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Abstract   
      Electric-field mediated processes in electrically active biological cells and tissues rule human 

physiology, so recording this electrical activity provides crucial insights into pathophysiology. A 

developing field of organic bioelectronics addresses this challenge in a biocompatible and 

conformable way, using electrolyte-gated organic transistor platforms. In his project, a specific 

platform classified as Electrolyte-Gated Organic Field-Effect Transistors (EGOFETs) is extensively 

characterised. The characterisation enables extracting relevant information and properties of 

EGOFETs in different physiological conditions and helps to better understand their operation. The 

knowledge gained is then utilised to create a general hardware-software platform to interface these 

devices and deconvolute the signal of interest by carefully removing noise and device-dependent 

behaviours, enabling real-time electrophysiological signal processing. The generality of the 

developed design and system aids in standardising the analysis and interpretation of data coming 

out of state-of-art electrolyte-gated transistors, thereby saving resources and shifting focus directly 

to data of interest.      

Keywords: 

Bioelectronics, Organic electronics, Electrolyte-Gated Organic Field-Effect transistors (EGOFETs), 

Electrophysiological signals, Hardware-software platform, LabVIEW, Real-time processing 
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1. INTRODUCTION 

1.1. Introduction to bioelectricity 

“Life is electrical”. This concept, which can be hard to grasp at first fully, is the basis of 

bioelectricity. One could say that electric fields pervade all biological systems. [1] Electricity is 

everywhere: in all living things, animals and plants, even single-cell organisms and bacteria. Cells 

are specialised to conduct electrical currents, and they depend on their intrinsic electrical properties 

to function and survive. [2] 

To understand how cells control electrical currents, one can describe cells as electrical 

equivalent circuits. The parallel combination of cell membrane resistance and capacitance allows 

us to model cells as RC circuits. [3] In simpler terms, the cell membrane consists of, on the one 

hand, a double lipid layer that separates ions in the extracellular space from those in the cytoplasm 

and, on the other hand, proteins that act as channels that allow specific ions to pass through. The 

flow of ions across the cell membrane is what generates electrical currents. [4] 

Electrical flow in the body plays a significant role in many physiological and pathophysiological 

conditions. It rules not only atomic interactions to determine the passage of ions through membrane 

channels but also the transmission of signals through the nervous systems of multicellular animals. 

[1] 

The field of bioelectricity was borne from work on so-called ‘excitable cells’ (nerves and 

muscles) mediated by the transmission of bioelectrical signals. However, every biological cell has 

electrical properties essential for its normal functioning and homeostatic balance. [2] As bioelectric 

currents are generated by several different biological processes and are used by cells to regulate 

tissue and organ functions, conduct impulses along nerve fibres, and govern metabolism, any 

abnormalities in cellular bioelectricity are disruptive and can lead to disease. [5] 

Recently, increasing attention has been focused on an emerging interdisciplinary field called 

organic bioelectronics, aimed at fabrication, engineering and characterisation of improved 

biocompatible, conformable and low-cost processing devices. These devices enable stimulating 

and recording excitable cells in vitro, promoting unprecedented insight into human physiology and 

pathophysiology. [6] 

1.2. Nanoscale Bioelectrical Characterisation group (IBEC)  

The Nanoscale Bioelectrical Characterization group, led by Gabriel Gomila, is part of the 

Institute for Bioengineering of Catalonia (IBEC), which works on the development of a multiscale 

approach to Bioelectricity, working on multiple models at the nano- and micro scales 

simultaneously. The group combines methods and techniques from Scanning Probe Microscopy, 

Organic Electronics and Big Data to develop new label-free (without the need for exogenous labels) 

biological nanoscale characterisation methods and new electronic biosensors. 

The team is international and interdisciplinary, including senior and postdoctoral researchers, 

senior technicians, PhD students, and visiting researchers from engineering and physics 

backgrounds. This is the framework in which this bachelor's thesis has been carried out. 
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Among other projects, the group has performed research in applying Electrolyte-Gated Organic 

Field-Effect Transistors (EGOFETs) as biosensors to record the electrical activity of excitable cells. 

Their studies have proven the potential of these transistors to record the electrical activity of clusters 

of cardiomyocyte cells over long periods (weeks), giving way to their exploitation with other cell 

types, such as neurons, and cell structures like organoids. [7] [13] 

Under the guidance of PhD student Shubham Tanwar, this bachelor's thesis led to the 

development of a PC-based software tool along with associated hardware for real-time processing 

of electrophysiological signals recorded by means of EGOFETs. This objective was achieved after 

first having characterised experimentally EGOFETs extensively in different physiological buffers 

and by using a variety of electronic test instruments to gauge the understanding of their working 

principle and extracting the associated relevant operational parameters.  

