significant reduction in the positive peak 

amplitude, while the amplitude of the negative peak remains the same (Figure 47 D, E and F). This 

could be explained by the fact that the OEPC is still negatively charged before reaching the plateau, 

which must be compensated for during the polarity switch. 

 

 

Figure 47 Light pulse length comparison of a HEK293 cells attached to a 30 mm ITO-glass OEPC with 
a 13 mm pixel. Representative voltage time course with a (A) 20 ms, (B) 10 ms, (C) 5 ms, (D) 1 ms, (E) 
0.25 ms and (F) 0.05 ms light pulse. Red bar indicates the light pulse length on the traces, beginning 
with a cathodic negative peak, a steady-state plateau during the pulse and a positive peak when the 
light is turned off. Adapted and reproduced with permission from John Wiley and Sons: Advanced 
Materials Technologies, [20], under the terms of the Creative Commons CC BY license. 
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In patch clamp, the potential across the cell membrane is normally measured in whole cell current 

clamp mode between the cell interior and the outside electrolyte. It should be noted that 

characterization measurements on OEPCs are mostly conducted with cells, but these recorded voltage 

time courses do not translate directly to the membrane potential (Vm) of the measured cell. 

OEPCs are capacitive stimulation electrodes operated in an electrolytic environment. Every light pulse 

introduces a potential perturbation on the cell membrane and in the medium. The patch clamp 

electrode measures in these experiments not directly the voltage time course of the cell membrane 

but more the potential difference between the reference electrode and the OEPC stimulation 

electrode. This part of the thesis concentrates on the characterization of the OEPC device. The effects 

of light stimulation on excitable cells and ion channel gating are described later.  

 

Charge Balance of Different Light Pulses 

The maximal values of the cathodic and anodic peak are in a certain way dependent on the distance 

between the OEPC stimulation electrode and the reference electrode, as well as on the conductivity 

of the electrolyte, which requires high diligence not to change any of those parameters. However, the 

rise and decay kinetics are not affected. 

In Figure 47 one could observe that the cathodic and anodic phases have different rise and decay times. 

For this reason, the absolute peak amplitude might not be as significant in assessing the charge balance 

as the area under the curve (AUC). Normalized AUCs of different pulse lengths were compared for both 

phases. Ideally, both AUCs should sum up to 100 % with an equal area each. Faradaic processes on the 

photoactive layer or on the metal back electrode could alter the OEPC charging and discharging 

behavior, and therefore the AUCs. 

We observed for all pulse lengths an equal AUC of the negative (triangle) and positive (dots) peaks 

(Figure 48) indicating a mostly capacitive stimulation mechanism. Short pulses reach within error 

margins 50 % AUC each, while longer pulses reach just 30 –45 % for the cathodic and anodic phases. 

This might be explained by the patch clamp amplifier trying to actively compensate for the long pulses 

of the OEPC stimulation electrode that is not part of the electrophysiology measurement set-up. 
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Figure 48 Area under the curve for different light pulse lengths measured with HEK293 cells attached 
to 30 mm ITO-glass OEPCs with a 13 mm pixel. Different light pulse lengths (+SD) for n = 14 for each 
condition. 

 

The OEPC devices in this measurements (glass-ITO back electrode and no PEDOT:PSS coating on the 

photo pixel) indicate a balanced charging and discharging behavior. Both properties might be used for 

cell stimulation. The cathodic stimulation that occurs during the negative voltage peak can be used for 

cell depolarization on the attached membrane or the anodic one to depolarize the free membrane 

(see 1.5). Other OEPC devices (glass-ITO back electrode with PEDOT:PSS coating) might behave slightly 

different. We will focus on the cathodic leading phase since it is known to be more effective for cell 

stimulation and easier to directly control by light pulse manipulation. 

 

Influence of Different Light Pulse Intensities on OEPCs 

In the next step, I evaluated the impact of illumination intensity on OEPC stimulation. Figures 49 A - C 

show the voltage time-courses of a 0.25 ms, 1 ms and a 10 ms pulse with recordings for different light 

intensities. The peak amplitudes decrease with lower light intensities. One can establish a direct 

proportional correlation between light intensities and the absolute peak values on a logarithmic scale 

(Figure 49 D). The cathodic stimulus (dots) has a greater effect on the peak maximum than the anodic 

one. Nevertheless, one should note that the peak maximum varies in dependance on the light 

intensity, but this does not influence the AUC ratio between cathodic and anodic peaks or the slope of 

the kinetics (Figure 49 A, B, and C). 
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Figure 49 Comparison of the voltage shift for different light intensities measured with HEK293 cells 
attached to 30 mm ITO-glass OEPCs with a 13 mm pixel. Representative voltage time courses for 
stimulations with (A) 0.25 ms, (B) 1 ms and. (C) 10 ms light pulses each with traces for 10 % to 100 % 
of the LED driving current (see legend for corresponding light intensities. The red bar indicates the 
length of the light pulse. (D) Absolute values of the potential perturbation plotted against the light 
intensity. Cathodic peak (dots) and anodic peak (squares). 

 

Comparison of Potential Perturbations Generated by Different OEPCs 

Lastly, the recordings of slightly different OEPC devices were compared and evaluated how single 

properties influence the voltage time-course. Figure 50 A shows a representative recording of a 

HEK293 cell attached to a 30 mm glass-ITO OEPC stimulated with a 2 ms light pulse. A PET-ITO of the 

same size (Figure 50 B) shows decreased cathodic and anodic peak amplitudes compared to the glass. 

One can further observe a little bump at the end of the anodic peak. This bump is also present in other 

PET-ITO back electrode OEPCs like the 15 mm device (Figure 50 C).  
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Figure 50 Comparison of the voltage time-courses and potential perturbations caused by different 
OEPC devices during a 2 ms light pulse. Representative traces of (A) 30 mm OEPC with a 13 mm pixel 
with ITO-glass or (B) ITO-PET foil as back electrode measured with a HEK293 cell. (C) 15 mm OEPC with 
a 5 mm pixel with ITO-PET foil measured with a HEK293 cell or (D) measured directly on the device 
surface without a cell. 

 

Figure 50 D shows the same OEPC device as in Figure 50 C, but this trace was recorded with a patch 

pipette close to the surface and not attached to a cell membrane as in (C). One observes decreased 

peak maxima for both phases, but more interesting is, that the slope of the cathodic peak seems to be 

different. The surface measurement reaches earlier the steady-state plateau (Figure 50 D) than the cell 

attached variant (Figure 50 C). Both observations might be explained by an overlap of the stimulation 

artifact (i.e. the potential change caused by the OEPC device – see below), the pipette tip in the 

electrolyte vs. the cell attached resistance and membrane capacity. There might be more parameter 

variations such as the thickness and the ration between the pigment p- and n-type layer, but the 

improvement of OEPC device designs is out of the scope of this work. 

Despite those minor differences, the overall voltage time course is similar between all measured 

variants of the OEPC device. More important is that the voltage time courses are even comparable 

between measurements where the pipette is close to the surface or attached to a cell. As mentioned 

above, the OEPC device acts as a third electrode, next to the patch pipette and the reference electrode 

of the patch clamp system. The patch clamp electrode measures the membrane potential by 

measuring the difference between the inside of a cell and the reference electrode. 

However, the OEPC stimulation electrode changes the potential in the electrolytic environment. 

Recording this alone can provide valuable information about the function and working principles of a 

capacitive stimulation electrode, but one must be careful not to misinterpret this information and 

regard those recordings as actual membrane potentials. When the patch pipette is connected to a cell, 
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most of the potential difference recorded between the patch clamp electrodes can therefore be 

regarded as an artifact caused by the stimulation electrode. To account for this, we fixed all electrodes 

to not change positions to achieve comparable results between measurements. However, even the 

amount of electrolyte in the measuring chamber or its ionic composition might change the absolute 

values of the voltage time course. 

The voltage time courses of a depolarization or a hyperpolarization event is still present in the 

recordings of a cell membrane, even if the cathodic leading stimulation artifact overlaps with the actual 

membrane potential in current clamp mode. Since HEK293 cells are not excitable, they may not be the 

best model system for studying neuronal excitation. Nevertheless, they are a valuable system for 

characterizing ion channel gating, especially when voltage-gated channels are overexpressed. 

