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Abstract 

Electrotaxis or Galvanotaxis is the directed migration of cells in an electric field and constitutes a 

fundamental phenomenon in many biological mechanisms, for instance, cell division, wound healing, 

and embryonal development. It is caused by spontaneous endogenous electrical fields (EFs) due to 

ionic gradients. Multiple studies and experimental research have proven that applying an external 

electrical field (direct current DC) can originate an electrotactic response on the cells, since it 

resembles an endogenous EF. Besides fundamental understanding in biology, this form of artificial 

electrotaxis appears to be a promising alternative for wound healing treatment. The cell’s response 

and the mechanisms related to electrotaxis are still uncertain, and the properties of the electrode 

material hinder the advancements in cellular research and medical applications. A promising solution 

for this problem is the use of conductive polymer electrodes for DC stimulation. 

In this work, electrodes of different materials, IrOx, PEDOT/PSS, and PDMAAp/PEDOT, were 

developed, fabricated, and tested. The materials of the electrodes had different thicknesses that were 

tested and compared with each other. These electrodes were electrochemically characterized and 

used for DC stimulation. Due to their supercapacitive behavior, the electrodes were able to go through 

several DC stimulation cycles with different currents applied, without observable damage.  

A fluidic setup and an electronic readout system were designed and fabricated for pH measurements 

during different DC stimulations for all the electrodes materials. No changes in the pH value were 

observed in the medium surrounding the electrodes. Moreover, the electrodes materials were tested 

for cytotoxicity, and none could be observed.  

This work concludes that PDMAAp/PEDOT coated electrodes show excellent electrochemical 

properties and DC stimulation capabilities similar to PEDOT/PSS.  
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1 Introduction 

Electrotaxis or Galvanotaxis describes the directed cell migration in response to endogenous electrical 

fields (EFs). This phenomenon is present in many fundamental biological mechanisms, such as cell 

division, wound healing, and embryonal development [1]. Multiple studies and experimental research 

have demonstrated, that applying an external electrical field can generate an electrotactic response 

on cells by mimicking the spontaneous endogenous fields. The cell’s response and the fundamental 

mechanisms related to sensing these electric fields are still uncertain, therefore electrotaxis research 

aims to study and understand these cellular reactions [1]–[3].  

Electrotaxis experiments consist of applying a direct current (DC) with metal electrodes on a channel 

filled with cells and a conducting solution to generate an EF. This current is driven by faradaic redox 

reactions which lead to corrosion of the electrodes, to the release of cytotoxic materials and to changes 

in the pH of the medium. The use of agar salt bridges between the electrodes and the cell channel is 

necessary to overcome these problems since they are able to stop the toxic by-products from reaching 

the cells. This solution helps overcome this problem, for in vitro experiments, however, it also makes 

the electrotaxis setup bulky, difficult to reproduce and is not a suitable solution for future medical 

applications of DC stimulation [4], [5]. To address these challenges, new materials such as conductive 

polymers (CPs) and conductive hydrogels (CHs) emerge as an alternative to the standard metal 

electrodes. These electroactive coatings are capable of driving constant direct currents through ionic 

charge injection and have many other advantages such as biocompatibility, low electrical impedance, 

and easy fabrication and coating methods [6]. 

Poly(3,4-ethylene dioxythiophene) polystyrene sulfonate (PEDOT/PSS) is a conductive polymer that 

has been studied as a polymeric coating of electrodes and has demonstrated to be a suitable 

replacement of the metal electrodes due to its electrochemical stability and to its high charge injection 

without releasing toxic by-products. However, this polymer is very rigid, and after some cycles of DC 

stimulation, delamination can occur due to the stress provoked on the polymer coating [7], [8]. As an 

alternative to this polymer, a conductive polymer hydrogel (CPH), which consists of a conductive 

polymer within a hydrogel network will be tested. The conductive hydrogel P(DMAA-co-MABP-co-SSNa), 

PDMAAp, functionalized with PEDOT is a CPH capable of electrical stimulations and has excellent 

mechanical properties due to the hydrogel network [9], [10].  

The conductive polymer hydrogel, PDMAAp/PEDOT, should be tested as a new coating of electrodes 

in order to replace the metal electrodes in electrotaxis experiments. The electrochemical stability of 
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the hydrogel-polymer electrodes should be tested, as well as their response to electrical stimulation 

and the effects these materials have on the medium and in cells.  

The present work is subdivided into nine sections. The first section explains the fundamentals of the 

wound healing process as well as the cellular signaling and behavior during electrotaxis, followed by 

a brief overview of the state of the art of the most significant electrotaxis experiments. Conductive 

Polymers and their characteristics are introduced alongside the electrochemistry involved in electrical 

stimulation, as well as pH measurements. Chapter three presents the proposed ideas and approaches 

to achieve the goals set for this work. The following chapters describe thoroughly the used materials 

and methods to fabricate and prepare the electrodes for the electrochemical characterization, as well 

as the PDMS and pH channels, and pH sensors. The experimental setups for electrical and 

electrochemical characterization can be found in chapter five. Section six contains the results obtained 

during the characterization and testing of the electrodes, pH measurements, and cytotoxicity tests. 

The discussion of the results and the conclusion reached through them are present in chapter seven. 

A summary of the present work and an outlook of the following steps is written in sections eight and 

nine. 
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2 Fundamentals 

2.1 Endogenous electrical fields in the body and their role in wound 

healing 

The healing of a wound starts immediately after the tissue has been damaged or broken. Wound 

healing consists of various processes that involve different tissues, cells, and signaling mechanisms. 

Endogenous electrical fields (EFs) are an essential cue during wound healing since electrical signals 

have a considerable effect on how the cells behave [11], [12].  

2.1.1 Endogenous electrical fields 

Endogenous electrical fields are spontaneously generated due to ionic gradients across cellular 

membranes and play an essential role in several biological processes. Membrane potentials are 

present in cells, especially in areas where development processes that involve cell movement and cell 

division occur. The voltage gradients are used for transport functions and signaling. Endogenous 

Electric Fields have a functional role in cell growth and development, such as embryogenesis, tissue 

regeneration, and wound healing [13]. 

The epithelium is a membranous tissue characterized by small cells that cover the external and 

internal surfaces of the body and its organs. This tissue has Na+/K+ ATPase pumps that continuously 

maintain the flow of ions, originating an electric current and assuring an ionic gradient across the 

epithelial tissue. Consequently, a potential difference is generated, which create endogenous Electric 

Fields (EFs) [14]. This ion flow generates a transepidermal potential (TEP) ranging between 20 to 50 

mV, and this transcutaneous voltage is known as “skin battery” [14]–[16]. 

When the epithelial barrier is damaged, the charge concentration at the wound site drops, which 

generates a negative electric pole and affects the ion flow. Positive charge flows towards the wound 

center, creating an electric current, and establishing a transversal EF (Figure 1). This change in the 

electric field triggers the migration of different cells directly involved in the wound healing process such 

as fibroblasts, keratinocytes, endothelial cells, macrophages, and platelets. Fibroblasts are the cells 

responsible for producing an extracellular matrix which functions as a scaffold for the endothelial cells 

in wound healing. The fibroblasts are crucial in injury responses since they contribute to both initiation 

and final phases. The keratinocytes in skin represent a constantly renewing cellular compartment and 

migrate towards the cathode (negative pole) under DC electric fields, which raises interest in a 

scientific and therapeutic point of view [17], [18]. 
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The directed migration of cells as a response to an EF is denominated Electrotaxis or Galvanotaxis. 

One of the most critical processes in cells polarization and directional migration is the reorganization 

of the cytoskeleton of the fibroblasts and epithelial cells to improve the receptors on cell-surface and 

the adhesive molecules present at the front of the cell [19]. These receptors and molecules detect the 

EFs and follow them, directing the cells to migrate either towards or away from the wound [20]–[22]. 

 

 

Figure 1: Endogenous electric field in a wound with ion transport and positive charge flowing towards the wound [23].  

 

2.1.2 Wound healing 

Wound healing is a complex process that requires the interaction amongst different types of cells, as 

well as their migration towards the injured site. The migration is directed by endogenous EFs, which 

generate spontaneously after the wound occurs. In some pathologies, the cells do not react normally, 

and the signaling is impaired, hindering the healing rate of the wounds. However, it has been proven 

that cells react directionally to externally applied EFs (created through electrical stimulation with direct 

current, DC), which could serve as a therapeutic solution for people with said conditions [14], [21]. 

The process of healing a wound consists of several phases, these being hemostasis, inflammation, re-

epithelialization, and tissue remodeling. When the tissue is damaged, the hemostasis starts by 

preventing fluids, blood losses, and infections, which results in the formation of a clot, that consists of 

a fibrin net and a number of platelets aggregated together with embedded blood cells [20]. The 

exposed, injured tissue is susceptible to bacteria; therefore, inflammatory cells, which produce 

cytokines, growth factors, and degradative enzymes, are brought to the wound area so that bacteria 
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and dying cells can be eliminated in order to proceed with the healing process (Figure 2) [13], [24], 

[26]. 

In 2-10 days after the initial wound, the new tissue formation starts and is characterized by different 

cells migrating towards the wound site and cellular proliferation, as well as revascularization of the 

injured area. The re-epithelialization aims to recover the skin’s barrier functions; however, the repaired 

tissue cannot reacquire all the properties that an uninjured tissue has. Approximately 21 days after 

the injury, the tissue starts remodeling and creating a scar; its strength is characterized by the quantity 

and quality of the deposited proteins [12], [21], [24].  

In a healthy patient, the healing phases occur adequately, and the EFs are able to enhance the 

movement of cells towards the wound. However, when the patient suffers from diabetes, skin, or 

chronic diseases, there are many physiologic factors as well as a deficient endogenous EF. Amongst 

many of the physiological factors, some examples are the deficiency of growth factor production, 

misfunction of the macrophages, the quantity of granulation tissue, and accumulation of collagen [27]. 

In these cases, the healing process is affected, and the epithelium cannot be reorganized and 

reconstructed to be healthy and mature as it was previous to the wound [20], [28]. 

 

 

Figure 2: Wound healing pathophysiology. (A) Hemostasis. (B) Inflammation. (C) Tissue Remodeling and re-epithelization. 

Adapted from [29]. 

 

In order to ease the healing process, several wound intervention mechanisms have been developed 

in the last decades. Different invasive or non-invasive methods to treat chronic wounds have been 



2   Fundamentals 

 6 

proposed, being the invasive ones skin substitute therapy and wound debridement (removal of dead 

or infected skin). Among non-invasive methods, oxygen therapy, negative pressure therapy, use of 

ultrasound, and electrostimulation therapy (EST) are well known [20]. The application of electrical 

currents, EST, has been applied by many researchers as a technique to induce and improve the 

treating of wounds, showing benefits on wound closure and faster healing in vivo models and clinical 

studies [30]–[34].  

Electrostimulation therapy is a natural, painless, and cost-effective method that improves the healing 

process by simulating the natural current of the injury. It has been shown that the cells involved in the 

wound healing process change in migration, proliferation, and orientation. Not only that, but they also 

demonstrate antibacterial effects and an increase in proteins or DNA synthesis. However, there is still 

no therapy approved for skin wounds, due to discrepancy of different stimulations used in clinical 

studies [35], [36]. 

 

2.2 Electrotaxis  

Electrotaxis or galvanotaxis consists of the movement of an organism or system of cells in an electric 

field. This field can be generated by applying a direct current (DC) (exogenous) or spontaneously within 

the biological system (endogenous) to induce the movement of cells either towards the cathode or the 

anode, depending on the polarity of the electric field and cell type [37].  

2.2.1 Cellular Behavior 

Experimental research is contributing to improving the knowledge of how cells react and how sensitive 

they are to physical or chemical stimuli that can originate a directional motion [2]. Multiple studies 

and experiments have investigated the mobility of cells influenced by external cues such as electrotaxis 

or galvanotaxis (electrostatic potential), haptotaxis (variation of surface-attached chemicals) and 

chemotaxis (chemical gradients in solution) [38], [39]. 

Research has demonstrated that chemical guidance loses its influence on cells migration when an 

external electrical stimulus is applied; some cells changed their initial migration according to the 

electrical stimulus, and when the polarity of the electric field was reversed, the direction of the cells 

migration changed [40]. Most cells exhibit electrotaxis alongside the electric field lines (towards the 

cathode), including human keratinocytes. However, there are some cells like the epidermal fibroblasts, 

which demonstrate anodal electrotaxis, making the understanding of this process more complex [41].  
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The observed cell effects to an applied electrical stimulus can be understood through how the applied 

field is distributed within the cell. Considering the cell as a sphere with a radius R placed between two 

electrodes, when an electrical field is applied, the cell response is similar to a RC circuit. The capacitor 

is charged with a charge flow through the resistor, and when the capacitor is fully charged, no more 

charge drives through the resistor and an induced transmembrane voltage (TMVi) is established. This 

TMVi achieves a value that is higher than the natural transmembrane voltage (TMVo), which is 

generated through the channels and ion pumps present in the membrane. When the electrical field is 

applied, the channels and pores in the membrane allow for the molecules in the surrounding medium 

to go into the cell, achieving a TMVi [42]. 

The increase of ions inside the cell causes cell contraction on one part of the cell, and cell protrusion 

on the other, generating the “push-pull” movement, which consists on adaptor proteins connected to 

cortical actin filaments that “push” the membrane of the cell towards the cathode or anode (Figure 3) 

[13].  

 

 

Figure 3: Response of cell to an applied electrical field. (a) The cell is in a resting state with negative membrane potential. 

(b) Cell exposed to an electrical field; the membrane near the anode attracts Ca2+, contracting that side of the cell, and 

moving the cell towards the cathode. Adapted from [13]. 

 

Cells prosper in a controlled, balanced environment, which is why homeostasis is so vital for their 

proper function. Cell migration can be hindered or disturbed if the surroundings of the cells are not 

ideal. In wound healing, a pH change from 6.2 to 5.8 can stop the migration of keratinocytes, affecting 

the following phases of the wound healing process [43]. 
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2.2.2 State of the art for Electrotaxis experiments 

Studying electrotaxis allows a better understanding of cell migration during biological processes. For 

experiments to be accurate, a precise electric field needs to be applied to the cells, which requires the 

use of microfluidic devices with exact dimensions. Therefore, several devices for cell migration 

experiments have been developed to analyze this phenomenon [43], [44].  

An electrotaxis experiment consists of applying EFs to cell culture and, as a result, observe cell 

migration. One of the most straightforward experimental setups consists of a cell culture chamber in 

contact with Ag/AgCl electrodes through agar salt bridges. When a voltage is applied, the 

electrochemical dissolution of the electrodes is initiated, providing an ionic current to the cell culture. 

