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Chapter 1: Introduction 1.1 Bioelectronics -Organic Devices

Bioelectronics is the field of science that tries to merge two very different worlds .The world of Biology and the one of Electronics. The motivation behind such an effort is, obviously, the continuous need to find better ways of interaction between electronic devices and living tissue both in fundamental research level but also in diagnostics and therapeutics.

The problems start the moment we realize the fundamental differences between the two systems. Conventional electronics are made, mostly, out of silicon which is a tough and rigid material held together by a network of covalent bonds. Furthermore, they are solid and conduct charge with electrons and holes. Biological matter, on the other hand, is "soft", wet and conduct charge by ion transport. These differences in the materials' structure and properties are the reason behind a problematic matching that needs to be taken into account for any transducer functioning between biotic tissue and abiotic medical devices [1,2] . Organic electronics came into light as the new way to bridge this mismatch and to offer alternative interfacing approaches. The term "Organic Biolectronics",in particularly, was firstly introduced by Magnus Berggren and Agneta Richter-Dahlfors in 2007 in a seminal review [3] describing this new research approach.

Long before that , Organic electronics had attracted the increasing interest of the scientific community mostly due to their synthetic tunability, their electronic properties and their low temperature processing [1] . By definition, organic electronics refers to the use of carbon based semiconductors either as conjugated small molecules or as conjugated polymers. Especially for the case of conjugated polymers by the end of 1970s Heeger et al, demonstrated that acetylene can become highly conducting when doped with iodine [4] (Nobel Prize in Chemistry 2000). The 1980's was the decade of blossom of organics in electrophotography and by the end of the decade the first organic light emitting diode (OLED) was produced [5] . Naturally, during 1990's OLEDs, organic thin film transistors (OTFTs) and organic photovoltaics (OPVs) where intensively studied resulting in their extensive commercialization.

The real question is, though, whether organic electronics can provide any significant advantage in comparison to the existing silicon technology in the field of bioelectronics or not.

There are a couple of reasons that support organics potential to revolutionize the field and they can be summarized as follow. First, it is the mechanical properties of conducting polymers that distinguish them from their inorganic counterparts.

Organic electronic materials are "soft" to their nature, a fact that gives them better mechanical compatibility to tissue and to flexible substrates that very commonly are used as implantable devices. Second, they support mixed ionic/electronic conductivity. This is a tremendous advantage since living tissue communicates through ion movement while solid electronics communicate through electrons and holes. Conjugated polymers can bridge this gap by speaking both languages. Third, the weak van der Waals bonding of organics results in dangling and oxide free interfaces with aqueous electrolytes. This is translated into a direct contact between the sensing/recording device and the biomoiety offering better, more direct and cleaner interaction. Last, but not least, polymers provide freedom in chemical modification. This means the whole arsenal of organic chemistry is available for modifications in the polymer chain which result in an increased biological functionality [1,2] .

Consequently, the term organic bioelectronics obtains a completely new meaning. It reflects a new effort of coupling electronic devices and biological objects; a coupling that is not only extremely advantageous but also work in a bilateral way. In one direction, a biological process creates a signal to an organic device; for example an enzymatic reaction (glucose oxidation) causes the current in an Organic Electrochemical Transistor to change (glucose sensing). In the other direction, an organic electronic device causes a biological phenomenon to occur; voltage applied through a polymer covered stimulates a neuron to fire action potentials (Figure 1.1).

Figure 1.1: The two way coupling between organic electronic devices and biology [1] .

For the reasons above, organic electronics seems to be the ideal candidate for allowing bioelectronics to fulfil its true potential. That does not mean that organic electronics are here to replace existing silicon technology but rather that they can act complementary to it by offering a novel toolbox for interfacing with biology.

Next we are going to focus a bit on the organic electronics device fabrication process as it poses a number of challenges which inevitably come hand to hand with the conducting polymer special nature.

Organic Electronics Fabrication Processes

As extensively presented in the previous part, during the past decades the field of Organic Electronics has attracted the increasing attention of the scientific community as an attempt to complement traditional silicon electronics and to broaden their horizons [6] . There are a number of good reasons justifying this trend as organic materials present a unique set of properties. In particularly, they allow fabrication of thin, flexible, lightweight, environmental friendly and low cost devices [7] . Moreover, they offer ease of processability, low temperature solution-based deposition, and the degree of freedom that comes with their chemically tunable properties [8] .

Nevertheless, before this new emerging technology becomes mature enough to influence the electronic industry, the major issue of organic film patterning must be addressed. There is an inextricable link between electronic device performance and electronic material patterning and that is the reason why many different methods have been developed throughout the past years to optimize the fabrication process.

Especially when it comes to organics, patterning is a challenging task as the technique of choice should be compatible with their special nature.

Unfortunately, despite its comparative advantages, conventional photolithography lacks compatibility with the vast majority of organic electronic materials. This is due to the fact that solvents used during deposition, development, and removal of photoresists have, in most cases, adverse effect on organic films. As a result, the already existing and well-developed industry of conventional silicon-based electronics can only provide limited tools for organics electronics [9] . Thus, the goal of overcoming those incompatibilities is of great importance as it will allow the use of the accumulated knowledge of an already well established and commercially successful fabrication approach.

In contrast, other nondestructive patterning techniques employed throughout the past years did not manage to live up to their potential. Vapor deposition through shadow masks, soft and hard imprint lithography, thermal transfer process and laser assisted printing were originally introduced as alternative approaches promising a convenient and easy way of device fabrication. Nevertheless, all these techniques suffer from numerous drawbacks. In particular, shadow mask deposition is the technique of choice for small-molecule patterning but lacks the ability of high resolution fabrication. Imprint technology on the other hand can offer resolution down to 10nm but it can be used only with a limited number of materials and device architectures [10] .In addition all of the above techniques have issues with low resolution, poor scalability to larger areas, lack of registration and the fact that they tend to follow complex and costly processing protocols [11] . These disadvantages render them unable to compete with today's state of the art fabrication processes.

In this part of the thesis we introduce novel approaches for conducting polymer device fabrication. In particular, what we are interested in is high throughput, cost effective and simple fabrication techniques, applicable to polymers and able to reproducibly create organic devices with high yield and efficiency. That is why we focus on polymer-friendly photolithography.

Photolithography

The term photolithography is a compound word made up from the Greek words Photo (Φως=light), litho (λίθος=stone) and graphy (γραφή=writing). As implied by its name, Photolithography is the process of transferring (writing) a pattern onto a substrate with the help of light.

Going back in time, there are two main landmarks in the development of photolithography. The first is the experiments of the Swiss pastor Jean Senebier (1742-1808) of Geneva with resins, in 1782. Senebier noticed that certain resins become insoluble in a solvent (turpentine) after sunlight exposure. The second pivotal moment comes with the work of Nicéphore Niépce on photography in 1826. Niépce, inspired by Senebier, was the first one to produce an image using the properties of light in Chalon (France). He used bitumen of Judea (a form of asphalt) dissolved in lavender oil, to coat a pewter plate and then he covered it with an etched print on oiled paper. The latter would serve as a mask for the three hours exposure to sunlight which was to follow. During this time, the exposed parts of the resist became insoluble while the protected ones could easily be removed by a mixture of turpentine and lavender oil corresponding to a photoresist behavior classified later as negative. Nevertheless, the first photolithography pattern transfer took place five years later, in 1827, by the Parisian engraver Augustin Francois Lemaître. Lemaître used a strong acid to etch a Niépce plate and to create a copy of a gravure of Cardinal d'Amboise, employing for the first time both photolithography and the chemical etching technique in a pattern transfer [12,13] .

Photolithography gradually became popular between the members of the scientific community as many of them started to realize the potential of the new technique. A little more than 100 years later, William Shockley and his co-workers at Bell Laboratories wanted to use photolithography for the fabrication of the first integrated circuit. However the need for a photoresist that could withstand the hydrofluoric etching of silicon dioxide (an important feature for their microfabrication process) made them turn to Kenneth Mees, Director of the Eastman Kodak Laboratories at Rochester New York. Mees contacted Louis Minsk, who in 1935 developed the first synthetic photopolymer known as poly(vinyl cinnamate), the basis of the first negative photoresist. His idea relied on the photoresist becoming less soluble upon exposure to light. Misk used that feature in order to define which part of the photoresist would dissolve and which would remain on the substrate. In his approach the dissolved parts would be the ones to create the desired pattern. Five years later, in 1940, Oskar Süß developed a positive photoresist (diazonaphthoquinone) [13] which worked in the opposite way with the pattern formed by the part of the photoresist that remains after exposure to light.

Today, many more chemical substances have been synthesized, characterized and used in photolithography both as negative and positive photoresists. At the same time, optimization and variation of radiation sources in lithography and (X-ray lithography, charged particles lithography etc.) allow the patterning with nanometric resolution. The comparison with the 0,5-1mm accuracy achieved by Lemaître during the first photolithographic attempt shows the extent of progress [12] .

Basic principles

The basic principle behind photolithography is the use of light in order to alter the solubility of a thin film that is exposed to it. A mask is a stencil, usually made out of chromium, that protects selected parts of the photosensitive material while the uncovered ones undergo changes in their properties (solubility) during the exposure.

After immersion into a developer, the parts that became more soluble are dissolved leaving the desired pattern on the film behind. It is obvious that the photosensitive material plays a key role in the success of the process. This material is typically an organic polymer, called photoresist, which can go through a series of photochemical reactions when exposed to light.

It should also be noted that the term Photolithography usually refers to the use of ultra violet light (UV-wavelengths 436nm and 365nm) during patterning.

Nevertheless, deep ultraviolet (DUV-wavelengths 248nm and 193nm) and extreme ultraviolet (EUV-wavelengths 5-100nm) photolithography techniques are both feasible and appealing, as in theory when the wavelengths of the light sources diminish the feature resolution increases. Nevertheless, it is difficult to find light sources with enough output power, the proper photoresists and the optical elements [14] for those short wavelengths. Moving a step further, X-Ray lithography, charged particle lithography or atomic force microscopy (AFM) lithography promise even better resolution, posing at the same time extra technological challenges. In this chapter every time we use the term Photolithography it will be implied that we refer to UV Photolithography.

Returning to photoresists, they can roughly be divided into two categories.

Positive photoresists (positive tone) and negative ones (negative tone). A positive photoresist is a photoresist which, when exposed to light, changes chemically and/or structurally becoming more soluble to an organic developer while, ideally, it was insoluble before. The mechanism behind this transformation can be either a polymer chain scission (e.g. poly(methylmethacrylate)-PMMA photoresist) or a photo induced change in the polarity of the molecule (e.g. two components DNQ-phenolic novolac resin) [12,15] . A negative photoresist works in the exact opposite way. The photoresist is soluble to the developer and exposure to UV light either promotes polymeric crosslinking or starts the polymerization of the monomers. That renders the exposed photoresist insoluble to the developer, hence unexposed parts of the film are removed during the development step that follows. Common negative tone photoresists are the two-component bis(aryl)azide rubber resists (Kodak KTFR-azide-sensitivity poly(isoprene) rubber) [12,15] .

For both these types of photoresists the exposure, the development and the final pattern formation on the substrate is depicted in Figure 1.2. In general, positive photoresists are more expensive than the negative ones but can offer higher resolution. This feature, along with the fact that positive photoresists can be developed in less toxic water based developers, made them more popular than the negative in industry. Nevertheless, many steps forward have been made lately in the synthesis and development of new negative resists. As a result, the newer negative tone resists are water developable and can also offer high resolution [12] . In addition, negative photoresists traditionally adhere better on substrates and they are more resistant to wet or dry etching than positive ones [12] . In conclusion, the choice of the proper photoresist depends on many different parameters (cost, resolution, pattern geometry etc.) all of which need to be taken into account before a decision is made.

Nowadays, photolithography is the most popular technique of patterning in the Integrated Circuits Industry. It offers a reliable and reproducible way of building up electronic devices with great accuracy and high resolution. Its main disadvantage is the limitations in the topography as it can only be implemented on planar substrates.

The process performance can be evaluated through three figures of merit:

 Resolution: It is a measure of the minimum size of a feature that can be patterned.

It needs to be as high as possible in order for the feature size to be small  Registration: It is a measure of how accurately patterns on different layers can be aligned with respect to each other.

 Throughput: It is the number of substrates that can be exposed per hour. The higher the throughput the more efficient the process.

Fabrication steps

The typical fabrication steps that take place during microfabrication are briefly reviewed below.

Substrate cleaning

The first, but definitely one of the most important steps in device fabrication is substrate cleaning. There are several different types of substrates that can be used for electronic circuit development. Silicon wafers are very common, especially in siliconbased semiconductor industry, but other kinds of substrates may also be employed.

Glass slides, conformable substrates (like Parylene-C) or even less conventional substrates as textiles and silk are among them. Despite the fact that some of those substrates may have special requirements or even incompatibilities with the standard cleaning protocols, the cleaning step cannot be easily omitted. Keeping the substrate free of contaminants is a matter of great importance as the degree of its cleanness affects the quality of the deposited film. Moreover, particles on the substrate could potentially lead to damage of the photomask during contact photolithography exposure (Figure 1.3) or even cause, in some cases, undesirable masking effects due to light diffraction. Among the contaminants that should be removed before coating the substrate with photoresist are atmospheric dust from operators and equipment, organic particles, moisture, H 2 O residue films, solvent stains, smoke particles, residual resist, particulates and chunks of granular matter [12,16] .

The cleanliness of the fabrication environment is of critical importance hence all fabrication steps take place in a clean room environment (typically class 100) which allows the presence of up to 100 particles (sized 0.5μm or larger) per cubic foot of atmosphere. An environment like this minimizes the amount of unwanted particles in the milieu and a result minimizes the number of unwanted contaminants on the device as well. Taking this environment as granted, typical cleaning procedures may include both wet and dry methods. Sonication in water soap baths or solvent baths are normally employed for the removal of particles (both inorganic and organic). In some cases piranha solution (a 3:1 mixture of sulfuric acid and hydrogen peroxide) can also be used for organic particles detachment. Additional approaches include thermal treatment at high temperature (dehydration bake), plasma cleaning, vapor cleaning and supercritical cleaning with CO 2 during which supercritical fluid of carbon dioxide is used for removal of inorganic and organic contaminants from cracks and clefts due to its ability to penetrate into crevices. [12,16,17] .

Deposition of the photoresist

Once substrate cleanliness is ensured, deposition of the photoresist on the substrate follows. Among the ways of depositing polymers on a substrate spin coating is the one which can guarantee uniformity, reproducibility and precision during deposition. It is a well-known, traditional technique which is rather easy to use and offers control of the film thickness. The main drawback is the fact that the majority of the processed material is wasted.

Consequently, spin coating deposition has been the method of choice for photoresist thin film formation during fabrication for several decades now. During this approach, a small droplet of the photoresist is placed in the middle of the substrate which is secured on a chuck via vacuum. Centripetal acceleration spreads the photoresist on the substrate. Although almost 98% of the initial material is wasted, eventually a thin film of photoresist is deposited on the substrate. (Figure 1. Thickness h of the photoresist is controlled through specific parameters of the process. Angular spinning speed ω and time t as well as the liquid density ρ, material viscosity η and evaporation rate e e are the most important factors affecting film's formation. During this process complex non-equilibrium phenomena take place and it is believed that two parts contribute to the rate by which the thickness of the film changes over time. A part that refers to the effect of the angular spinning speed and a part connected to the evaporation rate of the photoresist e e . Generally the spinning cycle can be separated into two stages: a very fast coating stage (when the photoresist is spread on the substrate) and a longer drying stage (during which the solvent evaporates). In any case, the rheology behind the film formation is rather complex especially if the evaporation of the photoresist is taken into account. Therefore, the film thickness is usually given by the empirical expression (1) [12,16,17] :

ℎ = 𝐾 𝐶 𝛽 𝜂 𝛾 𝜔 𝛼 (1) 
where K is an overall calibration constant, C is the polymer concentration in g/100mL and η is the solution's viscosity. The exponential parameters α, β and γ are determined experimentally. Once these parameters are set, a calibration curve is obtained which can provide the film thickness for a given polymer and solvent.

Usually, film thickness is inversely proportional to the square root of the angular spinning speed ω and proportional to the solutions viscosity η to the 0.4-0.6 power [17] .

ℎ ∝ 𝜂 0.4-0.6 √𝜔 (2) 
There are two common ways to realize photoresist's dispersion on the substrate: the static dispense and the dynamic dispense. During the static dispense a small droplet of photoresist is deposited on the substrate while it is immobile. The amount of material deposited is in direct correlation with the viscosity of the photoresist (more viscous photoresists need more material to be placed) and the size of the substrate (bigger substrates need more material for the total coverage of the substrate to be ensured). On the other hand, dynamic dispersion dictates an initial step of spinning at a low speed (typically 500 rpm) while the dispense takes place. After that the substrate is accelerated to its final speed. Theoretically, this approach facilitates the wetting of the substrate the spreading of the material and consequently the film formation especially in the case of photoresists with poor wetability. [12,17,18] ..

For both approaches the angular spinning speed and the time of the spinning are the two parameters that affect the final thickness of the film. In general high speed and longer spinning times end up in thinner film formation.

Post-apply bake

What follows is a thermal treatment step called post-apply bake (PAB) (or soft bake). It usually lasts for a minute or two on a hot plate at 110 o C. The purpose of this step is to evaporate the remaining solvent from the photoresist and to densify it just before exposure. That renders the coated film more stable and reduces the probability of the covered substrate to stick on the mask during exposure.

Use of the mask/alignment/exposure

Exposure stands at the very heart of the fabrication process. The basic principle behind photolithography, after all, is altering a photoresist's solubility by delivering energy to it via radiation. The stencil that is used to transfer the desired pattern on the photosensitive film is called the "mask". Generally a mask is made of glass (transparent to UV radiation) with a metal pattern on it (usually it is used a 800 Å Chromium film). The glass windows allow the radiation to pass through it with very little absorption while the metal pattern protects the underlying photoresist from any interaction with light. Masks are constructed with electron beam lithography which can result in higher resolution than photolithography [12] . Special care is also taken in the proper alignment of different device layers to each other during the exposure. As previously stated this is one of photolithography's figure of merit (Registration) and is handled with the use of special marks (alignment marks) strategically placed on the different layers [14] . After all, registration is one of the main of the advantage of photolithography compared to the rest of the techniques along with its high throughput due to its parallel nature.

There are three different ways to perform the exposure: Contact, Proximity and Projection mode as shown in Figure 1.4.

Contact mode

Contact mode lithography was the first mode to be used in the early 1960s. In this approach the substrate is in physical contact with the mask during the exposure.

The alignment of the substrate is made, yet, with the creation of a temporal gap between the two. The resolution of contact printing is rather high as it can go down to the wavelength of the radiation. Nevertheless, the high risk of mask damage due to the contact with the substrate motivated a search for alternative modes of photolithography.

Proximity mode

Here mask and substrate are not in contact anymore as there is a small gap (10-50μm) between the two. That protects the mask from damage but at the same time lowers resolution due to diffraction effects.

Contact and proximity mode printing are known together as shadow printing.

The resolution r for them is given by the formula [14,16,17] :

𝑟 = 3 2 √𝜆 (𝑠 + 𝑑 2 ) ( 3 
)
where λ is the radiation wavelength, s is the distance between the mask and the substrate and d is the photoresist thickness

Projection mode

This is the mode of choice used in semiconductor industry from the mid-1970s to today. In projection printing, there is no direct contact between the mask and the substrate as the mask is projected onto the substrate through a lens system. This approach protects the mask from damage since there is no physical contact involved.

In addition, the demagnification of the mask pattern achieved with the optics results in high resolution and makes the mask fabrication a little easier [12] . The resolution r for projection printing is given by [14,16,17] :

𝑟 = 𝑘 𝜆 𝑁𝐴 ( 4 
)
where k is a coefficient that depends on process-related factors and NA is the numerical aperture.