 



3.2.4 Effects of OEPCs on Ion Channel Gating 

73 
 

3.2.4 Effects of OEPCs on Ion Channel Gating 

Comparison Between the Kinetics of Voltage-Gated Ion Channels 

Voltage-gated ion channels are an ideal target to directly measure the response to a light activated 

OEPC device in cells or cell membranes. Our hypothesis is that photocapacitive stimulation changes 

the extracellular potential in the electrolyte, creating an electric field that might affect the voltage 

sensor and, therefore, switch the conformation of voltage-gated ion channels.  

The membrane depolarization and the generation of AP in excitable cells is driven mainly by sodium 

channels. One can measure the flux of sodium ions across the membrane into the cell when the 

channels are open. This is done using the patch clamp technique in voltage clamp mode and whole cell 

configuration. In addition, voltage-gated potassium and calcium channels also play an important role 

in the various phases of APs in neurons or cardiomyocytes. Voltage-gated channels in these cells have 

different gating kinetics, and all their currents overlap, making it difficult to isolate the gating of single 

channel types and to record their activation separately. 

Instead, HEK293 is an easy-to-handle cell model that offers the advantage of overexpressing 

exogenous DNA or endogenous channels with high transfection rates and low expression problems. 

The resulting currents may not be physiological, but the experimental results are relatively simple to 

interpret in a well-characterized and controlled experimental environment with adjustable 

parameters. Therefore, we tested different ion channels overexpressed in HEK293 cells to find the 

perfect conditions to study the influence of the fast capacitive stimulation of OEPCs on ion channel 

gating. 

Voltage-gated sodium channels have a short activation period and inactivate rather quick, making it 

difficult to distinguish between capacitive currents of light-mediated electrode stimulation and fast 

ionic currents during channel gating. Light pulses might even be longer in duration than the opening 

and the inactivation of the channel combined. Therefore, we tested the voltage-dependent T-type 

calcium channel subunit α1G (Cav3.1) that also plays a role in repetitive firing of APs in certain cells. We 

transiently transfected HEK293 cells with the Cav1.3-YFP plasmid and applied a voltage step protocol 

from -80 mV with increments of +10 mV. At -50 mV, one can observe channel activation and the inward 

current of Ca2+ ions. The current flow lasts between 20 ms and 30 ms and the maximum peak is reached 

at around -300 pA (Figure 51 A). After clamping the membrane to +10 mV, no inward channel activity 

was present anymore. Cav3.1 is a relatively fast inactivating ion channel but compared to sodium  
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Figure 51 Current time courses of Cav3.1 and Kv1.3 ion channels. Representative traces of voltage 
clamp measurements with voltage steps in +10 mV increments of HEK293 cells on glass coverslips 
transiently transfected with (A) Cav3.1 starting at -80 mV and (B) Tag-RFP-Kv1.3 starting at -100 mV. All 
cells were clamped for 3 s at holding potential before each depolarization step for the reactivation of 
inactivated channels. 

channels it has the advantage of a relatively longer lasting activation period. Unfortunately, for the 

purpose of light regulation, this activation is not constant enough or sustained over longer time 

periods.  

Another tested ion channel was Kv1.3, a shaker-related subfamily voltage-gated potassium channel. It 

plays a role in the repolarization phase of APs since it is a delayed rectifier. For an initial test, HEK293 

cells were transiently transfected with the genetic information of the ion channel. The potent channel 

inhibitor PAP-1 in the culture medium was removed 4 hours before measurements. A voltage step 

protocol was then applied starting from -100 mV with +10 mV steps. At -30 mV a strong outward 

current develops within 1.5 ms to 5 ms after the capacitive transient, indicating the K+ ion flux out of 

the cell. Higher clamped membrane potentials resulted in even higher currents of a couple of nA that 

stay constant over the whole depolarization step or inactivate very slowly (Figure 51 B). HEK293 cells 

have a typical resting membrane potential of around -30 mV (±10 mV) which causes the cells to die 

within 12 h to 24 h when transfected with this ion channel due to a permanent channel activity during 

cell culture. Therefore, an excess of the inhibitor is necessary during selection and cultivation of cells 

that stably express Kv1.3. Further experiments indicated that the inhibitor PAP-1 (EC50 = 2 nM) cannot 
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washed out properly by changing the medium or through long-term perfusion with extracellular patch 

clamp solutions. Due to that, cells were given 4 h to biosynthesize new ion channels in a PAP-1- medium 

before using them in patch clamp experiments. This has also the effect that the recorded currents are 

comparable between single cells and experiments. 

The Kv1.3 channel was selected to carry out further experiments for the characterization of the ion 

channel and experiments for light stimulation of cells on OEPCs. The ion channel activates within 

milliseconds quite fast but not too fast, allowing a better distinction between capacitive transients 

from the patch clamp electrode and the OEPC stimulation. The rather slow inactivation might further 

allow to test different light pulse lengths or their effect on currents while clamping the membrane to 

subthreshold potentials. The OEPC characterizations were mostly measured in current clamp in an 

electrolytic environment, but voltage clamp measurements of ion channels allow for a direct 

quantitative and qualitative evaluation of what is happening within the cell and on the cell membrane 

during OEPC stimulation. 

 

Characterization of Kv1.3 

An in-depth characterization of the ion channel allowed us to develop a Hidden Markov Modell to 

calculate opening and closing probabilities as well as to develop a computational model for the 

membrane depolarization (see discussion). These characterizations also allowed us to measure the 

reversal potential of Kv1.3 and to calculate the channel conductance. Therefore, a HEK293 cell line was 

established that stably integrated the Tag-RFP-Kv1.3 plasmid into the genomic DNA. Single clones were 

selected and characterized for the new cell line that functionally overexpresses the potassium channel 

in its membrane (stHEK293Kv1.3). 

First, I tested single cells with a step protocol in a whole cell voltage clamp configuration. Before each 

voltage step (+10 mV), a 3 s lasting holding potential of -100 mV was applied to reconstitute inactivated 

ion channels. The channel was observed to remain closed between command voltages of -100 mV and 

-40 mV. Kv1.3 starts to open at -30 mV, as shown by the developing outward currents (Figure 52 A). 

More depolarizing command voltages resulted in large activation currents of 15 nA (± 5 nA). These 

currents were even higher than the currents of the transiently expressed Kv1.3 channels. There was no 

inactivation of the channels after reaching the maximum current and within the 400 ms of the voltage 

step. All experiments and various measurements showed very similar results since we developed 

stHEK293Kv1.3 from a single clone. 
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Figure 52 Characterization of Kv1.3 kinetics. Stimulation protocol (left) and representative trace (right) 
with each n = 23 in whole cell voltage clamp configuration. (A) Activation protocol. (B) Steady state 
inactivation protocol. (C) Deactivation protocol. Adapted and reproduced with permission from John 
Wiley and Sons: Advanced Materials Technologies, [20], under the terms of the Creative Commons CC 
BY license. 

 

In the next step, different protocols (see insets) were used to determine the steady-state inactivation 

(Figure 52 B) and deactivation currents (Figure 52 C) of Kv1.3. No further inactivation was observed 

despite applying pre-depolarization pulses, indicating a negligible inactivation for further 

measurements with stHEK293Kv1.3. The deactivation protocol was used to determine the reversal 

potential of Kv1.3. After the 7 ms depolarization pulse, another depolarization step was applied to 

obtain tail currents (Figure 52 C). 

The measured tail currents from the previous experiment were plotted against the applied command 

voltage as shown as an I-V plot in Figure 53. With this information, the reversal potential of 

Vrev = -73 mV was obtained for Kv1.3. This potential describes the point where there is no net potassium 

flow across the membrane. The information of Figure 52 A and Vref will later be used to calculate the 

conductance G of the ion channel. 
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Figure 53 Reversal potential of Kv1.3. I-V Plot of tail currents plotted against the command voltage 
Vrev = -73 mV (n = 7). Adapted and reproduced with permission from John Wiley and Sons: Advanced 
Materials Technologies, [20], under the terms of the Creative Commons CC BY license. 

 

Kv1.3 Gating During OEPC Stimulation 

To understand the mechanism how OEPCs influence ion channel gating, one must be able to distinguish 

between capacitive transients caused by patch clamp amplifier, OEPC stimulation artifacts, ionic 

currents of endogen channels, and OEPC-induced currents of the voltage-gated ion channels. 