However, the ion flow into the channel generates an electrode potential drift in the Ag/AgCl electrodes, 

and the medium might have changes in its conductivity as well as in the pH, that are prejudicial to the 

cells. Furthermore, silver ions, which are cytotoxic, are released during DC stimulation as part of 

faradaic reactions at the electrode surface. Therefore, agar salt bridges are used to prevent any 

dangerous reaction by-product from reaching the medium while sustaining the ionic flow of Na+ and Cl- 

[1], [4], [5]. 

Initially, the setups for electrotaxis experiments were simple, consisting of a culture dish with two glass 

slides placed side-to-side that create a channel for cell culture with the advantages of being easy to 

operate and allowing for the visualization of migratory cells (Figure 4) [44]. However, it is not possible 

to obtain a homogeneous, well-defined EF in such a device and the necessity of agar bridges leads to 

a large system, which requires long preparation time before experimenting [5]. 
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Figure 4: Electrotactic chamber. (a) Glass well. (b) Two side cover glass strips fixed in parallel onto the petri dish as the 

electrotactic chamber base. (c) The glass well is used to seed the cells in the well and then is removed. A coverslip roof is 

glued to the strips completing the electrotactic chamber. (d) Top view of the electrotactic chamber. (e) Chamber ready for 

the experiment. (f) Schematic of electrotactic chamber setup with agar salt bridges. (g) Electrotactic chamber setup [1]. 

 

Due to the fabrication strategy of the system, a very high current needs to be applied to achieve a 

biologically relevant EF strength. Furthermore, the system is limited to a single experiment each time, 

which increases the time between each possible experiment and iteration of the system [45]. The EF 

strength can be determined based on Ohm’s law, through the following equation:  

 

 𝐸 =
𝐼

𝜎 ∙ 𝑤 ∙ ℎ
 (1) 

 

where I corresponds to the electric current, σ represents the conductivity of the solution, and w and 

h are, respectively, the width and the height of the channel. The EF can be drastically influenced by 

the geometry of the channel. Careful fabrication and miniaturization of the cell channel can lead to a 

higher and homogeneous EF [45]. 
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An alternative conventional device is one based on transwell assay which consists of two 

compartments, a lower and an upper one, each with an electrode in. When the electric field is applied, 

the cells migrate from the upper compartment to the bottom one, allowing to quantify how many cells 

reacted to the EFs applied. In comparison to the previous conventional devices, the transwell assay is 

more advantageous since it has a higher experimental throughput; thus, several runs can be done in 

one single experiment [5], [44]. Other types of microfluidic devices, such as plastic, PDMS or glass 

can generate more than one EF strength per experiment, reduce the experiment time and the Joule 

heating effect; this last one is decreased as a result of the miniaturization of the microfluidic devices 

[5]. Furthermore, with these microfluidic systems, it is possible to include microsensors in the 

experimental setups, allowing the control of cell populations, temperature, and pH [43]. However, all 

of these approaches remain to be limited by the use of Ag/AgCl electrodes and agar bridges to 

generate the desired electric fields, which hinders the translation from research into medical 

application. 

 

2.2.3 Electrical stimulation for Wound Healing 

Focusing on the applications regarding wound healing, ES directs the migration of epithelial cells as 

well as immune cells. It also promotes angiogenesis, which is characterized by the formation of new 

capillaries and regulates protein synthesis during the different phases of wound healing [46].  

It has been proven that the use of ES can either speed up the healing process or slow it down based 

on the enhancement or reduction of induced ionic currents, respectively [21]. This can happen due to 

the influence that external EFs have on cells since they are able to change the direction of the migration 

of cell types, or even reverse the current direction when the polarity of the EFs is also reversed [5]. 

Moreover, by analyzing the results of experiments with ES in patients with an abnormal healing 

capacity, it was detected an increase of the blood flow in cutaneous wounds compared to patients that 

did not receive the same treatment. Hence, the wounds treated with ES showed an adjustment of 

angiogenesis and reduced the inflammation, resulting in a more effective curing process and wound 

closure [46]. 

Electrostimulation has been tested in several clinical trials to improve the wound healing rate in both 

healthy and unhealthy patients. Different stimulation paradigms have been employed to generate 

exogenous EFs such as direct current (DC), pulsed current (PC), and alternating current (AC) [47]. 

Direct current stimulation showed the most promising results amongst the different trials; however, 
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sustained stimulation is not possible due to the electrodes employed during testing. Metals, as well as 

metal-salt electrodes, corrode under prolonged DC stimulation, releasing toxic by-products, which 

could be more detrimental for wounds.  

 

2.3 Fundamentals of Electrical Stimulation 

Electrical stimulation (ES) has seen a widespread of applications such as deep brain stimulation for 

epilepsy, Parkinson’s disease or depression; prostheses for bladder control, upper and lower limb 

movement, retinal/cortical visual or cochlear implants; and much more [48]–[52]. In electrical 

stimulation, an alternating current or voltage is applied to an electrode that is in contact with an 

electrolyte, which can be a cell medium, skin, or an extracellular fluid [48]. There is a charge transfer 

between the electrodes and the electrolyte, resulting in a flow of ions, such as potassium (K+), sodium 

(Na+), chlorine (Cl-) and hydrogen (H+) in the electrolyte. The charge transfer can occur through different 

mechanisms, such as Faradaic charge injection, Capacitive charge injection, and Super Capacitive or 

Ionic charge injection [48]. 

2.3.1 Faradaic Charge injection 

In this type of injection, the chemical species in the electrolyte are subjected to reduction or oxidation 

reactions, resulting in the transfer of electrons between the electrodes and the electrolyte. Reduction 

occurs at the cathode (negative electrode), which consists of receiving an electron. On the other hand, 

there is an electron removal (oxidation) in the anode (positive electrode). These Faradaic reactions 

can either be reversible or irreversible depending on mass transport and on the rates of electrons 

transfer at the interface (kinetics). A reversible Faradaic reaction is characterized by fast kinetics 

relative to mass transport rate. If the direction of the current is reversed, since the electrochemical 

product remains close to the surface, the same product can be reversed into its original form. The 

reactions are irreversible if the process cannot be undone whenever the direction of the current is 

reversed. Irreversible reactions have slower kinetics than the rate of mass transport, enabling the 

diffusion of by-products in the solution, which cannot be recovered when the electrode’s polarity is 

reversed. 

The interface between the electrode and the electrolyte can be modeled as an electrical circuit with a 

double layer capacitor, Cdl, in parallel with the Faradaic impedance, ZFaradaic (Figure 5, a). The capacitor 

represents the charge flow brought by the electrode without any electron transfer in the electrolyte. 
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The Faradaic impedance represents the Faradaic processes where electrons are transferred from the 

electrode to the electrolyte due to the reduction and oxidation reactions (Figure 5, b) [48]. 

 

Figure 5: Electrical model of the electrode/electrolyte interface (a); Faradaic charge transfer at the electrode/electrolyte 

interface (b). Adapted from [48]. 

 

Reversible reactions are desired whenever electrostimulation is employed in the human body or with 

cells. The reactions can be reversed by switching the polarity of the stimulation pulse with AC 

stimulation. Utilizing pulses with the same amount of charge should lead to both charge and chemical 

balancing at the electrode interface. Typical materials employed for stimulation are Platinum or Iridium 

Oxide since their electrochemical reactions can be controlled by staying underneath the electrolysis 

potential of water (water window). Silver-Silver chloride electrodes also work utilizing reversible 

reactions by dissolving and reducing silver in the electrolyte: 

 

 2𝐼𝑟𝑂2 + 2𝐻+ + 2𝑒−  →  𝐼𝑟2𝑂3 + 𝐻2𝑂  (2) 

 𝐴𝑔+ + 𝑒−  →  𝐴𝑔 (𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑠𝑖𝑙𝑣𝑒𝑟 𝑖𝑜𝑛𝑠) (3) 

 𝐴𝑔𝐶𝑙 ↔    𝐴𝑔+ + 𝐶𝑙−  (𝑑𝑖𝑠𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛) (4) 

 

Exceeding the water window or stimulating without charge balance, as would be the case for DC 

stimulation, leads to irreversible reactions. These reactions should be prevented during 

electrostimulation since they lead to pH changes in the solution, the release of toxic by-products and 

corrosion of the electrodes. Said reactions and changes are hazardous for the biological tissue and 

can lead to cellular apoptosis and irreversible damage.  
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 2𝐻2𝑂 + 2𝑒−  → 𝐻2 + 2O𝐻− (𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟) (5) 

 Pt + 𝐻2𝑂 → PtO + 2𝐻+ + 2𝑒−  (𝑜𝑥𝑖𝑑𝑒 𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 ) (6) 

 PtO + 2𝐻+ → Pt2+ + 𝐻2𝑂    (7) 

 

2.3.2 Capacitive Charge injection 

Non-Faradaic or capacitive charge injection is characterized by the redistribution of charged chemical 

species present in the electrolyte. Variation of the electrode potential leads to charge redistribution on 

its surface due to the attraction and repulsion of ions in the solution (Figure 6). This movement of 

charge does not involve the transfer of electrons across the boundary and can be seen as the 

charging/discharging of a capacitor. The current density achieved by this type of charge injection is 

lower than the injection involving electron transfer at around 20 µC/cm2 [48]. The fact that no species 

are consumed nor new ones are created during a stimulation pulse on this type of injection makes 

this process safer than the faradaic charge injection for both the electrode and the tissue [52]. 

However, the lower charge injection capabilities make the use of this mechanism during functional 

electrostimulation extremely challenging. 

 

 

Figure 6: Physical response of the capacitive charge transfer in the electrode/electrolyte interface. Adapted from [48]. 

 

2.3.3 Ionic Charge injection 

Ionic or super capacitive charge injection consists of the physical adsorption of ionic species on porous 

electrodes made out of conducting polymers or hydrogels, as well as certain forms of carbon. These 

electrodes can be represented as supercapacitors, which are able to store much more electrical 

energy, with the following advantages: longer cycling lifespans, faster-charging kinetics, and higher 

power densities [53]. 
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For the charge-injection to occur, it is necessary to acquire high electronic conductivity, which is 

possible by doping anions of the polymer. In this way, a charge-transfer complex is formed as a result 

of the polymer oxidation resulting in high electronic conductivity. Whenever the electrode potential is 

changed, the electronic conductivity of the polymer leads to the intake or release of ions or dopant 

into the solution. These reactions allow for higher charge injection due to the larger active area without 

the necessity of faradaic reactions.  

 

 𝑃0 + 𝑀+𝑋−  ↔ 𝑃+𝑋− + 𝑀+ + 𝑒−  (8) 

 𝑃0 + 𝑀+𝑋− + 𝑒−  ↔ 𝑃−𝑀+ + 𝑋− (9) 

 

In the equations (8) and (9), 𝑃0 represents the polymer, 𝑀+ the metal, and 𝑋− a doping anion, 

resulting in polymer oxidation, 𝑃+𝑋−. One of the most important electrically conducting polymer 

(ECP) is PEDOT, poly(3,4-ethylenedioxythiophene), which demonstrates electronic and ionic 

conductivity [53]. The ionic conductivity of conducting polymers and hydrogels is described in further 

detail in the following section. 

 

2.4 Conducting Polymers and Hydrogels 

Electroactive coatings such as conductive polymers (CPs) and conductive hydrogels (CHs) have 

established themselves over the years as a suitable material for electrostimulation due to their high 

charge storage capacity, ionic charge injection, ease of fabrication, low price, and drug release 

capabilities [6]. This subsection focuses on the properties of CPs and CHs, as well as their application 

as electrode material for electrostimulation.  

2.4.1 Conductive Polymers 

Conductive polymers are electroactive coatings that are distinguished by their electrical and optical 

properties and high conductivity to weight ratio. This type of materials are biocompatible, porous, and 

have a vast active surface area that enables a lower electrical impedance [53]. Moreover, some of the 

advantages are the ease to synthesize, their low price, and the possibility of changing CPs’ chemical, 

electrical or physical properties to meet the needs of their application even after they have been 

synthesized [6]. These select properties are possible because CPs have a delocalized π-system 
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backbone along the polymeric chains that allows influencing the properties of the polymer (chemical, 

physical and electrochemical) through a process of doping and de-doping [54]. The polymers have a 

conjugated carbon-hydrogen backbone which consists of a chain containing single (σ-bond) and 

double bonds (π-bond) between adjacent carbon atoms (Figure 7). In the π-system, the electrons can 

move freely due to the overlapping of the π-bonds, which provides these polymers with high electronic 

conductivity [6], [55].  

 

 

Figure 7: Schematic of a conjugated backbonewith alternating single and double bonds. Adapted from [6]. 

 

Furthermore, charge carriers are always introduced in the polymer during synthesis to improve their 

electrical properties and stabilize the polymer backbone. This process is denominated doping; when 

a positive charge is added, it is called p-doping and when it has a negative charge corresponds to n-

doping [56]. The removed or added electrons from/to the polymer chain disrupt the conjugated 

backbone, creating a delocalized charge. This disruption allows for the charge to go through the 

polymer in the form of polarons or bipolarons. The polaron moves along the polymer chain, hence 

increasing electrical conductivity (Figure 8) [6], [57]. This process requires that the polymer has 

dopants which will initiate redox reactions, and, therefore, the electrons move in the polymers chain. 

Dopants can be inorganic compounds such as hydrochloric acid (HCl), or organic such as lauric acid 

(LA), p-toluene sulphonic acid (PTSA) and sodium poly(styrene sulfonate) (PSS). The dopants and 

doping level have a great influence on how the surface energy of the conducting polymers change, as 

well as the polymers swelling behavior and stability [58], [59].  

 

 



2   Fundamentals 

 16 

 

Figure 8: Electrical conductivity of conducting polymers.Dopant removes or adds an electron resulting on a delocalized 

charge. (b) Charge localized and surrounded by a local distortion. (c) Polaron is a charge surrounded by a distortion. (d) 

Polaron moves along the polymer chain. Adapted from [6]. 

 

There are different ways in which the conductive polymers can be synthesized (chemically, 

electrochemically, vapor-deposited, etc.). Chemical synthesis consists of mixing a monomer solution 

with an oxidizing agent, resulting in a thick film or powder of the polymer. This method enables the 

production of all kinds of polymers and bulk production, being the chosen method for commercial 

applications. However, the polymers synthesized through the chemical process have lower 

conductivity than the electrochemically synthesized ones, and it is not possible to produce thin films 

[60], [61]. Electrochemical polymerization consists of applying an electrical current using electrodes, 

which are into a solution that has the doping agent, solvent, and the monomer of the polymer. The 

monomer is deposited and oxidized on the positively charged working electrode, resulting in insoluble 

polymer chains. The properties of the film obtained can be defined by the time and deposition charge, 

the solvent, the doping agent, and the electrode system. This method is only applicable if the monomer 

that is being used is able to oxidize with an electrical potential [58], [62].  