1.3. EGOFETs as electrophysiological recording devices 

Electrically excitable cells, like neurons or muscle cells, are specialised in generating and 

conducting electrical currents, which in turn propagate and generate extracellular potentials, which 

can be measured by a variety of electrical techniques. 

Advances in integrated circuits and new materials have allowed the study of many versatile 

bioelectronics formats to measure extracellular potentials of electrically active tissues and cells in 

a non-invasive manner. [8] These measurements are of particular interest to characterise their 

intrinsic electrical properties, to monitor of their response to pharmaceutical drugs and to provide 

knowledge about their functionality or dysfunctionality. [9]  

In turn, these developments have given way to therapeutic and diagnostic applications 

(electrocardiogram, electroencephalogram, electrical stimulation, etc.) and has raised interest in 

developing implantable devices, neuroprosthesis, [10] brain-computer interfaces [11] and artificial 

synapsors. [12] In this context, organic bioelectronics has received much attention in recent years 

because of its biocompatibility and flexibility for wearable and conformal device architectures. [8] 

Electrolyte-Gated Organic Field-Effect Transistors (EGOFETs) represent a promising class of 

organic bioelectronic device, which enables non-invasive electrical recordings that can prove 

essential for biomedical diagnostics, drug development, and toxicology. Moreover, they present a 

striking potential for cost-effective process automation and parallelisation with applications ranging 

from the non-invasive recording and stimulation of electrical activity in cells to their use as 

ultrasensitive biosensors.  

1.4. Objectives  

Electrolyte-Gated Organic Field-Effect Transistors (EGOFETs) have recently been 

demonstrated as a non-invasive electrical transducer of biological activities and processes. The 

electrically active cells placed at the electrolyte/semiconductor interface induces variations in 

interfacial electrical properties leading to change in the response of the devices.  

To exploit its full potential and effectively implement them as bioelectronic transducers, further 

developments are necessary, especially for its real-time operation. This project aims to contribute 
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to these developments by developing the interfacing electronics and software analysis tools for 

real-time electrophysiological applications based on EGOFETs. 

To achieve it, previously a systematic study of their steady-state, quasi-static, and transient 

response has been performed in different electrolytes suited for living cell studies, like Phosphate-

Buffered Saline (PBS), Dulbecco's Modified Eagle's Medium (DMEM) and salt solutions at different 

ionic concentrations. The project then aims to consolidate and utilise this information to develop 

and design a software platform for the real-time processing of the electrophysiological signal 

recorded by EGOFET and thereby describe the operation of EGOFETs for bioelectronics 

applications via demonstration. 

Concretely, the main objectives of the project could be summarised in: 

1. Study of the quasi-static and steady-state response of EGOFETs 

a. Extraction of charge transport parameters from the transfer (ID vs VG) and output 

characteristics (ID vs VD) of the transistor 

b. Drain current temporal evolution at constant drain and gate voltages 

corresponding to different operating regimes of the transistor 

2. Study of the transient Response of EGOFETs 

a. Response time and potentiometric sensitivity measurements 

b. Frequency dependence of the transistor's transconductance in different 

operational regimes of the transistor  

3. Interfacing electronics and software analysis platform for real-time 

electrophysiological applications 

a. PC based software platform for real-time signal processing 

b. Hardware platform development for differential and multiplex sensing of electrical 

activity of the cells  

1.5. Scope and limitations 

The project consists of extensively characterising Electrolyte-Gated Organic Field-Effect 

Transistors (EGOFETs) with standard electronic measurement instruments and later with the 

developed PC based software for real-time data extraction and analysis.  

The Institute for Bioengineering of Catalonia (IBEC) is the framework for the project, together 

with ICMAB that provided the EGOFETs to be analysed. Specifically, the different stages of the 

project are carried out with the Nanoscale Bioelectrical Characterization group. The project’s 

development has been divided into two time periods. First period from July 2021 to September 

2021, wherein the necessary knowledge and skills for proper characterisation were acquired. The 

second period, from September 2021 to January 2022, wherein the actual measurements, analysis 

and development were performed. 

It should be noted that the project has some limitations that must be considered, mainly, that 

its duration is determined by the end-of-degree project deadlines, which are set for January 2022. 

This implies only being able to focus on a particular kind of electrolyte-gated transistors, which are 

here chosen to be EGOFETs. Since the characterisation will be intensive and understanding a 

single device for a particular application is complex and time-consuming, other kinds of electrolyte-
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gated transistors like Organic Electrochemical Transistors (OECTs), which have a different 

operating mechanism, will not be covered within this project. Furthermore, it should be noted that 

future experiments using different experimental parameters in combination with other electrolytes 

could provide more insights into the experimental question presented but are beyond the scope of 

this project. 

On the other hand, there was a learning curve during the project that should be worth noting. 