Therefore, current traces of wild-type HEK293 and Kv1.3 overexpressing cells were recorded on plain 

glass coverslips or attached to OEPCs (Figure 54) during light stimulation. The following experiments 

were conducted with OEPC devices that have a dropcasted PEDOT:PSS ring on the back electrode 

which improves the electrochemical capacitance and decreases the interfacial impedance of the 

device. A 10 W LED was used as light source and illumination was directed from the bottom. 

 

Figure 54 Experimental configuration of Kv1.3 gating through OEPC stimulation. (A) 30 mm OEPC 
device with dropcasted PEDOT:PSS and wtHEK293 cells. (B) 30 mm OEPC device with dropcasted 
PEDOT:PSS and stHEK293Kv1.3 cells. (C) 30 mm glass coverslip and stHEK293Kv1.3 cells. Illumination with 
a 10 W LED from bottom; cells not to scale. 
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In the following experiment, wtHEK293 cells were seeded on an OEPC device and current traces were 

recorded in the whole cell voltage clamp configuration (step protocol - Figure 55 A inset). The digitizer 

was programmed to control the LED driver via TTL logics. This allows for better reproducibility and 

comparison between experiments since there is a precise time control for light pulses. The first and 

last capacitive transients arise from the switch to the command voltages. As expected, we could not 

detect any significant current between the peaks (Figure 55 A). When applying a 5 ms light pulse within 

the voltage steps, the OEPC device charges and discharges, which appears as two additional capacitive 

transients at the beginning and the end of the pulse (Figure 55 B). The negative transient was clipped 

for better representation of the traces. A short negative current of around 7 pA/pF can be observed 

after turning on the light on. Whether this represents some ionic current flow across the cell 

membrane or whether this is an artifact caused by the OEPC stimulation was not further investigated. 

But overall, this experiment shows the effects of light on wild-type cells and membranes attached to 

OEPCs. 

 

Figure 55 Stimulation of wtHEK293 cells on 30 mm OEPCs with a PEDOT:PSS ring. (A) Representative 
traces of a voltage clamp step protocol (inset) in whole cell configuration and a 5 ms LED pulse of 
13 mW mm-2 at 660 nm. (B) Zoom into the capacitive transients evoked by the stimulation. Adapted 
and reproduced with permission from John Wiley and Sons: Advanced Materials Technologies, [20], 
under the terms of the Creative Commons CC BY license. 

 

For the next experiment, stHEK293Kv1.3 cells were seeded on the same type of OEPC devices and 

recorded with the same protocol. Clamped cells start to conduct at command voltages of -30 mV, as 

previously shown in transiently transfected cells. A strong outward current of potassium ions develops 

within the first 10 ms between -30 mV and +40 mV (40 – 50 pA/pF, Figure 56 A) that reaches a steady-

state plateau and lasts the entire 400 ms of the activation protocol without any inactivation. The same  
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Figure 56 Stimulation of stHEK293Kv1.3 cells on 30 mm OEPCs with a PEDOT:PSS ring. (A) 
Representative traces of Kv1.3 activation with a voltage clamp step protocol in whole cell configuration 
and a 5 ms LED pulse of 13 mW mm-2 at 660 nm. (B) Zoom into the capacitive transients and further 
ion channel activation evoked by the stimulation. Adapted and reproduced with permission from John 
Wiley and Sons: Advanced Materials Technologies, [20], under the terms of the Creative Commons CC 
BY license. 

positive and negative light induced capacitive transients known from the previous experiment appear 

at the beginning and the end of the light pulse. Even when already activated by the clamp protocol, 

Kv1.3 ion channels show further gating and an additional ionic current during the light pulse 

(Figure 56 B). 

The most important observation in this context is the conductivity of the ion channels during light 

stimulation at membrane potentials clamped to -60 to -40 mV where Kv1.3 channels would remain 

closed without light stimulation (Figure 56 B). This additional potassium efflux is caused by a pre-

depolarization of the membrane due to the OEPC device acting as electrode. In addition, the time-

courses of channel activation induced by clamping the cell with the patch amplifier at the beginning of 

the protocol (-30 mV to -10 mV) and induced by OEPC stimulation (-60 mV to -40 mV) during the light 

pulse are similar. They show the same delayed activation slopes that are characteristic for Kv1.3 gating 

(for more on that, see also the IV and GV characteristics below). Kv1.3 reaches maximum conductance 

at a membrane potential of around 0 mV or +10 mV. Light pulses or the patch clamp amplifier can not 

induce further currents at this point (see also the GV-plot). Further light stimulation beyond that 

induces only inactivation. 

An interesting last observation is that OEPC devices induce not only a shift in ion channel gating when 

the light is turned on. One can also observe a conductance after the negative transient when the light 

is turned off (Figures 56 A and B). Like before, Kv1.3 should not be conductive between -60 and -40 mV 
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but turning the light off induces a current that decays to 0 pA/pF over time. Between -30 mV and 0 mV, 

the current decays to the steady-state plateau which is caused by the holding potential. High command 

voltages (+10 mV and more) also result in channel inactivation that recovers over time. 

The light stimulus can activate ion channel gating in two different ways. Turning the light on will charge 

the OEPC and lead to a cathodic stimulation while turning the light off discharges the device which 

leads to an anodic event. The membrane of a cell further divides into two parts, an area that is attached 

to the photocapacitve stimulation electrode or a membrane patch that is in contact with the 

surrounding electrolyte. 

During cathodic stimulation, capacitive cell coupling leads to depolarization of the attached membrane 

and to a slight hyperpolarization of the free membrane (see Introduction). The opposite occurs during 

the anodic phase, when the OEPC discharges and the free membrane depolarizes. However, the 

hyperpolarizing or depolarizing effect on the free membrane is in both mechanisms smaller because 

the membrane is farther away from the electrode (OEPC). But the free membrane also has more ion 

channels than the smaller patch of the attached membrane. When evaluating the Kv1.3 conductance 

that occurs when the light is turned off, one assumes that this is caused by the anodic phase and the 

depolarization of the large free membrane, but one should also remember that our cell model highly 

overexpresses the Kv1.3 ion channel. The produced currents and the lower potency of anodic cell 

depolarization might be negligible under physiological conditions. 

  



3.2.4 Effects of OEPCs on Ion Channel Gating 

81 
 

As a control, stHEK293Kv1.3 cells were also seeded on glass coverslips. The same protocol with light 

illumination as in the previous experiments (Figure 55 – inset) was applied. Kv1.3 showed the expected 

gating behavior with a strong outward current starting to conduct at -30 mV and a non-inactivating 

steady state plateau phase (Figure 57 A). However, the light pulse does not induce any additional 

current and the minor transients are negligible and probably the result of electric noise caused by the 

10 W LED placed 2 cm below the OEPC device (Figure 57 B). 

 

Figure 57 Stimulation of stHEK293Kv1.3 cells on 30 mm glass coverslips. (A) Representative traces of 
Kv1.3 activation with a voltage clamp step protocol in whole cell configuration and a 5 ms LED pulse of 
13 mW mm-2 at 660 nm. (B) Zoom into the area of the light pulse. Adapted and reproduced with 
permission from John Wiley and Sons: Advanced Materials Technologies, [20], under the terms of the 
Creative Commons CC BY license. 

 

Returning to the experiments with stHEK293Kv1.3 cells attached to OEPC devices, the next step was to 

evaluate the influence of different light intensities on ion channel gating. Therefore, the maxima of the 

measured ionic currents were plotted against the respective command voltages on an I/V-diagram 

(Figure 58) for three light conditions. Kv1.3 starts to conduct as expected exactly at -30 mV when no 

light was applied (black trace). Light pulses (5 ms) induced potassium efflux already at -60 mV with 

13 mW mm-2 light intensity (red trace). Half maximal light intensity (7.5 mW mm-2 blue trace) induced 

channel gating between -50 mV and -40 mV. All traces converge at -20 mV at one point (160 pA/pF) 

where the gating behavior and current maxima are the same for all three light conditions.  



3.2.4 Effects of OEPCs on Ion Channel Gating 

82 
 

 

Figure 58 IV plot of stHEK293Kv1.3 cells on 30 mm OEPCs with a PEDOT:PSS ring stimulated with 
different light intensities. Normalized peak currents derived from voltage clamp step protocol 
measurements in whole cell configuration with no light illumination (black – n = 17) or 5 ms LED pulses 
with 13 mW mm-2 (red – n = 17) or 7.5 mW mm-2 (blue – n = 10) at 660 nm. Adapted and reproduced 
with permission from John Wiley and Sons: Advanced Materials Technologies, [20], under the terms 
of the Creative Commons CC BY license. 