Electrochemical techniques can be used through three different methods, such as potentiostatic, 

galvanostatic, and potentiodynamic polymerization. In the potentiostatic method, the potential is fixed, 

and the current changes, enabling the protection of the integrity of the component to be coated; the 

galvanostatic polymerization consists of controlling the current, and the potential varies, allowing for 

the deposition rate to be carefully controlled. In the potentiodynamic method, the potential varies from 

a low to a high potential limit in cycles, enabling deposition in layers and for each layer to be activated 

electrically before the next one is synthesized [61]. 

Some of the most studied CPs are polypyrrole (PPy), polythiophene (PTh), ply-aniline (PAn), their 

copolymers, and derivatives (Table 1) [61]. These polymers have numerous applications, from 

electrical conductors to chemical and biologic sensors, photoresists, superconductors, 

electromagnetic shielding materials, etc. [63], [64].  
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Table 1: Some examples of CPs, their conductivity, and molecular structure [65]

Conductive Polymers 
Conductivity 

(S cm-1) 

Molecular 

Structure 

Polypyrrole (PPy) 40-200 

 

Polythiophene (PTh) 10-100 
 

Polyaniline (PANI) 1-100 

 

Poly(3,4-

ethylenedioxythiophene) 

(PEDOT) 

10-100 

 

 

It is essential that the electrode materials demonstrate good adherence to the CPs and also that the 

polymers present high conductance and stability. For functionalization of electrodes employed in 

electrostimulation, these electrodes are coated with CPs through electro-polymerization; however, it is 

not possible to form a strong bond between the polymer structure and the electrodes’ materials. The 

physical and mechanical interactions are essential for proper adhesion of the polymer. During 

electrical stimulation, the CPs expand and contract due to the release and uptake of ions into the 

polymeric matrix and hydration-dehydration, making the bond of the polymer with the electrode 

material even weaker. Consequently, delamination can occur due to the stress that the polymer-metal 

interface is under. This is the limiting factor for the long-term usability of CP-coated electrodes for 

electro stimulation. An improvement of the adhesion between metal and polymer can be achieved by 

modifying the surface of the electrode prior to polymerization. Rougher surfaces serve as an anchor 

point for the polymer to attach, which reduces the rate of delamination during stimulation cycles. Two 

promising materials are nanostructured platinum and iridium oxide. The latter has demonstrated to 

be the superior material due to its ease of fabrication (e.g., through sputtering in a reactive oxygen 

atmosphere) and its inherent roughness and porosity [9].  
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2.4.2 Conductive Hydrogels 

Conductive hydrogels are a derivative of CPs and consist of cross-linked hydrophilic hydrogel networks 

with a conductive polymer matrix embedded within. Research has been done in order to synthesize 

scaffold materials that are conductive, biocompatible, and biodegradable by combining conductive 

polymers with highly hydrated hydrogels. These resulting electroactive hydrogels present excellent 

properties. The hydrogel guarantees a high degree of hydration, swellability, biocompatibility, and 

diffusion of ions, as well as soft mechanical properties. On the other hand, the electroconductive 

polymer implies high electrical conductivity, electrical and optical switching, and electrochemical redox 

properties [66], [67]. 

Hydrogels can be divided into two categories accordingly to the type of cross-linking: chemical cross-

linked and physically cross-linked hydrogels. Chemical hydrogels are formed by covalent networks and 

only dissolve in water when the covalent bonds break, while physical hydrogels are created by dynamic 

cross-linking of synthetic or natural building blocks based on non-covalent interactions. Exposure to 

some physical, chemical or biochemical stimuli causes reversible changes in swelling of the network, 

which depends on the hydrogel composition, cross-linking type and on the degree of cross-linking [56], 

[68]. 

Conductive hydrogels can be tailored to reach some specific properties to be used in implantable 

biosensors, drug release devices or deep-brain stimulators. Besides these applications, they are known 

for their great potential in electrochemical systems, which are characterized by ionic and electronic 

transport processes. Therefore, electrodes coated with CPHs can be used as energy storage devices, 

more specifically as supercapacitors, lithium-ion batteries, and biofuel cells. Moreover, the CHs 

network facilitates fast charge transport, favoring the transport of molecules and ions. This assures 

continuous conduction and enables the creation of high power density electrochemical capacitors [6], 

[66], [69]. 

The electrical properties of the hydrogels can be defined via blending, doping, or chemical modification 

with electroactive materials. The hydrogels’ electroconductive behavior is characterized by the charge 

transfer in the polymer matrix. The charge transfer can occur as a reduction (by n-type), or as oxidation 

(p-type), resulting in the creation of unbound charge carriers. The type of dopant and the efficiency to 

abstract or induce an electron within the matrix can define the conductivity of these electroactive 

hydrogels. The conductivity also depends on the mobility of the charge carriers within or between 
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chains. One way of enhancing the electronic and ionic transporting capacities of the hydrogels is by 

fabricating them into large surface areas and porous microstructures [9]. 

 

2.5 pH measurement 

The pH value distinguishes between an acidic and a basic solution and is defined as: 

 𝑝𝐻 =  − log{𝑎𝐻+} (10) 

 

 where {𝑎𝐻+} represents the activity of hydrogen ion, which is given by the activity coefficient (𝛾𝐻+) 

and concentration (𝑚𝐻+) of the hydrogen ion to be measured in the solution divided by the hydrogen 

ion’s standard state molality [70].  

 

 𝑝𝐻 =  − log {
𝛾𝐻+  𝑚𝐻+

𝑚𝐻+°
} (11) 

 

Since the pH is the activity of a single ion, determining the pH values requires an approximation 

method, which generally, consists of using standard buffer solutions that work as references [71].  

The pH value is determined according to the methods used to measure it. The most accurate process 

to measure the pH is electrochemically way, which is based on an electrochemical cell that consists 

of a reference and a solution with transference.  

 

 
 

(12) 

 

The pH changes occur through the Nernst potential, with electromotive force (EMF) E of the cell as 

defined in the following equation: 
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 𝐸 =
𝑅𝑇

𝐹
𝑙𝑛

𝐶𝐻+(𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛)

𝐶𝐻+  (𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒)
 (13) 

 

where R represents the ideal gas constant, T the temperature, F the Faraday constant, 𝐶𝐻+ (solution) 

is the unknown hydrogen ion concentration in the solution and 𝐶𝐻+ (reference) in the reference 

solution [72]–[74].  

Moreover, there are alternative methods to measure pH changes besides electrochemical 

measurements, such as colorimetric determination of pH. This method consists of the change of color 

intensity accordingly to the changes in the concentration of the solution. The colorimetric 

measurement can be done using pH indicators, which are organic acids or bases that change color 

when the solutions become more acidic or basic; or, pH test papers, which shows different colors 

according to the degree of acidity and basicity of the solution [75], [76]. 
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3 Aim and Own Approach 

3.1 Aim 

The main goal of the thesis is to characterize and test the Electrochemical stability of supercapacitive 

hydrogel-polymer electrodes and its suitability for Electrotaxis experiments. To determine if the 

electrodes can be used in cellular research and wound healing applications, its response to direct 

current stimulation as well as the changes these materials provoke in the environment need to be 

carefully observed. With this in mind, the aim is to: 

▪ Develop different electrode designs which will allow for the mechanical stabilization and 

improvement of the electrical properties of the coatings without changing the electrical 

properties.  

▪ Fabrication of a PI electrodes batch, with precise control of metallization and activation of the 

electrodes surfaces at wafer level through short-circuiting all electrodes. 

▪ Use of a fabrication process that enables homogeneous coating of hydrogel on several 

electrodes simultaneously with an electrochemical cleaning step before coating. 

▪ The electrodes should be flexible to allow testing of mechanical, electrical, and 

electrochemical stability. 

▪ The electrodes should be easy to handle and easy to coat with hydrogel or a conductive 

polymer. 

▪ The characterization of the material during DC stimulation should be carried under the same 

circumstances expected in a live-cell electrotaxis experiment (microfluidic channel). 

▪ Different coating thicknesses and polymer concentrations within the hydrogel should be tested 

to determine a relationship between the physical and the electrical characteristics of the 

material.  

▪ Implementation of pH sensors to determine possible pH changes during DC stimulation with 

different currents and electrode materials. 

▪ pH measurements should be done as close as possible to the electrodes and within a fluidic 

channel to carefully monitor the changes in the electrode’s surroundings.  

▪ The cytotoxicity of the polymers on the electrodes with different thicknesses should be tested 

to analyze their effects on cells. 
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3.2 Own approach 

To achieve all the previously mentioned points is necessary to find the best method to fabricate the 

electrodes, which will serve as a base for the electroactive coating. The electrodes should be flexible 

and biocompatible and should allow for batch fabrication with high reproducibility. Therefore, thin-film 

polyimide-based electrodes are chosen for this work. Polyimide (PI) has established itself as one of 

the best materials for electrode fabrication in neural engineering, and the thin-film processing of this 

material is one of the standard processes developed at the Laboratory for Biomedical Microengineering 

(BMT). The wafer level processing of the electrodes allows the integration of different electrode designs 

within one single wafer and the simultaneous fabrication of various electrodes with precise control 

over the electrode geometry and layer thicknesses. Furthermore, with careful placing, a trace 

connecting all electrodes in one row with a contact pad on the edges of the wafer can be implemented 

to allow for electrochemical cleaning of the electrode surface before the wafer-level coating with 

hydrogel. 

The PI electrodes will be fabricated using platinum (Pt) as a material for all tracks and contacts and 

sputtered iridium oxide (SIROF) as the active electrode site to improve the adhesion of the electroactive 

coatings to the electrodes. Different designs will be tested with a surface area of 0.20 cm2. The 

distribution of the area will be different amongst the designs by utilizing several smaller circular active 

sites. The designs will vary based on the number of active areas and their corresponding diameter 

(Figure 9). A larger surface area leads to a higher charge and current delivery, however, it also 

contributes to higher stress once the electrodes are coated with the CPs. The distribution amongst 

smaller areas should improve the mechanical stability of the coatings as well as the current they are 

capable of delivering due to a higher edge effect, without requiring a larger electrode size [77], [78]. 

 

 

Figure 9: Different electrodes designs with a total area of 0.2 cm2.From left to right: Hexagonal 7, Hexagonal 13, 

Hexagonal 19, and Hexagonal 31. 
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Different electroactive coatings based on PEDOT/PSS will be tested on the different electrode designs, 

and its electrochemical stability, as well as their influence on the electrolyte during DC stimulation. It 

has been demonstrated that PEDOT/PSS is capable of DC stimulation and can be implemented in 

electrotaxis experiments with the successful directed movement of cells [8], [79]. Electrodes coated 

with PEDOT/PSS have shown stable currents in an experimental environment during short and long-

term experiments. However, delamination and damage to the coatings have been observed, when 

driven to voltages beyond the water window of platinum, drying of the electrodes, movement of the 

probes, and repetitive cycling. The hydrogel P(DMAA-co-5%MABP-co-2,5%SSNa), PDMAAp, allows 

PEDOT chains to be grown within the hydrogel matrix which could improve its mechanical stability and 

biocompatibility due to its better mechanical matching to biological tissue (Figure 10). The influence 

of the hydrogel thickness as well as the amount of PEDOT grown within it will be tested and compared 

against electrodes coated only with PEDOT/PSS.  

 

Figure 10: Schematic of PEDOT/PSS and Hydrogel electrodes. 

 

The electrodes will be interconnected to a Pyrex carrier with a metallic track and pad for easier handling 

and interconnection to the stimulation electronics. The stimulation of the electrodes will be carried in 

a microfluidic channel made out of polydimethylsiloxane (PDMS) structured through a soft lithography 

process. The channels consist of two medium reservoirs connected by a 3 mm long microchannel 

with a cross-section of 100 x 300 µm2 (Figure 11, b) . The microfluidic channel allows for precise 

application of a homogeneous electric field to the cells during electrotaxis experiments. To facilitate 

testing of several electrodes, a compression system out of laser cut acrylic with magnets is utilized. 

The PDMS channel system is placed on a glass coverslip, then the electrodes are positioned in the 

corresponding well, and the whole setup is kept in place by the acrylic holder (Figure 11, a and c). 

Electrical stimulation is done by applying a constant current in a two-electrode setup in both anodic 

and cathodic direction while measuring the electrodes potential.  
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Figure 11: Schematic of the setup for DC stimulation(a) using a PDMS channel (b). (c) Schematic of setup for DC 

stimulation top-view. 

 

After the first tests in a microfluidic channel, the most stable electrode design will be chosen for the 

pH measurements. Electrochemical pH sensors out of SIROF with integrated guard rails will be used 

to determine the effect of the DC stimulation with different coatings on the cells. A particular setup 

milled in Teflon with two reservoirs and a channel connecting them will be utilized for the pH testing 

(Figure 12, a). After calibration of the sensors, one of these will be placed close to each of the 

stimulating electrodes, and one will be placed in the middle of the channel (Figure 12, b). Changes in 

the electrochemical potential of the SIROF sensors will be measured with dedicated electronics against 

a silver-silver chloride reference electrode. The experiments will be performed in a buffered and a not 

buffered solution to determine if the changes measured with the electrodes are due to changes in the 

hydrogen ion concentration or the ionic concentration of the electrolyte. Alongside the electrical testing 

and the pH measurements, different electrochemical characterization methods will be employed to 

quantify the stability of the coatings utilizing cyclic voltammetry to determine the changes in the charge 

storage capacity of the electrodes and electrochemical impedance spectroscopy. Furthermore, 

cytotoxicity of the coatings will be tested on different skin cells to prove the biocompatibility of the 

fabrication process before any electrotaxis experiments.  
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Figure 12: Schematic of the pH channel setup for DC stimulationand pH measurement: (a) pH channel, (b) pH channel 

with electrodes holder on top. 
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4 Materials and Methods 

All procedures used for the preparation of the electrodes, including the fabrication processes, 

electrochemical characterization, and the coatings of the conductive polymers are described in this 

section. Moreover, an explanation of how the setups for DC stimulation, pH measurements, and 

cytotoxicity tests were designed and fabricated as well as the preparation of the pH sensors is given. 

Lastly, the software programs used to obtain the data and analyze it are briefly explained. 

4.1  Fabrication of Polyimide electrodes 

The polyimide (PI) electrodes are fabricated in the cleanroom of the Faculty of Engineering of the 

University of Freiburg (IMTEK). The electrodes are produced on a silicon wafer, which is used as a 

carrier substrate. The first layer of PI (U-Varnish-S) (UBE INDUSTRIES, LTD) with a thickness of 6 µm 

is spin-coated on the substrate and cured utilizing a YES furnace (Yield Engineering Systems YES-PB-

HV, USA) (Figure 13, a). The metallization is done through a bi-layer process. A layer of 1.4 µm LOR 5A 

(MicroChem, Westborough, MA, USA) and approximately 1.8 µm of the photoresist AZ1518 

(Microchemicals Gmbh, Ulm, Germany) are spin-coated on the polyimide and structured through 

exposure with UV-light (Figure 13, b) and development with tetramethylammonium hydroxide (TMAH). 