Development

After exposure, a development step will allow the latent resist pattern formed to be revealed. A selective dissolution creates a relief that will serve as a mold for the next fabrication steps. Development is of extreme importance as it controls the quality of the transferred motif.

There are two main approaches to perform this step: wet development and dry development.

Wet development

In wet development aqueous and organic solvents are used to dissolve selectively the exposed photoresist. Positive photoresists are developed in aqueous alkaline solutions while negative photoresists are developed in organic solutions.

Aqueous development is preferable for environmental reasons and that is why newer negative resist may also be developed in aqueous solutions [12] . The aqueous solutions are usually tetramethyl ammonium hydroxide (TMAH)-based. The solvent is applied either by immersion or by spraying (with or without substrate spinning) [12,17] .

Dry development

Dry development is an alternative approach dictated mostly by the need for developing cleaner fabrications techniques. It is based on oxygen-reactive etching for the appearance of the desired pattern. Exposure alters the photoresist's etching resistance rather than its solubility to a solvent [12,17] . After development, the substrate is rinsed and dried with dry air or nitrogen. Visual inspection guarantees the quality of the pattern and the lack of defects.

Descumming and postbaking

Descumming is a mild oxygen plasma treatment to remove any residual resist after development. It removes tiny amounts of unwanted material without harming the desired features. Patterned resist is also affected but as long as only a few hundred Angstroms are removed this is not causing any fabrication concerns [16] .

Just before the printed, in the photoresist, pattern is transferred onto the substrate, a post baking step (also known as hard baking) takes place. Hard baking promotes interfacial adhesion of the film and removes the residual solvent. It usually occurs at the temperature of 120 ο C (slightly higher than the one used for soft baking) which additionally cross-links the photoresist making it harder and more resistant to the etching steps that follow. Special care should be taken in order for the temperature not to cause flow or melting of the photoresist as this will cause degradation of the profile of the resist.

Pattern transfer

The previous steps create the desired pattern on the photoresist. The next goal is to transfer this pattern (or its negative) from the photoresist onto the substrate.

There are two different methods to achieve this goal: a subtractive process and an additive one [9,17] .

In the subtractive method, first a material film is deposited on the substrate.

Photolithography creates a positive image of the pattern and then etching removes the excess material leaving behind the desired structure. The additive method, on the other hand, uses photolithography to create first a negative image of the pattern and then to realize its positive version via selective deposition of material. Both these methods will be further developed with case studies later in this chapter.

Etching is one of the most crucial parts in fabrication. Selective etching creates the required polymer microstructure during the subtractive approach while it controls the material deposition in the additive one. In general etching is a method of removing material which is not protected under the photoresist. It can be done chemically, mechanically or with a combination of the two mechanisms.

Wet etching was initially the method of choice in the microelectronic industry.

An acidic solution was used to erode the thin film not covered by the photoresist creating a selective 3D structure. Nevertheless, the method's isotropic nature usually resulted in an undercut profile damaging the overall resolution. Consequently, new dry etching approaches quickly became popular as they could provide etching in an anisotropic way. Plasma etching, in particular, uses plasma (an ionized gas) to anisotropically and selectively etch only the patterned material and not the photoresist above it, allowing fabrication with sub-micrometer resolution. As dry techniques are easily automated and remove the need for toxic developers, it is not a surprise quickly rose to dominance [16] .

Many different dry etching techniques have been developed, but among them reactive ion etching (RIE) offers the benefits of both the chemical and the physical etching worlds. RIE uses plasma to create ionized atoms which can be accelerated by an electrical field and cause a directional sputtering of the substrate. This is extremely important in giving anisotropy to the technique. The charged molecules gain kinetic energy which they transfer to the film in the collision, etching it vertically. At the same time they provide the energy for an etching reaction to take place which is selective due to its chemical nature.

The deposition of the material of interest, mentioned above, is done with a number of different techniques. Chemical Vapor Deposition (CVD), Physical Vapor Deposition (PVD), sputtering and electroplating are among them. Here we are going to focus on thermal evaporation as it widely used for metal film deposition and it will prove to be extremely useful for the fabrication of the organic devices that follows.

Stripping

The last step of the fabrication process is the removal of the remaining photoresist. That will create patterns by selectively discarding the evaporated material which was deposited on the photoresist while leaving the rest intact. The photoresist acts now as a sacrificial layer and is removed along with the metal layer on top of it, creating the desired metal profile. Photoresist stripping is usually performed with the help of organic solvents. Acetone is very commonly used for this task, along with other phenol-based commercial strippers. Nevertheless, environmental issues favor the use of dry stripping methods such as oxygen plasma. In any case, the ultimate criterion in the stripping approach is not to destroy the target material film. Especially for organic materials this criterion poses a number of extra difficulties due to incompatibilities with the majority of solvents.

Photolithography in polymer device fabrication

The previously presented steps of conventional photolithography could have theoretically been implemented in polymer device fabrication as well. The main challenge of organics, though, is the incompatibility issues between organic films and the solvents used during optical lithography. Unfortunately, the solvents employed for depositing, developing and removing photoresists usually have a destructive effect on organic materials (including dissolution, cracking, swelling and delamination of the polymer film [9] ). During the past years, two different but representative strategies that have been developed to overcome these limitations are presented here.

Sacrificial layer methods

An alternative way of patterning organic materials, developed by DeFranco and co-workers, is based on the use of a Poly(monochloro-p-xylylane (Parylene-C) sacrificial buffering layer [9] . Parylene-C (a polymer widely used as a barrier layer) is employed to protect the organic film during each step of the photolithography fabrication (deposition, development and strip of the photoresist). After Parylene-C deposition, the formed film is inert and resistant enough to withstand a photolithography step on it.

From this point, two different fabrication methods (an additive and a subtractive one) lead, eventually, to the organic material patterning [9,19] . For the subtractive method the developed photoresist serves as a mask to selectively etch and remove both the Parylene-C layer and the organic film under it. In the additive method, on the other hand, the photoresist acts as contact mask and an etching step leaves behind voids in the Parylene-C to be filled with the polymer. Both these approaches can give high quality patterned polymer films and are shown schematically in Figure 1.5. The next two case studies are paradigms of the aforesaid additive and subtractive methods implemented in organic device fabrication. The active area of those devices is covered with a thin polymer (PEDOT: PSS) film while the electrodes and their wiring are gold patterned with the use of conventional photolithography techniques .Both methods are versatile, generic and can be used for direct patterning of polymer films in a variety of organic devices (polymer covered electrodes, organic transistors, etc.).

Subtractive patterning

A subtractive method that can result in high performing devices was presented in 2011 by D. Khodagholy and co-workers [20] . In this approach PEDOT:PSS covered gold electrodes where fabricated on a 2μm Parylene-C film that served as a flexible substrate. Initially, gold electrodes, interconnects and pads were patterned on a Parylene-C film via standard photolithography. A second 2μm thick film of Parylene-C was used to insulate the device while a second photolithography step followed by oxygen etching (RIE) opened windows over the recording sites and pads. The The process success relies on the fact that the polymer film adheres better on gold than on the Parylene-C film above it. In addition, due to its hydrophobic character, DI water facilitates the sacrificial layer's peeling off without affecting the organic film's quality and conductivity. The conducting film's integrity is also guaranteed during the Parylene-C deposition process. The above points render the method generic, versatile and usable for different types of conducting polymers as they also become hydrophilic when doped.

Parylene-C plays a key role in the studied fabrication approach. It not only protects the organic film which is sensitive to solvents, but also offers electrical insulation for the device which is imperative for its functionality. Parylene-C is a member of the greater Poly p-xylylene family and is produced with the substitution of one of the aromatic hydrogens by a chlorium atom(Figure 1.7). It has been extensively used in the past for coating purposes. It is a green chemistry polymer as it is chemically inert [21] and needs no initiator for solvent free deposition as a coating film [22] . Hence it can be easily deposited on and removed from the polymer films without causing their chemical deterioration [20] .

The material is deposited from its vapor phase via a CVD method proposed by Gorham. Its dimer is heated at 150 o C (P= 1 Torr) creating the vapor phase of the material. A pyrolysis stage follows at 680 o C (P= 0.5 Torr) that cracks the dimers to give birth to monomer units. The final polymerization step takes place on the device substrate at 25 o C (P= 0.5 Torr) resulting the formation of a thin polymer film [22] .

Most importantly, coating thickness can be controlled accurately and reproducibly through the amount of dimer used.

Additive patterning

An addictive method of polymer patterning was presented by Sessolo and coworkers in 2013 [8] . Once more, gold electrodes, contact pads and their interconnections were patterned lithographically, on a glass substrate. Once again, the method is generic and versatile, and it can be adapted regarding the desired device geometry. Moreover, different conducting polymers can be used as active layers as long as they can be deposited from solution.

Orthogonal photoresist method

A different way of dealing with the polymer patterning challenge comes with the utilization of orthogonal solvents. The term orthogonal refers to solvents in which the organic compounds are insoluble, a feature that allows not only the patterning of organic electronic materials but also their multilayer deposition.

Hydrofluoroethers (HFEs) , in particular belong to a class of solvents which, besides being nontoxic and environmental friendly, are also orthogonal to many organic materials [23] . Consequently, they are ideal candidates for polymer patterning as long as a photoresist compatible with them is synthesized.

A photoresist like this was presented in 2009 by P.G. Taylor et al [10] . The HFE compatible material is a co-polymer composed of a highly fluorinated monomer In a similar approach, H.S. Hwang and co-workers were able to pattern polymer materials using supercritical carbon dioxide (scCO 2 ) as solvent [24] to fabricate an OLED. ScCO 2 is an environmental friendly fluid used in dry photolithography process (DPP) for resist stripping due to its physical and chemical advantages. Most importantly, it is a poor solvent for most ionic, high molecular weight and low pressure organic materials.

In 

Concepts of Neuroscience

Brain is, without any doubt, the most marvelous and remarkable organ in the human body. It is the center where the stream of environmental signals is sorted out to those events that are important for the survival or the well-being of the individual.

Putting in a different way, it is the center where perception is organized and either is stored in the memory for future reference or is translated into an immediate action [25] .

Going a step further, brain is something more than just the center for moving and sensing functionality. It is the part of the body where processes like thinking and emotion creation take place, giving birth to the notion of consciousness. This is why Scientific American in 2014 named the new century the century of the brain. This is also why the new trend in science dictates large scales initiatives to facilitate recording and controlling brain activity as part of a greater effort to understand this extraordinary biological machine (e.g. "Human Brain Project", "Brain Activity Map"). After all, the study of the brain is in its base the study of our own selves and mankind has always been fascinated by the idea knowing its inner world.

In practice, brain functionality is based on a very big number of interconnected nerve cells that form a complex information processing network.

There are two main nerve cell classes participating in this task. The neural cells (or neurons) and the glia cells (or glia) [25,26] . (Some scientists will argue there are three if we count the blood vessels as well. Blood vessels' main role is to provide the neural cells with glucose, the basic energy fuel)

Neurons

Neurons are the basic units of the brain. Inside the human brain we can find a little bit less than 100 billion individual neurons a number of the same order of magnitude with the number of stars in the Milky Way Galaxy. These neurons can be further classified to a thousand different types. Nevertheless, it is more the organization of them into different neuronal circuits that creates the complexity of the human behavior and less their variety. In other words, the same type of neurons can participate in different signaling function depending the way they are interconnected with other neural cells.

A typical neuron consists of four distinct parts:

1. The cell body (or soma)

2. The dendrites 3. The axon 4. The presynaptic terminals Figure 1.12 :Schematic of a typical neural cell [27] .

The cell body is the metabolic center of the cell and the part of the cell where the nucleus is located. As a consequence, this is where the protein synthesis takes place. There are two kinds of processes that arise out of the soma. The term action potential refers to a fast membrane depolarization event (initially the inside of neuron membrane is negative in respect to the positive extracellular area) and a subsequent re-polarization. Nevertheless, neurons are not only electrical active cells they are also secretory ones. They secret molecules through their presynaptic terminals, the fourth of their distinct part. These molecules are called neurotransmitters and are the chemical substances that alters the electrical properties of the target cell by binding to special transmembrane proteins called neurotransmitter receptors [25,26] . The overall idea is that neurons transform the signal that they receive as a molecular input into an electrical one that can travel faster to the next neuron where it can be changed back to its chemical form before interacting with it.

Neuron can be classified into three major categories regarding their form.

Thus we can talk about 1) Unipolar 2) Bipolar and 3) Multipolar neurons Figure 1.13 : Neural cell classification [27] .

This classification is based on the number of processes emerging from the cell body but it has significance in the neuron's functionality as well. For example unipolar neurons are mainly found in the invertebrate nervous system and in the autonomic nervous system of the vertebrate animals. They have only one process which is later divided into an axon and a dendrite brunch. Bipolar on the other hand, are mainly sensory neurons with their dendritic part able to receive information from the periphery of the body while their axonal part forwards this information to the brain. A special subcategory of bipolar cells is the pseudo-unipolar which are the cells that transfer information of pain, pressure and touch to the spinal cord (DRG cells).

Last but not least, multipolar neurons are the ones that we can find in abundance in the neuron system of the vertebrate kingdom .They have one axon and many dendrites which allows them to make a number of different connections with other neurons [25] .

Glia

The term glia (γλία) comes from the Greek language and it means glue. It was conceived in 1895 by Rudolf Virchof as an effort to describe an "inactive substance" that holds the nerves together in the central nervous system [28] . Yet, glia does not really hold the neurons together. Instead, it surrounds them having a supporting to them role.

Glia cells are morphologically very different from the neurons as they do not have the typical soma-axon-dendrite structure of the later. In general, they present a remarkable diversity linked to their multi functionality and outnumber neurons by a factor of 2 to 10. Nevertheless, glia on vertebrates can by divided in two major categories. Microglia and Macroglia [25] .

Microglia are cells of the immune system while Macroglia has a slightly different more supporting role and is subdivided into Oligodentrocytes, Schwan cells and Astrocytes. For the first two (Oligodentrocytes and Schwan cells) there is not much of a dispute regarding their role. We know, today, that these are the cells that provide an insulating layer, called myelin, which is essential for the fast transfer of the electrical signals between the neurons.

Nevertheless, Astrocytes' role is still a mystery for the scientific community.

We believe that their main function is to retain the central nervous system homeostasis [28] . It is believed that they do not take part in information processing but they provide neural support in four ways [25] :

1) They separate cells and thus provide electrical insulation between neuronal groups.

2) They regulate the concentration of K + at the between the neuron space by absorbing the excess of the cation and a consequence ensure the quality of the signaling between the neuron cells.

3) They perform neurotransmitters' up taking from the synaptic clefts.

4) They secret growth factors that nourish surrounding neurons.

Figure 1.14: Glia cell classification [27] .

It is a common belief that astrocytes are not excitable cells. Nonetheless, it has been recently shown that the astrocyte membrane possess neurotransmitter receptors that could possibly trigger electrical and biochemical events inside the glial cells [START_REF] Bear | Neuroscience : exploring the brain[END_REF] .

This is something we try to explore in Chapter 6 of this thesis.

Action Potential

Neurons are using electrical signals to convey messages among them and to communicate. The basic unit that carries information from one neuron to another in the nervous system is called action potential (AP). An action potential is a fast, transient change in the membrane potential usually generated at a specialized part of the soma called the axon hillock, and which travels away from the cell body through the neuronal axon.

But how does the action potential is really generated? To answer this question we need to take a step back and study a bit the cell membrane physiology. The neuron cell membrane is a phospholipid bilayer which separates the interior of the cell from the exterior. At the same time it creates a concentration gradient of some specific ions (most important of which is sodium Na + and potassium K + ) between the inside and the outside. This can be achieved through specialized transmembrane proteins. The proteins that create and maintain the concentration gradient are called active ion transporters (ion pumps) while other proteins that selectively allow ions to pass through them in a passive way are called ion channels. The ion channels can be either voltage or ligand gated. This means that they can respond either to changes in the voltage or to the binding of chemical molecules.

The role of the two kind of proteins is complementary as the transporters create a concentration gradient that could lead to ion flux through the ion channels and to electrical signal creation [26] .

Due to this unequally distribution of ions across the plasma membrane a membrane potential is generated which is called resting potential V m . At rest, there is an excess of positive charges at the external of the membrane while the cytosol has an excess of negative ones giving rise to a negative value of about -70mV (by convention the potential outside the cell is zero). All of the neural signaling is happening when ion fluxes across the cell membrane causes fluctuations from this resting value [25] . It is also worth noticing that at this point the concentration of sodium ions is greater in the outside of the cell than the inside while the concentration of potassium channels is in the inside.

Responding to external stimulus which is greater than a threshold value, the cell membrane becomes permeable to sodium ions (Na + ) which rush inside the neurons cytosol through the sodium ion channels. This causes the voltage in the inside to rise while the cell goes under a depolarization phase. The membrane voltage rises up to a value of approximately + 30mV when the sodium channels closes and the potassium channels open to allow an outward this time current. This time the membrane voltage drops to a negative value (repolarization phase).

Figure 1.15: Plot of the phases of an action potential [30] .

In most nerve cells, the potassium ion channels remain open even after the resting potential value is reached and potassium ions K + continue to rush out of the cell resulting in a membrane potential even more negative than the -70mV that can be measured at rest. This phase is called hyperpolarization phase (or undershoot) and defines the end of the action potential. Hyperpolarization is very important phase in information propagation. It prevents a neuron from receiving any stimulus and as a consequence from "firing" a new action potential (or makes it very difficult to do so by raising the activation threshold). In other words, it creates an absolute refractory period and/or a relative refractory period ensuring that no trigger will create an action potential travelling the opposite direction [25,30] . After hyperpolarization , Na + /K + ion pumps will restore the membrane voltage to its resting potential value of -70 mV.

The time duration of the action potential last from 1-4 ms while the amplitude of the intracellular voltage fluctuation is about 100mV.

Concepts of Electrophysiology

Despite the fact that organic bioelectronics is a very broad field that embraces every possibly interaction between biology and electronics, electrical interfacing with the nervous systems is definitely one of most impressive and promising areas of scientific implementation.

Going back in time, the origins of this effort can be traced in the 18 th Century when Luigi Galvani performed his, now considered to be pioneering, experiments.

Galvani was able to make the detached legs of a frog move just by applying a small electrical voltage to them creating the newborn field of electrophysiology.

In reality, the actual birth of the field should be located even earlier in the 1660 and the work of the Dutch microscopist and natural scientist Jan Swamerdamm and his neuromascular preparation [START_REF] Verkhratsky | [END_REF] . Swamerdamm came real close to understand the nature of this interaction between nerves and muscles but it was no other than Isaac Newton who talked first about the idea of neural electrical signals. Nevertheless, he was convinced about the lack of appropriate experiments which could reveal the physical laws behind them. This experimental proof came 80 years later, in 1791 with the publishing of Galvani's work entitled "De Viribus Electricitatis in Motu Musculari Commentarius" [START_REF] Verkhratsky | [END_REF] .

Electrophysiology is a compound word of Greek origin. It is made up of the word Ήλεκτρον (electron), φύση (nature,origin) and λόγος (study). It involves the study of the electrical properties of cells and tissues. It is performed with the measurement of either voltage or current and it can be applied in different scales.

From a single ion channel and a cell to whole organs like the heart or the brain.

A broad categorization of the Electrophysiological techniques can make a distinction between in vivo and the in vitro preparations. In vivo are the techniques in which implantable probes are used to measure neural activity while the subject is still alive. In in vitro techniques on the other hand the recording devices are fabricated on glass and cell cultures or organs are placed on them. My work was exclusively based on in vitro recording techniques so I am going to give a small introduction on them leaving aside the in vivo approaches.

In vitro electrophysiology

The in vitro electrophysiological approaches can be either intracellular or extracellular.