 

The conductance of Kv1.3 channels was then calculated for four different light conditions. As the 

reversal potential was experimentally determined to be Vrev = -73 mV (see Figure 53), the conductance 

can be calculated with the measured maximal current Imem and the respective membrane holding 

potential Vmem: 

  (7) 

 

The conductance G was then normalized and plotted against the command voltage (Figure 59 -GV-

diagram). The half-maximal conductance G50 for Kv1.3 without light stimulation is reached at 

around -16 mV (black trace - Figure 59 A). Applying the brightest light intensity (13 mW mm-2) results 

in a shift of G50 of about 27 mV towards a more negative potential (red – Figure 59 B). Half the light 

intensity (7.5 mW mm-2) leads to a ΔG50 of around 15 mV (blue) and 1.6 mW mm-2 light pulses to a ΔG50 

of around 10 mV. Although the conductance shift is not direct proportional to the light intensity, it was 

proven that OEPCs are able to shift the conductance 30 mV towards a more negative potential which 

allows to activate Kv1.3 already at a Vm of -60 mV instead of the normal -30 mV. 
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Figure 59 GV plot of stHEK293Kv1.3 cells on 30 mm OEPCs with a PEDOT:PSS ring stimulated with 
different light intensities. (A) Normalized conductance with mean values (±SEM) for no light 
illumination (black – n = 17) or 5 ms LED pulses with 13 mW mm-2 (red – n = 17), 7.5 mW mm-2 (blue – 
n = 10) or 1.6 mW mm-2 (green – n = 9) at 660 nm. (B) Shift of the half maximal conductance ΔG50 
derived from different light stimulations towards a more negative potential compared to non-light 
stimulated Kv1.3 conductance. Adapted and reproduced with permission from John Wiley and Sons: 
Advanced Materials Technologies, [20], under the terms of the Creative Commons CC BY license. 

 

Ion Channel Conductivity in the Free and Attached Parts of the Membrane 

The photocapacitive stimulation method affects mainly the cell membrane patch attached to the OEPC 

device, but many factors such as cell geometry or the cleft size between the electrode and the 

membrane could contribute important factors to it. Additionally, with the patch clamp technique one 

is limited to record the sum of all currents across a membrane. Measurement of distinct cell regions is 

not possible. In collaboration with Dr. Theresa Rienmüller, TU Graz and Professor Vedran Đerek, 

University of Zagreb, we wanted to simulate the effect of extracellular stimulation on cell membranes. 

Therefore, an HMM was established that simulates the channel gating of Kv1.3 in both membrane 

domains (attached and free) by dividing the cell into two distinct electrical circuits (Figure 60 A). 
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Figure 60 Comparison of the attached and the free membrane of HEK293 cells. (A) HMM of a HEK293 
cell expressing Kv1.3, divided into two domains forming the attached and free part of a cell on a 
photocapacitve stimulation device. (B) 3D model of a representative HEK293 cell 3 h after seeding and 
the percentage Vm_attached on the surface area (n = 17, median 27 % with interquartile range from 24.7 
% to 30.0 %). (C) 3D convolution and confocal microscopy Z-stack images of a HEK293 cell expressing 
Mem1-RFP. Adapted and reproduced with permission from John Wiley and Sons: Advanced Materials 
Technologies, [20], under the terms of the Creative Commons CC BY license. 

 

The HMM requires several information. Channel kinetics and currents were derived from previous 

patch clamp measurements. Another important parameter is the size of the membrane areas that 

adhere to a surface or are free-floating. We used Z-stack images of HEK293 cells 3 h after seeding that 

expressed a fluorophore on the membrane surface (Figure 60 C). Afterwards, I created a polygon mesh 

and a 3D surface model via 3D convolution. On could then calculate the ratio of Vm_attached vs. Vm_total, 

which was determined to be 27 % (Figure 60 B). This observation is independent of the initial size of 

the cell and includes all filopodia. Patch clamp recording and membrane data allowed the HMM to 

determine channel conductances and membrane voltage time courses separated for both membrane 

domains during stimulation (see discussion and appendix). 
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Kv1.3 Gating Compared to Amplifier Stimulation 

As mentioned above, OEPCs depolarize the attached membrane by cathodic leading stimulation and 

alter ion channels within this area. Another aspect to consider is that the whole surface of a small 

HEK293 cell is clamped when a command voltage is applied. In the last ion channel experiment, we 

wanted to compare the Kv1.3 activation induced by the light-mediated stimulation of the attached 

membrane to the patch clamp amplifier-induced depolarization of the whole cell. 

The stimulation protocol was adapted and introduces now an additional depolarization step of Δ0 mV, 

Δ10 mV or Δ20 mV to the step protocol instead of a 5 ms light pulse (Figure 61 B). The conductances 

of all three conditions were calculated and plotted in a GV-diagram (Figure 61 A). As before, the half-

maximal G50 for Kv1.3 is at -16 mV when no stimulation is applied. When clamping the cell for 5 ms to 

an additional +20 mV or +10 mV, one observes ΔG50 to shift 32 mV (orange) or 18 mV (yellow) 

respectively towards a more negative potential (Figure 61 B). 

 

 

Figure 61 GV plot of stHEK293Kv1.3 cells stimulated with different depolarization steps instead of light. 
(A) Normalized conductance with mean values (±SEM) for no light illumination (black – n = 17) or 5 ms 
additional depolarization steps with +20 mV (orange – n = 5) and + 10 mV (yellow – n = 5). (B) Inset of 
the step protocol and shift of the half maximal conductance ΔG50 derived from the additional 
depolarization steps towards a more negative potential compared to the Kv1.3 conductance. 
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When comparing the conductance shift of the +20 mV depolarization step with the effect of the OEPC-

induced stimulation with full light intensity, one observes a similar shift of around 30 mV toward a 

more negative potential. In other words, photocapacitive OEPC depolarization is as effective as an 

additional +20 mV depolarization step with the patch clamp amplifier. However, one must consider 

that the OEPCs stimulate only a third of the membrane area, while the patch clamp amplifier stimulates 

the whole surface and all ion channels. 

 

3.2.5 Effect of OEPCs on Neurostimulation 

Ion channels are a well-understood and reliable system to investigate cell stimulation, channel gating, 

and membrane polarization, but neuronal cell cultures are more complex and offer the advantage of 

being closer to physiological in vivo conditions. Therefore, we decided to use a mixture of glial and 

neuronal cells (DIV14-21) derived from the hippocampus of Rattus norvegicus (P0-1) that easily form 

an interconnected neuronal network in vitro. We also introduce a further development of OEPCs that 

have the same basic architecture as the previous ones (30 mm ITO-glass and a 13 mm pixel with pn-

layer) but the devices were modified with a thin layer of PEDOT:PSS covering the whole surface. This 

increases volumetric capacitance and allows for extended charging (Figure 63 A). 

Classical Neurostimulation with an Amplifier 

It is important to evaluate whether neurons are healthy and excitable. To verify this, we applied a ramp 

protocol (Figure 62 A) in voltage clamp and perforated patch configuration to all neurons before each 

experiment. The threshold potential can be calculated with the slope of the ramp (0.07 V s-1) and the 

time point of the first AP (Figure 62 B – 487 ms  -36mV). The current trace of the APs shows the 

characteristic inward current caused by the influx of Na+ followed by an outward current of K+ ions  

 

 

Figure 62 Validation of neuronal activity. (A) Ramp protocol for voltage clamp measurements with 
0.07 V s-1. (B) Representative current trace of a single neuron that fires an AP starting at 487 ms. (C) 
Zoom into the ionic currents evoked by an AP. 
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leaving the cell (Figure 62 C). Since we use a heterogeneous neuron population, parameter like the 

current amplitude can differ because neuronal cells such as pyramidal neurons or Purkinje cells also 

differ in size, ion channel composition, and spiking behavior. However, the overall shape of the 

excitatory currents remains the same. 

After checking for responsiveness, neurons were voltage clamped with a depolarizing step protocol 

(Figure 63 B - inset). As expected, the neurons show no activity during the command voltages between 

-70 mV (Figure 63 C) and -40 mV. When clamped to the threshold potential at -35 mV, the first 

excitatory currents of an AP appear (Figure 63 B - orange trace and D). Succeeding depolarization steps 

lead to multiple APs. 