This process dissolves the photoresist as well as the LOR 5A layer creating an undercut, which 

facilitates the lift-off process (Figure 13, c). The metallization for the tracks, contact pads and active 

sites is done through sputtering of a 300 nm layer of platinum with a Leybold-Univex 500 (Leybold 

Vacuum GmbH, Cologne, Germany) (Figure 13, d). The lift-off of the excess metal is done with dimethyl 

sulfoxide, DMSO (TechniStrip® Micro D350, Microchemicals GmbH, Ulm, Germany) (Figure 13, e). 

These last steps are repeated for the layer of IrOx deposited at the active sites of the electrodes. A 

100 nm layer of Ir is sputtered first to improve adhesion to the Pt layer, followed by an 800 nm IrOx 

layer deposited through reactive sputtering in an oxygen atmosphere (Figure 13, f). Lastly, a second 

PI layer is spin-coated and cured (Figure 13, g) before the etching of the openings for the electrode 

sites, contacts, and contours through Reactive Ion Etching (RIE) (STS Multiplex ICP, SPTS 

Technologies, United Kingdom). A 20 µm thick layer of AZ9260 (Microchemicals Gmbh, Ulm, 

Germany) was used as a mask for this last processing step (Figure 13, h). The RIE step is done with 

oxygen plasma until the active sites, and contact pads are free of PI, and the contour of the electrodes 

is completely etched (Figure 13, i). The electrodes are then removed from the wafer and prepared for 

future experiments (Figure 13, j). The relevant parameters for the process of fabrication are described 

in Annex 11.1. 
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Figure 13: Schematic of electrode fabrication. (a) substrate structuring with PI layer; (b) bi-layer processing; (c) 

development with TMAH; (d) sputtering of platinum; (e) lift-off with DMSO; (f) repetition of the first 5 steps with metal IrOx; 

(g) deposition of the second layer of PI; (h) deposition of AZ9260 for RIE; (i) RIE with oxygen plasma; (j) electrode removed 

from wafer. 

 

After fabrication, the electrodes are peeled off from the wafer very carefully with a flat tweezer. The 

contacts of the electrodes are soldered to the contacts of the Pyrex holders, which are also fabricated 

in the cleanroom. The holders have contact pads for the electrodes and clamps as well as tracks made 

out of 100 nm sputtered Platinum (Pt) with a 50 nm Tungsten-Titanium (WTi) layer as an adhesion 

promoter between glass and Pt. Tin-Copper-Lead (S-Sn60Pb39Cu1) is used for soldering the 

electrodes onto the pyrex carriers (Figure 14). Afterward, the electrodes are cleaned with isopropanol 
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and DI water and dried before insulating the contacts with a liquid plastic insulator (Plastik 70 Super, 

Kontakt chemie®). This prevents corrosion of the solder during the characterization and 

electrostimulation of the electrode and prevents leaching of toxic materials. 

 

 

Figure 14: Electrode soldered to pyrex holder. 

 

4.2 Electrochemical characterization 

The cleaning and characterization of the electrodes are done through the open-circuit potential (OCP), 

cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS), with an Autolab PGSTAT 

potentiostat (Metrohm Autolab BV, Netherlands) in a three-electrode setup. The reference (RE) for the 

measurements of the PI-electrodes (working electrodes, WE) is a Silver-Silver Chloride (Ag|AgCl) 

electrode, and the counter electrode (CE) is a piece of stainless-steel. The electrolyte used for all 

characterization and cleaning steps is phosphate-buffered saline (PBS, 0.01 M, Sigma Aldrich Life-

Science), with a pH = 7.4. 

A triangle-shaped potential is applied between the WE and the RE, with values ranging from -0.6 V to 

0.9 V and the current flow between WE and CE is then measured. These values arise from the water 

window of Platinum, which is, in turn, the base for IrOx and subsequent PEDOT coatings. The 

electrodes are cleaned by subjecting them to 100 CV cycles at 250 mV/s in order to preserve the 

oxide layer and remove remaining impurities from the manufacturing. The characterization of the 

electrodes is achieved through 5 CV scans at 100 mV/s. Afterward, the charge storage capacity (CSC) 

is determined for each electrode by calculating the area of the CV curve during a full sweep. The 

Electrochemical Impedance Spectroscopy, EIS, is measured by applying a sinus signal with 10 mV of 

amplitude that is swept over a frequency range from 0.125 Hz to 10 kHz. After cleaning all the 

electrodes, it is possible to proceed to the deposition of CPs on them.  
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4.3 Hydrogel coating 

4.3.1 P(DMAA-co-MABP-co-SSNa) 

The hydrogel component chosen to coat the electrodes was P(DMAA-co-MABP-co-SSNa), P(DMAA)p, 

which is a copolymer composed by dimethylacrylamide (DMAA) (92.5 %), 4-methacryloyloxy 

benzophenone (MABP) (5 %) and sodium 4-styrene sulfonate (NaPss) (2.5 %). The chemical structure 

of the hydrogel is shown in Figure 15.  

 

Figure 15: Chemical structure of PDMAAp. Adapted from [54]. 

 

The blocks that integrate P(DMAA)p have different functions: the DMAA is the backbone of the hydrogel 

and eases the swellability and solubility in aqueous solutions. The block MABP allow for the 

photocrosslinking, and micropatterning mechanisms and the NaPSS acts as the countering dopant in 

the polymerization of the CP [58].  

 

4.3.2 Electroactive coating 

Hydrogel functionalization consists of several steps, such as the cleaning of the electrodes, the 

functionalization with 4-(3-triethoxysilyl)propoxybenzophenone (3-EBP) silane, and the coating and 

crosslinking of the Hydrogel. Before coating electrodes on a wafer with Hydrogel, it is necessary to 

clean the electrodes. The wafer was designed with four rows of ten electrodes shorted through a 

platinum track and contacts to said tracks at the edges of the wafer (Figure 16), so it is possible to 
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clean ten electrodes at a time utilizing the methods described in 4.2. A wafer-sized reservoir with an 

embedded stainless-steel mesh counter electrode is employed for this process. The wafer is 

submerged until the active site of one row of electrodes is under the water level, and the contacts are 

not. After every row has been electrochemically activated, the wafer is dried and prepared for the next 

step. 

 

Figure 16: Schematic representation of the wafer-level electrochemical cleaningof the electrodes through cyclic 

voltammetry. 

 

The IrOx electrodes have to be chemically functionalized for the hydrogel to bind covalently to the 

substrate (Figure 17, a). Therefore, the crosslinking agent 3-EBP silane provided by the Laboratory for 

Surface Chemistry at the Faculty of Engineering of the University of Freiburg is used (Figure 17, b) 

[80]. First, 2 mL of the 3-EBP silane solution are spin-coated onto the wafer at 1000 rpm for 120 

seconds. Then the wafer is placed on a hot plate for 30 min at 120 ºC followed by a washing step 

with toluene and dried with nitrogen. At the end of the functionalization process, the samples are kept 

in the dark at room temperature.  

The Hydrogel P(DMAA)p, synthesized at the Laboratory for Chemistry and Physics of Interfaces 

(IMTEK, University of Freiburg) is dissolved in 90% Ethanol to obtain a concentration of 30 mg/mL 

[81]. The hydrogel is deposited on the previously functionalized wafer through dip-coating (ND-R Rotary 

Dip Coater, Nadetech Innovations, Spain) with a withdrawal speed of 300 mm/min and a down 

holding time of 10 s, which leaves a homogeneous layer after drying on a flat surface. The hydrogel is 

cross-linked and patterned on the active sites of the electrodes through UV radiation. A foil mask and 

a mask aligner (MA-6/BA6 Suss, Carl Zeiss AG, Jena, Germany) are utilized to ensure the coating of 

the IrOx active sites only (Figure 17, c). The UV exposure is carried out using an I-line filter with a 

dosage of 2 J/cm2 at 365 nm for 400 s. The remaining hydrogel is removed by washing the wafers in 

a Petri dish with 99 % ethanol for 5 min (Figure 17, d). 
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The number of dips establishes how thick the hydrogel is on the samples. Therefore, the process was 

repeated three times for a wafer and six times for another to vary the thickness of the hydrogel layers. 

The photocrosslinking needs to be done in between each dip, as well as the cleaning of the unreacted 

hydrogel. When the hydrogel coating is finished, the electrodes can be released from the wafer and 

prepared for the PEDOT coating. 

 

 

Figure 17: Schematic of the hydrogel coating.The electrodes on the wafer (a) are functionalized with 3-EBP silane (b). 

PDMAA is deposited into the wafer (c), and through UV-light, the hydrogel is formed on top of the IrOx (electrode site) (d). 
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4.4 PEDOT/PSS coating  

4.4.1 Poly(3,4-ethylenedioxythiophene)  

Poly(3,4-ethylenedioxythiphene), PEDOT, is a class of conducting polymer (CP) that presents 

characteristics such as extremely fast ion diffusion, optical transparency, and very high stability. Its 

constitution includes the 3,4-ethylene dioxythiophene (EDOT) monomer. When associated with 

polystyrene sulfonate (PSS) by allocation, it forms PEDOT/PSS, which makes the PEDOT electrically 

conductive and has the advantage of being a cheap chemical compound [82]. Given that this polymer 

is biocompatible with epithelial, neural and neuroblastoma cells, it has found many biomedical uses 

mostly in biosensing and bioengineering fields, for instance, for neural electrodes and heart muscle 

patches [7], [56], [59].  

The polymer PEDOT doped with the counter ion and charge compensator poly(styrene sulfonate), PSS, 

has vast advantages comparing to other conducting polymers, such as long-term and thermal stability, 

high mechanical flexibility, solution processability, high transparency in the visible range and high 

conductivity. The film PEDOT/PSS, consists on a large dopant (PSS) incorporated into the PEDOT 

network (Figure 18), after the polymerization the dopants are trapped in the polymers network, 

disabling the PSS from leaving the polymer when the film is subjected to discharges and recharges 

[58], [67], [83], [84].  

 

 

Figure 18: Chemical Structure of PEDOT/PSS. Adapted from [58]  
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The charge storage capacity of PEDOT/PSS, as well as the impedance, are proportional to the 

thickness of the deposited layers (Figure 19, a), while the impedance of the coatings correlates non-

linearly (Figure 19, b). The effect of the PEDOT/PSS coatings on electrodes employed for 

electrostimulation has been studied, and it was shown that there is a higher charge injection for coated 

electrodes when compared to in simple Pt or IrOx electrodes [8], [67]. 

 

 

Figure 19: CV-diagram (a) and Impedance spectrum (b) of PEDOT/PSS. Adapted from [8].  

 

4.4.2 Electropolymerization of PEDOT/PSS 

The electropolymerization of PEDOT is done in a three-electrode setup where the electrodes are placed 

in a solution containing the EDOT monomer and the counterion PSS. For the hydrogel coated 

electrodes, the counterion is already embedded into the hydrogel matrix and is no longer required in 

the solution. However, the hydrogel electrodes need to be soaked in the EDOT solution for at least one 

hour before the polymerization to allow the monomer to diffuse into the hydrogel matrix and create 

homogenous PEDOT/PSS chains from the surface of the IrOx (Figure 20).  
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Figure 20: Schematic of CP Hydrogel and PEDOT compositionafter coating and functionalization [58]. 

 

The parameters for the different solutions are listed in Table 2. The EDOT solution for the hydrogel 

electrodes is composed of 10 ml of DI water and 21.4 µl of EDOT (Sigma Aldrich: 483028).  

 

Table 2: Composition of the EDOT:NaPSS electrolyte for PEDOT functionalization 

Hydrogel NO YES  

Composite Quantity Supplier 

DI Water 10 mL 10 mL - 

NaPSS 50 mg - Sigma Aldrich: 434574 

EDOT 10.7 µL 21.4 µL Sigma Aldrich: 483028 

 

An Ag/AgCl electrode acts as RE, a stainless-steel foil is used as CE, and the IrOx electrodes work as 

the WE onto which the deposition takes place. For the electrodes without hydrogel, a constant voltage 

of -0.9 V is applied (vs. Ag/AgCl) in order for the electropolymerization to be achieved potentiostatically 

on IrOx, whereas a galvanostatic deposition with a current density of 0.125 mA/cm2 is required for 

the hydrogel electrodes. For these electrodes with a surface of 0.2 cm2, a constant current of 25 µA 

needs to be applied for deposition into the hydrogel. The current and charge are measured at the 

same time during the deposition process. The charge density establishes the thickness of the PEDOT 

layers; therefore, the measured charge is used as the cut-off parameter during the polymerization. 

This can be calculated based on the electrode’s geometry and the desired thickness. The PEDOT 

thickness and respectively cut off values are listed in Table 3. The coated electrodes are characterized 

electrochemically after the polymerization process through CV and EIS measurements, as described 
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in 4.2. To prevent the PEDOT layers on the electrodes from breaking or drying, these are always stored 

in 8 mL glass beakers with PBS. 

 

Table 3: Cut off charge for PEDOT deposition for electrodes with area 0.2 cm2 

Charge density in mC/cm2 200 400 600 800 

Cut off charge in mC 40 80 120 160 

 

4.5 PDMS channels 

Polydimethylsiloxane (PDMS) is the most commonly used silicone elastomer in biomedical engineering 

due to its biocompatibility, biostability, non-toxicity, and low Young’s modulus. Furthermore, it is easy 

to prepare and can be bonded irreversibly to glass through plasma activation. Therefore, it is the 

chosen material to fabricate the chambers with the microchannels for the DC stimulation testing. 

Two-component PDMS Sylgard 184 (Sigma Aldrich, St. Louis, USA) is prepared by mixing the curing 

agent and the elastomer at a 1:10 ratio. Both compounds are mixed thoroughly until the mixture is 

foaming. A vacuum pump and a vortexer are used to remove bubbles from the mixture. When all the 

air is removed, the PDMS is poured on a silicon wafer with SU-8 structures coated with C4F8 (Figure 

21, a), which prevents adhesion of the PDMS to the silicon. The SU-8 structures work as a stamp for 

the PDMS defining the microfluidic channels and the medium reservoirs (Figure 21, b). The curing 

process is accelerated by putting the casted PDMS in a furnace (Memmert, Germany) at 80 ºC for 1 h 

(Figure 21, c). When cured and cooled down, the silicone can be easily detached from the wafer mold. 

The last step is the opening of the medium reservoirs by cutting off the PDMS with a scalpel (Figure 

21, d). 
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Figure 21: Schematic of fabrication of PDMS channel.Wafer with SU-8 structures (a). PDMS poured onto the wafer (b) 

and when cured, peeled off and cut following the stamp structure (c). Channels cut with a scalpel (d). 

 

4.6 SIROF electrodes for pH measurement 

One of the most stable and researched material for electrochemical pH sensors is IrOx thanks to its 

stability over a wide range of temperature and pressure in aqueous solutions, its low impedance, fast 

response times biocompatibility. Iridium oxide can be obtained through different methods: 

electrochemically (EIROF, AIROF) through sputtering (SIROF) or thermally (TIROF). The fabrication and 

preparation of the IrOx layers determine the pH response and sensitivity. Sputtered iridium oxide 

(SIROF) electrodes (Figure 22) have been established to be adequate for pH measurements since IrOx 

is the best material compared with other metal oxides based on electrochemical studies [85], [86]. 