A proper understanding of the project’s background required a training phase where the workings 

of all instrumentation, devices involved were consolidated correctly. Learning how to use the 

different instruments and operate was essential to avoid unnecessary errors and accidents. 

The practical foundation knowledge was learnt from scratch by enrolling on Keysight courses 

on various instruments and their fundamentals [113], by attending lectures on signal acquisition 

and noise analysis from by professor Marco Sampietro from the Politecnico de Milano [115] and by 

reading each device’s manual. All this training period was necessary to properly use different 

instruments and then utilise them to characterise and understand EGOFETs behaviour in different 

conditions and different biological media, which ultimately enabled the creation of a software 

platform for real-time processing of the output electrophysiological signal from these transistors. 

1.6. Regulations and legal aspects 

      The World Health Organization (WHO) defines a medical device as [108] 

“Any instrument, apparatus, implement, machine, appliance, implant, reagent for in vitro use, 

software, material or another similar or related article, intended by the manufacturer to be used, 

alone or in combination for a medical purpose.” 

      So, following this definition, one can define EGOFETs as medical devices used for therapeutic 

and diagnostic applications. Specifically, they are active medical devices. They rely on a power 

source other than that directly generated by the human body or gravity for its functioning and act 

by converting this energy. [109]  

      The classification of medical devices in the European Union is outlined in Annex IX of the 

Council Directive 93/42/EEC. There are four classes, ranging from low risk to high risk, and 

EGOFETs lie in class I as they are non-invasive and pose a low risk. [110] 

      In the European Union, the CE marking, a mandatory conformity marking for regulating the 

goods sold within the European Economic Area (EEA), [114] is a legal requirement following the 

Directive 93/42/ECC regarding medical devices. This directive sets the essential requirements to 

be met to be commercialised and get the CE marking. [110] 

      Finally, certifications to ISO-13485 and ISO-14971 are highly recommended for medical 

devices. ISO-13485 is a standard for quality management throughout the life cycle of a medical 

device [111], and ISO-14971 specifies the terminology, principles and process for risk management 

of medical devices. It aims to help identify hazards associated with a medical device, evaluate and 

control the associated risks, and monitor their effectiveness. [112] 
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1.7. Outline 

This project is structured into four main blocks, including all relevant project development 

information, results, and findings. It includes the main limitations and advantages, finding the cost 

and legalities it entails and showing the state-of-the-art technologies and market analysis. The 

structure can be seen in the following flowchart: 

 

 

Figure 1: Project outline 

       The first section includes the project's theoretical background; it provides its theoretical 

framework. It describes the basic functioning of transistors and concretely of EGOFETs, which are 

the type of transistors under study. Additionally, the current situation regarding the bioelectronic 

recording of extracellular potentials is described with the analyses of previous related studies in the 

field and the already existing technologies available. Furthermore, the legal aspects and regulations 

that apply are described. 

       The second block contains the market analysis, which identifies the project's target sectors 

and recapitulates the evolution of non-invasive recording of electrical activity. In addition, it 

identifies future opportunities and threats that these techniques could encounter in the market. 

       The third part contains the project's conceptual engineering, where the proposed solution 

that answers the project's objectives is defined. Furthermore, a variety of alternatives are 

considered if the proposed solution is not viable. After discussing the advantages and 

disadvantages of each solution, a final choice of the ideas selected for further development is 

presented. 

       The fourth block consists of detailed engineering; it shows the detailed workflow of the 

project's realisation with the timings and relationships between tasks. It details the implementation 

of the selected solutions, including a description of the equipment, the materials and the methods 

used. It also presents the results obtained and discusses their implications.  

        In addition to these four main sections, the execution schedule, technical and economic 

feasibility, conclusions, and future perspective are also commented at the end of this report. 
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2. THEORETICAL BACKGROUND 
This section presents the theoretical background necessary for a global understanding of the 

project's more technical aspects. This theoretical framework enables laying the foundations to 

support achieving the project's objectives and help interpreting the results and rationale behind 

decision-making. 

2.1. Electrolyte-Gated Organic Field-Effect Transistors 

The name "transistor", a combination of the words "transfer" and "resistor", was coined by the 

1956 Nobel Prize winners William Shockley, John Bardeen and Walter Brattain "because it is a 

resistor or semiconductor device which can amplify electrical signals as they are transferred 

through it from input to output terminals." [14] In plain terms, a transistor is a three-terminal 

semiconductor device that regulates current or voltage flow and acts as a switch or gate for signals. 

[15]  

Specifically, Electrolyte-Gated Organic Field-Effect 

Transistors, or EGOFETs, are three-terminal devices 

where the conductivity of a semiconducting material 

connected to two electrodes, classified as the source 

and the drain, is modulated by a third electrode known 

as the gate which is separated by an electrolyte. [19] 

Figure 2 illustrates the basic structure of these devices. 