 

Figure 63 Step protocol stimulation for primary neurons. (A) Schematic experimental set-up with 
PEDOT:PSS spin-coated OEPCs and cells (not to scale). (B) Representative current traces for 
spontaneous APs (n = 17) and the protocol (inset). (C) Current at resting membrane potential. (D) 
Excitatory ionic currents at threshold potential. Adapted and reproduced with permission from John 
Wiley and Sons: Advanced Materials Technologies, [20], under the terms of the Creative Commons CC 
BY license. 
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Light Stimulation of OEPCs 

In the next step, I wanted to induce the firing of APs by photocapacitive stimulation (Figure 64 A). The 

previous experiment was repeated with three additional 20 ms light pulses (26 mW mm-2) at the 

beginning, in the middle and at the end of the voltage steps (Figure 64 B). The light pulses itself produce 

a positive and a negative transient when the light source is switched on and off (Figure 64 B). When 

zooming into the trace of the first light pulse, one can observe an elevated current flow that is 

interrupted by the excitatory current profile of an AP (Figure 64 C). AP firing was reliably induced at 

threshold potentials (n = 12), but more importantly, APs were also induced at any holding potential 

and throughout the whole step protocol at all three time points. AP currents at resting membrane 

potentials (-70 mV) appear in the middle of the light pulse, while currents in pre-depolarized protocol 

steps (-65 mV to -20 mV) have an earlier onset that is shifting closer to the positive transient because 

the effect of photocapacitive stimulation and the voltage clamp add up at the membrane.  

 

Figure 64 Light stimulation protocol for primary neurons. (A) Schematic experimental set-up with a 
660 nm light source, PEDOT:PSS spin-coated OEPCs and cells (not to scale). (B) Representative current 
traces for light induced APs (n = 12) and the protocol (inset). (C) Ionic current of an AP at resting 
membrane potential with capacitive transients from the light stimulation (red). (D) Excitatory ionic 
currents at threshold potential. (E) Multiple APs at resting membrane potential. Adapted and 
reproduced with permission from John Wiley and Sons: Advanced Materials Technologies, [20], under 
the terms of the Creative Commons CC BY license. 
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Light-induced APs appeared between -70 mV and -40 mV only within the stimulus pulse whereas 

additional excitatory currents appeared next to the light pulse, when the cell membrane was clamped 

to threshold potentials (-35 mV) and higher (Figure 64 B). In some recordings we also observed multiple 

APs during the 20 ms light pulse (Figure 64 E) even at resting membrane potentials. 

Many different ion channels activate during various phases of an AP. The following experiments are 

designed to prove that photocapacitive stimulation of APs is initiated by voltage-gated sodium 

channels and that the observed inward current within the light pulse is not caused by e.g. calcium flux. 

Therefore, neurons were perfused with tetrodotoxin (TTX), a potent sodium channel blocker 

(Figure 65 A). The applied step protocol and the light stimulation conditions (Figure 65 B) were the 

same as in previous experiments. No excitatory currents due to AP firing were observed, neither at the 

resting membrane (Figure 65 C) nor at the threshold potential (Figure 65 D) and not within the light 

pulse or next to it. The traces showed only capacitive transients caused by the light switch. 

 

Figure 65 Light stimulation protocol for primary neurons blocked by TTX. (A) Schematic experimental 
set-up with a 660 nm light source, PEDOT:PSS spin-coated OEPCs and cells perfused in a 0.5 x 10-6 M 
TTX solution (not to scale). (B) Representative current traces for TTX blocked neurons (n = 8) and the 
protocol (inset). (C) Resting membrane potential with capacitive transients from the light stimulation 
(red). (D) Currents at threshold potential without ionic currents of an AP. Adapted and reproduced 
with permission from John Wiley and Sons: Advanced Materials Technologies, [20], under the terms 
of the Creative Commons CC BY license. 
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Figure 66 Subtraction of representative current traces recorded from primary neurons (A) before and 
(B) after the perfusion with 0.5 x 10-6 M TTX on PEDOT:PSS spin-coated OEPCs (C) Ionic current of an 
AP at resting membrane potential with the inward current of voltage-gated sodium channels and the 
outward current of voltage-gated potassium channels. Adapted and reproduced with permission from 
John Wiley and Sons: Advanced Materials Technologies, [20], under the terms of the Creative 
Commons CC BY license. 

I first measured the current profile of a neuron before TTX perfusion (Figure 66 A) and subtracted than 

the current profile of the same cell after the addition of the sodium channel blocker (Figure 66 B). The 

hypothesis is that TTX blocks Na+ channel gating and therefore AP initiation. The subtraction also allows 

to eliminate the capacitive currents and transients. The resulting subtracted traces showed minor 

capacitive transient artifacts. But more important, the experiment gives clear evidence that the inward 

current is an excitatory current caused by the sodium flux into the cell (Figure 66 C). Moreover, one 

can also observe an outward current that corresponds to the potassium efflux out of the cell that only 

emerges together with the opening of voltage-gated sodium channels. 

 

Control Stimulations 

Previous experiments have shown that OEPCs activate ion channel gating, depolarize cell membranes, 

and induce AP firing. Next, the depolarizing effect of photocapacitive stimulation was closely compared 

with the depolarizing holding potential that is artificially introduced by the patch clamp amplifier 

(Figure 67 A). As positive control, a step protocol was used that introduces an additional command 

voltage step to 0 mV of similar length instead of a 20 ms light pulse to generate an AP. Note that these 

experiments were carried out primarily with the same neurons as in Figure 65 but before TTX 

perfusion. 
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Figure 67 Control stimulation protocol for primary neurons. (A) Schematic experimental set-up with 
PEDOT:PSS spin-coated OEPCs and cells (not to scale). (B) Representative current traces for APs 
induced by an additional voltage step to 0 mV  (n = 15) and the protocol (inset). (C) Ionic current of an 
AP at resting membrane potential with capacitive transients from the command voltage (red). (D) 
Excitatory ionic currents at threshold potential. Adapted and reproduced with permission from John 
Wiley and Sons: Advanced Materials Technologies, [20], under the terms of the Creative Commons CC 
BY license. 

The switch of command voltages induces capacitive transients at the beginning and at the end of the 

depolarization pulses similar to the transients induced by the light switch. Furthermore, the 

stimulation pulse triggered, as expected, an AP at the resting membrane potential (-70 mV) 

(Figure 67 C) and all subsequent holding potentials (-65 mv to -20 mV) (Figure 67 D). Spontaneous APs 

rise outside of the pulse only at threshold potentials and above (Figure 67 B). 

Since the positive controls result in traces that cannot be differentiated from those of the light 

stimulation, one can assume that OEPCs are at least as effective to activate voltage-gated ion channels 

in the attached membrane as the depolarization of the whole cell that is induced by the patch clamp 

amplifier. 

 

Thermocapacitive effects on or photoporation of the cell membrane could potentially induce AP firing. 

To confirm the photocapacitve nature of OEPC stimulation and to rule out photothermal effects that 

might be caused by the light source, experiments were performed that use a modified nonfunctioning 
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device version. Instead of a photoactive pn-layer, a light absorbing layer of indigo, was deposited on 

the metal back electrode. This device contained, exactly as the working devices, a thin layer of spin 

coated PEDOT:PSS on the surface (Figure 68 A). Indigo was chosen as control pigment since it also has 

a good absorption in the wavelength spectrum of red light. 

The step protocol shows no significant current flow and only little transient artifacts produced by the 

light source (Figure 68 B). One could not observe any AP currents during the stimulation regardless of 

the holding potential (Figures 68 C and D). At threshold potential, spontaneous AP arise but just 

besides the light pulses (Figure 68 E), which proves that the light itself has no influence on AP 

generation and a functioning OEPC device causes the stimulation. 

 

 

Figure 68 Influence of the light pulse on primary neuron stimulation. (A) Schematic experimental set-
up with a 660 nm light source, a light absorbing indigo device with PEDOT:PSS spin-coating and cells 
(not to scale). (B) Representative current traces show no effect caused by light pulses (n = 6); 
stimulation protocol (inset). (C) Resting membrane potential with minor artifacts from the light pulse 
(red). (D) Currents at threshold potential during a pulse without APs and (E) besides a pulse with a 
spontaneous AP. Adapted and reproduced with permission from John Wiley and Sons: Advanced 
Materials Technologies, [20], under the terms of the Creative Commons CC BY license. 
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The Influence of Different Light Pulse Parameters on Neurostimulation 

So far, I have investigated the influence of OEPC stimulation on neurostimulation. But changing 

stimulation parameter such as the pulse length or intensity also might affect the generation of APs. To 

characterize these parameters, we clamped cells in a perforated patch voltage clamp configuration. 