The electrodes used were fabricated by José Leal for his master thesis project and consist of two 

different sensing IrOx areas surrounded by guard rails as well as two platinum electrodes, which are 

not going to be employed during this thesis [86].  
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Figure 22:Schematic of the SIROF pH sensor. Adapted from [78].  

 

Iridium oxide electrodes (or any metal oxide) react to pH variations in a solution by creating equilibrium 

through valency changes within the oxide. In response to pH changes. Sputtered IrOx (SIROF) 

electrodes have a linear Nernstian response with a slope of approximately -59 mV/pH due to the 

nonstoichiometric formation of the oxide as well as the hydration due to the redox equilibrium: 

 

 𝐼𝑟𝑂𝑥+𝑛

2

(𝐻2𝑂)𝑦+𝑚 + 𝑛𝑒− + 𝑛𝐻+  ↔  𝐼𝑟𝑂𝑥(𝐻2𝑂)𝑦 + (
𝑛

2
+ 𝑚) 𝐻2𝑂  (14) 

The polyimide sensors are connected to a PCB through a Microflex process to allow for an easier 

connection to the measurement electronics [87]. The connection is made with a gold wire bonder 

(Digital Ball Bonder 452A, Kulicke & Soffa, Nuremberg, Germany) and protected with a small layer of 

two-component epoxy (UHU Plus Endfest 300, UHU GmbH &Co. KG, Bühl, Germany). Metal pins are 

soldered to the top part of the adapter for a simpler connection of the sensors to the measuring 

electronics. The electrodes are cleaned and characterized before any pH measurements by the 

processes described in chapter 4.2.. 

 

4.7 pH-readout 

The design of the circuit for the pH readout was based on the work done by S. Rieger and J. Leal and 

was implemented on a PCB allowing the calibration and measurement of several sensors at the same 

time (Figure 23) [37], [86].  
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To determine pH changes in a solution, the open circuit potential of the SIROF sensors needs to be 

measured against an unreactive reference electrode (Ag/AgCl). One of the biggest concerns is to avoid 

polarizing effects on the sensing electrode. That can be achieved by implementing an amplifier with a 

high input impedance and low current compliance, such as the INA116 differential instrumentation 

amplifier. This integrated circuit (IC) is characterized by its low input bias currents, high impedance to 

a high voltage headroom (18 V) and integrated guard rails that avoid the leakage of input currents to 

the amplifier. The high voltage mid supply reference voltage (9.25 V) of the amplifier INA116 is 

provided by a reference OP2177 operational amplifier with a voltage divider at the input. The measured 

voltage is then shifted to a low voltage by a level shifter (INA826), enabling the signal to be scaled 

down. The signal is also inverted without amplification by the reference op-amp, (OP2177). To buffer 

the signal, an LTC6081 op-amp is used before the output. The signal is then ready to be recorded by 

a NI-DAQ USB 6008 Analog-to-Digital Converter (National Instruments, Austin, Texas) (ADC) since it is 

down-scaled not to exceed the ADC input voltage. This circuit is implemented four times on a PCB 

board (Multi Leiterplatten GmbH) (Annex 11.3), allowing for the calibration of several sensors 

simultaneously.  

 

 

Figure 23: Schematic of the circuit of the PH readout system developed. Adapted from [88].  

 

4.8 pH channel 

A dedicated fluidic channel was designed with the purpose of measuring possible pH changes during 

DC stimulation. The setup consists of two medium reservoirs where the WE and CE are placed 

alongside its respective pH sensor. These reservoirs are interconnected by a 30 mm long channel 

with a cross-section of 3 x 3 mm2, where a third sensor is placed (Figure 13, chapter 3.2.). A 
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perpendicular channel with a circular reservoir is connected to the first channel to allow placement of 

a reference electrode required for the OCP measurement of the sensors. The fluidic channel was 

designed in SolidWorks (Dassault Systemes, CAD, 2014) and milled in Polytetrafluoroethylene, PTFE, 

using CNC milling machine ICP 3020 (isel®, Eichenzell, Germany). A dedicated holder out of Plexiglas 

(PMMA) was designed in AutoCAD (Autodesk®, Munich, Germany) and laser cut with a CO2 laser 

(VersaLASER®, Universal Laser Systems Inc., USA) to allow for secure handling of the sensors and 

electrodes without damaging them between electrode switching or solution changing. The electrical 

resistance R of the channel is calculated through the following equation: 

 

 𝑅 =  
1

𝜎
 ×

𝐿

𝐴
 (15) 

 

where σ is the conductivity of the electrolyte, L the length of the channel and A the cross-section area 

of the channel. This equation enables to determine the voltage drop across the pH channel and 

determine the potential changes of the electrodes during DC stimulation. 

 

4.9 Measurement software 

4.9.1 NOVA 

The electrochemical characterization data of the different types of electrodes are recorded through the 

software NOVA 1.11 (Metrohm AG, Germany). The data of the various measurements are then 

generated into Excel (Microsoft, USA) files utilizing the software NOVA 2.1 (Metrohm AG, Germany). 

 

4.9.2 MATLAB  

The obtained data is processed and analyzed through the MATLAB R2018b software (MathWorks, 

Natick, MA, USA). With this software, several codes were implemented in order to visualize and store 

the data for the different experiments and electrodes/sensors. 
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4.9.3 LabVIEW 

The data obtained during the calibration and characterization of the pH sensors are processed using 

the software LabVIEW (National Instruments, 2019). A program, previously designed by José Leal, 

was used to convert the potential values acquired through the pH-readout into digital values. These 

are then processed by the software program and recorded in an Excel file.  

 

4.10 Cytotoxicity tests  

Cell viability is described as the ability of a cell to maintain homeostasis, i.e., proliferation, 

differentiation, and apoptosis. The cytotoxicity of the deposited CP is tested by verifying the membrane 

leakage (cytolysis tests by live/dead stainings), with RedOx assays (AlamarBlue Assay) according to 

DIN ISO 10993-5 and by Phase Contrast Microscopy to see changes in the cell morphology. The 

preparation of these tests is described in the section Supplementary materials 12.1. For the 

cytotoxicity tests, it was prepared sets of electrodes (Table 4); the PEDOT/PSS and the 

PDMAAp/PEDOT electrodes are prepared as previously explained. The electrodes coated with PEDOT 

are kept in PBS for at least 24 h after an electrochemical characterization (CV and EIS). The hydrogel 

electrodes are kept in distilled (DI) water as well for at least 24 h, and then, after the same electrodes 

characterization, the electrodes are saved in PBS. The hydrogel electrodes, without PEDOT deposition, 

are directly peeled off from the wafer coated with 3 layers of Hydrogel.  

 

Table 4: Type of electrodes prepared for each test of cytotoxicity 

 PEDOT Hydrogel Hydrogel + PEDOT 

Number of 

samples 

- 4 8 

4 4 4 

4 4 4 

6 6 6 

 

The tracks and contact pads of the electrodes are cut off; each electrode is placed on top of a square 

micro slide of glass coated with PDMS. For some sets of electrodes, falcon rings are placed as well 

on top of the glass with the electrode on the center and fixed with Silicone Rubber Compound (Flowable 
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Fluid, RS 692-542) (Figure 24). The falcon rings are prepared by cutting falcon tubes of 15 mL in 6 

pieces. Each micro slide is put in a well from a 6 Well Tissue Culture Plate (Falcon Sterile R, Ref 

353046).  

 

 

Figure 24: Micro glass slide with electrode centered inside a plastic reservoir. 
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5 Experimental 

This chapter is divided into three main sections; the first section explains the experiments implemented 

for the characterization of the electrodes. The second part describes the pH calibrations and pH 

measurements during DC stimulation, and the last section explains how to perform the cytotoxicity 

tests by verifying the viability of the cells.  

5.1 Electrodes characterization 

Prior to testing the electrodes under DC stimulation with cells, it is necessary to characterize the 

electrodes under the same conditions as in an electrotaxis experiment. The main goal is to compare 

the conductive polymers, PEDOT and PDMAAp, in order to find the best material to coat the electrodes 

as well as testing the optimal electrode design. 

5.1.1 DC stimulation setup 

For the DC stimulation, a magnetic holder was designed and developed by Sebastian Shaner based 

on the work of Abhyankar et al., with the purpose of holding the electrodes on the PDMS channels in 

place [89]. The PDMS layer was peeled off a silicon wafer with SU-8 structures stamped on it and cut 

following the layouts of the structure. The magnetic holder and the glass coverslips were cleaned with 

Isopropanol and DI water before placing the first PDMS channel on it. The electrodes were placed into 

the reservoirs of the PDMS channel, and a second PDMS structure was placed on top of the first one. 

Due to the fact that the glass holders were getting between the two PDMS channels and preventing 

proper pressing of the electrodes, they were broken until the soldered contact to prevent any leakage. 

The magnetic lid was placed on top of both channels with the electrodes correctly placed, and each 

reservoir was filled with PBS through the openings on the top piece using a pipette (Eppendorf, 

Research plus, Germany). The openings of the magnetic lid were covered with PDMS pieces to prevent 

the evaporation of the PBS during the DC stimulation. The electrode on the left chamber was 

connected to the WE of the Autolab PGSTAT potentiostat while the other was connected to the CE and 

the RE shorted (Figure 25).  
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Figure 25: Setup for DC stimulation in microfluidic PDMS channel with PMMA magnetic holder.  

 

5.1.2 Electrodes stability during DC stimulation 

The setup used for the DC stimulation was based on a two-electrode setup, where the counter 

electrode also works as the reference electrode. Both electrodes had the same design and were coated 

with the same thickness of CP. As previously described in sections 4.1 to 4.3, the electrodes were 

prepared, characterized, and kept in PBS until the DC stimulation was done. A constant current of 

±20 µA was driven for 1 h in each phase between the electrodes with a pause of 15 min between 

changes starting with the cathodic current (Figure 26). The OCP value was measured before each 

current was set, and at the end of the stimulation.  

 

 

Figure 26: Schematic of the applied current during DC stimulation and the OCP measurements.  
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After the stimulation, the OCP, CV, and EIS of each electrode were measured individually to verify their 

stability after 2 h of stimulation. The electrodes were then kept in PBS again until further tests were 

performed. The surface of the electrodes was observed under a microscope (Leica Microsystems, 

Germany) before and after the DC stimulation to check for possible alterations. 

 

5.2 pH measurements 

The following section describes how the pH electrodes were calibrated before being used to detect 

any pH changes during DC stimulation. In the second part of this chapter, the setup for the pH 

measurements with DC stimulation is explained. 

5.2.1 Calibration of the pH sensors 

The setup for the calibration consists of three PCB adapters connected to the three pH electrodes an 

Ag/AgCl RE and a piece of stainless-steel to set the solution potential at 9.25 V. The pH electrodes 

were activated before any calibration or pH measurements, through OCP, CV and EIS measurements 

as described in section 4.2. The sensors were kept in the 8 mL beakers with PBS, held by a slit in the 

lid, and stored in a dry place at room temperature (Figure 27). 

 

 

Figure 27: pH sensor kept in a beaker with PBS. 

 

The sensor’s response to pH changes was determined using several buffers with different pH values. 

The buffers were prepared with a pH range from 2 to 12 (cf. Annex 11.2 for buffer composition). The 

buffers were poured in 80 mL beakers, and the exact pH value of each solution was measured with a 

pH meter (Qph 70, VWR International GmbH, Darmstadt, Germany). 
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Each SIROF pH electrode was connected to the pH readout electronics, and the RE was connected to 

all three inputs simultaneously. Afterward, the electrodes were submerged in the first buffer, and the 

measurement of the SIROF potential was done (Figure 28). The sensors were in the solution for 1 min 

to stabilize the SIROF layers followed by 10 s of measurement at 1000 samples/s. Upon completion 

of the measurement, the electrodes were moved to the next buffer from the lowest pH value to the 

highest and then back to the lowest. After the first and the second round of measurements, the sensors 

were left for 2 min in PBS to wash off the residues of the buffer solutions.  

At the end of the measurements, the average potential for each pH value was calculated, and the 

sensitivity of the sensors was determined through a linear approximation. The pH calibration procedure 

was done before every DC stimulation in the pH channel.  

 

 

Figure 28: Measurement setup for pH calibration. 

 

5.2.2 DC stimulation in pH channel 

Measurement of transient pH changes during DC stimulation was done utilizing the pH channel 

described in section 4.8. After calibration of the pH sensors, these and the RE electrode were 

connected to the pH measurement hardware in the same way as they were connected for the 

calibration. The electrodes used for the DC stimulation were connected to the Autolab PGSTAT 

potentiostat, as explained in section 5.1.1.  
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The pH measurement was done over a time period of 45 min. Five minutes were measured before 

the stimulation took place to establish a baseline for the pH changes. Afterward, the constant current 

stimulation was done for periods of 15 min with 5 min pause in between each polarity starting with 

the anodic phase. The measurements were done in PBS and 0.9 % NaCl to distinguish between the 

potential changes elicited by the pH and by the changes in the concentration of ions in the solution 

(Figure 29).  

 

 

Figure 29: Setup for pH measurement during DC stimulation. 

 

Different experiments were performed with different electrode coatings (IrOx, PEDOT/PSS, and 

PDMAAp/PEDOT) and varying currents to determine the pH changes of the employed solution. Initially, 

the current applied was of ±6 µA (Figure 30), and then it was increased to ±10 µA. The anodic and 

cathodic phases were inverted for a second stimulation. 
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Figure 30: Applied current during DC stimulation for pH measurement. 

 

The electrochemical pH measurements were verified in a separate experiment with the help of pH 

reactive paper (EMD Merck Millipore, Germany). Based on the diffusion properties of the electrodes it 

could be assumed that a small volume of solution in close proximity to the stimulating electrodes 

would show a different pH than the solution in the rest of the channel. The diffusion zone where pH 

changes were happening was calculated based on the distance r between the stimulating electrodes 

and the pH sensors. Due to the size of the electrodes, radial diffusion was assumed, which led to a 

volume of the diffusion zone of V = 261 mm3 for a distance of r = 5 mm. Based on this result, it was 

safe to assume that taking a sample of the solution close to the stimulation electrode would allow for 

verification of the pH within the diffusion zone.  

Small pieces of pH paper were placed in a Petri dish, and a small droplet (15 µL) of each buffer was 

applied to each paper to determine the reactivity of the paper to small volumes. Afterward, Petri dishes 

were prepared with 10 small pH papers to perform measurements every 5 min during the DC 

stimulation (Figure 31, a). Two Petri dishes with pH paper were prepared for each electrode (WE, CE) 

for each solution (Figure 31, b). After the stimulation was finished pictures of the results were taken 

and compared to the electrochemical measurements. 
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Figure 31: pH measurement with a colorimetric method:calibration with buffered solutions (25 µL) (a) and Petri dishes 

with pH paper for measurement during stimulation (b). 