When intracellular recordings are performed a probe (microelectrode)

penetrates the cell membrane and records the voltage (or the current) across the membrane. Typically it involves an electrode inside the cell and a reference electrode outside of the cell. The technique was furthers developed by Cole, Hodgkin and

Huxley resulting the voltage clamp

Voltage clamp: In this approach a sharp microelectrode penetrates the cell membrane and "clamps" the voltage to a fixed value. The technique is based in the use of a

voltage amplifier that holds the potential of the membrane fixed by injecting current inside the cell .This current is equal in amplitude and opposite in sign than those running out of the cell. These injected current measures the ionic and capacitive current flowing in and out of neuron [32] . A variation of voltage clamp is the current clamp.

Current clamp:

In current clamp, on the other hand, the membrane's voltage is left free to vary and is recorded as response to a current stimulation applied to the cell by the recording electrode Neher and Sakmann in 1976 developed the microelectrode intracellular method even further resulting in the Patch clamp approach.

Patch clamp:

With the patch clamp technique a slightly different approach than before is followed. This time a glass pipette with a very small tip is used to form a very close contact with a part of the cell (patch) mostly by application of a small suction. This mode of the Patch Clamp technique is called "cell-attached" and is used to study the ion channels that are present in the patch. If more suction is applied then the patch is removed allowing the interaction between the inside of the cell and the micropipette. This is called "whole-cell" mode and allows the recording of voltage and currents originated from the entire cell.

In general, intracellular recordings allow ionic and synaptic conductance measurements along with subthreshold events which cannot be recorded with extracellular electrodes. Nevertheless, they cannot target multiple cells simultaneously and they are destructive for the understudy neuron.

For the extracellular recordings the approach is different than the above. The goal is now to monitor the neural activity outside of the cell membrane. In practice, voltage variations are measured in a conductive extracellular field generated by a current flow with the help of an electrode placed as close as possible to the active neuron [33] . This voltage is always measured in respect to a second electrode far away from the first one [START_REF] Harvey | Encyclopedia of Psychopharmacology[END_REF] .The obtained signal is led to an operational amplifier and after that ,usually, to an automated recording system. recording and (c) extracellularly microelectrode recording [35] .

The in vitro extracellular recording technique is usually easier to be implemented as it takes place in a controlled experimental environment. It is noninvasive and therefore ideal for chronic measurements as the under investigation neurons remain unharmed. It offers the privilege of synchronous recording from multiple sites allowing simultaneous recordings from multiple cells, something unachievable for the intracellular techniques. In addition, it is consistent with the 3Rs (Replacement, Reduction, Refinement) principle which dictates the less possible use of animals for experimental purposes due to ethical restrictions. Lastly, it is suitable both for basic research allowing a profound understanding of the neuronal signaling mechanism and for its technological implementation (e.g. drug screening platforms).

Its main drawback is the low amplitude of the signal that is targeted (typically about 100μV) due to its attenuation inside the extracellular space and the fact that it cannot record subthreshold events like post synaptic potentials [33] .

Typically the extracellular recordings can be sorted into three categories.

Single unit recordings, multi-unit recordings and Local Field Potential recordings.

If the extracellular recording electrode is small enough (about the size of a single neuron), then singlet-unit recordings are obtained. That means that action potentials for a single neuron in the proximity of the extracellular electrode are recoded in a way very similar to the intracellular methods. Nevertheless, these APs are typically three orders of magnitude smaller in amplitude. In addition they usually show an inverse polarity in respect the intracellular recordings as extracellular electrodes sense the ion flux that creates the neural activity from a different angle.

If the size of the recording extracellular electrode is a bit bigger that the size of a single neuron then action potentials from more than one cell are recorded in a mode called multi-unit recording. In that case a process called spike sorting is usually applied. Spike sorting aims to distinguish the different action potentials coming from different cells.

Lastly, extracellular electrode can also record (Local) Field Potentials-LFPs.

These are signals that are created by the sum of the activity of many single cells.

These signals are typically slower than the action potentials (they present a frequency lower than 200Hz) and have a bigger amplitude (typically varies from a hundred of μV up to a few mV). Despite the fact that due their nature it is hard to locate the origin of the creation of LFP, they also present neurophysiological interest as they encode the dynamics and the function of the neural circuits.

Chapter 2: Biopotential Electrodes

Introduction

Up until today the gold standard for electrophysiology measurements has been the use of electrodes (usually referred to as Biopotential Electrodes). These electrodes are coupled with living tissue allowing biological activity recording or even electrical stimulation of living cells in an interactive pathway. Hence, electrodes act as a "transducer" that conveys a "message" from the world of biology to the world of electronics and vice versa. Their role should be even more appreciated if we take into consideration the profound differences between the two worlds. Living cells are soft, fragile, bendable and use ionic currents to communicate. Electronic read out systems on the other hand are rigid, hard, stiff and most importantly use conventional electronic current. Therefore, there is an imperative need of a device that can translate the ionic current to electronic current [1] .

Before moving further into the physics behind this "transduction" let us have a quick look on the nature of the electrodes. Electrodes are, essentially, pieces of metal dipped inside an electrolyte. The moment the electrode is immersed in an ionic conductor an electrode-electrolyte interface is formed. The phenomena taking place in such an interface can be extremely complicated. Nevertheless, in a basic first approximation, the metal dissolves inside the electrolyte and an equilibrium like the one described by equation (2.1) is formed. The phenomenon is called electrodialysis.

𝛭 ↔ 𝛭 𝑧+ + 𝑧𝑒 -(2.1)
In the above equations it is assumed that the metal M is immersed in an electrolyte that contains ions of the same metal. This results in the development of a potential since negative charges are accumulated on the metal surface compensated by positive charges in the electrolyte. This potential is called the half-cell potential.

In the above analysis, we have transfer of electrons and as a consequence an oxidation and reduction reaction occurs. These reactions are governed by Faraday's law and are called faradaic processes. The electrodes at which these process take place are called charge transfer electrodes or non-polarizable electrodes and behave as resistors [2] .

On the other hand when we consider the case during which non-charge transfer reactions occur then we are talking about ideally polarizable electrodes (IPE). 𝑅 𝑠 refers to the solution resistance (to be more accurate this is called the spreading resistance and we will talk about it later in this chapter), while R and C are the resistance and the capacitance that correspond to the electrode. V is the half-cell potential of the interface between the electrode and the electrolyte. Biopotential signals are extracted from the differential between two electrodes; the recording electrode as presented above and a reference electrode. Let us have a look at how this potential is actually recorded. In order to do that we are going to use an IPE. As already stated there is not such a thing as an ideal IPE since at high enough voltages any electrode can inject/extract electrons to/from molecules in the electrolyte.

Nevertheless, noble metals like Pt, Au, Ir and others like Ta/Ta 2 O 5 and TiN can act like IPEs over a limited range of applied voltages [3] .

Let us consider a metal IPE immersed in an electrolyte. There is no really charge exchange between the electrode and the electrolyte nevertheless other processes like absorption or desorption may take place. In the case where a small voltage is applied between the electrode and a reference electrode, and after redistribution of the ions inside the electrolyte, a negative ionic charge will appear close to the anode and a positive ionic charge will build up near the cathode. A transient current will flow for a short time until a steady state is reached.

Figure 2.2: Schematic of the extracellular recording of a cell from a planar electrode. The recorded voltage is the difference between the metal electrode and the reference electrode [4] . Now consider the case where cells are cultured inside the electrolyte (culture media) on top of the metal electrode. The cell soma will partially cover the electrode while the free part of the electrode will be in contact with the culture media and connected to the ground. A set potential is established and the amplifier records the sum of the potential from both the free electrode surface part and the membrane covered one. If we assume that the resistance of the media Rs is low enough to be neglected, then the relation between the voltage at the contact pad V pad and in the cleft between cell membrane and the electrode V J is given by the frequency-independent relationship (2.2) [4] .

𝑉 𝑝𝑎𝑑 𝑉 𝐽 = 𝑄 C E +C sh 𝑄 C JE = C JE C E +C sh ≈ C JE C E = 𝐴 𝐽𝐸 𝐴 𝐸 (2.2)
where C JE is the capacitance of the covered electrode of area A JE , C E is the capacitance of the whole electrode with area A and C sh is the shunt capacitance of the connecting lane. Given that C sh <<C E the recording signal amplitude depends linearly on the ratio of the covered electrode and the whole electrode area.

𝑉 𝑝𝑎𝑑 = 𝑉 𝐽 × 𝐴 𝐽𝐸 𝐴 𝐸 (2.3)
The take away message is that this simplistic model, electrodes (with the use of ideal bandpass filters) can act as frequency independent voltage followers for the capacitive monitoring of cellular signals [4] .

Theoretical model of the neural recording

The recording principal of the cell generated electrical signal is based on the extracellular field theory [5,6] . A metal microelectrode of about the size of the electrogenic cell is placed as close as possible to the part of the cell that creates ionic current flow . This can be the soma or the axon hillock which generate action potentials that propagate to other passive parts of the cell (dendrites). This transmembrane ionic current consists of two components. A capacitive and a resistive one [5,6] :

𝐽 𝑚 = 𝐽 𝑐𝑎𝑝 + 𝐽 𝑟𝑒𝑠 = 𝐶 𝑚 ( 𝑑𝑉 𝑚 𝑑𝑡 ) + 𝐺 𝑚 𝑉 𝑚 (2.4)
where V m is the transmembrane potential, C m is the membrane capacitance and G m is the membrane conductance.

These currents can be modeled with the help of a distributed current dipole which generates extracellular field potentials [5,7] . The sink of the dipole is located at the soma or the axon hillock (the place where the action potential is created) while the sources are distributed over dendrites. The relative position of the recording electrode with respect to the sink or the source of the dipole will affect the polarity of the recorded field potential (action potential).

The extracellular generated potential at a particular point P is given by:

V 𝑒 (𝑃) = 1 4𝜋𝜎 ∑ 𝐽 𝑖 𝑟 𝑖 𝑖 𝛥𝑆 𝑖 (2.5)
where σ is the conductivity of the extracellular medium, J i is the current density over the i th segment (positive for source, negative for sink),r i is the distance from the i th segment to point P and ΔS i is the surface area of the i th segment. This is the voltage that can be detected and recorded by the extracellular metal electrodes with respect to a reference electrode located inside the bath solution This simple circuit can give us now a deeper understanding of the role of the capacitance on the recording of neural activity. Let us assume that the neuron in Figure 2.2 "fires" an action potential. That means that its cell membrane undergoes a fast depolarization/repolarization circle just like the way it has already been described in Sub-Chapter 1.3. In brief, a cascade of biological events, including the opening and closure of sodium and potassium channels, results in ionic currents in and out of the cell. It is the creation of these currents which produce the extracellular potentials of equation (2.5) that is recorded by the electrodes. Considering the equivalent circuit of Figure 2.3 this applied potential will cause a voltage drop across the resistor and the capacitor which is given by:

(Figure 2.
𝑉 = 𝑉 𝑅 + 𝑉 𝐶 = 𝐼 • |Z| (2.6)
where Z is the complex impedance of the in-series combination of the resistor and the capacitor.

The complex impedance Z and its magnitude |Z| are respectively equal to:

Z = 𝑅 𝑠 + 1 𝑖𝜔𝐶 = 𝑅 𝑠 - 1 𝜔𝐶 𝑖 (2.7) | Z| = √ 𝑅 𝑠 2 + ( 1 𝜔𝐶 ) 2 (2.8)
where i is the imaginary unit (i 2 = -1) and ω is the angular frequency.

Therefore in the impedance term involved in the recording of a signal except for the resistive part, there is also a capacitive part related to the double layer capacitor created the moment the electrode is introduced inside the electrolyte bath.

What is really important is to understand the physical meaning behind each term in equations (2.7) and (2.8) and most importantly how these terms affect the quality of the recordings.

The greatest issue in every electrophysiological measurement is the noise that can camouflage the recorded biological signals. In general electrophysiological noise can be defined as any unwanted signal that can add to the measured signal of interest [8] . The origin of this noise can be biological (undifferentiated background action potentials/neural noise) [3] , instrumental (wires and recording amplifiers) [9] or it can stem from the very same electrodes that were employed in the first place to couple the preparation with the recording system [3,10] . The latter noise source is the most interesting one to us as it links the physical characteristics of the electrodes with their ability to perform high quality measurements.

In particular, there is an inextricable connection between the electrodes impedance and the noise level acquired, as higher impedance electrodes are expected to have lower signal-to-noise ratio [1,3,10] . Therefore, from a materials science point of view, the use of a material that minimizes the impedance value in (equation 2.8) would be extremely beneficial for improving the recording quality. A new pathway to this direction is provided by conducting polymers and their high capacitance values that they offer.

Conducting Polymer Coated Electrodes

Measuring the neuron cell activity is far from a trivial task as it poses a great number of challenges. To begin with, the amplitude, of the extracellular action potentials are much smaller than the magnitude of the intracellular ones as the created field potential by the membrane depolarization attenuates exponentially inside the extracellular space according to equation (2.4) [1,5] . As a result the recorded signals in the extracellular medium are on the order of 100μV [1,11] .

In addition, in order for high spatial resolution to be achieved the size of the recording (or stimulating) electrodes should be diminished to about the size of a single neural cell. It is exactly this area reduction that results in an impedance increase due to the inversely scaling of the capacitance C to the electrode size (equation 2.8).

Hence, recording and stimulating, becomes harder and harder as the electrodes are made smaller and smaller.

Conducting polymers have emerged as a solution to this problem as they present a significantly reduction of impedance when used as electrode coatings. In addition, they offer means to bridge the mechanical properties mismatch between metal electrodes and living tissue [1] . Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) ,in particular, has become an archetype polymer for use in organic bioelectronics due to its unique features [12] .

Historically, PEDOT:PSS was not the first material to be used in the field.

Electrodeposited polypyrrole (PPy) on metal electrodes was the initial conducting polymer of choice back in the early days. Nevertheless, PEDOT:PSS has established its position as more chemically and mechanically stable material [13] . (Figure 2.4) PEDOT is a conjugated polymer, hence a semiconductor, which is degenerately p-type doped by the sulfonate groups of the PSS chain. If we wanted to draw an analogy with silicon, PEDOT would be the silicon and the sulfonate ions would be the boron acceptors. The main differences are that doping is not done by substitution (the dopant is not introduced in the PEDOT chain, but near it), and the fact that the dopant is introduced in large quantities (there is more PSS than PEDOT in a typical formulation). Its conductivity can be very high as it can reach the order of 1000 S/cm [12] . It is commercially available as an aqueous dispersion from which films can be formed through traditional techniques like spin coating (Chapter 1).

Nonetheless, with these fabrication approaches a crosslinker , usually 3methacryloxypropyltrimethoxysilane (GOPS), is needed in order to prevent dissolution and delamination of the film in aqueous environments. Moreover, PEDOT:PSS films can also be formed through vapor phase deposition or electrochemical polymerization. Electrochemical deposition is of particular interest due to the fabrication advantages it provides , as will be presented later in this chapter.

The morphology of the created films plays an important role in the overall conductivity. It is believed that in the dispersion PEDOT and the excess PSS form a polyionic complex. The PEDOT-rich core is surrounded by a PSS-rich shell forming colloidal gel-like particles. After film formation those particles interconnect forming a hole transport network through the PEDOT-rich phase while the PSS-rich phase supports ion transport [14] . Especially when it comes to electronic conductivity, addition of a co-solvent like ethylene glycol has been found to be beneficial as it facilitates the interconnection of the PEDOT rich phases leading to more efficient hole transport [15] .

Many studies have shown that the coating of metal electrodes with conducting polymers (such as PEDOT:PSS) results in lowering the electrodes impedance by approximately 2 orders of magnitude [1] (Figure 2.5). The reason behind that is both the increase of the effective area due to the presence of the conductive polymer and the ion uptake inside the polymer film. In order to study the physics behind the functionality of the polymer covered electrodes we need to consider how and where the interaction between them and the living tissue takes place. In brief, this sophisticated interplay involves charge carrier movement through many different interfaces. For example, if we imagine the metal (electrode) -conducting polymertissue stack we can easily identify the metalconducting polymer and conducting polymer-tissue interfaces. In addition, there is a variety of charge carriers as the different materials conduct charge through different species and mechanisms. Metals, for example, move charge with electrons in the solid-state , while organics transport mostly via positive charges (holes or polarons) that move on the polymers' backbones. The picture gets even more complicated if we take into consideration the watery tissue environment. In that, charge transport involves both positive cations (Na + ,K + , Ca + ) or negative anions (Cl -). In any case, all of these complex charge exchanges occur at the formed interfaces [16] therefore it is reasonable to assume that their microstructure and composition will greatly affect the overall biomedical device performance. Principally, it is expected that an increase in the effective surface due to the conductive polymer film formation. provides more opportunities for charge transfer to occur, a fact that lowers the device impedance [1] .

From another, different, perspective, the presence of the conducting polymer provides an effective capacitance that is substantial greater than the bare metal electrode. In order to calculate this effective capacitance of the data in Figure 2.5 we use a simple RC equivalent circuit. The value of C was determined to 1120μF/cm 2 a value that is 30 times higher than the double layer capacitance of the IPE. This increase also implies an ion penetration inside the polymer film [17] .

Impedance Spectroscopy of PEDOT: PSS Coated Electrodes as a Function of Area

As stated before the impedance that a biopotential electrode presents inside the electrolyte is of great importance regarding its recording quality. As a consequence, the parameters that affect this value need to be thoroughly studied and determined in order for the optimal electrode geometry to be obtained during the experiments.

It has been asserted that the impedance of metal electrodes should scale inversely with the electrode area [18] . In addition, some ideas regarding the effect of the PEDOT:PSS film thickness has already been discussed in previous works resulting in thickness dependence of the measured impedance [11] . Nevertheless, a full study taking into account every possible parameter that could affect the impedance value is not available but would be extremely useful. On the contrary, there have only been few systematic, detailed experimental studies of the effect of electrode area on the impedance of biopotential electrodes. We anticipated that these devices would enable studies of the impedance response as a function of frequency and to compare the performance of polymer coatings deposited under different conditions (such as spin-casting or electrodeposition). Therefore, in order to test all these parameters we designed and realized a device that incorporated electrodes of different areas and shapes (Figure . 2.6). The plots for the different sized electrodes follow the expected trend. The larger electrodes (500x500 μm 2 ) have the lower impedances while the smaller ones (10x10 μm 2 ) shows the larger impedances. It is also worth noticing that there is a critical frequency f c where a change in the plot slope is observed. The value of f c moves to higher frequencies as the area of the electrode diminishes The f c s for electrodes smaller than 50 μmx 50 μm appear at frequencies higher than 100 kHz.

This frequency is a characteristic frequency that signifies a change in the mechanism behind the physical phenomenon that takes place. In this particular case, we have a change from a capacitive-dominated impedance (Z c = This is attributed to the effect of the conducting polymer film which alters the spectrum profile by both lowering the impedance value and moving the curves to lower frequencies (the characteristic f c is recorded at lower frequencies). As discussed above, this is due to the porous open structure of the PEDOT:PSS that provides a greater effective area for the charges to be transferred through. In other words, the capacitance of the film C is dramatically increased. Since the value of the spreading resistance R s is not significantly changed, the transition frequency fc occurs at lower frequencies.

Up until this point, everything is as theory predicts. Nevertheless, for electrodes of different area we expect the impedance Z to be inversely proportional to A, where A is the electrode area. As a consequence , the quantity that should characterize a material (in our case PEDOT:PSS) should be the product A•Z and this product should normalize all of the different electrodes impedance curves to one master curve [19] .

Figure 2.9 shows this normalization attempt. The impedance for each electrode was multiplied with the corresponding area and then plotted vs frequency. Interestingly, the expected master curve did not show up. Even if we considered having some overlap in the lower frequency regime, in the high frequency regime there is an obvious mismatch between impedance curves. The results above made us think that obviously multiplying impedance with the area is not the right way to go as there is a mechanism involved in the phenomenon that remained hidden through this approach.