Without light stimulation, the voltage step protocol elicited spontaneous APs only at threshold 

potentials (-35 mV) or higher (Figure 69 A – yellow traces). When stimulating the OEPCs with an 

additional 20 ms light pulse (26 mW mm-2), APs were induced at resting membrane potentials within  

 

Figure 69 Comparison of light pulse lengths and the current time course in voltage clamp. 
Representative traces of (A) currents recorded from primary neurons during a step protocol without 
light stimulation (n = 12), (B) with a 20 ms of a 660 nm light pulse on an OEPC (n = 12) or (C) on an 
indigo heat control device (n = 6). (D – G) Different light pulse lengths tested on an OEPC (n = 12). The 
red trace represents the holding command voltage where the first light induced AP occurs (black 
arrow), the yellow traces show APs at threshold potentials. Adapted and reproduced with permission 
from John Wiley and Sons: Advanced Materials Technologies, [20], under the terms of the Creative 
Commons CC BY license. 
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the light pulse (-70 mV – red trace) and at all subsequent holding potentials (Figure 69 B – gray traces). 

The indigo heat control does not produce any APs under the same conditions (Figure 69 C). 

Shorter 5 ms pulses were also able to reliably induce APs at resting membrane potentials (Figure 69 D 

- red trace) and higher (traces not shown). Figure 69 E shows a representative neuron that fails to 

reliably induce APs with 3 ms pulses at Vrest (black trace) but generates APs at a slightly predepolarized 

membrane potential of -65 mV (Figure 69 E – red trace) and subsequent higher holding potentials. The 

excitatory current of the AP is observed to rise after the light pulse (Figure 69 E - black arrow). However, 

the excitatory currents of longer lasting pulses (20 ms and 5 ms), were observed within the pulse time. 

Short 1 ms pulses also showed excitatory currents next to the pulse, but moreover, neurons needed 

to be predepolarized even further to -45 mV to induce firing (Figure 69 F). Submillisecond pulses 

showed that they are, in principle, capable of inducing APs at resting membrane potentials, but most 

neurons fail to do so and need a predepolarization close to the threshold potential to see a clear causal 

relationship between light pulse and neuronal stimulation (Figure 69 G – yellow trace). 

Photocapacitive stimulation is a fast process and is the reason for OEPC induced AP firing. We also 

assume that the depolarization is caused by the cathodic phase. So, one might ask why APs are not 

always within the light pulses. APs last around 1-3 ms which makes them last longer than the 

stimulation pulse. However, it takes some time for the cell membrane to capacitively charge and to 

reach the depolarization threshold. This can be seen in Figure 69 B where the cell needs 3-5 ms to 

reach the threshold potential and to show excitatory currents, depending on the predepolarization of 

the cell membrane. 

The previous results are summarized in Figure 70 and are complemented by data showing how the 

change in light intensity influences the induction of APs. Longer lasting pulses (20 ms and 5 ms) were 

found to reliably induce AP firing at resting membrane potentials for most neurons. Furthermore, 

lower intensities (21 and 10 mW mm-2 - 20 ms light pulses) also induced APs at Vrest and showed no 

significant difference compared to the maximum light condition (26 mW mm-2). 

Shorter light pulses also achieved AP firing at resting membrane potentials but there is a wider 

distribution of neurons that need to be predepolarized for successful neurostimulation. However, most 

neurons show spontaneous APs around threshold potentials, while the median activation potential for 

light-induced APs is significantly lower for all stimulation conditions. Furthermore, all APs correlate in 

a timely manner with OEPC stimulation. 
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Figure 70 Overview of light pulse lengths or intensities and their influence on AP initiation. Single 
measurements on primary neurons (black dot) with the median (red line) of the clamped holding 
command voltage that is necessary for AP initiation on PEDOT:PSS spin-coated OEPCs with light. 
Adapted and reproduced with permission from John Wiley and Sons: Advanced Materials 
Technologies, [20], under the terms of the Creative Commons CC BY license. 

 

Characterization of Light Induced Action Potentials 

Voltage clamp measurements are an effective tool for the characterization of ion channel gating as 

well as for evaluating the potential of OEPCs to stimulate cells and to induce APs in neurons. Clamping 

the cell membrane to a specific potential might be useful for such comparison studies, but this might 

ignore the actual membrane potential or other cell properties such as cell size. Neuronal resting 

membrane potentials can vary slightly in in vitro cell cultures and clamping large cells might lead to 

space clamp issues. Not clamping a cell is more natural and closer to in vivo conditions. However, in 

current clamp mode, the actual membrane potential can be recorded without introducing errors when 

no current is injected into the cell (I = 0). Therefore, all the following experiments that characterize 

light stimulation were recorded in the perforated patch configuration and current clamp mode without 

current injection. 

We used the same OEPC device design (ITO back electrode and a pn-photopixel with a spin coated 

PEDOT: PSS layer) and cultured on them for 2 – 3 weeks a mixture of glial and hippocampal neurons 

derived from rats. Healthy neurons have a typical resting membrane potential of around -70 mV 

± 10 mV in vitro. To test the responsiveness of a neuron, a current can be injected so that the cell 

reaches threshold potentials.  
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Figure 71 Stimulation protocol for primary neurons in current clamp. Representative time course of 
the recorded membrane potential with current injection (yellow) or 3 ms light pulses (red) on 
PEDOT:PSS spin-coated OEPCs. Adapted and reproduced with permission from John Wiley and Sons: 
Advanced Materials Technologies, [20], under the terms of the Creative Commons CC BY license. 

Figure 71 shows trains of APs under current injection conditions (yellow bar) indicating that the 

patched neuron is healthy and excitable. The current injection was then set back to I = 0 and the OEPC 

was stimulated with 3 ms light pulses (Figure 71 – red bars). The neuron responded to the extracellular 

light stimulation with AP firing. The first sets of stimulation were able to induce APs with every single 

pulse (time-course between 8000 ms and 10,000 ms) but the neurons get exhausted over time and AP 

initiation starts to fail. This behavior is also observed with metal electrode stimulation. The negative 

ongoing potential is an artifact of cathodic stimulation (see below). 

Recording membrane potential with an extracellular stimulation electrode has its own unique 

challenges. Different light intensities were tested on their effect on the light artifact and on the effect 

on neurostimulation (Figure 72). At very low intensities (0.4 mW mm-2) the cathodic leading 

stimulation artifact starts to appear and increases with the intensity of the light pulses (4.6 mW mm-2). 

The artifact reaches nominal values of up to 160 mV (26 mW mm-2) but might change depending on 

the position of the reference electrode. However, this does not reflect the actual voltage time course 

of the membrane or indicate a hyperpolarization of the cell. The OEPC produces a cathodic leading 

current when the light is switched on. Thus, the negative voltage peak of the light artifact is the 

difference in the potential between the patch pipette and the reference electrode. It might be to 

debate whether the positive ongoing peak at 4.6 mW mm-2 is a graded potential of a failed AP or the 

counterbalancing anodic phase induced by switching the light off. 
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Figure 72 Light intensity comparison with 3 ms pulses and the effect on primary neurons in current 
clamp. Representative time course of the recorded potential on PEDOT:PSS spin-coated OEPCs with a 
cathodic stimulation artifact (negative ongoing) and the actual membrane potential including an AP. 
Adapted and reproduced with permission from John Wiley and Sons: Advanced Materials 
Technologies, [20], under the terms of the Creative Commons CC BY license. 

However, one can observe the effect of the all-or-none law when neurons reach the threshold 

potential. The successful initiation of an AP always leads to the same voltage time-course and 

depolarization peaks. The cathodic stimulation artifact in contrast is strongly light dependent. OEPCs 

were able to induce reliable and repetitive APs at light intensities of around 9 mW mm-2. 

Next, I tested different light pulse lengths and evaluated whether this might influence AP generation. 

Figure 73 A shows a continuous recording of a neuron with short and long pulses. Two similar 

phenomena were observed that are related to previous voltage clamp experiments: Very short pulses 

(Figure 73 B – 1 ms) are able to successfully induce APs, but neurons have a higher tendency to fail AP 

initiation compared to longer pulses (3 ms – 50 ms) that always initiated APs. The second similar 

observation is that the AP occurs within the light pulse for long stimulations and next to the pulse for 

short ones. In case of the 5 ms pulse, one observes an overlap between the AP time-course and the 

time course of the stimulation artifact. 