 

5.3 Cytotoxicity tests 

The cytotoxicity experiments were performed by Nicole Jedrusik and are described in Supplementary 

materials 12.2.  
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6 Results 

This chapter contains the results from the electrochemical characterization before and after the DC 

stimulations as well as the results from the calibration of the pH sensors. The results of the pH changes 

under electrical stimulation are also studied.  

6.1 Fabrication of the Electrodes 

The electrodes were fabricated on six wafers, where each wafer has four rows of electrodes, which are 

connected through a platinum shortcut. There are four designs per wafer, and each design contains 

a total of 10 electrodes (Figure 32). Two wafers were coated with hydrogel, one wafer with 3 layers 

and the other with 6 layers. The third wafer was used to prepare the PEDOT/PSS electrodes and the 

fourth wafer to prepare SIROF electrodes. 

 

 

Figure 32: Fabricated wafer with different electrode designs. 

 

After the fabrication of the electrodes, these were electrochemically activated and cleaned on a wafer 

level. The CV curves between the different rows on the wafer (W-1, W-2, W-3, and W-4) shown some 

slight differences and the current for all electrodes was high, reaching above 5000 µA (Figure 33).  
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Figure 33: CV on wafer level, for 10 electrodes at the same time. 

 

6.2 Electrode characterization 

One of the first steps for the electrodes to be functional and stable for the electrotaxis experiments is 

a correct deposition of PEDOT and Hydrogel. The stability of the electrodes was studied through 

electrochemical characterization before and after the deposition of the conductive polymers.  

6.2.1 PEDOT/PSS electrodes 

In the graph before deposition are represented electrodes of IrOx, where two pairs of them were then 

coated with a thickness of 200 and 400 mC/cm2 as well as one electrode of 600 and 800 mC/cm2. 

Previous to the PEDOT deposition, all of the electrodes have similar CV curves and current values 

(Figure 34, a). The peak values of the current in these electrodes are ± 600 µA respectively, with slight 

variations amongst the different electrodes. After the deposition, the CV shows distinct curves with 

fewer peaks in between the maximum and minimum potential for each PEDOT thickness. An increase 

in the measured current was observed after coating, with higher currents corresponding to thicker 

layers. The curves showed no unexpected peaks or variations regardless of the electrode design 

(Figure 34, b).  
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Figure 34: CV curves before (a) and after (b) PEDOT deposition for the Hex13 electrodes.  

 

The impedance magnitude of the IrOx electrodes previous to PEDOT deposition is higher than the 

electrodes coated with the polymer (Figure 35, a). It can be seen that thicker coatings of the electrodes 

exhibit lower impedance, decreasing substantially from the bare metal electrodes to the PEDOT 

electrode with a thickness of 800 mC/cm2 (Figure 35, b).  

 

 

Figure 35: EIS curves before (a) and after (b) PEDOT deposition for the Hex13 electrodes.  

 

An increase of the charge storage capacity could be observed after PEDOT deposition, as shown by 

the CV curves. The values of the CSC for the IrOx electrodes (Figure 36, a) were very similar amongst 

all different designs, with values ranging between 34 mC and 37 mC, with only two outliers. The 

electrodes coated with a thickness of 200 mC/cm2 improved their CSC from around 35 mC to around 

55 mC while the 400 mC/cm2 almost doubled their CSC values to 70 mC/cm2 (Figure 36, b). Small 

variations could be observed amongst the different designs, but no clear trend could be identified. 
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Figure 36: Charge storage capacity before and after PEDOT deposition. 

 

6.2.2 (PDMAA)p electrodes 

The electrodes coated with 3 and 6 layers of hydrogel (PDMAA)p and 200 – 400 mC/cm2 of PEDOT 

show similar CV curves for all the different designs. The CV of the 6-layer electrodes shows a smaller 

area in comparison to the 3-layer electrodes with the same PEDOT concentration. Furthermore, the 

3-layer electrodes with 400 mC/cm2 thickness of PEDOT show more variations amongst the different 

designs than the 6-layer ones and the 3-layer with 200 mC/cm2 thickness (Figure 37).  

The impedance magnitude increased for electrodes with more layers of Hydrogel. It is similar through 

the electrode designs coated with 200 mC/cm2 thickness of PEDOT, showing bigger differences for 

the thicker PEDOT coating (Figure 38). The 6-layer electrodes with 400 mC/cm2 thickness showed a 

small distinction between the electrodes designs. For the 6-layer electrodes with 400 thickness, it can 

be seen that electrodes with smaller circumferences exhibited higher impedance than the ones with 

bigger circumferences (Figure 38, d). 
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Figure 37: CV curve after PEDOT deposition for Hydrogel electrodeswith PEDOT thickness 200 mC/cm2 and 3 layers (a) 

and 6 layers (b) of PDMAAp; and PEDOT thickness 400 mC/cm2 and 3 layers (c) and 6 layers (d) of PDMAAp. 

 

 

Figure 38: EIS curve after PEDOT deposition for Hydrogel electrodeswith PEDOT thickness 200 mC/cm2 and 3 layers (a) 

and 6 layers (b) of PDMAAp; and PEDOT thickness 400 mC/cm2 and 3 layers (c) and 6 layers (d) of PDMAAp. 
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Comparing the CSC values of the electrodes coated with PEDOT (Figure 37) and the PDMAAp:PEDOT 

electrodes (Figure 39), it is notable that the CSC of the Hydrogel electrodes is significantly lower. There 

is more variation amongst the different electrode and designs in comparison to PEDOT electrodes, 

however, no clear trend can be observed from these measurements. The 6-layer electrodes show less 

variation amongst designs and lower CSC than the 3-layer ones for the same PEDOT content. 

 

 

Figure 39: Charge storage capacity of Hydrogel electrodes. 

 

6.3 DC Stimulation 

After studying the stability of the electrodes, the different pairs of electrodes were stimulated, and the 

results are presented in the following sections.  

6.3.1 PEDOT/PSS electrodes 

The results of the PEDOT electrodes during the biphasic DC stimulation with a constant current of 

±20 µA for 60 min (each phase) through all the stimulations show that most electrodes were stable 

through the stimulation (Figure 40). The pair of electrodes H7 with PEDOT thickness of 200 mC/cm2 

exhibit a stimulation potential extremely inconstant, reaching approximately 8 V in the last 30 min of 

the stimulation. There is no difference between the design of the electrodes in the potential. In the 

first 60 min of the stimulation (cathodic phase), the potentials vary more between the pairs of the 

electrodes, comparing with the anodic phase. 
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Figure 40: Stimulation potential of PEDOT electrodes for the last 30 min. 

 

The absolute average potentials for the different pairs of electrodes was determined and is represented 

in Figure 41. The pair of electrodes H7-200 reached the highest value (≈ 8 V). The absolute value of 

the average potential for the last 30 min of stimulation was mainly between 1 and 3 V, with minimal 

differences between the stimulation polarities. A relationship between the potential and the different 

designs was not found. The pairs of electrodes coated with a PEDOT thickness of 400 mC/cm2 have 

similar average potential in both phases of the DC stimulation. The electrodes coated with 200 

mC/cm2 show a more significant average potential difference between the cathodic and anodic 

phases; however, this difference decreases as the number of electrodes per design increases.  

 

 

Figure 41: Average absolute potential of the different designpairs determined for the last 30 min of biphasic DC 

stimulation.  
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An apparent increase of the CSC values is visible for the different designs with a thickness of 200 

mC/cm2 before and after stimulation (Figure 42); however, for the design H7, the CSC value decreased 

for the WE (200-1). For the 400 mC/cm2 thickness, there is an evident increase in the values of CSC 

after the stimulation for most electrodes; the CE (400-2) of the designs H13 and H19 show a smaller 

CSC value.  

 

 

Figure 42: Charge storage capacity before and after DC stimulation. 

 

6.3.2 PDMAAp/PEDOT electrodes 

The current applied to the electrodes remained stable for all stimulations. The stimulation potential 

for the different pairs of electrodes is very constant for the hydrogel-3 electrodes. The measurement 

of the pair H7-200 in the cathodic phase and H31-400 are missing due to errors that occurred on the 

measurement software and in the files imported not allowing to export all the data. Furthermore, the 

stimulation potential for the hydrogel-6 electrodes was also quite stable. On the cathodic and anodic 

phase, it can be seen some instability on the electrodes H31-200 and H31-400, respectively (Figure 

43). The stimulation potential was slightly higher for the electrodes with 6 layers than the 3-layer ones. 
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Figure 43: Stimulation Potential of hydrogel electrodes. 

 

There is not an evident difference in the Average Potential between the different number of layers and 

the different designs of electrodes; however, for the 6 layer electrodes, the overall average potential is 

lower compared to the 3 layer electrodes (Figure 44). The pair of 3 layer electrodes H7-200 and H19-

200 and the pair of 6 layers H31-400 were the least stables during the anodic phase of the stimulation, 

and the potential reached the highest values (≈ 8 V). The average potential was mainly between 0.5 

and 3 V for the 3 layer electrodes and between 1 and 2.2 V for the majority of 6 layer electrodes. A 

relationship between the average potential and the design of the electrodes or the phase of the DC 

stimulation is not visible for this test.  
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Figure 44: Average potential of the different designs during the biphasic DCstimulation for the 3 layer and 6 layer 

Hydrogel electrodes. 

 

The CSC after the DC stimulation values were determined, and it can be seen an increase in these 

values compared with the ones previous to stimulation (Figure 45). Two exceptions to this increase 

are the electrodes H7-1 and H31-2 with PEDOT thickness of 200 mC/cm2 and 3 layers (200-3), where 

a slight decrease on the charge storage capacity was detected. The CSC values for the electrodes with 

PEDOT thickness of 200 mC/cm2 and 6 layers (200-6) are more similar throughout the different 

designs except for the electrode H19-2. For the electrodes with 6 layers of Hydrogel and 400  mC/cm2 

of PEDOT thickness, the similarity of the CSC between them before DC stimulation was no longer seen 

after the stimulation. Overall, the higher CSC values were obtained with the 3 layer Hydrogel electrodes 

and the lower ones with the 6 layer Hydrogel electrodes both coated with 200 mC/cm2 of PEDOT 

thickness. There is no apparent difference between the WE and the CE, however, for the 3-layer 

electrodes before stimulation, the CSC of the CE was lower than the WE. After stimulation, the CSC 

kept being lower for the CE for the 400 thickness, and the same was not seen for all the 200 thickness 

electrodes. It is visible that the CSC values for hydrogel 6 are more similar between the designs than 

for hydrogel 3. 
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Figure 45: CSC values for the electrodes before and after (*) DC stimulation. 

 

6.4 pH sensor calibration 

The calibration of the three pH sensors was performed for 5 days before using them during DC 

stimulation. For every pH sensor, there were slight changes in the sensitivity through the different days 

of calibration, especially for the pH1 sensor, whose sensitivity decreased about 5 mV/pH within 5 

days. The other two sensors, pH2 and pH3, varied slightly but did not show a constant decrease on 

sensitivity. None of the sensors showed significant drift over the calibration days, and all of them 

remained linear (Figure 46). The mean sensitivity of the sensors was determined and is represented 

in Table 5. All the sensors showed responses above the expected Nernstian behavior (≈ -59 mV/pH). 

 

Table 5: Average Sensitivity of the pH sensors 

Sensor Average Sensitivity 

pH1 -62.66 mV/pH 

pH2 -64.50 mV/pH 

pH3 -63.13 mV/pH 
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Figure 46: pH response of the sensor vs. Ag|AgClconnected to pin 21 during the sensor calibration period.  
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6.5 pH measurement during DC stimulation 

6.5.1 Comparison of Stimulation Potential  

Determination of the applied electric field and the achieved stimulation potential was done to correlate 

the pH changes that could happen inside a microfluidic channel to the macro channel where the 

measurements were conducted. The conductivity of the different solutions was measured at room 

temperature: the PBS conductivity is 15.43 mS/cm, and the NaCl is 17.40 mS/cm. The electric field 

strength E was calculated for the PDMS channels, and the pH channel using formula (1), and the 

values are indicated in Table 6. 

 

Table 6: Values to determine the EF strength 

 PDMS channel pH channel 

Current (I) ±20 µA ±10 µA 

Width (W) 300 µm 3 mm 

Height (h) 200 µm 3 mm 

Conductivity (σ) 15.43 mS/cm 15.43 mS/cm 

𝐸 ±216.03 mV/mm ±0.72 mV/mm 

 

The electrical field strength of the PDMS channel is higher by a factor of 600 compared to the pH 

channel as expected for the different geometries. The average potential during stimulation in the PDMS 

channel and the pH channel (*) using different pairs of electrodes, H7, H13, and H19, was determined 

(Figure 47). The average potential is higher when the stimulation occurred in the PDMS channel during 

the anodic phase; the outliers (higher potentials) observed in the stimulation using the PDMS channel 

were excluded for the comparison between channels. In the pH channel, the average potential is very 

similar for both pairs of electrodes, in both cathodic and anodic phases. The average potential in the 

PDMS channel, considering the voltage drop across the channel, is very similar to the average 

potentials of the stimulation in the pH channel. 
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Figure 47: Average Potential on the PDMS channel and pH channel. 

 

Afterward, the voltage drop (∆V) on the different channels was determined considering the different 

conductivity of each medium, PBS and NaCl (Table 7). At first, it was determined the Resistance, R, 

of the channel using formula (15) and then, accordingly with the current applied, the ∆V was 

calculated. 

 

Table 7: Values to determine the Voltage drop in the channels 

channel pH pH PDMS 

R  2.16 kΩ 1.92 kΩ 32.41 kΩ 

I  6 µA 10 µA 20 µA 

∆𝑉𝑃𝐵𝑆 12.96 mV 21.60 mV 0.65 V 

∆𝑉𝑁𝑎𝐶𝑙   11.49 mV 19.16 mV - 

 

6.5.2 pH measurements 

The average potential measured across the electrodes is slightly higher for the stimulation in PBS than 

in NaCl for all electrodes. The hydrogel electrodes had higher values than the other tested materials 

and less difference between the cathodic and anodic phases in PBS. The IrOx electrodes showed the 

second-highest average potential, whereas the PEDOT electrodes showed the most significant 

difference between the positive and negative phases (Figure 48). The potential for the stimulation with 

±6 µA remained within the water window of platinum, except for IrOx electrodes, while the values for 
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±10 µA were clearly outside of it for the stimulation in PBS. However, no damage could be observed 

on the surface of the electrodes. 

 

 

Figure 48: Average potential of DC stimulation in pH channel in PBS and NaCl.  

 

The changes in pH measured during stimulation were only visible during the negative current and 

were more prominent near the CE (Figure 49). The only exception can be seen for the PEDOT 

electrodes in NaCl, where the pH sensors were affected by the accumulation of salt on its surface. 