In order to crack this problem we had to go back to the fundamentals of the impedance spectroscopy. Trying to model our system we used the equivalent circuit of Figure 2.3 as it was the simplest one that could adequately fit the experimental data, with a resistor R s in series with a capacitor C. The resistor R s is called the spreading resistance and is the resistance encountered by current spreading out into the solution, under the assumption that the counter electrode is infinitely large and the working electrode is surrounded by electrolyte [20,21] . The capacitor C is the double layer capacitance formed at the interface between the metal electrode and the electrolyte.

At low frequencies the capacitive term is the one which dominates as in the equation 2.3 the angular frequency ω in the denominator of the fraction (

1 𝜔𝐶
) results in a large value. In the high frequency regime, though, the fraction of the capacitive contribution goes to zero leaving behind the value of the resistance Rs . This value is frequency independent as it is a function only of the electrolyte used and the size of the electrode.

In theory the value of the R s for a square electrode should be 𝑅𝑠 = ρ 𝑙𝑛4

𝜋 𝑙 [21] where ρ is the solution resistivity and l the square's side. The electrolyte used for these measurements was NaCl 0,1M and the results imply the existence of a consistent mechanism for transport, regardless the area of the used electrode. Of course, the area changes the position of the curve on the axis making the phenomenon faster (higher frequencies) or slower (lower frequencies) depending the time needed for the capacitor to be charged; nevertheless this can be predicted if we take into account the electrode's area.

In order to test our hypothesis we decided to make extra experiments using different conditions. In particular we tested the effect of: 

Electrolyte Concentration

Then we tried to study the effect of different electrolyte concentration on the impedance spectra of the electrodes. Figure 2.14 depicts the results obtained by comparing the impedance of the same electrode on different solution concentrations.

For the measurements we used NaCl solutions of 0.1 M, 0.01 M and 0.001M.

Interestingly, for the same electrode size the impedance in the low frequency regime seemed to collapse on each other for all the sizes. Keeping in mind that this part of the spectra is dominated by the double capacitance this can be explained by the fact that the size of the electrode is the same regardless of the electrolyte concentration. The system also shows that with less concentrated electrolytes the transition frequency f c becomes smaller. What is also interesting is the fact that the part of the spectrum of the high frequency regime is different for the different concentrations. This is attributed to the fact that it refers to the solution resistance R s which depends on the number of charges in the electrolyte (concentration). The plots are getting noisier for the small size electrodes as expected. Gathering all these thoughts together it seemed that the initial idea of the normalization would also apply for these conditions. Indeed Figure 2.15 shows that the master curve is the same one for every possible condition The way we would like to interpret this is that there is one consistent mechanism for charge transport at the electrode-electrolyte interface that is depicted in the master curve. This phenomenon consists of two mechanisms that involve a drop of potential due to the spreading resistance Rs and the capacitive charging of the film.

Regardless of the electrode size, the material of the electrode or even the electrolyte concentration used, everything can be normalized to one single master curve that should make it possible to better predict the system behavior in advance provided that we know the chosen conditions.

Electrodeposition

As discussed in Chapter 1, device fabrication is a complicated process that involves a lot of different steps. The most important of all though, is the formation of the conducting polymer film itself. So far in our lab the standard fabrication process used has been the PEDOT:PSS film formation through spin casting. It is a rather easy to implement way of depositing films which gives precise control over the film thickness and quality. Nevertheless, depositing film in a way like this comes with certain drawbacks the most important of which is the film delamination in aqueous environments. In order to tackle this issue what has usually been used is a silane (3methacryloxypropyltrimethoxysilane) GOPS compound inside the spun dispersion.

GOPS is a surface adhesion promoter and a polymer cross-linking agent that enhances film stability. The tradeoff is the potential penalty in the films conductivity due to its presence. In addition, with this technique it is rather difficult to address individual electrodes through spin coating so sacrificial layers methods should be employed in order for the device to be fabricated.

Nevertheless, other approaches have also been used by other groups for PEDOT:PSS patterning. Electrodeposition of the film is particularly interesting and offers a number of advantages. The process is based on the polymerization of the EDOT monomers on the underlying electrode and the subsequent formation of the PEDOT polymer film. This is realized either in a galvanostatic (constant current) or a potentiostatic (constant voltage) mode. If PSS -anion (polyelectrolyte) also used the final film is the doped polymer (PEDOT:PSS).

Figure 2.16: Schematics of the electrochemical polymerization of EDOT to PEDOT [1] .

Figure 2.16 shows the electrochemically driven polymerization of the monomer EDOT towards PEDOT [1] . The applied current to the monomer solution oxidizes the EDOT monomers forming cationic radicals that eventually leads to polymerization. The total electrical charge provided though the electrode drives the polymerization reaction, giving films of defined composition, thickness and microstructure. [1] In general, it is a controlled deposition technique directly onto the electrode from aqueous solution and with operating voltage around ~1V. It creates soft, fuzzy and bioactive conducting polymers that favor charge transfer (both electronically and ionically), a fact of extreme importance for biological interactions.

As in the case of the spin-cast PEDOT:PSS/GOPS film, the presence of the polymer reduce the electrode's impedance and facilitates better recordings. In addition, the use of GOPs is no longer needed and as a consequence no conductivity penalty is taken. Furthermore, each electrode can be addressed individually and consequently devices with electrode coatings of different thickness can be fabricated on the same chip.

What would be of extreme importance is a comparison between PEDOT:PSS films on electrodes of same geometry but of different synthesis and processing. Our The colors reveal the presence of the PEDOT:PSS film on both devices. The deposition parameters were chosen carefully in order for the film thicknesses to be the same (~350 nm) regardless the fabrication process. It is worth noticing the noncovered electrodes on Figure 2.17 Electrodeposition creates a somewhat rougher surface more likely due to way the film is created. Probably, the energy given electrically to the monomers in order to initialize and to maintain the polymerization reaction affects the overall morphology.

Nevertheless, what is the really important parameter in our case is the impedance spectra profile of the electrodes and how this changes depending the fabrication method (Figure 2.19).

Conclusions

In this chapter we studied the device physics behind the biopotential electrodes, which are extremely important tools for electrophysiological measurements.

Engineering those devices means choosing the right geometrical characteristics that would optimize their performance and result in better quality recordings.

Nevertheless, this requires answering, first, some fundamental questions like how can we understand better the origin of impedance for future device optimization? How does impedance scale with electrode area and what is the role of the electrode shape, electrolyte and, conducting polymer film thickness? And how do spun cast PEDOT:PSS films compare to electrochemically deposit ones?

The experiments done in this project tried to enlighten all these aspects providing answers to some of the above questions creating at the same time new ones as typically happens in research.

In conclusion, we were gratified to see that electrodes with systematic variations in their area (A) provided us with a useful tool to examine the origins of electrode behavior. We were also happy to see that the simplest possible (2-element) model with a capacitor C (electrolytefilm interface) and a resistor R s (electrolyte spreading resistance) in series can adequately describe the electrochemical impedance spectra data obtained during the experiments.

The results showed that impedance scales with area, with a capacitance C that is proportional to the electrode area and a spreading resistance Rs that is proportional to electrode size L. The characteristic frequency f c = 1 2𝜋𝑅𝐶 also scales as A -1/2 (or 1/L) and can be used with R s in plots to normalize the impedance into master curves (of Z/R s vs f/f c ).

Changing the electrolyte concentration lowers R s without affecting C. We believe that this has to do with the two separate mechanisms we see in the impedance spectra. One is correlated with the capacitance dominating in the lower frequency regime and the other is the resistive behavior in the higher frequency regime. Changes in the electrolyte concentrations can be translated into changes in the charges with the ability to move inside the electrolyte a fact that echoes in changes in the resistance Rs.

Nevertheless, this change does not seem to affect the charging process of the double layer capacitor formed.

Regarding the PEDOT:PSS/GOPS spun cast films vs the electrodeposited ones of similar thickness, it seems as that they first show a slightly less capacitive part (higher impedance). This is likely due to the somewhat disconnected pathways for charge transport that are formed in the spun cast film and the resistance provided by the addition of GOPS. However, it is reassuring that the transport properties of the spun cast and electrodeposited films are not so different, for films of equivalent thickness.

After the theoretical study of the physics behind the recording electrodes the next two chapters provide implementation of the acquired knowledge in electrophysiological measurements. Chapter 3 presents electrical activity measurement of Hippocampal cell cultures while Chapter 4 deals with electrophysiology on pancreatic cell islets.

Chapter 3: In vitro PEDOT:PSS Microelectrode Arrays for hippocampal cell culture electrophysiological recordings

Abstract

Despite its importance in neuroscience, neuron signal recording can be a challenging task mostly due to difficulties in the coupling between conventional electronics and neurons. Lately, conducting polymers have emerged as one of the most promising candidates for the next generation devices in neural activity recording due to their unique features. Nevertheless, the interaction between living tissue and conducting polymer devices is far from being something trivial, as special care needs to be taken in order for the latter to be rendered a suitable environment for cell culturing. In this work, we demonstrate the use of a Poly(3,4 ethylenendioxythiophene) :

poly(styrenesulfonate) (PEDOT:PSS) platform of a multi electrode array (MEA) capable for in vitro measurements. With those PEDOT:PSS coated electrodes we were able to record neural activity, such as action potentials (APs), from primary fetal rat hippocampal neurons. Our results demonstrate that PEDOT:PSS dramatically improves the resolution of electrophysiology while a biofunctionalization technique ensures the biocompatibility of our devices with living cells.

Experiment-Results

Neural signals play a major part in central nervous system physiology while their role is also essential in the understanding of neurological disorders. This is the reason why a lot of effort has been devoted lately to the difficult task of recording and interpreting these signals through high tech platforms that allow the interplay between biological systems and electronic devices. In vivo experiments have been already

successful in establishing a way of communication between brain regions and artificial recording sites giving rise to new approaches in diagnostics and treatment of various pathologies, promising, at the same time, to replace ineffective pharmacotherapies. Pacemakers and cochlear implants are perfect examples of those devices [1][2][3] allowing dreams for even closer and more sophisticated ways of humanmachine interaction.

Nevertheless, in vitro devices are still playing an important role in modern neuroscience as they are the most efficient, easy to implement and reliable way to perform experiments either on neuronal cell cultures or on brain slices. Further development of the in vivo applications must, inevitably, rely first on similar experiments performed in vitro that would allow a more profound understanding of the neuronal signaling mechanism. In addition, in vitro models are of great importance in modern drug discovery as they induce a more biological-driven approach in drug development in accordance with the new trend in pharmacological research that dictates the in vivo experiments restriction due to ethical reasons. In particular, today's necessity is the development of alternative approaches to animal testing, consistent with the 3Rs (Replacement, Reduction, Refinement) principle.

Replacement refers to methods of avoiding or replacing the use of animals in research, Reduction to methods of minimizing the number of animals used and Refinement to mitigating animals' suffering and promoting its welfare. Lastly, REACH regulation is an extra driving force as it demands the evaluation of the toxicity of more than 30000 chemical substancesweighting more than 1 ton a yearproduced by or imported to the European Union. Taking into account that many diseases/disorders, including the neurodegenerative ones, are thought today to be caused by environmental toxins, the need for the development of high-throughput screening technics is imperative [4] .

For the above reasons, in vitro platforms gather great interest among the scientific community. Especially microelectrode arrays (MEAs) are one of the most essentials tools in the study of neuronal networks. They allow the fabrication of planar recording sites on top of which cell can be cultured or brain slices can be easily placed [5][6][7] . Stimulation and/or recording from these devices can be performed with great efficiency while their patterning technic provides the ability to control the position of the electrode with respect to the under study neural network. Drug testing is one of the obvious uses of those platforms, as the study of the effect of different chemical agents on neurons is of great importance. However, the acquisition of those signals can be a challenging task mostly due to difficulties in the coupling between conventional electronics and biological systems. Commercial available metal MEAs have been extensively used during the past years, yet the need of scaling down these electrodes to the size of single neurons becomes more and more imperative nowadays.

The reason is that smaller sized electrodes allow localized neuron stimulation and high temporal resolution recordings. The drawback of electrode miniaturization, though, is the deterioration of their ability to record and stimulate, mostly due to increase of the impedance at the interface between electrolyte and electrode. This can be attributed to a decrease of the interfacial capacitance which is proportional to the active electrode area [8] .Furthermore, an extra difficulty, of cell cultures on devices is posed by the need for the creation of a suitable , for them, environment to survive and to proliferate [9] , a task far from being a trivial one. The alternative could be the use of brain slices, an approach that comes, though, with the disadvantage of a few micrometers thick layer of dead cells between the active cells and the recording sites, a fact that renders the activity recording even more challenging.

Lately, conducting polymers have emerged as one of the most promising candidates for the next generation devices in neural activity recording both in vitro and in vivo [10][11][12] . Poly (3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) ,in particular, has the unique ability to conduct both electronic and ionic carriers, offering a highly performing platform of communication between biological systems and electronics [13][14][15][16] . It shows extremely low impedance in physiological environments due to the combination of high electrical conductivity and ion permeability while it is considered to be biocompatible as PEDOT based devices have been already used for in vivo chronic recordings [17] . Furthermore, PEDOT:PSS coated microelectrode arrays demonstrate ease of processability and chemical tunability in contrast with their inorganic counterparts [18] .

It has already been reported that hippocampal cell cultures show a great variety of neural activity. Local field potentials (LFPs) and action potentials (AP or spikes) are the two that gather the greatest interest of the scientific community. The former are created by the contribution of multiple sources of neural activity [19] . They are slow events (typically 1-200 Hz) and their amplitude varies from a few hundreds of μV up to a few mV. The latter are faster events (typical 1 kHz) with extracellular amplitude of around 100 μV since they are generated from single neurons [20][21][22][23][24] . These action potentials characteristics (high frequency, low amplitude) make their extracellular recording a challenging task as they can be easily camouflaged inside the background noise level of the sensing device. Nevertheless, their role in neural communication is central as they realize the cell-to-cell signal propagation and as a consequence their detection is imperative in modern neurophysiology research.

PEDOT:PSS coated MEAs are a useful tool in this recording assignment as they provide us with a state of the art tool that could increase the recordings quality.

Moreover, a bio functionalization treatment of our device is essential for establishing a cell compatible interface on our recording sites [9,25] . This is why the polypeptide poly-L-lysine (PLL) was added on the device's active area [9] .The presence of PLL on our in vitro platform make it suitable for cell culturing. Thus, it allows the study of hippocampal cell activity by ensuring the neural cell survival and growth.

In this work we report electrophysiological measurements from in vitro MEAs that are biofunctionalized in order to be compatible with cell cultures. Using PEDOT:PSS coated electrodes we were able to record single units from primary hippocampal neuron cells. Our results, demonstrate that PEDOT: PSS dramatically improves the resolution of electrophysiology and paves the way for the use of active previously reported, coating a metal electrode with a polymer lowers its impedance by about two orders of magnitude [17] . This fact is attributed both to an increase of the effective area of the electrode and to the ion uptake in the polymer film. As lower impedance of the recording site results in a lower background noise level (Supplementary Figure S1 (d)) the signal-to-noise ratio (SNR) of a PEDOT:PSS coated electrode is higher than the one of the bare electrode. In our case, the value of the electrode's impedance at 1 kHz is as low as 32.8 kΩ ± 600 Ω (mean value) consistent with previous reports [13,14] . The background noise is +/-3μV peak to peak (1.36μV RMS) (Supplementary Figure S1 (d)). Furthermore, the previously reported fabrication method used for those electrodes [14] , results in electrodes with reproducible values of impedance as shown in Figure 1(d).

Hippocampal cells were successfully cultured on the active area of our conducting polymer MEA (Supplementary Figure S3. For further validating the biological origin of the recorded signal from our MEAs and for further testing, their potential in pharmacological application, we used drugs in order to alter the neural activity as a response to different external chemical stimulations (Figure 3.3). During the experiment different pharmacological conditions with time duration of 2.5 minutes each, were employed. was consequently perfused in the recording chamber. Bicuculline is a blocker of the ionotropic GABA A receptor. It mimics epilepsy by blocking the receptors' inhibitory action resulting in an increased cell activity in the form of bursts of spikes as previously reported [26] . Indeed, the initial number of recorded cell activity increased after drug application. Tetrodotoxin (TTX-15μM) was then employed in order to prove the biological origin of the recordings. TTX is a neurotoxin which inhibits action potential firing by binding to the voltage gated sodium channels and blocking the passage of sodium ions, which are mandatory for the creation of an action potential. As a result, the presence of TTX in the recording chamber resulted in the extinction of cell activity as presented in Figure 3.3(a-b). TTX sodium channel inhibition is reversible, so washing out both drugs (bicuculline and TTX) and restoring the cell environment to normal recording solution resulted in the cell activity recovery in the form of spike trains. The above qualitative analysis is followed by a quantitative one in Figures 3(c-f) with the study of the burst duration, the number of spikes per burst and the firing rate in each condition. Figure 3.3(c) presents the mean burst duration for different drug conditions. The initial duration of almost 0.20 s (0.17 s ± 0.07 s) for the spontaneous activity (which is referred to as control) increased up to 0.60 s (0.61 s ± 0.11 s) with the use of bicuculline and dropped to zero after the perfusion of TTX. Interestingly, the drug wash out phase restored the duration to almost 0.20 s (0.17 s ± 0.04 s) again. Figure 3.3(d) presents the change in the mean number of spikes per burst. As expected, the initial average number of 3.60 ± 0.54 spikes per burst increased to 12.42 ± 1.47 spikes per bursts after the use of bicuculline, before returning to 6.20 ± 1.84 spikes per burst after the washing step.

The use of TTX in between had set this value to zero.

Another way to characterize a neuronal activity is the firing rate of the cells and how it changes throughout the experiment. Firing rate (FR) is defined as the number of spikes recorded by the electrode over a small time interval T [27] . The smaller the interval, the better the firing rate simulates the instantaneous firing rate (IFR). In our case the time interval was set to T = 500ms and it resulted the histogram presented in Figure 3.3(f). As expected, the initial firing rate in control conditions was tripled after the use of bicuculline. TTX set the firing rate to zero as the cell activity was blocked and reinduced after the drugs washout.

Similar experiments performed with the use of a different drug and other chemical agents (4-Aminopyridine and KCl solutions).They also resulted changes in the firing rate of the cells (Supplementary Figure S3.3).

Conclusions

In conclusion, high quality measurements of neural activity from hippocampal neuron cell cultures were performed with our in vitro PEDOT:PSS MEAs. The conducting polymer coated electrodes were fabricated with the use of a versatile technic previously used for similar fabrications [14] . A biofunctionalization technique was also performed in order for cell cultures to grow on our devices which were electrically characterized before, through impedance spectroscopy. The low impedance values of the electrodes were essential for the high quality measurements of the neural activity. These recordings prove the efficiency of our recording devices as a tool for fundamental research in the life sciences field and especially in in vitro electrophysiology. The use of various drugs resulted in cell activity modification, paving the way for the use of our electrodes as a drug screening platform during pharmacology tests.

Experimental Section

Microelectrode Arrays fabrication:

The Microelectrode Array was fabricated in a previously reported way [14] .It includes the deposition and patterning of metal 

Recordings from multiple electrodes and for different conditions

.3 shows recordings from multiple electrodes from the cell culture used in Figure 3.3. Each recording condition lasted for 60 seconds. Except bicuculline and TTX, 4-Aminopyridine (4-AP)(3 μM) and a KCl solution (100 μM) were also used. 4-AP is a relatively selective blocker of voltage-activated K + channels and is used to generate seizures (status epilepticus) in animal models for the evaluation of anti-seizure agents. KCl is a salt that cause depolarization of the membrane preventing its repolarization. When applied extracellularly, induces long lasting action potential firing.