Some neurons failed the initial responsiveness test (see above) and current injection could not induce 

APs. Therefore, they also cannot produce APs during light-induced stimulation with an OEPC electrode. 

However, those neurons are convenient for isolating the stimulation artifact. Figure 74 shows the 

voltage time course of the cathodic leading stimulation artifact and the anodic counterparts. The traces 

illustrate that we measure indeed the overlap of the actual cell membrane potential and the 

stimulation artifact. However, AP initiation would not be possible at such hyperpolarized membrane 

potentials (-160 mV) anyhow. 
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Figure 73 Light pulse length comparison and the effect on primary neurons in current clamp. (A) 
Representative time course of the recorded potential on PEDOT:PSS spin-coated OEPCs in a gap free 
recording and (B) a zoom into the different light pulse lengths with three overlaying sweeps. Adapted 
and reproduced with permission from John Wiley and Sons: Advanced Materials Technologies, [20], 
under the terms of the Creative Commons CC BY license. 

 

 

 

 

Figure 74 Light pulse length comparison and the cathodic stimulation artifact in current clamp. Zoom 
into the different light pulse lengths and a representative time course of the recorded potential of 
generally nonresponsive neurons. Overlay of three recordings of a cell on PEDOT:PSS spin-coated 
OEPCs in a gap free mode. Adapted and reproduced with permission from John Wiley and Sons: 
Advanced Materials Technologies, [20], under the terms of the Creative Commons CC BY license. 
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Figure 75 Comparison of the membrane potential time course and the slopes of APs. (A) 
Representative membrane potential of a current induced AP and two light induced APs of neurons on 
PEDOT:PSS spin-coated OEPCs with different pulse lengths. (B) Slopes of the rise and decay times of 
the time courses with the depolarization and repolarization phase (green), the negative ongoing of the 
cathodic stimulation artifact (blue) and the positive one (yellow). Adapted and reproduced with 
permission from John Wiley and Sons: Advanced Materials Technologies, [20], under the terms of the 
Creative Commons CC BY license. 

 

Lastly, we compared the depolarization amplitude and the slopes of APs. Current-injected APs show 

all common characteristics of a regular AP with an initiation, depolarization, repolarization, and 

hyperpolarization phase (Figure 75 A). The amplitude of a light-induced AP is not different from the 

regular one despite the occurrence within the cathodic stimulation artifact (20 ms) or next to it (3 ms). 

All APs were found to have similar rise and decay times (Figure 75 B) for their depolarization and 

repolarization phases (green). To better differentiate between the slopes of the AP and the artifact, 

the negative ongoing of the stimulation artifact is highlighted in blue and the positive ongoing in 

yellow. 

In the end, all experiments carried out within this part of the thesis could prove that OEPCs are free-

standing extracellular stimulation electrodes that reliably induce physiological APs in vitro in 

mammalian cells with single light pulses and that this stimulation can be as effective as wired metal 

electrodes. 
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4 Summary and Discussion 

Summary 

In this thesis, I have demonstrated that novel organic bioelectronics can be wirelessly driven with light 

to polarize cell membranes and consequently to stimulate neuronal activity in mammalian cells in vitro. 

Epindolidione pigment 3D microstructures offer cell membranes and neuronal extensions such as 

axons or neurites a large and structured surface to attach to. Photothermocapacitive stimulation 

depolarized cell membranes but this might not be sufficient to excite neurons. However, planar 

photovoltaic electrodes with two semiconducting organic pigments have proven to actively influence 

ion channel gating in nonexcitable cells and to facilitate neurostimulation. The photocapacitive 

stimulation mechanism of thin-film OEPC devices mimics the mechanism of conventional wired 

extracellular stimulation metal electrodes. Light-induced charge separation within the device leads to 

a biphasic cathodic leading charge-balanced stimulation that is assumed to be the most gentle way to 

excite cells [98]. The effective and timely precise in vitro light stimulations presented in this thesis 

might inspire a wide variety of in vivo applications and are a promising starting point for future 

stimulation implants. 

Bioelectronic Considerations to Photothermocapacitive Stimulation 

Photothermal heating requires a transducer that absorbs light and generates a temperature change to 

heat its environment. The most simple transducer is water which causes tissue heating by absorbing 

infrared light and an increase of the electrical capacitance on the cell membrane [116]. Direct heating 

was successfully used for peripheral nerve stimulation [161], optical heart pacing [162], or laser 

stimulation of the auditory nerve [163]. The advent of inorganic transducers such as gold nanoparticles 

[141] or silicon-based materials [143, 164-166] facilitated this development but often lack 

biocompatibility or need to be assessed in long-term studies and in vivo [167, 168]. Planar organic 

polymers such as P3HT [142] and PCBM [169] were investigated for in vitro neurostimulation. 

Furthermore, 3D-shaped structures based on crystalline pigments [103] showed a close interface 

between cell membranes and biomolecules. In this thesis, epindolidione microstructures were shown 

to grow large crystalline pigment plates and needles that offer a large surface area for cell attachment. 

Cell membranes grow over the microstructures and even adapt their shape according to the pigment 

geometry. In addition, neurons were shown to include microstructures in their network formation by 

remodeling connections to and from the pigment surface. The strong bond to the pigment surface and 

the large interaction site with the cell membranes were an encouraging starting point for further 
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stimulation experiments. The epindolidione microstructures depolarized cell membranes with a 

median of 4.5 mV for 50 ms and 100 ms pulses but this could not excite neuronal membranes. Other 

groups achieved 0.6 mV with oocytes or 2.7 mV in HEK293 cells and water as transducer [116] or 

attempted to stimulate planar organic P3HT biopolymers resulting in even lower membrane 

polarizations of 0.4 mV to 1 mV with up to 57 mW mm-2 laser intensities [142]. The latter used planar 

structures that developed minor transients (less than 5 pA) when measuring the current across the 

membrane, while epindolidione microstructures developed photoinduced transients of more than 

50 pA. A similar pigment, quinacridone, exhibited transients of up to 100 pA and induced a constant 

current flow in cells overexpressing TRPV1 [103]. The reasons why such pigments struggle to induce 

APs may be diverse but one key aspect is the rate of temperature change that increases cell 

capacitance when heating the membrane [115, 116]. Large surface areas facilitate a higher 

temperature change [103]. Epindolidione has a large interface with the membrane and absorbs the 

applied wavelength (450 nm) very well, but the light-induced rate of capacitance change might be too 

slow for neuro excitation. We used light pulses between 10 ms and 100 ms. However, computer 

simulations of transducer heating suggest that membranes require a temperature change of 3.7 K 

within 1 μs to 1 ms to successfully induce AP firing. Longer heating times just reached subthreshold 

depolarizations [151]. Another aspect is the difficulty of delivering light to photoactive transducers. 

Micro LEDs are often used [170, 171] for in vivo stimulation. Their successful application in optogenetic 

approaches is undisputed but whether those devices might deliver enough power to heat transducers 

remains elusive. We experienced problems with laser alignments and cell depolarization dramatically 

decreased when the laser spot was out of focus or not directly targeted to single epindolidione crystals. 

For experiments, only cells were selected that had one or two microstructures attached. A possibility 

to increase heat delivery could be a broader laser spot targeted at cells whose surface is covered with 

more microstructures. One should keep in mind that higher concentrations of photoactive 

nanoparticles have been reported to have negative effects on cell viability [168, 172-174]. Whether 

this applies to microstructures or to how stable epindolidione pigment platelets are under rapid 

thermal heating, remains elusive. The last aspect to consider is the general architecture of the device. 

Material compositions that form organic bulk heterojunctions [169] or inorganic pn junctions [164] 

have been reported to induce APs but the authors describe both stimulation mechanisms most likely 

to be faradaic in nature. Hence, the main focus of this thesis was shifted to explore the cell stimulation 

properties of another safer photocapacitive stimulation method. 
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Photocapacitive Activation and Gating of Ion Channels 

Optical control of channel gating often refers to genetically modified [175, 176] and thermosensitive 

ion channels [177] or to thermogenetics that manipulate animal behavior with light [178]. However, 

nongenetic and nonphotothermal approaches face the problem of being hard to distinguish between 

photofaradaic mechanisms and other mechanisms, which requires careful device design and 

characterization. Thin-film OEPCs were extensively tested and found to be photocapacitve [138]. 