The changes were always higher for the stimulation in PBS, most likely due to the differences in 

potential between both solutions. The changes in sensor potential at the RE were always in between 

the changes at the CE and WE in magnitude and started to change one to five minutes after the CE. 

The pH changes at the CE started immediately after the DC stimulation and reversed back once the 

stimulation stopped, with slower settling times for larger shifts in sensor potential (∆ pH). The pH shift 

curves have some oscillations for all the electrodes, due to the data processing since the sampling 

rate is lower than the velocity of pH change. The most significant pH changes were observed during 

the stimulation in PBS, reaching a value superior to -3. The changes in NaCl were smaller, reaching 

values around -2.  
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Figure 49: pH shifts for IrOx, PEDOT, and Hydrogel electrodesin PBS and NaCl. 

 

During these experiments, the measured pH changes and the sensors were extremely large and 

without apparent reason as to why they were only happening during the anodic phase. Therefore, the 

same experiment was repeated, with chemical pH measurements. The average potential during the 

DC stimulation in PBS is very similar for both cathodic and anodic phases, while a larger difference 

and a decrease in potential can be observed in NaCl. The pH changes measured with the sensors 

were of approximately -2 pH values in PBS and -1 in NaCl. The measurements using the pH tape did 

not show any pH change for both electrodes and solutions (Figure 50). Slight alterations to the 
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measurement can be seen as a result of the manual extraction of solution for the chemical 

measurements. 

 

 

Figure 50: Potential and pH measurement during DC stimulation.(a) Potential during stimulation in PBS and NaCl 

mediums. (b) pH changes measured by pH sensors and pH readout. (c) pH measurements using pH paper. 

 

6.6 Cytotoxicity Tests 

The results obtained for the cytotoxicity tests are presented in the Supplementary material 12.3. After 

all the tests, no cytotoxicity was observable for any of the materials tested.  
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7 Discussion and conclusion 

7.1 Electrodes characterization 

The SIROF electrodes before PEDOT deposition were not identical, as can be observed in Figures 34 

and 35. The difference between the electrodes can be due to some irregularities during the fabrication 

process, such as non-homogeneity during the sputtering of IrOx, damage of the surface during RIE, 

problems with the foil masks used during Mask alignment [90]. Despite some slight irregularities, the 

CV after PEDOT deposition showed a distinct difference between the wanted thicknesses as expected. 

More stability was visible in the electrodes coated with a thickness of 200 mC/cm2 (Figure 36) than 

the ones with 400 mC/cm2. Electrodes coated with a thicker layer, showed more variety and higher 

CSC values, as it was expected since for thicker layers of polymer, the charge storage capacity 

increases and the impedance decreases [91].  

The electrodes coated with PDMAAp were cleaned on wafer level after the deposition of the hydrogel 

and showed some slight differences in the CV curves between the electrodes (Figure 37). The cleaning 

wafer method can also result in some electrodes with more impurities than others since 10 electrodes 

were cleaned at the same time. The CV performed to clean the wafer depends on the electrode design 

and surface. If there are differences on the surface of the electrode or more impurities, the impedance 

of the electrodes changes and the current is no longer divided equally through each wafer. Moreover, 

as the area of the electrode circumferences increases, there is a larger edge effect, and more current 

flows through these electrodes than the electrodes with smaller circumferences in the same row [78]. 

The CV of the 3 layers and 6 layers electrodes shows some differences between the electrodes that 

should have the same properties. The electrodes coated with 3 layers of PDMAAp have a bigger charge 

storage capacity than the electrodes with 6 layers of hydrogel (Figure 39). In the process of hydrogel 

coating, a thickness of hydrogel of approximately 5 µA is obtained when dipping the wafer 3 times 

[58]. Thicker layers of Hydrogel require longer time for the EDOT molecules to diffuse into the hydrogel 

network and reach the IrOx surface. Moreover, as the hydrogel volume increases, so does the 

impedance, which decreases current flow and subsequently the charge storage capacity. As expected, 

the CSC values are higher for PEDOT thicknesses of 400 mC/cm2 in both hydrogel electrodes [92].  

Comparing both type of electrodes, PEDOT/PSS with PDMAAp/PEDOT, it is possible to see that 

PEDOT electrodes have much higher values of charge storage capacity. This might be the result of 

how compact the PEDOT layer is on top of the IrOx electrodes, and how in the hydrogel network, the 

PEDOT is not as compact and does not have the same possibility of “trapping” the dopants in PEDOT’s 
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network. Therefore, fewer ions get into the PDMAAp/PEDOT layer, resulting in a lower charge storage 

capacity [92]. 

 

7.2 DC stimulation 

The DC stimulation performed showed stability for all electrodes, except for some outliers. The 

stimulations in the PDMS channel had some difficulties associated, such as the preparation of the 

setup so that there would not be any leakage of the solution and the evaporation of PBS during some 

stimulations, leading to abnormalities in the stimulation potentials (Figure 40 and 43). 

The stimulation with PEDOT electrodes showed that thicker PEDOT layers were more unstable than 

thicknesses of 200 mC/cm² (Figure 40). This is due to the fact that electrodes with a thicker layer, 

have a larger volume and during DC stimulations will be under more stress and can damage faster. 

The stress occurs from the absorption of ions in the polymer layer, which will make the polymers swell 

[91]. Mechanical stress can also occur during the preparation of electrodes and when setting up every 

experiment. The slight differences on the surface of the electrode before stimulation, results on 

conductivity differences, leading to one electrode being more oxidized/reduced after the stimulation 

than the other, which explains the differences between the CSC values of the WE and CE (Figure 42) 

[48]. 

The stimulation with hydrogel electrodes exhibited overall a very similar absolute average potential for 

all electrodes, considering the stable pairs during the stimulation (Figure 44). The CSC increased after 

DC stimulation, except for two outliers. It is evident the increase for the electrodes with 6 layers, that 

can be explained by the fact that since there are more layers of the hydrogel, the volume is bigger and 

more ions can be absorbed into the PDMAAp/PEDOT network [93]. 

The increase of the charge storage capacity for the electrodes with 3 layers is also seen; however, the 

values did not increase as much, and there is not the same similarity between electrodes as there is 

in the 6 layer ones (Figure 45).  

The PDMAAp/PEDOT electrodes are able to DC stimulate for long periods of time with constant 

currents and achieving constant potentials, without showing any type of surface damage. The electrical 

properties of these electrodes demonstrated to be very similar to the PEDOT electrodes properties and 

can be increased by increasing the amount of PEDOT within the hydrogel network. Thicker CPs 
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coatings within a PDMAAp electrode can be more stable since the hydrogel has the necessary 

mechanical properties and high ionic permeability [92], [94].  

 

7.3 pH measurements 

The pH sensors were always stable during the calibrations, showing that they function correctly and are able 

to detect changes in the pH correctly without drifting (Figure 46). The voltage drop was determined for 

stimulations that are within the safe range (water window of platinum) for the electrodes, as the stimulation in 

the PDMS channel and the ±6 µA in the pH channel, and for those that exceed the safe rate (±10 µA in the pH 

channel). Since the voltage drop is small, and not enough to affect the stimulation potential during the 

measurements, any pH changes that would occur could be detected by the sensors. 

The absolute average potential of the stimulation, was higher for the electrodes in PBS than in NaCl, 

as expected. NaCl has higher conductivity than PBS, therefore lower impedance, not requiring to 

achieve high potentials as the electrodes in PBS. The absolute average potentials for the stimulation 

with a current of ±6 µA are lower as the ones obtained for ±10 µA for the PEDOT and PDMAAp/PEDOT 

electrodes, which was expected since an increase on the current for the same resistance of the 

channel will require higher potentials (Figure 48). However, the IrOx electrodes reached really high 

potentials, and a big difference between the stimulation phases in the ±6 µA stimulation was seen, 

suggesting that these stimulations were not as stable as the ones with ±10 µA applied, possibly due 

to bad connections, or solution leakage.  

Regarding the electrochemical pH measurements, pH changes were only detected during the anodic 

phases for the stimulation with ±10 µA applied, and the most significant changes were measured 

mainly in the CE (Figure 49). Explanations to these results can be changes in salt concentration within 

the diffusion layer as a result of the ionic stimulation, the way the potentiostat applies the potential, or 

even actual pH changes. pH paper was used to verify if there were indeed changes in the pH values 

throughout all the stimulations, and no slight pH decrease was seen (Figure 50).  

A possible reason for the incorrect measure could be the changes in the salt concentration due to 

ionic stimulation. Both solutions, PBS and NaCl, have ions that will migrate away from the anode (Na+) 

and react with the dopant PSS present on PEDOT, decreasing the phosphate and Cl- concentrations, 

and subsequently decreasing the buffer capacity [74]. This could explain the pH changes in the CE 

when it is the anode; however, when the polarity was reversed, the same was not observed in the WE, 

excluding this hypothesis.  
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The pH sensors were stable and worked perfectly during pH calibrations, however, they might be 

affected when measuring changes next to electrodes during stimulation. The stimulation would be 

affecting the potential of the sensor, resulting in detecting false pH values. The potentiostat controls 

the current flow between the WE and CE in a galvanostatic mode and measures the potential difference 

between the Sense (S), which is shortened to the WE, and RE, which is shorted to the CE in a two-

electrode setup. The potentiostat applies the current through the CE while trying to adjust the potential 

between RE and WE. This current flow can only be achieved if the CE changes its potential, which 

subsequently changes the RE potential and prevents the potential of the WE to be shifted. [95].  

Electrode polarization of SIROF sensors can occur in the presence of high potentials. The CE is most 

likely polarizing the SIROF sensor when the current driven through it is ±10 µA, which can explain why 

the sensors are exhibiting the highest changes in the CE and measuring potential differences [88], 

[96]. Therefore, the sensors are measuring a potential difference besides the pH changes. A possible 

solution for this problem would be designing a new setup for differential pH measurements, where the 

potentials measured by the sensors would be subtracted, remaining only the pH change detected.   

 

7.4 Cytotoxicity 

None of the electrodes materials, either PEDOT, PDMAAp:PEDOT or simply PDMAAp, provoked 

cytotoxicity in cells. Some cytotoxicity was visible at the beginning of the experiments (first 24 h) for 

the hydrogel electrodes, however, after some hours this effect disappeared. This changes might have 

been due to the hydrogel absorbing part of the medium, leaving the cells without the necessary 

conditions to survive, leading a slight number of cell death and vitality. Moreover, the morphology of 

the cells was observed, and no changes were seen, concluding that both these materials have no toxic 

effect on cells.  
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8 Summary 

In the realization of this thesis, several electrode designs were developed, fabricated, and 

characterized. The stability of the hydrogel electrodes, PDMAAp/PEDOT, was established and 

compared with PEDOT/PSS and IrOx electrodes. A channel was fabricated for the DC stimulation, and 

a new setup for electrotaxis experiments and pH measurements was created and fabricated. A circuit 

was designed to read the values measured with the pH sensors and fabricated. Moreover, new setups 

for cytotoxicity tests were fabricated. The following achievements were reached during this work: 

• Development and fabrication of a batch of electrodes, as well as, coating of homogeneous 

hydrogel layers on wafers and development of a wafer-level cleaning process. DC stimulation 

was performed with different currents (±6, ±10 and ±20 µA) and different setups (PDMS and 

pH channels) for the same electrodes. All electrodes showed mechanical and electrical 

stability before PEDOT deposition, proving that the fabrication methods are successful. 

• The electrodes developed were easy to handle and easy to coat with different thicknesses of 

PEDOT. The materials of electrodes were characterized during and after DC stimulation, which 

was performed with the same circumstances expected in a live-cell electrotaxis experiment 

and with extreme circumstances. The electrodes exhibited a stable stimulation potential for 

all the stimulations, and no relevant difference was seen between the designs or the materials 

of the electrodes. PDMAAp/PEDOT electrodes showed good electrical properties, which can 

be improved with higher thickness of PEDOT. 

• pH sensors were implemented to determine pH changes during DC stimulation with different 

currents and electrode materials, and a channel was designed and fabricated for the pH 

measurements to be done as close as possible to the electrodes and within a fluidic channel 

to carefully monitor the changes in the electrode’s surroundings. Significant pH changes were 

detected by the sensors, and pH paper was used to verify theses changes, which were not 

visible. The system pH readout, sensors, and stimulation were not working correctly. 

Therefore, the stimulation with high currents applied did not generate changes in the pH of 

the solution near the electrodes. 

• The cytotoxicity of the polymers on the electrodes was tested to analyze their effects on cells, 

such as human keratinocytes and fibroblasts. No cytotoxicity and morphology changes were 

detected, concluding that these materials can be used without damaging the cells.  
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9 Outlook 

The methods and processes used in the realization of this work proved that the hydrogel electrodes 

are mechanically and electrochemically stable, and further tests and research should be done. 

However, process optimizations are needed to improve the pH measurements system and to unsure 

further advances on the hydrogel electrodes. 

Electrode optimization: 

• Development an easier way to coat the electrodes wafer with hydrogel, that also allows 

selecting how thick the CP layer should be. 

• Decide on an optimal design, since there is no significant difference between the designs 

studied in this work. 

• Investigate the mechanical and swellability properties of the PDMAAp/PEDOT electrodes 

through bend testing and AFM measurements during stimulation. 

• Develop a way of coating the electrodes with PEDOT also on wafer-level.  

Improvement of pH measurements: 

• Develop a differential pH readout system to detect real pH changes, independently on the 

current applied or on the potential measured.  

• Develop and fabricate new pH sensors, more stable, and easier to handle without damaging 

them. 

Further experiments: 

• Stimulation of cells using the PDMAAp/PEDOT electrodes. 

• Increase the thickness of PEDOT on the hydrogel electrodes to test how it can increase the 

electrical properties of the electrode. 

• Long-term stimulation to determine the stability of electrodes and to prove the concept of 

stimulation in wound healing.  
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11 Annex 

11.1 Electrodes fabrication 

In the following sections, it will be mentioned the most important parameters to fabricate the 

electrodes. 

 

Polyimide coating 

I. PI Selection: 2.5 ml U-Varnish-S/ thickness = 5 µm. 

II. Dehydration bake: hotplate at 125 °C for 5 min. 

III. Spin coating PI: 2.5 ml U-Varnish-S/ 500 RPM (8 s) → 3500 RPM (30 s). 

IV. Soft bake: hotplate at 120 °C for 2 min. 

V. PI bake: oven at 450 °C for 3 h. 

 

Resist coating and structuring 

I. AZ Selection: AZ1518 / thickness = 1.8 µm. 

II. Dehydration bake: hotplate at 125 °C for 5 min. 

III. LOR coating: 1.5 ml LOR 5A / 800 RPM (5 s) → 2000 RPM (30 s) 

IV. Soft bake: hotplate at 100 °C for 1 min. 

V. Resist coating PI: 2 ml AZ1518 / 4000 RPM (30 s). 

VI. Soft bake: hotplate at 100 °C for 50 s. 

VII. Exposure: Proximity contact / Flat alignment mode / 2.8 s. 

VIII. Development: run twice Program P in TMAH (AZ726 MIF, Microchemicals GmbH, Ulm, 

Germany). 