Figure S3.3: The initial spontaneous firing activity on different channels was increased after bicuculline application (t=60 s) and was blocked in the presence of the neurotoxin TTX (t=120 s). The activity recovered after a wash out phase (t=180 s). Application of 3 μM of 4-Aminopyridine (4-AP) at t=240 s modified the general firing activity as observed from multiple recording sites. KCl solution also affected the recording activity until its high levels (second dose-200 μM) became toxic causing cell death. The toxic effect comes mainly from the influx of a huge amount of calcium after prolonged depolarization of the cell membrane.

Chapter 4: A PEDOT:PSS in vitro Platform for Pancreatic Islet Cell Electrophysiology

Abstract

Pancreatic cells play a crucial part in preserving nutrient homeostasis in human body. Having been extensively studied during the past years, today they are considered to be ideal nutrient sensors as they possess a twofold role. They, both, store and secret insulin (beta cells) and glucagon (alpha cells), the two hormones that regulate the blood glucose level. In the case of beta cells, an increase in glycaemia results in membrane depolarization and insulin secretion. Recording these electrophysiological signals is of extreme importance for decoding the endogenous algorithms used in pancreas islets to attain homeostasis. Nevertheless, this task is rather challenging due to the coupling incompatibilities at the level where electronic materials meet the biological soft tissue.

Lately, conducting polymers have gained increasing attention by the scientific community due to their potential to bridge the gap between electronics and biology.

Especially, Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) offers a new approach in bioelectronic devices mostly to its unique feature to conduct both electronically and ionically. Moreover, it has the advantages of being easy processable and chemically tunable over its inorganic counterparts. In this work, we present a PEDOT:PSS covered microelectrode array (MEA) platform for real-time monitoring of pancreatic cell activity as response to glucose, adrenaline and multiple environmental factors. With this platform we were able to record slow potentials (SP) and action potentials (AP) from mouse and human islet cells.

Our result verify that PEDOT:PSS dramatically improves the quality of passive electrode recordings and paves the way of using conducting polymers for elucidating pancreatic cells physiology.

Experiment -Results

Pancreas islets cells play a pivotal role in retaining the nutrient homeostasis as being both sensors and reservoirs of insulin, the main hormone of blood glucose regulation. Beta cells in particular, which make up 65-80% of the total islet cells, are the hormone's main secreting sites of pancreas. They are able to sense, uptake and metabolize glucose in a metabolic pathway that involves many different steps and which is controlled by a number of different hormones. During this multistep process, an increase of ATP concentration leads to ATP-depended potassium channels (K ATP ) closure, a phenomenon that causes the cell membrane to depolarize. It is exactly this membrane depolarization that triggers the opening of voltage-depended Ca 2+ channels resulting in a calcium influx and an ultimately insulin exocytosis [1] .

Hormones (like adrenaline) and drugs (like glibenclamide and nifedipine) can bind to transmembrane proteins affecting the inward and outward cation current through the membrane and hence altering the insulin secretion status [2] . That is the reason why monitoring pancreatic cells electrophysiological activity, is a first integrative read-out of insulin demand [3] .

Since insulin secretion from beta cells and their membrane depolarization are deeply correlated, recording and studying electrophysiological data is of extreme importance for two reasons. Firstly, it gives an insight into the endogenous algorithms these cells use to communicate and secondly can be used to detect abnormalities during pathological conditions like diabetes [4] . Consequently, a platform that would allow continuous monitoring of this activity would be an extremely useful asset both in therapy and sensing. Nevertheless, recording these electrical signals possess a great challenge mostly due to incompatibilities in the coupling between electronic materials and biological soft tissue. In addition, most of the already existing electrophysiological approaches require invasive techniques (e.g. patch clamp) which are destructive for the cell membrane. Those techniques share a rather complicated set up, can target only individual cells and can be implemented for limited time only [5] . Extracellular recordings on multielectrode arrays (MEAs) on the other hand, preserve the under study cells intact and allow the simultaneous data acquisition from many different cells for an extended period of time. Its main drawback, though, is the low signal to noise ratio due to attenuation of the recorded electric field inside the extracellular conductive media [5] [6] [7] [8] [9] .

In this work, we present an in vitro PEDOT:PSS platform for Pancreatic Islet Cell extracellular electrophysiology. Recently, conducting polymers have become extremely popular among the scientific community as one of the most promising candidates for the next generation biology interfacing devices, both in vitro and in vivo [10] .Especially,Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT: PSS) has the unique feature to conduct both electronically and ionically, offering a new pathway of interaction between biological systems and electronics [11] . Thus, during the performed experiments we take advantage of the low impedance that the PEDOT:PSS covered electrodes offer, in order to improve the quality of the recorded biological signals. To the best of our knowledge, that is the first time that a conducting organic polymer multielectrode array (MEA) has been used to monitor the activity of this kind of cells.

In Figure 4.1(a), it is presented a microscope picture of a mouse pancreatic islet cell culture on a 32 (8x4) MEA. The cell coverage is limited to the top right corner of the device resulting in 11 fully covered PEDOT:PSS electrodes. The rest of the electrodes are poorly or non-covered at all, serving as control electrodes for the upcoming data analysis. The electrical characterization of the PEDOT:PSS covered electrodes that were used during the measurements is presented in Figure 1(b) . The electrodes were fabricated in a previous published photo lithographically way [12] .

Characterization confirms the fact that the use of a conductive polymer coating lowers the impedance by more than two order of magnitude compared to bare gold electrodes [11] [13] . Furthermore, conducting polymer coated MEAs present lower impedance even when are compared to commercially available TiN ones. This leads to better quality recordings keeping the background noise level extremely low (Supplementary S4.1) On top of these electrodes the pancreatic cells were cultured forming islets similar to the ones presented in the schematic of Figure 4.1(c). Their membrane depolarization creates extracellular field potentials which can be sensed by the electrodes of the MEA that lie beneath. The activity of a single cell is called action potential (AP) [14] and it is a fast event of small amplitude (30-100ms in duration, 10-50 μV in amplitude). The superposition of these events coming from a greater number of cells (multicellular activity) is recorded as slow potentials (SP) [3] which are slower and greater in amplitude signals (400-1500 ms in duration, 40 μV-1.2mV in amplitude). Representative recordings from the above cell culture are presented in Figure 4. 1(d). Electrodes are marked with numbers in order to render their distinction easier during data analysis. The fact that the MEA was not uniformly covered gave us the privilege of using the uncovered electrodes as control ones. Electrode number 1, for example, is a well-covered one and consequently it should provide electrophysiological recordings during the measurement. Indeed, high concentration of glucose (15mM) inside the culturing chamber resulted in the recordings presented in Figure 4.1(d). Slow potentials (SPs) ,0.5Hz in frequency, were resolved by our in vitro platform corresponding to the multicellular activity of the islet cells seeded on the MEA. In reality, the recorded signal is the superposition of two distinct electrophysiological signals. Thus, when the slow oscillations are filtered out by a Butterworth high pass filter (with a 2 Hz upper cut off frequency) rapid spikes of small amplitude (40-60ms duration, 10-50 μV) is what is left behind. These fast events are due to the activity of unitary cells that happen to be in the close proximity of the recording electrode and are called action potentials (APs). What is important for the PEDOT:PSS platform is that fast events could be recorded with an efficiency of almost 100% on active electrodes in contrast with the 32.2±3.7% (n=20 experiments) of commercial MEAs [3] (Supplementary S4.2). In addition, the platform was able to detect both kinds of activities (slow potentials and action potentials) without the need of complex algorithms for their extraction [14] .

The electrophysiological activity could be recorded on all the active electrodes while the uncovered ones remained silent (Supplementary S4.2). Nevertheless, the biological origin of the recorded signals was still to be verified and that is why chemical agents, which could alter this activity, were employed (Figure 4.2). The experiment started with an initial low glucose concentration of 3mM (G3) which served as a control condition and during which no activity was recorded. After 2 minutes glucose concentration was raised to 15mM (G15). The extra polysaccharide inside the culturing chamber increased the activity of beta cells resulting in slow potentials of about 40 μV in amplitude (peal-to-peak). The hormone adrenaline has a transient inhibitive effect on beta cells activity as it reversible suppresses it [3,14,15] . After the use of 5mM of the hormone the next five minutes showed a suppression of beta cells activity as anticipated by the literature [3] .

Our next goal was to re induce activity as prove of the claim that the recorder signals were biological events and consequently a response to chemical stimulation.

Glibencalmide is an antidiabetic drug that belongs in the class of sulfonylureas and is a known beta cell activator. It acts by blocking the K-ATP channels located in the cell membrane inducing electrophysiological activity recorded as slow potentials and action potentials. The frequency of the events is now even higher than the G15 condition as the synergic action of high glucose and glibeclamide pushes the cells to their activity limits. However, the non-covered control electrode remained not influenced by the presence of the drug.

Our final condition induces the drug nifedipine inside the culture chamber.

Nifedipine, is an inhibitor of the voltage-gated calcium channels and as a result it permanently supress the activity of pancreas islet cells. Indeed, as illustrated in Figure 4.2(a), after injection of 25μM of the drug, the activity is suppressed permanently in every recording channel of the platform. The electrical activity of mouse islets increased from zero to 0.28 ± 0.02 Hz when glucose concentration increased was raised from 3mM to 15mM in the culture chamber. The frequency drops dramatically (but reversibly) to zero with the introduction of the hormone adrenaline and it recovers in an even higher level (0.35 ± 0.01 Hz) after the use of glibenclimide. The frequency drops to zero again with nifedipine.

Quantification of the resulting action of every chemical agent on cells is depicted in

The above are further elucidated in the higher resolution traces of a part of the recorded data in Figure 4.3.Traces from electrodes number 1 and 2 are compared to the control electrode number 3 which is free of cells. Figure 4.3(a) presents the three traces for a high glucose concentration (G15). Electrodes 1 and 2 recorded slow waves created from beta cells as response to the polysaccharide as well as fast activity coming from single cells and which is depicted as action potentials. Electrode 3 recorded only background noise. What is also worth noticing is that APs were mainly present during the falling than the rising phase as previously reported [3] . Adrenaline is a stress hormone that has been reported to reversibly inhibit activity in beta cells [3] . As a consequence, implementation of 5μM of adrenaline, temporarily suppressed the slow waves of beta cells as shown in Figure 4.3(b).

Nevertheless, adrenaline acts differently on alpha cells, which are also cultured together with beta cells but in smaller portions making up only ~20% of the total islets cells. In particular, the stress hormone is a well-known alpha cell stimulator resulting in action potentials as the one shown on electrode 1 (Figure 4.3(b)). This behaviour is indicative of the adrenaline and glucose effect on alpha and beta cells.

Glucose on high concentrations (15mM) induced slow potentials on beta cells inhibiting alpha cell activity. Adrenaline on the other hand transiently suppressed beta cells activity activating alpha cells at the same time.

The final two conditions included the use of the drugs glibenclamide and nifedipine. Glibenclamide was initially used to re induced the activity as depicted in The observed action potentials on top of slow oscillations are now originating from single cell activity of beta cells since for those conditions, alpha cells are again silent.

Finally, nifedipine was the last condition to be tested. The Ca 2+ blocker permanently supressed every cell activity [3,16] resulting in the flat lines presented in Figure 4. 3(d).

Going a step further similar experiments were also performed with human pancreas islets (cells were taken from two different donors). The significance of these measurements can be found on the ability of the PEDOT:PSS electrodes to successfully record oscillations from human islets. Taking into account the role of those oscillations in pathological condition like lipotoxicity or type two diabetes, those recordings pave the way for new in vitro diagnostic platforms based on PEDOT:PSS.

Conclusions

In this work, we have developed a PEDOT:PSS based platform capable of recording electrophysiological signals from pancreatic islet cells. These signals were directly connected to glucose concentration revealing their link with endogenous metabolic algorithms. Particularly, the recorded slow potentials and action potentials at elevated glucose concentrations are attributed to beta cell physiology revealing their role in nutrient homeostasis. Low glucose concentration, on the other hand, resulted in action potentials originated from alpha cells which role is associated with the synthesis and the secretion of the hormone glucagon at these concentrations of the polysaccharide.

The use of MEA for electrophysiology measurements comes with the advantage of a non-invasive technique that leaves the understudy cells intact and allows monitoring of their activity for extended periods of time. In addition, the numerous recording sites provide us with a large amount of data obtained from many different cell islets simultaneously. Nevertheless, the greatest issue that MEA technology has to face is the low signal to noise ratio as a result of the attenuation the signal suffers inside the extracellular space [5] . PEDOT:PSS , a mixed ionic/electronic organic semiconductor , is the material of choice for dealing with this problem. A thin layer of the organic material lowers the impedance of gold electrodes by a factor of 100 due to the increase of the electrode's geometric surface area (GSA). As a consequence, it improves the quality of the measurements resulting in recording of both action potentials and slow waves without the need of complex algorithms for their extraction [14] . More importantly, the PEDOT: PSS platform is capable of recording both signals (SP+AP) with an efficiency of almost 100% on active electrodes vs only 32.2± 3.7% (n=20) for commercial MEAs [3] (Supplementary S2).

That means that on every single electrode that was covered with cell islets and on which slow potentials were recorded (active electrodes), action potentials were also recorded at the same time. We believe that this feature is the result of the lower impedance that the PEDOT:PSS electrode has to offer and especially of the low background noise that comes with that. These findings are even more notable if we take under consideration the easy , reliable and reproducible way by which the PEDOT:PSS covered electrodes are fabricated [12] . Lastly, the presence of the PEDOT:PSS polymer is also a great plus of the platform as due to its versatile chemistry it can be easily bio functionalized and chemically modified, a fact that can pave new ways for even more versatile devices.

Experimental Section

Device Fabrication:

The devices were fabricated in a previously reported way [12] . A 25 mm x 75 mm glass slide was used as a substrate which was thoroughly 

B. Action Potentials recordings

The PEDOT:PSS platform is capable of recording action potential in all active electrodes. That means that every electrode that is covered with cells and records slow oscillations records at the same time fast activity (action potentials). Previous studies with commercial electrodes presented only 33% of action potential detection over active electrodes. 

Introduction

Up until now, we have studied the case of conductive polymer covered biopotential electrodes and the advantages they offer in electrophysiology.

Nevertheless, electrodes are passive devices and as such, they do not offer any amplification on the recorded activity which is by definition small in terms of amplitude. Consequently, external amplification with sophisticated electronics is needed for the proper signal acquisition. The price to be paid for that is the noise that is picked up from the used circuitry components and the resulting deterioration of the measurement quality. Amplifying transducers, offer a solution to this as they promise to amplify the bio signal just at the point where it is created circumventing the noise problem.

Organic Electrochemical Transistor (OECT) is an electrochemical organic device that could play the role of the above mentioned transducer. The first OECT was introduced in 1984 by White et al. [1] . The device innovation is found in the absence of an oxide separating gate and channel. What White succeeded in, was to modulate the current of a polypyrrole film by applying a gate voltage through an electrolyte offering an alternative to the Organic Field Effect Transistor (OFET). Lately, PEDOT:PSS has become the organic material of choice for the channel due to its unique features (chemical stability, high tranconductance, biocompatibility etc.)

In brief, the device operation principle can be summarized as follows. The conductivity of a PEDOT:PSS film can be changed through the process of electrochemical doping. According to this process, ions from an electrolyte are injected into the film and change the hole density not just under the surface, but throughout the entire volume of the film. Injection of cations, for example, will lead to hole extraction (through a metal electrode) and dedope the film (it is worth noting that the PSS chain "holds" the sulfonate ions in position, so that they do not diffuse into the electrolyte). This process is analogous to compensation doping of silicon, but takes place at room temperature and by applying a small bias. A ramification of this phenomenon is that the effective capacitance at the interface between a conducting polymer film and an electrolyte scales with film volume, rather than area, and can therefore reach very large values. OECTs take advantage of this mechanism to deliver a large transconductance. An OECT consist of a PEDOT:PSS channel, in contact with an electrolyte (Figure 5.1), and with source and drain electrodes that measure the (hole) drain current. A change in the electrical potential at the interface between the electrolyte and the polymer film drive ions in and out of the channel and changes the conductivity of the latter, thereby modulating the drain current [2] . As the entire volume of the channel participates in the current modulation process, OECTs exhibit a very large transconductance (in the mS range) [3] . As such, they can be very useful for transducing signals of biological origin [4] . For this purpose, the voltage applied at the gate is held constant, and a biological phenomenon is used to modulate the potential at the electrolyte/channel interface. This phenomenon can be, for example, the electrical activity of a neural network in the brain, or an electron transfer reaction due to a redox enzyme [5] . Finally, we should note that simple voltage amplifiers have been fabricated using OECTs, offering >50 dB of power amplification for low frequency signals [6] .

We fabricate OECTs through a combination of solution and vapor deposition and etching processes, and use photolithography to pattern them, mainly to be able to access micron-scale dimensions that are of interest for interfacing with single neurons.

The PEDOT:PSS film is deposited from a commercial dispersion using spin coating to a thickness of around 100 nm. It can be patterned either by using an underlying sacrificial layer that forms a contact mask on the substrate, or by protecting parts of it with a photoresist and removing the rest using an oxygen plasma [7] . Au source and drain electrodes are deposited by vacuum evaporation and patterned with photolithography and etching, and then covered with an insulator such as Parylene-C, deposited from vapor. The gate electrode can be held on top of the channel, as shown in Figure 5.1, or patterned on the side of the channel (planar configuration) using microfabrication. It is made of Ag/AgCl, PEDOT:PSS, or Ptthe choice of material is known to affect performance [6] . The processes discussed above can be combined in a number of different ways to yield OECTs on glass or plastic substrates. An example of a microfabricated OECT channel is shown in Figure 5.2. It should be noted that OECTs can also be fabricated using additive processes such as ink-jet printing [8] , and we expect this to be a major advantage for custommade biosensing applications. The transfer curve and resulting transconductance of an OECT like the one presented in Figure 5.2 are shown in Figure 5.3. The transfer curve is typical for depletion operation, where application of positive gate bias causes cations to enter the channel, which decreases hole density and reduces the drain current. The transconductance reaches its highest value around zero gate bias, meaning that the OECT can be used with the gate electrode directly connected with the source (it was designed so intentionally [6] ). The transconductance exceeds 4 mS, which is a very high value for a thin film transistor. These high values of transconductance, though, grace of the volumetric capacitance come with a penalty in the response time of the device. This can be understood if we consider a RC circuit with a response time τ of: τ = RC (5.1) This means that if a signal is faster than τ the capacitor will not have the time to be charged and as a consequence the OECT's channel will not be able to follow the induced changes. Luckily the biological signals are rather slow (the faster ones are the action potentials of frequency ~1 kHz) and as result OECTs can be engineered to have faster response time than the fastest bio signal.

Organic Electrochemical Transistors measuring system

As mentioned earlier, OECTs present a great potential to be used in electrophysiological recordings due to their special architecture and the lack of insulation between gate and channel. They have already been successfully used for recording epileptiform activity in vivo and showed a greater signal to noise ratio compared to electrodes which are considered to be the gold standard for electrophysiology [9] . The problem of recording a modulation of this size is that it rests on top of the bias current of the OECT. For the above mentioned channel dimension this current is in the mΑ range (typically ~ 1 mA). Thus, the real challenge is recording a 200 nA current fluctuation on top of a 1 mA bearing signal.

In addition, a second issue when it comes to recordings like these is the background noise. Noise could be either of biological origin or can be generated by the recording devices and the electronic systems themselves .In any case, this noise in unwanted and should be filter out in order for the bio signal to be revealed.

The situation becomes even more complicated if we take into account the fact that the already established electrophysiological technology employs electrodes for performing measurements. Hence, the majority of the commercially available acquisition systems are built to measure difference in potential. The output of an OECT, though, is current and therefore not compatible with the classic electrophysiology chips.

The strategy for dealing with the above problems is to convert the signal from current to a voltage, to separate it from the bearing OECT steady state current and to clean it from the unwanted noise. Two different ways were used to realize this strategy. The Tansimpedance Amplifier circuit and the Gyrator circuit.