However, capacitive stimulation electrodes require a close contact with cell membranes to be 

effective. This thesis shows how mammalian cells and especially neurons attach to different OEPC 

surfaces, grow extensions such as filopodia or neurites to the crystalline pigments, or even penetrate 

the device. This indicates that OEPCs are more than just biocompatible, they also offer neurons a 

preferential adhesion surface compared to polished inorganic metal electrodes [109]. The rough 

pigment surface facilitates cell attachment and allows for close interactions with cell membranes. The 

cell membrane accommodates a wide variety of different ion channels. For neurons, most of the 

voltage-gated ion channels responsible for AP initiation are located in the proximal axon compartment 

called the AIS (axon initial segment). The main driving force for cell depolarization during APs are 

voltage-gated Na+ channels that inactivate rather fast and are not conductive over a wide span of 

membrane potentials. This makes Na+ channels inapplicable since a convenient cell model system has 

to account for experimental setting changes such as light pulses that might last longer than the channel 

gating or a wide span of holding potentials applied via the patch clamp pipette. Therefore, we 

developed and characterized [179] a cell line expressing the shaker-related voltage-gated K+ channel 

that also allows to differentiate between gating currents and photocapacitive transients. Kv1.3 is a 

delayed rectifying ion channel that shows little inactivation and robust gating of ionic currents 

throughout voltage clamp measurements. Many delayed rectifying channels are involved in the 

repolarization phase of APs under regular neurophysiological conditions. This work has proven that 

light stimulation of OEPCs successfully polarizes membranes and shifts the conductance of voltage-

gated channels toward more negative potentials, allowing an effective cell stimulation at resting 

membrane potentials. Heat-induced and faradaic stimulation mechanisms are well known to 

depolarize cells but there is little knowledge about capacitive stimulation. We hypothesized that the 

transient electric field created between the photopixel and the back electrode might influence the 

voltage sensor of voltage-gated ion channels that are close to the OEPC interface. However, the patch 

clamp technique allows only to record the current flow across the whole membrane. One can directly 

measure the influence of the light stimulation and the induced channel gating, but the patch clamp 

technique does not allow a distinction between gating events that happen at the attached membrane 



4 Summary and Discussion 

103 
 

or the free membrane. Therefore, we developed a computational model that simulated Kv1.3 ion 

channel gating based on the results of this thesis [20]. We could show that, in accordance with the 

two-domain model [109], both membrane patches polarize during and after light stimulation. The 

attached membrane experiences a strong depolarization when the light is switched on, which allows 

voltage-gated ion channels to open. The free membrane slightly hyperpolarizes and does not 

contribute to channel gating. Switching off the light reverses the polarity of both membranes. The 

simulations support experimental findings and the evidence for photocapacitive cell stimulation. 

 

OEPC-induced Neurostimulation 

Voltage clamp measurements of voltage-gated ion channels provide valuable insight in characterizing 

cell stimulation with OEPCs, but they also require a careful experimental design and adjustment of cell 

parameters such as ion channel composition and membrane potential. However, complex neuronal 

networks and the recording of membrane potentials in the current clamp (I = 0 mode) allow for a more 

physiological environment to investigate OEPC-mediated neuronal signaling. OEPC devises are 

designed in such a way that they provide a charge-balanced cathodic leading extracellular stimulation. 

Nevertheless, one might also use the discharging properties of OEPCs or an anodic-leading stimulation 

pulse generated by a positively charged surface in device designs that reverse the arrangement of the 

pn-layer. Both approaches might have the potential to induce AP firing, but cathodic-leading 

stimulation is more advantageous for several reasons, when using light as an energy source. Most ion 

channels are uniformly distributed within the cell membrane. As a target for membrane depolarization, 

the free membrane would allow for more ion channel gating. However, capacitive stimulation is a 

transient process that requires a close coupling between the membrane and the stimulation electrode. 

Creating an electric field that might affect the free membrane would require more powerful devices 

such as metal electrodes with an electrical connection to a power source. Light-driven OEPCs are thin 

film devices that enable the design of flexible and biocompatible implants for in vitro and in vivo use 

without the need for an external power supply. The cathodic activation of ion channels in the attached 

membrane is safer, mimics a more natural cell stimulation, and requires less energy because of the 

proximity to the electrode. Another major advantage of OEPC devices is the direct control of neuronal 

signaling. I could effectively and repetitively induce AP firing at resting membrane potentials with 

single light pulses ranging from 1 ms to 50 ms. Organic bulk heterojunctions with PTB7-Th, PC71BM or 

similar molecules required continuous trains of light pulses [180, 181] to achieve only single APs within 

stimulation periods that lasted up to 100 ms. Other attempts required pre-depolarized resting 
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membrane potentials to be effective. Also, capacitive metal electrodes relied on several pulses to 

gradually depolarize cell membranes and to activate Na+ channels [140]. However, the 

photostimulation mechanism with P3HT surfaces [169, 182, 183] and an observed vision restoration 

in rats [184] remains unclear and subject to debate [20, 185]. Other stimulation approaches with silicon 

[186] or gold nanoparticles [141] might be non-faradaic, localized [141], and less invasive [143] but 

have also been reported to be thermocapacitive instead. The sum of the results within this thesis 

reveals how effective OEPCs are compared to other devices for light-mediated neurostimulation. 

 

Biological Context and Application 

The material properties of OEPC devices, as well as their charging and discharging behavior have been 

well characterized [136-138, 187]. In addition to ion channel gating, I could activate mammalian 

hippocampal neurons in vitro and induce AP firing at resting membrane potentials with light. However, 

the recorded membrane potential shows a negative potential during the light pulse. This stimulation 

artifact is caused by the patch clamp electrode, which measures the actual cell membrane potential 

and the overlapping potential drop between the extracellular stimulation electrode and the ground. 

Neurons would not generate APs when their membranes would actually feel such a hyperpolarization. 

However, this artifact and the hyperpolarization of the free membrane showed no limiting effects for 

in vivo experiments or for the here presented generation of neuronal APs. All mentioned mechanistic 

characterizations and neurophysiological insights led to the recent development of implants for the 

successful stimulation of the sciatic nerve [188], the somatosensory cortex [189], and deep brain 

stimulation of rodents [190]. In addition to controlling behavioral patterns, promising new 

developments further indicate that the OEPC technology also has the potential to influence gene 

expression through neurostimulation and to activate regenerative processes after neurotraumatic 

events. 
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AIS axon initial segment Na+ sodium 

AP action potentials  OEPC Organic Electrolytic Photocapacitor 
AUC area under the curve  OTS octyltriethoxysilane 
c concentration P3HT poly(3-hexylthiophene-2,5-diyl) 
Cl- chloride PAP-1  (5-(4-Phenoxybutoxy)psoralen) 

Cm membrane capacitance  PBS Phosphate Buffered Saline solution 

DMEM Dulbecco's Modified Eagle's Medium  PC71BM  (6,6)-Phenyl C71 butyric acid methyl 
ester, mixture of isomers 

DMSO dimethylsulfoxide PEDOT poly(3,4-ethylenedioxythiophene) 
EGF epidermal growth factor PSS polystyrene sulfonate 
EGTA (3,12-Bis(carboxymethyl)-6,9-dioxa-

3,12-diazatetradecane-1,14-dioic acid) 
PTB7-Th Poly[4,8-bis(5-(2-ethylhexyl)thiophen-

2-yl)benzo[1,2-b;4,5-b']dithiophene-
2,6-diyl-alt-(4-(2-ethylhexyl)-3-
fluorothieno[3,4-b]thiophene-)-2-
carboxylate-2-6-diyl)] 

Eion Nernst potential  PTCDI N,N’-dimethyl perylene 
tetracarboxylicdiimide  

EMFion electromotive force PVD physical vapor deposition 

ETL electron transfer layer  PVs photovoltaics 
F Faraday constant  Q charge 
FBS Fetal Bovine Serum  R gas constant  
FGF fibroblast growth factor R arginine 
G conductance R resistance 
GABA γ-aminobutyric acid  T temperature  
H2Pc metal free phthalocyanine TTX tetrodotoxin 
HEK human embryonic kidney  V potential 
HTL hole transfer layer Vm membrane potential 

ITO indium tin oxide Vrest resting membrane potential 

K lysine Vs surface charge potential  

K+ potassium zion number of valence electrons 
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