 

Pt Sputtering 

I. RF 300 W / 4 cycles: 1:15 min on – 10 min pause / thickness = 300 nm. 
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Lift-off 

I. DMSO bath overnight or at least 12 h (TechniStripR Micro D350, Microchemicals GmbH, 

Ulm, Germany). 

II. DMSO + ultrasound (50 % power) for 10 min. 

III. Isopropanol + ultrasound (100 % power) for 5 min. 

IV. QDR  

V. Rinse-Dry 

 

IrOx Sputtering 

I. Ir layer / RF 100 W / 1:00 min / thickness = 100 nm. 

II. IrOx layer / O2 flow 15 sccm / 2 cycles: 4:10 min on – 10 min pause / thickness = 800 

nm. 

 

Resist coating and RIE 

I. AZ Selection: AZ9260 / thickness = 24 µm. 

II. Resist coating: 5 ml AZ9260 / 16000 RPM (30 s). 

III. Soft bake: hotplate at 100 °C / on pins for 2 min / on the plate for 3 min 

IV. Rehydration: 3 hours at 70 % relative humidity. 

V. Exposure: Soft contact / Flat alignment mode / 3 cycles: 12 s – 30 s pause. 

VI. Development: K400:H2O (1:3) for 4 min / rinse with H2O / dry. 

VII. RIE: O2 flow / 15 min at 200 W – 30 min at 100 W 
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11.2 Buffer preparation 

The buffers prepared for the pH sensors calibration were divided into acidic and alkaline solutions The 

neutral solution used was 0.01 M PBS (P-3818, Sigma Aldrich Corp., St. Louis, Missouri, USA ), which 

pH value is 7.4. The composition and respective pH of the prepared buffers for 500 mL of solution is 

listed in Table 8 . 

 

Table 8: Composition of buffers solutions 

Type of 

solution 
pH Vol. of Solution 1 Vol. of Solution 2 

Vol. of DI 

water 

Measured 

pH 

Acidic 
2 125 mL of 0.2 M KCl 32.5 mL of 0.2 M HCl 342.5 mL 1.80 

5.8 250 mL of 0.1 M KH2PO4 18 mL of 0.1 M NaOH 232 mL 5.75 

Alkaline 

9 
477.5 mL of 0.1 M 

Na2HPO4 
22.5 mL of 0.1 M HCl - 9.46 

12 
250 mL of 0.05 M 

Na2HPO4 
134.5 mL 0.1M NaOH 115.5 mL 11.96 

 

11.3 pH measurement Hardware 

The layout of the PCB design for the pH readout used for the pH sensors calibration and pH 

measurements during DC stimulation is shown in Figure 51. The specifications for the PCB fabrication 

are listed in Table 9. 

 

Table 9: PCB fabrication specifications 

Dimension 148.00 mm x 62.00 mm 

Trackwidth  ≥ 100 µm 

Minimum drills ≥ 0.2 mm 

Material FRA 1.55 mm, 35 µm Cu 

Surface finish Hot-Air-Leveling, Lead-free 
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Figure 51: PCB design: top layer in red and bottom layer in blue. 
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12 Supplementary material 

In this section, it is described how the cytotoxicity experiments were prepared and performed, as well 

as the results obtained.  

12.1 Materials and Methods 

The media used is present in Table 10. The cells used are immortalized Human epidermal 

Keratinocytes (iHEK) and primary human dermal Fibroblasts (hDF). The human epidermal 

Keratinocytes and Human dermal Fibroblasts have been received by the Department of Oral 

Biotechnology of the University Hospital of Freiburg. Both types of cells were isolated from skin 

biopsies of healthy patients with their permission and its approval by the ethical committee (Ethics 

votum number: EK-Freiburg; 411/08_121010, Medical Center, University Hospital of Freiburg) at the 

department of Oral Biotechnology at the University Hospital of Freiburg. Primary keratinocytes from 

epidermal tissue were established as described in Tomakidi et al., 1997. Primary human epidermal 

keratinocytes were immortalized according to the protocol published by Halbert et al. (1992), using 

amphotropic recombinant retroviruses. They were stored until usage in liquid nitrogen (Stickstofftank 

Asplund). 

 

Table 10: Mediums used for the cytotoxicity tests 

Dulbecco’s modified Eagle medium (DMEM) 

DMEM (Thermo Scientific), 10% FCS, 2 mM L-alanyl-

L-glutamine (Thermo Scientific, Schwerte), 0.1 

mg/ml kanamycin (Sigma Aldrich, Steinheim) 

Keratinocyte growth medium (KGM2) 

KGM medium (Promocell, Heidelberg), supplements 

provided by the manufacturer, 0.1mg/ml kanamycin, 

0.1 mg/ml neomycin (Sigma Aldrich, Steinheim) 

 

12.1.1 Extracts preparation 

Extracts have been carried out according to DIN ISO 10993-5. For all cell types and electrode samples, 

the respective serum-free medium has been used for extracts preparation (DMEM for fibroblasts and 

KGM2 for keratinocytes). The extracts were incubated for 48 h in 37 °C and 5% CO2 and were stored 

(max. 1 week) in -8 °C, light protected until usage. 
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12.1.2 Live/dead staining 

The live/dead staining is used for rapid quantification of viable cells by differentially staining of live 

and dead cells with fluorescent dyes. In this assay, it is used the green fluorescent nucleic dye SYTO 

16 (Sigma-Aldrich, Taufkirchen, Germany) for the labeling of living cells and Propidium Iodide (PI) 

(Sigma-Aldrich, Taufkirchen, Germany) for the staining of dead cells. The cell-permeant Syto 16 has a 

very low intrinsic fluorescence until binding to DNA or RNA, but the exact binding mode is yet unclear. 

Binding to nucleic acids enhances the fluorescence in a larger manner (>30-fold). The Excitation (max) 

and Emission (max) are: 488/518 nm (DNA), 494/525 nm (RNA) and can be used in double staining 

together with PI for detecting dead cells. PI is a membrane impermeant red fluorescent dye not able 

to traverse the intact membrane of viable cells. Cell death, regardless of the mechanisms of death like 

programmed (apoptosis) or induced cell death, is accompanied by plasma membrane 

permeability/leakage. PI is able to permeate the destroyed cell membrane and intercalates to double-

stranded DNA, which fluorescence is then increased 20-30-fold. The excitation (max) and emission 

(max) are: 493/636 nm (DNA). 

 

12.1.3 AlamarBlue assay 

The alamarBlue Assay (Bio-Rad Laboratories GmbH, Munich,Germany) is a quantitative assay for cell 

viability and cell toxicity testing. This assay contains the non-toxic, weakly fluorescent, highly sensitive, 

cell-permeant dye resazurin, which serve as a RedOx reaction indicator. RedOx reactions occur in 

viable cells during cell metabolic processes (i.e., glycolysis) with NADH/H+ or other enzymes 

(mitochondrial, cytosolic, microsomal) as reducing agent (Figure 52, a). With the addition of resazurin 

in the growth medium, this blue colored indicator permeates the cell membrane and is reduced in the 

cytosol to the pink colored and fluorescent resorufin (Figure 52, b). Resorufin is able to diffuse out of 

the cells and concentrates in the growth medium. The medium supernatant can be quantitatively 

evaluated by measuring the relative fluorescent units (RFU) using a plate reader with an 

excitation/emission spectrum of 560Ex/590Em. 
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Figure 52: AlamarBlue test. a) RedOx reaction; b) AlamarBlue assay. 

 

12.1.4 Phase Contrast Microscopy 

Cell toxicity comes along with cell morphological changes. Atypical cell morphology represents 

significant cell reactivity towards useful compounds. Therefore a cell morphological verification is 

helpful as an additional examination of cell cytotoxic effects. These morphological changes will not 

automatically display a cytotoxic effect (except apoptotic vesicles inside of the cellular body or 

observation of dead cells), but significant cell reactivity (i.e., loss of focal adhesion contacts) may play 

an important role in following experiments and should always be performed in combination with other 

cell toxicity tests. Phase-contrast images of 3 biological replicates of immortalized human epidermal 

keratinocytes and human dermal fibroblasts were examined before performing AlamarBlue assay and 

live/dead staining incubated with different extracts (see chapter 12.3) for 3 different time points (24 

h, 48 h, and 72 h). For each time point and cell type images of negative control samples (cells were 

grown in specific growth medium) has been recorded as well. Phase Contrast Microscopy was 

performed with the BZ-II Analyzer (Keyence) and a 20x objective at the Department of Oral 

Biotechnology of the university hospital Freiburg (representative Images for both cell types/conditions 

and time points are shown in Supplementary material, 12.3. Results). The scale bar (white) represents 

100µm. 

 

12.2 Experimental 

Two different types of cells were tested for the cytotoxicity of the deposited conductive polymers on 

the electrodes: immortalized Human epidermal Keratinocytes and primary human dermal Fibroblasts. 

The tests performed are described in Table 11. After the Direct Seeding, it was performed live/dead 
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staining; following the Extracts, the cell morphology was verified through phase contrast, then it was 

performed AlamarBlue assay and finally the live/dead staining. 

 

Table 11: Parameters for the Directing Seeding and Extracts 

Parameters Direct Seeding Extracts (48h incubated) 

Cell types Keratinocytes Keratinocytes and Fibroblasts 

Timepoints of evaluation 24 and 48 h 24, 48 and 72 h 

Eluates PEDOT, Hydrogel and PEDOT 

+ Hydrogel  

Hydrogel and  

PEDOT + Hydrogel 

 

12.2.1 Live/dead staining 

The live/dead staining was performed once by directly seeded cells on the samples for 2-time points 

(24 h and 48 h) and by incubation of extracts (see extracts fabrication chapter 12.1.1) for 3 different 

time points (24 h, 48 h, and 72 h). All experiments have been performed in 3 independent biological 

replicates. Direct seeding has been performed with IHEK (immortalized human epidermal 

keratinocytes) and extracts test for DFs (human dermal fibroblast) and IHEKs.  

For the direct seeding of the samples, the electrodes (PEDOT, hydrogel, and hydrogel + PEDOT) were 

deposited in 6 well plates and were seeded with 150,000 cells in 2 ml of growth medium (KGM2 for 

Keratinocytes, see table 9) per well. After the specific time points (24 h and 48 h of incubation in 37 

°C and 5 % CO2) the medium has been removed and filled with 2 ml of growth medium containing 

Syto16 (1 µM) and PI (500 nM) and incubated for 30 minutes (dark, 37 °C and 5 % CO2) before 

microscopy. For each sample, time point and biological replicate 2x 100 cells have been counted. The 

amount of dead/ live cells has been plotted in a bar graph (section 12.3), giving the percentage of 

living cells and the standard deviation. 

For the extracts incubated cells, IHEK and DF have been seeded in 96- well plates. For each time 

point (24 h, 48 h, and 72 h) and extracts, samples 7.000 IHEK and 10.000 DF has been seeded in 

200 µl growth medium per well in duplicates. The cells have been put back in the incubator for 24 h 

to let them adhere. After 24 h the medium was removed and refilled with 200 µl of the respective 

extract. Extracts change has been done after 48 h. For each time point, negative controls (cells 

cultivated in growth medium) has been prepared in duplicates. 
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12.2.2 AlamarBlue assay 

The AlamarBlue Assay has been performed with IHEK and DF incubated with 2 different types of 

extracts (Hydrogel, PEDOT+Hydrogel) for 3 different time points (24 h, 48 h, and 72 h) in duplicates 

in 3 independent biological replicates. For each time point, a freshly prepared 10 % AlamarBlue 

solution in the respective extracts (also used for the blank reduction later) has been filled in the wells. 

The cells were incubated for 4 hours with the AlamarBlue reagent at 37 °C and 5°C CO2 in the dark 

before the supernatant was collected and stored light protected in 8 °C until all timepoints have been 

reached (max 3 days). As a positive control (which serves as a 100% reduction of resazurin), a 10 % 

AlamarBlue solution in growth medium has been autoclaved and stored in the fridge until plate 

reading. As a “dead cell” control, for each time point and cell type AlamarBlue staining has been 

performed after incubating the cells in 4 % Triton-x solution for 10 minutes. After collecting all 

AlamarBlue stained supernatants for each time point, the relative fluorescent units (RFU) has been 

measured in duplicates with an excitation/emission spectrum of 560Ex/590Em. The data has been 

normalized to the respective negative control (NC) set as 100 % (cells grown in serum-free medium), 

for each time point. The normalized cell viability has been plotted in a bar graph with the standard 

deviation. 

 

12.3 Results 

Electrodes coated with PEDOT, Hydrogel, and Hydrogel+PEDOT were tested for cytotoxicity. The cell 

vitality decreases with the toxicity; for a vitality percentage under 70 %, there is toxicity. The direct 

seeding test with live/dead staining using keratinocytes did not show toxicity for any of the electrodes 

coatings (Figure 53). 
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Figure 53: Cytotoxicity test using keratinocytes - direct seeding. 

 

In the test using keratinocytes by incubation of extracts, it is possible to see slight toxicity for the 

Hydrogel + PEDOT electrodes after 24 h, which was overcome after 48 h. The electrodes coated only 

with Hydrogel did not show any toxicity for all time points (Figure 54). 

 

 

Figure 54: Cytotoxicity test using keratinocytes - extracts. 

 

The live/dead staining with incubating extracts using the fibroblasts cells did not show any toxicity at 

all time points for the Hydrogel + PEDOT electrodes; however, for the Hydrogel electrodes, after 72 h 

there was slight cell reactivity (Figure 55). 
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Figure 55: Cytotoxicity test using fibroblasts - extracts. 

 

The tests performed using AlamarBlue showed no toxicity either for the keratinocytes nor for the 

fibroblasts. Using the keratinocytes is visible, an increase of relative Fluorescence units for the 

Hydrogel + PEDOT electrodes after 24 h and 48 h (Figure 56). With the fibroblasts, it is visible a 

decrease in the relative Fluorescence with the hydrogel electrodes after 24 h (Figure 57).  

 

 

Figure 56: Cytotoxicity test using keratinocytes - extracts with AlamarBlue. 
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Figure 57: Cytotoxicity test using fibroblasts - extracts with AlamarBlue. 

 

12.3.1 Phase-contrast result 

The morphology of the cells did not change with the Hydrogel and Hydrogel + PEDOT electrodes, 

which demonstrated some cell reactivity. The morphology of the keratinocytes and fibroblasts was 

verified after 24, 48, and 72 h (Figure 58 and 59).  

 

Figure 58: Phase contrast result of keratinocytes. 
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Figure 59: Phase contrast results with fibroblasts. 

 