Transimpedance Amplifier

A transimpedance amplifier (TA) is the standard way of converting current into voltage and was used in similar recordings before [10][11] .The circuit is presented in 

Test Measurements

The minimum detectable signal with this board was a train of 10 pulses, each one of which had a frequency of 1kHz and a voltage amplitude of 100mV. The train was introduced by the "Phantom neuron" inside the electrolyte chamber. This signal was resolved by the system OECT-PCB-INTAN as a fluctuation in voltage in the range of 100μV which is about the magnitude of the fluctuation induced by a firing neuron.

Nevertheless, the comparison of the signal-to-noise ratio (SNR) between OECTs and electrodes favors the latter due to the extra noise induced in the system from the board electronic components. 

Gyrator

Having to face the problem of the minimum amplitude detection limit and the lower OECT SNR new approaches for the conversion system were explored. The new strategy was decided to have two key points. A new read out circuit and a better filtering part. The new recording system was based on a circuit known as Gyrator. Gyrator is an operational amplifier (OP-AMP) based circuit that simulates a grounded inductor. According to theory its inductance is given by: L=C 1 R 1 R 2 (5.2) where C 1 is the capacitance of the circuit's capacitor, R 1 and R 2 the resistances values of the circuit's resistors.

The current flowing through R 1 is given by:

I𝑅 1 = 𝑉 𝑖-𝑉 𝑜 𝑅 1 (5.3)
Due to the fact that an OP-AMP has an infinite input impedance the current passes through R 2 is equal to the current through the capacitor C

Ic = I R2 = 𝑉 𝑖𝑛 𝑍 𝑐 +𝑅 2 (5.4)
And since the OP-AMP is a follower the output voltage V o is:

V o = 𝑉 𝑖 𝑍 𝑐 +𝑅 2 𝑅 2 (5.5)
What is important in equation (5.5) is that the impedance of the capacitor equals to Z c = 1 𝑗𝜔𝐶 (6.6)

In the case of a DC current (ω=0), the capacitive reactance becomes infinite Z c = ∞ and the output voltage V o equals to zero. Consequently, the DC current is not found in the output of the circuit which is extremely convenient in our case as it means that we eliminate the unwanted steady state current of the OECT. The alternative signal (f=1 kHz) of the neuron, though, is not filtered out as it can be found in the circuit's output as the product of the current times the resistance R 2.

V o = i in R 2 (6.7)

Going back to the idea of the inductor simulation the equivalent circuit is presented in The inductor offers an easy pathway for DC to the ground, allowing for the alternative component of the signal to be converted into voltage on the resistance R 2

Filtering

Concerning the filtering part of the circuit, it was optimized in order to give a transfer curve which peaks at 1 kHz and attenuates fast for lower and higher frequencies. The overall filtering part consists of passive (a high pass and a low pass filter) and active components, resulting in an overall very steep drop of the transfer function.

Figure 5.12: Frequency response of the measuring system (SPICE model)

Both the stimulating and the recorded signals were led to two separate channels of an oscilloscope. On the top half part of the oscilloscope (channel 1) it is represented the input pulse on the gate voltage. In the lower half (channel 2) we can see the output of the read out system. Interestingly, the 42μV input pulses are not visible in channel 1 as they are "buried" inside the noise background. Nevertheless, the output in channel 2 shows the spike train proving the potential of the circuit to record real neurophysiological signals similar to the simulated ones.

Conclusions

In conclusion, a complete read out system was theoretically designed, realized and tested in order to facilitate neural cell activity recordings with OECTs. The system consists of two main parts.

An I/V conversion part responsible for converting the output current of the OECT into a voltage through two different circuits. A Transimpedance Amplifier and a Gyrator. Both these circuits allow the transistor output current to pass through a resistor R and produce voltage according to Ohms law (V=IR). What is even more important is that, especially, the Gyrator removes the DC component from the signal leaving only the biological part behind by performing a first filtering step.

The second part of the circuit consists of a filtering element which employs passive and active filters tuned to filter out any unwanted noise except from the 1 kHz neural activity.

During the readout system design special care was taken for the optimal choice of the OP-AMPs and the passive circuit components (resistors/capacitors) so that the induced noise by the read out system to be kept to minimum. The values of the electronic components on the figures above were chosen in order to serve this cause.

The next step would be the manufacturing of a PCB board which can realize the studied circuits and facilitate biological measurements on neural networks.

Chapter 6 Organic Electrochemical Transistor for Astrocytes activity recordings

The work presented in this chapter is the result of the collaboration between 

Introduction

Astrocytes are one of the most abundant type of cells in brain and they play an important role in many processes [1] [2] . Some of these include maintaining control of local ion and water homeostasis, clearing of the neuronal environment by removing neurotransmitter and metabolic molecules, supporting synapses transmission, regulating blood flow, etc. [1,3] [4] [5] [6] . They are not electrically active themselves but they express several types of ion channels and receptors in their plasma membrane, a fact that makes them able to change their membrane potential and increase cytosolic Ca 2+ as a response to neuronal activity [6] [7] .In any case, understanding their role in the physiology and pathophysiology of the central nervous system is one of the main goals in order to comprehend how brain works [8] [9] . Despite of the extended study held during the past few decades, there is still much work that needs to be done on deciphering how astrocytes really function. Due to this fact, development of new, state of the art devices able to be used for this cause is mandatory. Organic electronics devices have emerged during the past years as ideal candidates for biological measurements. Organic Electrochemical Transistors (OECTs), in particular, have proven to be a powerful tool to record brain cells electrical activity both in vivo [10] and in vitro [11] due to their enhanced transistor proprieties. In this project we explore the potential of OECTs to be used in Astrocytes activity recordings.

Experiment-Results

Astrocytes biocompatibility on PEDOT: PSS

At the project's beginning, the first step to be taken was the biocompatibility assessment of the recording devices. In order to investigate the viability of astrocytes on PEDOT:PSS, cells were re-plated from confluent astrocytes preparations on PEDOT:PSS, PEDOT:PSS + PDL(Poly-D-lysine) and control glass + PDL substrates.

As a result PDL was proven to successfully work as extracellular matrix material, promoting in vitro adhesion of primary cells.

Fluorescein diacetate (FDA) cell viability assays were performed for days 1 and 5 days in vitro (DIV) after re-plating (Figures 6.1 (a-f)). Imaging analysis showed viable astrocytes plated in both conditions. Histogram plot of cell counting at 1 and 5

DIV (Figure 6.1(g)) indicated that there is no statistical difference between the different conditions confirming the suitability of PEDOT:PSS as a biocompatible substrate for adhesion and growth of rat primary cortical astrocytes. 

Device characterization in external standard solution

After the biocompatibility between cells and devices was ensured the later were electrically tested in extracellular standard solution. During the experimental procedure, OECTs with width W=30μm , length L=30μm and PEDOT:PSS film thickness of 500 nm were used.

Before the experiments, the OECT were tested in external standard solution, used to maintain the stable electrophysiological equilibrium. As shown in Figures 6. OECTs of those geometries. The dedoping of the channel caused by the ion penetration inside the channel after a positive gate bias results in a decrease in the hole concentration in the channel and a consequent reduction of the drain current [12] .

Plots in Figure 6. 

Recordings of astrocytes' activity using OECT

In order to test our ability to record astrocyte activity, we performed a current vs time measurement (I vs t) with the help of a B1500A Agilent semiconductor device parametric analyser. The OECT was biased at V ds = -0.6V while the gate potential was kept at zero V gs =0. The OECT current I DS was monitored over extended time periods (t=1000 s) with and without astrocytes plated on the device. In every case, we observed a capacitive drop at the beginning of the measurement caused by the rearrangement of the ions at the channel-solution interface. Nevertheless, after that a stable working level was achieved with a slow decrease of the current during the measurement (drift phenomenon).

Measurements with astrocytes seeded on top of the device presented current modulation events (black line, Figure 6. 

OECT astrocytes recordings using pharmacological inhibitor and ATP

In order to verify the biological origin of the recorded signals a new batch of experiments were planned. These experiments introduced the use of chemical agents that can modify the cell activity.

Hence, the same current vs time measurements were repeated but this time an external solution of 200 µM BaCl 2 was added in the culturing chamber. BaCl 2 acts as an activity inhibitor and is expected to suppress the electrophysiological activity. On the other hand, ATP acts as an activity enhancer as it provides energy to the cells.

Therefore 10μM of ATP should theoretical boost the activity of the under study cells.The used device was still the 30x30μm 2 channel OECTs.

BaCl 2 is an inhibitor of the K + channels. Ba 2+ ions can block K + channels by closing the transmembrane protein pore. Due to their similar size, Ba 2+ can replace K + in its place in the potassium channel. Nevertheless, its higher charge allows it to stay there longer preventing the passage of K + 1,2 and as consequence eliminates its action. The second testing condition employed ATP as a way to increase the biological activity. The device used was initially covered with astrocytes but none intense activity was recorded. Figure 6.4(b) presents the ATP addition and the induced current fluctuations at the last part of the measurement possibly related to the presence of cells. What is worth noticing is the current drop that takes place exactly after the ATP injection (green line), a phenomenon of interest regarding the interaction between OECTs electrical performance and the presence of chemical substances and biological tissue inside the electrolyte chamber.

OECT Astrocytes recordings during calcium microfluorimetry

The last recording test involved a new set of electrical measurements coupled this time with a calcium imagining technique. Calcium imagining has been extensively used to determine the status of calcium (Ca 2+ ) inside the cell and could be of extreme value in our effort to understand the connection, if any, between the calcium signaling of the cell and the recorded current modulations. Figure 6.5

presents the results of this set of experiments. 

Conclusions

PEDOT:PSS was proved to be suitable environment for astrocyte's growth and proliferation. This fact paves the way for the use of OECTs as the device of choice for studying the electrical properties of glia, an emerging scientific field of extreme interest. Nevertheless, due to lack of long term experiments chronic tests should also be performed in order for the effect of PEDOT:PSS (and Parylene-C) on astrocyte to be studied.

Moving to the actual electrical measurements, an intense current modulation observed on OECTs under the presence of astrocytes. In contrast, a steady state current, free of modulation, was recorded when the cells were removed from the devices.

In addition, the number of the recorded events decreased drastically with the use of BaCl 2 , a well-known inhibitor of the K + ions channels. At the same an increase was noted after ATP addition. The calcium microfluorimetry measurement performed simultaneously with the extracellular recordings revealed a similar shape trace for both these techniques.

Nevertheless, the origin of those fluctuations remains a mystery. The effect of the presences of astrocytes on top of the OECT channel is clear but studies will have to go on in order for the mechanism involved to become clear.

Therefore the next project steps should be::

-Long term testing of cells' biocompatibility with PEDOT:PSS and Parylene C

-GFAP (Glial fibrillary acidic protein) inmunostaining.

-Extracellular recording using other pharmacological inhibitor of astrocytes biological activity and of astrocytes movement activity. 

Chapter 7: Conclusion -Outlook

In this Thesis we explore the potential of organic devices to revolutionize the world of bioelectronics. Especially, in the field of electrophysiology, conducting polymers pave new pathways for brain machine interactions mostly due to their unique set of properties. Their "soft" nature and their mixed ionic/electronic conductivity along with their oxide free interfaces in aqueous electrolytes and the freedom for chemical modification they provide make them ideal transducers between the worlds of electronics and biology.

Nevertheless, designing and realizing devices using organics is a challenging task due to the materials' special nature. Chapter 1 presents some of the most popular fabrication approaches focusing on the problems device fabrication faces and the strategies to circumvent them. Having an introductory character, the chapter carries on and presents some concepts of neuroscience and electrophysiology as both these fields will be needed in the chapters to come.

Chapter 2 focuses on electrodes as the gold standard for electrophysiology.

The basic theory behind electrodeneuronal cells interaction is presented along with the electrophysiological recording techniques and the issues the field has to face.

Conducting polymers are introduced as a way to overcome these difficulties grace to their properties and to the benefits that come when used as coating films on metal electrodes. Going a step further, electrodes with variations on their area, shape and ).

The chapter closes with an introduction to electrodeposition, a popular method for covering metal electrodes with polymer coatings and its comparison with spin coating, a different coating technique, which is our lab's method of choice. For a given circuit design thermal noise can be reduced by increasing transconductance (𝑔 𝑚 ). Tranconductance is to the first order linear to bias current and thus thermal noise is reduced when power consumption is reduced. Flicker noise on the other hand can be reduced through design techniques such as large size input transistors and chopper modulations [2,6] . In general, the contribution of electronic noise to the overall measurement noise can or it cannot be negligible depending of the strength of other noise sources [3] .

Combining equations (A. 

Figure 1 . 2 :

 12 Figure 1.2: Pattern transfer for a positive (a) and a negative (b) photoresist
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 313 Figure 1.3: (a) Photoresist is placed on the substrate. (b) Film formation due to centripetal acceleration.
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 14 Figure 1.4: Schematic representation of the three exposing modes. (a) Contact photolithography. (b) Proximity Photolithography. (c) Projection mode.
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 15 Figure 1.5: (a) Subtractive and (b) Additive fabrication approaches. The asterisks indicate the steps where the organics would be damaged during conventional photolithography. [Reproduced with permission from Ref.4]

  polymer (PEDOT:PSS) was deposited through spin casting and the devices were coated with a third (sacrificial) layer of Parylene-C. The final photolithography and etching step defined the PEDOT:PSS coated electrodes. Immersion of the device in deionized water promoted the removal of the Parylene-C sacrificial layer exposing the electrodes (Figure 1.6).
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 16 Figure 1.6: (a) The main steps of the fabrication process. The final array of electrodes is mounted on a Parylene-C substrate. (b) Optical image of the electrode array with a close up on three electrodes. (c) The electrode array can support the weight of a quartz wafer. (d) The array can conform to a cylinder of 2.2 mm radius. [Reproduced with permission from Reference 16]
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 17 Figure 1.7: Chemical structure of (a) Poly (p-xylylene) and (b) (chloro-p-xylylene)

  The device was coated by a 2μm Parylene-C film which adhered on the substrate with the use of 3-(trimethoxysilyl)propyl methacrylate (-174 Silane). A soap solution was spin casted on Parylene-C to act as an anti-adhesive layer between the first and a second 2 μm Parylene-C (sacrificial) film. A photolithography and an etching step was used to open windows above the electrodes and the pads. After that, the polymer (PEDOT:PSS) was deposit by spin coating on the device and a final peel off step defined the final polymer device structure shown in Figure 1.8.
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 18 Figure 1.8: (a) The main steps of the fabrication process. The gold electrodes were first patterned lithographically and then Parylene-C was used for the device insulation. A second photolithography step followed by an etching step defines the well for the PEDOT:PSS deposition that follows. A mechanical peel off concludes the fabrication. (b) A Micro Electrode Array device fabricated on a glass slide (c) a close up of the PEDOT:PSS covered electrodes (scale bar 50 μm).[Reproduced with permission from Ref.3]
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 19 Figure 1.9: Synthesis of the HFE-soluble photosensitive co-polymer 3. Exposure to UV light renders the polymer in soluble in HFEs. [Reproduced with permission from Reference 5]

Figure 1 . 10 .

 110 Figure 1.10. Main fabrication steps of the PEDOT:PSS/Pentacene bottom-contact Organic Thin Film Transistor. PEDOT:PSS was first spin cast on the substrate and patterned photolithographically with the use of the photoresist 3 as a developer and a following oxygen etching step. The process was repeated for the deposition of the pentacene film giving birth to the organic thin film transistor. [Reproduced with permission from Reference .5]

  their work, a light emitting polymer (LEP) was patterned on top of a PEDOT:PSS active layer. PEDOT:PSS was first spin cast on glass coated with indium tin oxide (ITO). A negative tone co-polymer was synthesized from 1H,1H,2H,2Hperfluorodecyl methacrylate (FDMA) and tert-butyl methacrylate (TBMA) and deposited on the PEDOT:PSS layer. After UV exposure, scCO 2 was used for the development followed by oxygen plasma cleaning treatment and a LEP spin casting step. A thermally deposited CsF(1nm)/Al(40nm) film completed the ITO/PEDOT:PSS(CH8000) /LEP/CsF/Al structure (Figure 1.11).

Figure 1 . 11 :

 111 Figure 1.11: The main steps of the OLED fabrication process. PEDOT:PSS was spun on the substrate and a negative tone photoresist was used to pattern the LEP on top of PEDOT:PSS. The developer used was sCO2 which is not harmful to the active material. A CsF(1nm)/Al(40nm) film completes the device fabrication. [Reproduced with permission from Reference 20]

  The fine branching structure of many short dendrites and a single long axon. Dendrites' role is to receive information from other cells while the axon's to send signals to other cells. These signals are of electrical nature and propagate in the form of Action Potentials (AP).

Figure 1 . 16 :

 116 Figure 1.16: The in vitro recordings set ups. (a) Impaling microelectrode recording (b) Patch-clamp

Figure 2 . 1 :

 21 Figure 2.1: Equivalent circuit of a recording electrode inside an electrolyte bath. R s refers to the solution resistance while R and C are the resistance (faradaic process) and the capacitance (non faradaic process) on the electrode. This equivalent circuit is called a Randels circuit and V represents the half-cell potential.

  2). Going back to the equivalent circuit of the electrode we can now model the metal potential probe with a capacitor (IPE) connected in series with a resistor representing the solution resistance R s . V represents the half-cell potential as usual (Figure 2.3).

Figure 2 . 3 :

 23 Figure 2.3: A simple equivalent circuit of an electrode consists of a resistor R s in series with a capacitor C. R s refers to the solution resistance while C is the capacitance (non faradaic process) on the electrode. V represents the half-cell potential.

Figure 2 . 4 :

 24 Figure 2.4: Chemical structure of PEDOT:PSS.

Figure 2 . 5 :

 25 Figure 2.5: Impedance spectra comparison of a Gold and a PEDOT:PSS covered electrode. Both electrodes are 500μmx500μm .PEDOT:PSS film thickness is about 350nm.

Figure 2 . 6 :

 26 Figure 2.6: (a) The device layout and (b) a zoom in, in the active area. For the square electrodes sizes scale from 10 μm to 500 μm. There are also round -electrodes for testing the effect of the shape on the device performance. (c) The actual fabricated device in gold.

Figure 2 . 1 . 7 Figure 2 . 7 :

 21727 Figure 2.6 (c) presents the realized device in gold. The electrodes' area scaled from 10x10 μm 2 to 500x500 μm 2 (electrode's dimensions 10x10 μm 2 , 20x20 μm 2 ,50x50 μm 2 ,100x100 μm 2 ,200x200 μm 2 and 500x500 μm 2 with multiple electrodes on the same device for statistical reasons).

1 𝑖𝜔𝐶)

 1 to a resistive-dominated one (Z R =R). The fact that the curves for the smaller electrodes are a bit disturbed is due to the noise that becomes more important for the smallest electrodes with the greater impedance values.The above measurements served as control measurements for the experiments to come. An identical device covered with an approximately 350 nm thin layer of PEDOT:PSS was fabricated and the impedance spectra for those electrodes is presented in Figure2.8. Again, the trend is similar, with the bigger electrodes presenting smaller impedances. Nevertheless, the impedance values for the same area electrodes are significantly smaller for the covered in comparison with the bare ones.

Figure 2 . 8 :

 28 Figure 2.8: (a) Optical microscope picture of the PEDOT:PSS covered electrodes. (b) Impedance spectrum of the same electrodes. f c denotes the critical frequency where a change in the slope is induced.

Figure 2 . 9 :

 29 Figure 2.9: Impedance normalization with the electrode area. The product impedance x area is plotted vs frequency for every electrode size.
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 1122272 Capacitance on the other hand should scale with area A since C=𝜀𝜀 𝜊 and C ~ A then f ~ A -1/2 (2.9) Let us consider equation |𝑍 | = √ 𝑅 𝑠 2 again. For ω → +∞ we focus on the higher frequency resistive part and impedance Z becomes lim 𝜔→∞ 𝑍 = lim 𝜔→∞ √ 𝑅 𝑠 2 R 𝑠 which is a constant value. That means dividing every curve with its corresponding value of R s will shift it on the y axis normalizing it to 1.On the other hand, dividing frequency f with the critical frequency fc will move each plot on the same spot on the frequency axis. Therefore, a normalization using Z/R s and f/f c might do the job and that is what we tried.
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 211 Figure 2.11: Master curve of the Impedance spectra for different solution concentrations.



  Electrode material (Gold electrodes vs the PEDOT:PSS covered ones) test the effect of the electrode shape to the overall device performance we incorporated both square and round electrodes on the same device.Special care was taken to ensure that the areas of the different shaped electrodes are identical (or as close as possible). Impedance spectroscopy measurements performed on those electrodes and indicative results for two different sized electrodes are presented in Figure2.12 (10000 μm 2 and 250000μm 2 ).

Figure 2 . 12 :

 212 Figure 2.12: Impedance spectroscopy for two different electrode areas and shapes.

Figure 2 . 13 :

 213 Figure 2.13: Impedance vs frequency for three different PEDOT:PSS film thicknesses and two different electrode areas.

Figure 2 . 14 :

 214 Figure 2.14: Impedance vs frequency for three different electrolyte concentrations (0,1M , 0,01M and 0,001M NaCl).

Figure 2 . 15 :

 215 Figure 2.15: Impedance vs frequency master curve.

  initial goal was to determine if there are any impedance variations at either high or low temporal frequencies. For this reason, we used the previous testing mask and made devices with the same PEDOT:PSS film thickness fabricated with different methods (spun cast vs electrodeposited). Reflected light optical microscope pictures of those devices are shown in Figure2.17

Figure 2 . 17 :

 217 Figure 2.17: Microscope pictures of (a) a device with a spun cast PEDOT:PSS film (b) an electrodeposit PEDOT:PSS film.

  (b). This is one of the biggest advantages of electrodeposition as it allows individual electrodes to be addressed separately. It also allows for electrode fabrication with different polymer coating thicknesses on the same chip. The scanning electron microscopy (SEM) images of the 500 μm x 500μm electrode are presented in Figure 2.18.

Figure 2 . 18 :

 218 Figure 2.18: SEM images of the spun cast and the electrodeposit PEDOT:PSS films (a) Spun cast film on a gold electrode and (b) a higher resolution picture of it. (c) Electrodeposited film on a gold electrode and (d) a higher resolution picture of it.

  devices such as OECTs in neural recordings. Furthermore, the PEDOT:PSS devices presented here provide a vehicle for fundamental research in life sciences, facilitate the study of neural activity, open new horizons in understanding the central nervous system physiology and neuropathology and prove their potential to be used for drug screening purposes.

Figure 3 .

 3 Figure 3.1(a) shows a close-up of a cell culture on a conducting polymer coated MEA. The MEA consists of a 32 gold electrode grid. Εach recording site has a 10 x 10 μm 2 active area covered by a thin film of about 350 nm of PEDOT:PSS and is exposed to the culture medium and the neural network (Supplementary Figure S1).

Figure 3 . 1 :

 31 Figure 3.1: Biocompatibility assessment and device characterization. (a) Micrograph of a hippocampal cell culture on the PEDOT:PSS electrodes and (b) a vital dye stained neurons (4-Di-2-ASP) picture of the same electrodes and culture. (c) Bode plot of a PEDOT:PSS coated electrode and a gold electrode of the same area.(d) Impedance value at 1 kHz of 30 PEDOT:PSS coated electrodes randomly selected out of 4 different devices.

Figure 3 .

 3 Figure 3.1(b) documents the biocompatibility of our devices as the vital dye 4-Di-2-ASP used, stains the mitochondria of living neurons hence asserting the viability and functionality of the neuronal cultures lying on the recording device.Figure 1(c) on the

2 )

 2 for at least 21 days. In fact, three weeks in vitro allows the network to become spontaneously active. The cell cultures were tested for their excitability through a standard, well established technique presented in Figure 3.2(a). More specifically, patch clamp recordings were performed on 21DIV (days in vitro) cell cultures and on multiple hippocampal cells. Bursts of action potentials of 150 mV of amplitude were successfully recorded validating the ability of our devices to sustain neural culturing Figure 2(b). The next step was the extracellular recordings. A cell culture was grown again on a device and extracellular recordings performed with a conducting polymer MEA. The cell covered electrode (marked as number 5 in Figure 2(c)) was recording the extracellular spontaneous activity in contrast with the uncovered electrodes around it (Figure 3.2 (c-d)). Time-frequency analysis revealed the frequency content of the high-pass filtered (f c = 200 Hz) signal. The recorded spikes showed a frequency around 1 kHz, which is the typical value for hippocampal cell APs. The time trace of the same recordings presents the extracellular action potentials in the time domain displaying spikes originated, putatively, from multiple cells. (Figure 3.2(e)).

Figure 3 . 2 :

 32 Figure 3.2: Electrophysiological recordings from cell cultures with different recording methods (a) Picture of a patch clamp electrode sealed at the surface of the membrane of a hippocampal neuron (21DIV) and (b) the subsequent recordings. The expanded trace below depicts a burst of action potentials. (c) Infrared DIC micrograph of the cell culture on top of the recording device and (d) extracellular recordings of a hippocampal cell culture. The picture shows the coverage of electrode number 5 with cells. As a consequence, the covered electrode records the extracellular activity while the non-covered ones around it do not (e) Time-frequency analysis of a short period of the previous extracellular recordings. The signal was high passed at 200Hz and the analysis shows peaks of activity around 1 kHz (referred to as neuronal action potential frequency in the literature) exactly at the time instant when the cell activity occurs in the time domain.
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 33 Figure 3.3: Drug modulation of the extracellular activity. (a) Electrophysiological recordings for different chemical conditions. The initial spontaneous cell activity was modified by the application of bicuculline. TTX suppressed any activity while the activity recovered after a wash out phase. (b) The smaller time scale depicts better the changes in the firing rate (number of spikes per second) during each condition (c-d) Quantification of the experimental results. The recorded burst duration and the number of spike per burst increased and decreased corresponding to chemical stimulation. (d) Firing rate profile evaluated over 600s of activity under different conditions (bin size = 500ms).

Figure 3 .

 3 3 (a-b) depicts the recorded activity under those conditions and for different time scales. The spontaneous activity (referred to as control) shows the initial firing ability of the cells. Bicuculline (3μM)
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 342343 Gold), Parylene-C and PEDOT:PSS on a glass substrate. The substrate (a 25 mm x 75 mm glass slide) was thoroughly cleaned by sonication in a soap bath for 15 minutes followed by a 15 minutes sonication in a mixture of Aceton/Isopropanon (1:1). S1813 photoresist was spun on the substrate before exposed to UV light with the use of a SUSS MBJ4 contact aligner and a chromium mask (1st Photolithography step). The exposed parts of the photoresists were then developed in a MF-26 developer bath and a 10 nm of Chromium/100 nm of Gold deposition step in a metal evaporator followed. Lift-off in a 1:1 mixture of solvents (Acetone/Isopropanol), removed the excess of gold creating the desired gold electrode pattern on the substrate. Two layers of Parylene -C , 2 μm each, were deposited with the help of a SCS Labcoater. Between the two layers commercial available soap solution 1% (Micro-90) was deposited in order to act as an anti-adhesive layer. At the same time, between the first layer and the substrate a 3-(trimethoxysilyl)propyl methacrylate (A-174 Silane) acted as an adhesive promoter. A second photoresist (AZ 9260) was then spun and a second photolithography step took place. Reactive Ion Etching (RIE) with plasma O2 (Oxford 80 Plasmalab plus) resulted in window opening on top of the electrodes. A peeling-off of the sacrificial second Parylene-C layer defined the active area of the recording site after PEDOT:PSS solution was spun cast. The devices where then baked at 140 o C for 1h and were immersed in D.I. water over night so that any excess of low molecular weight compounds inside the dispersion to be removed. For the PEDOT:PSS films preparation, 38 mL of PEDOT:PSS aqueous dispersion (Clevios PH -1000) were mixed with 2 mL of ethylene glycol (conductivity enhancement), 50μL of 4-dodecylbenzenesulfonic acid (DBSA) that helps film formation and 0.4 mL of 3-methacryloxypropyltrimethoxysilane (GOPS) which is a surface adhesion promoter and a polymer cross-linking agent that enhance film stability of in aqueous environments. Preparation of the rat hippocampal cell cultures: Primary hippocampal cell cultures were performed from embryonic day 18-Wistar rats. Hippocampi were collected in Hanks' balanced salt solution, dissociated with trypsin and plated at a density of 12105 cells/cm2 on poly-L-lysine coated wells. The hippocampal neurons were cultured in Neurobasal supplemented with 2% B-27, 1% penicillin-streptomycin and 0.3% glutamine in a humidified atmosphere containing 5% CO2 at 37°C. All animal experiments were carried out according to the animal care and experimentation committee rules approved by CNRS, France. A vital fluorescent dye (4-Di-2-ASP, 3µM, Sigma-Aldrich) was used to stain living neurons and assert the viability of the culturing process on the electronic devices. Cultures were immersed for 15 min with a warm (37°C) solution of the dye, then abundantly rinsed with the recording extracellular solution. Electrical and electrophysiological recordings: MEAs electrical characterization: Impedance measurements were performed with a potentiostat (Autolab PGSTAT128N) in a three electrodes configuration. An Ag/AgCl MEAs biocompatibility assessment Pictures of the hippocampal cell cultures used in this work. A vital dye (4-Di-2-ASP) was used to assert the device biocompatibility. 4-Di-2-ASP is a fluorescence dye that targets the mitochondria of living neuronal cells and stains them in contrast to non-living ones.

Figure S3. 2 :

 2 Figure S3.2: Biocompatibility assessment of the MEAs. (a) Microscope (Infrared DIC) picture of hippocampal cell cultures on a MEA device and (b) a stained image of the same culture(4-Di-2-ASP).(c) The neuronal cell culture used for the electrophysiology measurements presented in Figure 3.2(d) Electrode number 5 of Figure 3.2(c) covered with neurons. (e) The neuronal cell culture used for the electrophysiological measurements presented in Figure 3.3 and (f) a close up of the recording electrode.
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 41 Figure 4.1: (a) A microscope image of a mouse islet cell culture on top of the PEDOT:PSS MEA. Electrodes 1 and 2 are selected as representatives of the cell covered electrodes. Electrode 3 at the bottom serves as a non-covered control electrode (scale bar 100μm). (b) Impedance spectroscopy of a PEDOT:PSS electrode vs a gold and a TiN commercial one of the same area. (c) Schematic representation of a mouse islet on top of a recording electrode. An action potential (AP) is the unitary activity of a single beta cell when excited with high glucose. A multicellular activity, on the other hand, is the superposition of signals coming from a large population of cells resulting in a slow potential (SP). (d) High temporal resolution image of recordings from Electrode 1, showing fast action potentials superimposed on a slow potential bearing wave. The cells were triggered with high glucose concentration (15mM-G15).The overall signal can be broken down to fast events (AP) (2-700Hz band pass filtering) and slow oscillations (SP) (2 Hz low pass filtering).

Figure 4 .

 4 Figure 4.2(a) monitors the progress of the experiment in time and under the use of chemical agents that can suppress or induce electrophysiological activity on pancreatic cell islets. Four different recording and a control condition were employed, namely: 1) Low glucose concentration-G3 (3mmol/l) (control condition) 2) High glucose concentration-G15 (15mmol/l) 3) G15+adrenaline (5μmol/l) 4) G15 +

Figure 4 . 2 :

 42 Figure 4.2: (a) Monitoring the pancreatic islet cells reaction for 4 different recording conditions. The initial low glucose (3mM-G3) zero activity is increased with the use of high glucose concentration (15mM-G15).Adrenaline reversible suppresses the activity which was to be re induced with the use of the drug clibenclamide. Nifedipine as a Ca 2+ blocker permanently suppresses the activity. (b) The frequency of slow potentials (events per second) in response to high glucose concentration, adrenaline, glibeclimide and nifedipine.

Figure 4 .

 4 2(b). The bar graph shows the change in the number of slow potential events per second (frequency) as a response to different chemical conditions.

Figure 4 . 3 :

 43 Figure 4.3: (a)-(d) Higher temporal resolution of 3 representative electrode recordings. Electrodes 1 and 2 were well covered electrodes while electrode 3 was a non-covered (control) one. (a) The covered electrodes 1 and 2 recorded biological activity (both slow waves and action potentials) under the presence of 15mM of glucose (G15).Control electrode 3 did not show any activity (b) Adrenaline reversibly suppressed beta cell activity on both electrodes 1 and 2. The remaining fast events on electrode 2 are attributed to alpha cells (c) Glibenclimide re-induced the activity to beta cells islets that covered electrodes 1 and 2.Control electrode 3 remained silent. (d) The drug nifedipine permanently suppressed the activity on all electrodes

Figure 4 .

 4 Figure 4.3(c). The synergy of the drug with the high Glucose concentration (G15) resulted in the re appearance of the slow waves due to the re activation of beta cells.

  Figure 4.4(a) presents examples of SPs induced by 15 mM of glucose and inhibited by adrenaline.

Figure 4 .

 4 4(b) on the other hand examples APs induced by 15 mM of glucose and inhibited by nifedipine.

Figure 4 . 4 :

 44 Figure 4.4: Electrophysiological recordings from two different human donor (a) and (b)

cleaned in a 1 : 1

 11 Acetone/Isopropanol solvent mixture. The gold electrodes were patterned on top of the glass slide in a standard photolithographic technique with the use of S1813 photoresist, subsequent UV light exposure and development in MF-26 developer. The resulted gold electrodes were of 100nm of thickness while a 10 nm thick Cr layer between them and the substrate was chosen to act as an adhesive promoter. Both metals were deposit via standard metal evaporation. Thereinafter, two layers of Parylene-C (with the second serving as a sacrificial one in a later stage) were deposited for the device encapsulation, with an antiadhesive soap layer in between. A second photolithography step was used to pattern the electrode's active area with the use of AZ 9260 photoresist and a subsequent development step in AZ developer. Reactive Ion Etching with O 2 plasma created openings in Parylene-C before the PEDOT: PSS suspension was spun on the device. A final peel-off step of the second Parylene-C sacrificial layer defined the conducting material covered electrode area. The devices were hard baked for 60 minutes at 140 o C and immersed in D.I water over night for the removal of any low molecular weight compounds of the PEDOT:PSS dispersion. The PEDOT: PSS formulation used is as follows: 38 mL of PEDOT: PSS aqueous dispersion (Clevios PH -1000) were mixed with 2 mL of ethylene glycol (for conductivity enhancement), 50 μL of 4-dodecylbenzenesulfonic acid (DBSA) that helps the film formation and 0.4 mL of 3-methacryloxypropyltrimethoxysilane (GOPS) which is a surface adhesion promoter and a polymer cross-linking agent that enhance film stability in aqueous environments. 4.4.2 Islets isolation and cell culture: Before cell culturing the devices were plasma treated for 2 minutes to render them hydrophilic (the plasma treatment was 9.82 W/L -27.5 W in a 2.8 L chamber).After plasma treatment Matrigel solution (diluted 40μL in 2ml culture solution) was pipetted onto the MEA and the devices were incubated for an hour at room temperature. A washing step with cold culture media once and with room temperature water twice followed. The MEAs were dried and the cells were added in a set volume of 1mL to the center of the devices exactly on top of the active (recording) area. The cells adhesion lasts 3 days. 4.4.3 Device characterization and electrophysiological recordings: After fabrication the devices were characterized with the help of a potentiostat (Autolab PGSSTAT128N) in a three electrode configuration. The impedance spectra were obtained in 0.1M NaCl solution. The PEDOT:PSS covered electrodes served as the working electrode while a Pt and an Ag/AgCl electrode were used as counter and reference electrode respectively. The measurements were performed with the use of an INTAN RHD2132 32-channels amplifier chip with unipolar inputs (Intan Technologies) at a sampling rate of 10 kS/s. The data were analyzed with customwritten Matlab (Mathworks) codes and with the use of Spike 2 software.

  Figure S4.1(a) shows a microscope image of the islet cell culture with all the electrodes marked with numbers for facilitation of the data analysis.

Figure S4. 2

 2 Figure S4.2(b) presents simultaneously recordings from 11 channels that were covered with islets (high glucose concentration of 15mM was used). For those electrodes that clearly resolve slow waves (electrodes 31, 30, 29, 18, 16, 15, 1) spikes are also identified.

Figure S4. 2 :

 2 Figure S4.2: (a) A microscope picture of the mouse islet cells on the PEDOT:PSS MEA. The electrodes have been numbered for facilitating data analysis (b) Electrodes numbered 1,14,15,16,17,18,19,29,30,31,32 are covered electrodes. In every electrode that can clearly record slow waves, action potentials are also recorded (electrodes 31, 30, 29, 18, 16, 15, 1).
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 5 Organic Electrochemical TransistorsThe part 5.2 of this chapter is based on the collaborative work between BEL and Electronics lab of Department of Physics of Aristotle University in Thessaloniki (Greece). This collaboration resulted in the Master Thesis of Petros Sideris under the supervision of Professor Sytlianos Siskos entitled "Verilog-A Modelling of Organic Electrochemical Transistors and Read-out Instrumentation "
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 51 Figure 5.1: Schematics of an organic electrochemical transistor with a PEDOT:PSS channel, Au source and drain electrodes, and a Ag/AgCl gate electrode. The substrate (fused silica) can be replaced by a flexible plastic foil, while Parylene-C is used to insulate the contacts from the electrolyte.
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 52 Figure 5.2: Micrograph of microfabricated PEDOT:PSS OECT and electrode. A film of parylene coats the entire surface with the exception of the areas where PEDOT:PSS was deposited.

Figure 5 . 3 :

 53 Figure 5.3: Transfer curve of an OECT (black symbols) and corresponding transconductance (white symbols). The device dimensions are W=10μm 2 , L=5μm 2 and PEDOT:PSS thickness t=100nm.
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 54 Figure 5.4: An action potential as recorded with a PEDOT:PSS covered electrode from a mouse brain slice.
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 5555 Figure 5.5

Figure 5 . 6 :

 56 Figure 5.6: Experimental set up of testing the transimpedance amplifier
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 58 Figure 5.8: Output characteristics of an OECT with channel dimensions W=10μm,L=5μm and PEDOT:PSS thickness t=100nm.

Figure 5 . 9 :

 59 Figure 5.9: (a) Minimum detectable signal (b) Comparison of OECT vs Electrode SNR.
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 510 Figure 5.10: Read out system based on Gyrator.

Figure 5 .

 5 Figure 5.11.
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 511 Figure 5.11: The Gyrator equivalent circuit. The inductor is a shortcut for the DC current that is led to ground. The drop of potential on R 2 converts the input voltage into an output current (with a small potential loss on R 1 )

Figure 6 . 1 :

 61 Figure 6.1: Biocompatibility test of astrocytes on PEDOT:PSS. (a-f) Micrographs representing astrocytes stained with Fluorescein Diacetate (FDA) grown on PEDOT:PSS (b and e) and on PEDOT: PSS + PDL (c and f) using as a control GLASS+PDL (a and d) at different time points: (a-c) 1 day in vitro (DIV) and (d-f) 5 DIV. (g) Histogram plot shows averaged FDA positive cells/areas plated on GLASS+PDL , PEDOT:PSS and PEDOT:PSS+PDL, after 1 and 5 DIV. Significant difference was not observed (** p<0.01).
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  (a) and 2(b) the transfer curve and output characterisrtics of the devices are typical of

  2(c) and 6.2(d) present the electrical characteristics of OECTs after 1 day of Astrocytes cultured on them. The OECT drain current decreases due to the cell device interaction. Nevertheless, similar device treatment with a biological protocol without cells, show less electrical differences after the same time period (Figure S 6.1).

Figure 6 . 2 :

 62 Figure 6.2: (a) Transistor Transfer characteristic for Vgs varying from 0 to 0.5 V (bottom curve) and maintaining a bias Vds =-0.6 V in external solution. (b) Transistor Output characteristics for V G varying from 0 (top curve) to 0.5 V (bottom curve) with a step of 0.1 V in external solution. (c) Transistor Transfer characteristics with astrocytes on the OECT. (d) Transistor Output characteristics with astrocytes on the OECT.

  3 A, B). These events are connected to the presence of astrocytes on the devices since removing the cells from the devices caused these fluctuations to disappear. The devices were thoroughly trypsinized and biased again resulting in a I DS current without observable modulations over the same time period of 1000 seconds (red line, Figure 6.3 (a), (b)).

Figure 6 . 3 :

 63 Figure 6.3: Astrocyte recordings on OECT. (a-b) OECT Drain current recorded with astrocytes plate on top of OECT (black line) and without astrocytes (red line) on the same devices appling V ds =0.6 V and V gs =0 for 1000s.

Figure 6 .

 6 Figure 6.4(a) presents the measurement of OECT covered with the astrocytes, before (red line) and after (black line) the inhibitor addition. The initial current modulations disappear after the BaCl 2 treatment validating, the thoughts for the biological origin of the recorded activity.
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 64 Figure 6.4: (a) Transistor Drain current recorded with astrocytes plate on top of the OECT pre (red line) and after BaCl2 200 µM treatment (black line). (b) Transistor Drain current recorded with astrocytes plate on top of the OECT, adding at the solution ATP 10 µM at 250 seconds.
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 65 Figure 6.5: (a) Micrograph representing astrocytes grown on the OECT during the Calcium microfluorimetry. (b) Calcium microfluorimetry of the astrocytes plated on the OECT. The recorded traces show the behaviour of the spot highlighted in (a). (c) Transistor drain current recorded during Calcium microfluorimetry of astrocytes seeded on the device depicted in (a).

Figure 6 .

 6 Figure 6.5(a) shows a microghaph of the OECT with the astrocytes plated on it, during a calcium microfluorimetry measurement. The colored circles on the center

Figure 6 .

 6 5(c) on the other hand shows the simultaneous electrical recordings from the OECT during the calcium microfluorimetry. Interestingly enough, Figures 6.5(b) and 6.5(c) present similarities in the long time kinetics of the two measurements suggesting an implication of calcium signaling on the current measured on OECT devices. The OECTs used during this experiment were of the same geometry as the ones used throughout the whole project (W = 30 µm, L = 30 µm, thickness t= 500nm), In addition the effect of single-wavelength fluorescent Ca 2+ indicator Fluo4 device treatment was also tested. The transfer curve and the output characteristics where similar to the ones obtained without the treatment suggesting that Fluo4 does not affect the device performance (Figure S6.2).
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 641642 Cell viability assay: Cell viability was investigated by Fluorescein diacetate (FDA) assay. FDA stock solution (5mg/ml) was prepared in acetone and stored a -20 Cº. Astrocytes seeded on PEDOT:PSS, PEDOT:PSS coated with poly-D-lysine (PDL) and glass control substrates + PDL were incubated for 5 min with Fluorescein diacetate (Sigma Aldrich). After rinsing with physiological saline a sequence of images was taken using a Nikon Eclipse Ti-S optical microscope (20x). Alive cells were counted and the number of cells/mm 2 was calculated and compared at different time points. For each condition at least 6 coverslips were used. Device Fabrication: Devices were fabricated in previously published way. The first photolithography step was performed by spin coating photoresists (S1813) on a glass slide substrate followed by a UV light exposure with the help of a chromium mask. After development in a suitable base solution, gold was evaporated creating the desired 100 nm pattern on the substrate with the help of a lift off procedure in a mixture of acetone/isopropanol. A 2 μm thick layer of Parylene C was used for the insulation of the device. This layer is attached on the glass slide with the help of 3-(trimethoxysilyl)propyl methacrylate(A-174 Silane) which acts as an adhesion promoter on the substrate. A 1% soap solution is spin coated on the Parylene C in order to act as an anti-adhesive layer and then a second 2μm Parylene C sacrificial

  PEDOT:PSS thickness made it possible to examine the fundamental origins of their behavior. Electrochemical impedance spectroscopy (EIS) data were studied and modeled with a 2-element model involving a capacitor C (electrolyte-film interface) and a resistor R s (electrolyte spreading resistance) in series. The systems' characteristic frequency f c was extracted, scaling laws were presented and f c was used along with R s to normalize plots to an impedance spectrum master curve (

Chapters 3 and 4

 4 come as the implementation of Chapter's 2 gained knowledge to real electrophysiological measurements.Thermal noise N 𝑐,𝑡ℎ𝑒𝑟𝑚𝑎𝑙 is the result of random motion of thermally excited charge carriers in conductors and it happens regardless of any applied voltage. Its power spectra density (PSD) is white, i.e. it does not vary with frequency.N 𝑐,𝑡ℎ𝑒𝑟𝑚𝑎𝑙 = 𝛾 4𝑘𝛵 𝑔 𝑚 (units: 𝑉/√𝐻𝑧) (A.9)where 𝑔 𝑚 is the amplifiers transconductance (𝜕𝑖 𝑜𝑢𝑡 𝜕𝜐 𝑖𝑛), 𝛾 a circuit architecture dependent constant.Flicker noise N 𝑐,𝑓𝑙𝑖𝑐𝑘𝑒𝑟 is present is all active devices and has various origins.It is always associated with DC current: 𝐾 a process-dependent constant on the order of 10 -25 𝑉 2 𝐹 , 𝐶 𝑜𝑥 the transistor gate capacitance density and W and L the transistor width and length respectively. Combining (A.9) and (A.10) we have N 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑖𝑐 = N 𝑐,𝑡ℎ𝑒𝑟𝑚𝑎𝑙 + N 𝑐,𝑓𝑙𝑖𝑐𝑘𝑒𝑟 =

  2) to (A.11) we get the equation for the total noise 𝑁 𝑇𝑜𝑡𝑎𝑙 (𝑓) as a function of frequency: École Nationale Supérieure des Mines de Saint-Étienne NNT : 2016LYSEM017 Dimitrios A. Koutsouras Dispositifs à base de Polymères Conducteurs pour l'Électrophysiologie in vitro Spécialité: Bioélectronique Mots clefs : Polymères Conducteurs, Bioélectronique, Electrophysiologie, Neurosciences Résume : La bioélectronique est un domaine émergent qui vise à combiner les mondes de la biologie et de l'électronique. Les matériaux organiques présentent un ensemble de caractéristiques uniques qui les rendent candidats idéaux pour répondre aux contraintes spécifiques de ce domaine. Leur flexibilité leur donne une meilleure stabilité mécanique, tandis que leur nature de conducteurs ioniques et électroniques leur permet d'interférer parfaitement entre un tissu vivant et un dispositif électronique. En outre, ils présentent des interfaces non oxydées pour des interactions biologiques plus efficaces. Il est également possible de modifier chimiquement ces matériaux afin de les fonctionnaliser. Ces idées, ainsi que les différentes approches de fabrication des dispositifs organiques sont présentées au chapitre 1. L'électrode est le principal outil expérimental pour l'électrophysiologie in vitro. Les principes physiques du fonctionnement de l'électrode sont donc tout d'abord présentés au chapitre 2. Dans les chapitres 3 et 4, les connaissances acquises à partir de la modélisation de l'électrode sont mises en applications sur des mesures biologiques réelles. Le chapitre 3 présente des enregistrements d'activité de cellules hippocampiques de culture et le chapitre 4 de cellules pancréatiques.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  part of the molecule, resulting in a negative tone photoresist. In addition, it is acid stable, a feature extremely useful when it is used to pattern acidic polymers.
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Indeed if we plot Rs, fc and C versus area we get Figure 2.10 where the values of R s and C are fitting parameter to the measured data. As depicted in the plot of Figure 2.10 R s scales as A -0.48 while C scales as A 0,97 . f c seems to scale with A -0,41 while it was anticipated to scale with A -0.5 .We believe that this has to do with the experimental uncertainty when we calculate the real electrode area. This area is usually a bit bigger than the originally designed one on the mask due to fabrication issues (mask's resolution, over etching effects etc). This phenomenon is more intense in the smaller electrodes so the real area value is not the same with the nominal designed one. That is why during the fitting in the above Figure 2.10 the smallest electrodes were noted with question marks.

Nevertheless the overall trend is as expected.

The question is now how can these values help us perform the intended impedance spectra normalization.

Interestingly, the GOPS/PEDOT spun cast films show only slightly less capacitive (higher Z) values than electropolymerized PEDOT films of similar thickness. This result is indicative that the two approaches seem to be nearly equivalent in terms of the resulting impedance of the films. (EGTA), 10; MgCl2, 1; CaCl2, 1; and Mg-ATP, 4 / Na2-GTP, 0.4 added the day of the experiment (pH 7.4 with KOH). Pipettes (4-6 M ) were directed onto neurons using a motorized Sutter microdrive (ROE200, Sutter Instrument Co). The offset between the reference electrode and the patch pipette was zeroed when touching the recording chamber extracellular medium (in mM: NaCl, 140; KCl, 3; Hepes, 10; glucose, 10; CaCl2, 2.5; MgCl2, 1; pH 7.4 with NaOH). The reference electrode was an Ag/AgCl wire connected to the extracellular solution. The resting membrane potential values ranged from -53 to -68mV and were not corrected for junction potential. Selected neurons had gigaohm seals (typically 1-5 GΩ) and a stable resting membrane potential. In current-clamp mode output bandwidth was set at 10 kHz and series resistance was not adjusted. After membrane rupture with a negative pressure the input resistance ranged 340 MΩ to 1.5 GΩ. Selected neurons had an access resistance < 15 MΩ that was not compensated for.

Supplementary Information

Device layout and noise level 

Supplementary Information

A. Device Characterization

The PEDOT:PSS covered electrodes were fabricated with a previous published method. The device's 32 electrodes showed identical impedance spectrum as presented in The final result is a band pass filter with a bandwidth of 10 kHz and center frequency at 1 kHz. The gain at that frequency is 40 dB.

Test Measurements

A measuring system incorporating a Gyrator and a filtering part was realized and presented in Figure 5.13 Interestingly the Gyrator-filtering system was able to detect pulses of voltage as small as of 42 μV peak to peak in amplitude, 1ms in duration with a frequency of 1 kHz. These signals were applied in bursts of 3 spikes on the transistors gate and were used to simulate the action potential of neuronal cells. layer was deposit. A second photolithography step allowed us to define the area where the PEDOT:PSS would be spun after the opening of windows corresponding to the channel by plasma etching. The PEDOT:PSS layer is about 500nm thick . The sacrificial layer was peeled off after a short annealing at 110 o C so that the final pattern is well defined. The final steps of the fabrication were the hard baking of PEDOT:PSS at 140 o C for an hour and the soaking and rinsing of the devices in DI water in order for any low molecular weights residues to be removed.

Device testing :Electrical characterization of the OECTs was carried out using a SUSS probe station coupled to a B1500A Agilent semiconductor device parametric analyzer in air and using external cellular solution (NaCl 140 mM, MgCl 2 2 mM, KCl 4 mM, CaCl 2 2 mM, HEPES 10 mM, Glucose 5 mM, Mannitol 20mM, pH = 7.4) as gate solution. V gs is the voltage difference applied between the gate solution and source electrodes, V ds is the voltage difference applied between the drain and source electrodes. The source electrode is grounded. The output characterization is obtained by varying V DS from 0 to -600 mV and keeping V GS constant for six different voltages (0, 100, 200, 300, 400 and 500 mV).

Biological measurement: Biological measurements of astrocytes activity using

OECT was carried out using a SUSS probe station coupled to a B1500A Agilent semiconductor device parametric analyzer in air and using extracellular standard solution and a sampling recording rate of 10 Hz. To the biological measurements V DS was imposed at -600 mV and V GS at 0 V. Nevertheless, the greatest obstacle for its use in unitary activity recordings is a complete read out system that will allow for the device to be used to its full potential.

Calcium microfluorometry: Variations in intracellular free

That is why an OECT measuring recording system was designed, fabricated and tested with artificial signals of the same characteristics of biological action potentials.

The system was able to successfully resolve these signals so the next step can be the implementation of this technology in biological measurements.

Chapter 6 concludes this Thesis with a project concerning measurements on astrocytes. Despite the fact that astrocytes are not electrogenic cells their membrane possesses neurotransmitter receptors which could trigger electrical and biochemical events inside the cells. Taking advantage of the OECT's large transconductance we tried to investigate if astrocyte cultures could be coupled to an electrical electrochemical transistor and modulate its current.

Appendix A: Noise characterization and modeling

As thoroughly discussed in Chapter 2, the greatest issue every electrophysiological measurement has to deal with is the unwanted noise which is superimposed with the neural activity and causes the degradation of the recording quality. In general, noise during a measurement, scales with the recording device impedance and consequently devices with lower impedance result in better signal to noise ratio (SNR). Nonetheless, many more sources contribute to the total noise and these sources are presented here.

Let us start by defining what noise is. Noise is any disturbance that interferes with the measurement of the desired signal [1] . These disturbances may arise from:

1) Other neurons (biological noise)

2) The electrode-electrolyte interface

3) The recording electronic circuits

The overall noise exhibits a non-Gaussian profile and can be approximated as a 1 𝑓 𝑥 ⁄ noise [2] .

1) Neuron noise

During a measurement the recording electrode is picking up signals not only from the neuron(s) in its proximity but also from distant ones. These action potentials sum up and result in a background activity which can be mathematically described as [2] :

where 𝑉 𝑛𝑒𝑢 is the sum of the background signaling from distant neurons, 𝑖 and 𝑡 𝑖,𝑘 is the 𝑖 𝑡ℎ neuron and its activation time respectively and 𝑣 𝑖,𝑛𝑒𝑢 is the voltage disturbance (spike) created by the 𝑖 𝑡ℎ neuron during an action potential.

The power spectrum of 𝑉 𝑛𝑒𝑢 is given by [2] :

where 〈 〉 is the average over the ensemble and over 𝑘 1 , 𝑃{ } is the spectrum operation, 𝑋 𝑖 (𝑓) is the Fourier transform of 𝑣 𝑖,𝑛𝑒𝑢 and 𝑓 𝑖 is the frequency of spiking activity 𝑣 𝑖,𝑛𝑒𝑢 (number of activations divided by a period of time). Equation (A.2) contributes a 𝑁 𝑛𝑒𝑢𝑟 = 1 𝑓 𝛼 ⁄ term within the signal spectrum.

2) Electrode noise

Let us, first, imagine an electrode-electrolyte interface where non-charge transfer reactions occur (non faradaic process). The current flux of the 𝑖 𝑡ℎ charged particle 𝐽 𝑖 (𝑥) at location x ,assuming spatial concentration 𝑛 𝑖 (𝑥), is given by the Nerst equation [2] :

𝐽 𝑖 (𝑥) = -𝐷 𝑖 ∇𝑛 𝑖 (𝑥) + 𝑛 𝑖 (𝑥)𝜐 -

where 𝐷 𝑖 the diffusion coefficient, 𝛷 the electrical potential,𝑧 𝑖 the particle charge, q the electron charge, 𝑘 the Boltzmann constant, T the temperature and 𝜐 the convection coefficient.

In steady state, 𝐽 𝑖 (𝑥) is zero while the boundary condition dictates a voltage drop of 1V between metal and electrolyte. In this case, the electrode-electrolyte interface can be modeled with a lumped resistor 𝑅 𝑒𝑒 in parallel with a lumped capacitor 𝐶 𝑒𝑒 (double layer capacitance). Consequently, a low pass filter for the interface noise is formed and the induced noise from 𝑅 𝑒𝑒 at the amplifier input is [2] :

where 𝐶 𝑖 is the amplifier input capacitance. This capacitance should be negligible in order not to introduce waveform distortion. In that case, the integrated noise induced by the electrode-electrolyte interface is [2,3] : ) and the noise level during a measurement. In order for the noise level to be reduced the capacitance (𝐶 𝑒𝑒 ) should be increased.

Conducting polymer coated electrodes improve the measurement's SNR by reducing the electrode-electrolyte interface noise through a double layer capacitance (𝐶 𝑒𝑒 ) increase.

Let us now consider regions of the electrolyte away from the electrodeelectrolyte interface. In that case, spatial concentration gradient equals to zero (∇𝑛 𝑖 (𝑥)=0) and as a result we have a flat noise spectrum. In that case, noise is modeled with the help of a lumped bulk resistance 𝑅 𝑏 (usually referred to in literature as spreading resistance 𝑅 𝑠 [4] [5] ) placed in series with the resistor 𝑅 𝑒𝑒 that is itself in parallel to the capacitor 𝐶 𝑒𝑒 . This approach results in [2,3] :

and since

where ρ the electrolyte resistivity, 𝑟 𝑠 the electrode radius and 𝜒 a constant that relates to the electrode geometry. For a plate electrode 𝜒 ≈ 0.5.The total electrode induced noise is the sum of N 𝑒,𝑒 and N 𝑒,𝑏 .

3) Electronic noise

The third noise source is the recording electronic circuits themselves. Two main components can be identified in this category.

i. Thermal noise of the transistors (also referred to as Johnson or Nyquist noise)

ii. Flicker noise (also referred to as pink noise or 1 𝑓 ⁄ noise)

where

𝑓 𝑥 represents the frequency dependent while 𝑁 𝑜 for the frequency independent flat terms.

Appendix B: Spreading resistance R s

In Chapter 2 the biopotential electrode was modeled with the help of a resistor 𝑅 𝑠 in series with a resistor R that is itself in parallel to a capacitor C -(𝑅 𝑠 -(R//C)).

𝑅 𝑠 refers to the net resistance encounter by a current spreading out from an electrode into a conductive solution. In general this resistance is calculated by integrating the series resistance of shells of solution outward from the electrode [1] :

where 𝑥 is the distance "nominal" to the surface.

Let us now consider a spherical source of current. In that case, the spreading resistance is:

where ρ is the conductivity of the solution in 𝛺 • 𝑐𝑚 and r s is the radius of the sphere in centimeters.

For a planar electrode (one side exposed) things are getting bit more complicated. Newman calculated Rs in that case as follows [2] :

In order to calculate the potential distribution from Laplace equation we use rotational elliptic coordinates ξ and η which are related to cylindrical by:

where α is the disk radius, z is the normal distance from the disk and r the distance from the axon of symmetry. Laplace equation can now be written as: where 𝑛 is the separation constant. The solutions of these equations are Legendre functions. In order to have well behaved solutions: 𝑛 = 𝑙(𝑙 + 1) 𝑤ℎ𝑒𝑟𝑒 𝑙 = 0,1,2, … and in order to satisfy the condition on the insulating surface, 𝑙 must be even. The condition 𝛷 = 𝛷 𝜊 on the disk electrode can be satisfied simply for 𝑛 = 0. Hence, integration yields:

The current density at the disk surface is: In the case of a planar rectangular electrode (one side exposed) and by direct analogy to the thermodynamic shape factors used in heat-flow problems , Rs is given by the equation [1] :

where ρ is the resistivity of the solution in 𝛺 • 𝑐𝑚, l and w the length and the width of the rectangular respectively in centimeters. Bioelectronics is an emerging field that is aiming to combine the worlds of biology and electronics. Among all the other materials, organics present a unique set of features that renders them ideal candidates for this new field. Their soft nature gives better mechanical stability, while the fact that they can conduct both electrically and ionically makes them ideal candidates to bridge the gap between electronic devices and living tissue. In addition they provide oxide free interfaces that could interact more efficiently with biology and allow chemically modification that increase biological functionality. These ideas, together with the organic devices fabrication approaches are presented in Chapter 1.

Electrodes are the main experimental tool for electrophysiology and this is why Chapter 2 presents the main physics principle behind them. Chapters