The three terminals are gate, source and drain. [22] 

• Source (S): Terminal through which the carriers enter the channel. 

• Gate (G): Terminal that controls the current through the channel, which means that this 

terminal modulates the channel conductivity. The current can be controlled by applying an 

external voltage at the gate terminal (VG). 

• Drain (D): Terminal through which carriers leave the channel. 

As the name indicates, EGOFETs combine FETs (Field-Effect Transistors) and EGTs 

(Electrolyte-Gated Transistors). Moreover, they are based on organic semiconductors, which 

increase biocompatibility enormously.  

In conventional FETs, like MOSFETs or TFTs, instead of an electrolyte separating the 

semiconductor channel from the gate electrode, there is a thin insulating layer called the gate 

dielectric. A voltage applied between the gate and the channel leads to field-effect doping of the 

semiconductor, that is, the accumulation of mobile electronic charge near the interface with the 

dielectric (Figure 3.a). In this case, a sheet of charge compensates for the charge in the channel at 

the gate electrode, and the resulting structure forms a parallel plate capacitor. [116] 

Figure 2: Basic structure of an EGOFET. 
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Figure 3: General scheme of (a) a Field-Effect Transistor (FET) and (b) an Electrolyte-Gated Organic Field-Effect 
transistor (EGOFET).            

On the other hand, in EGOFETs the solid dielectric is replaced by an electrolyte and a double-

layer capacitor is formed at the electrolyte-channel and electrolyte-gate interfaces (Figure 3.b). 

Upon application of a potential difference, elevated concentration of ionic charges at the electrolyte 

interfaces and of electronic charges in the semiconductor phase are formed. This configuration can 

be considered an extreme case of a FET device because the dielectric thickness is reduced to the 

dimensions of ionic radii, meaning that the distance between plates of the parallel capacitor is 

strongly decreased. Knowing that capacitance is inversely proportional to this distance, one can 

see that EGOFETs benefit from high capacitance. 

On this trail of thought, knowing that the relationship between charge and potential difference 

across the capacitor follows the following relationship: 

𝑄 = 𝐶 · 𝑉 

Equation 1: Relationsiph between capacitor charge.and potential difference. 

where Q is the amount of charge induced in the channel, C is the capacitance of the dielectric, 

and V is the gate voltage, the high capacitances make EGOFETs to maximise the induced charge 

and thus the drain current of the transistor, which defines their operational characteristics. 

To illustrate the capacitive operation principle in EGOFETs more clearly, let us assume that a 

positive voltage is applied to the gate electrode. In this case, the positive ions in the electrolytic 

solution are pushed away from the gate terminal toward the semiconductor surface forming 

electrical double layers (EDL). The now higher density of positive ions in the electrolyte near the 

electrolyte/gate interface promotes the mobilisation of electrons (negatively charged) in the 

semiconductor towards the semiconductor surface. [24] Altogether, these events allow the flow of 

current along the semiconductor as the electron population build-up near the semiconductor 

surface forms a conducting channel between the source and drain. Similarly, it is possible to 

understand the effect of applying a negative bias to the gate electrode. In this case, the carriers in 

the semiconductor would be holes, which are positively charged. 

2.2. EGOFET characterisation 

The electrical characteristics of EGOFETs provide helpful information to exploit their full 

potential as bioelectronic transducers. The electrically active cells placed at the 

electrolyte/semiconductor interface induce variations in the interfacial electrical properties leading 
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to changes in the response of the EGOFET. Characterising these platforms is thus required to 

correlate the measured magnitudes of the EGOFET with the electrical properties of the cells 

electrical activity. [19] 

The transfer (ID–VG) and output (ID–VD) characteristics of EGOFETs determine the 'identity 

card' of EGOFETs as a transistor class, where ID is the drain current and VG and VD are the gate 

and drain terminal biases, respectively. Figures of merit used for the direct comparison of EGOFET 

performance include: 

• Threshold voltage, Vth: 

Defined as the minimum gate voltage needed to create a conducting path between the 

source and drain terminals.[25] Graphically, it is the intersection between the linear least-

squares approximation of ID and the VG axis. [19] 

• Carrier mobility, μ: 

This parameter determines how fast charge carriers drift in the material in response to an 

external electric field. [27] It is extracted from the transfer characteristics in the linear or 

saturation region. [19] Concretely, knowing the slope of the linear least-squares approximation 

of ID, the gate and channel capacitance per unit area and the morphological parameters of the 

transistor, namely width (W) and length (L). Its value is extracted using the following 

relationship: [28] 

𝜇 = (
𝜕√𝐼𝐷

𝑠𝑎𝑡

𝜕𝑉𝐺𝑠
)

2

×
2𝐿

𝐶𝑖𝑊
 

Equation 2: Carrier mobility determination. L is length, Ci capacitance and W, width. 

• On-to-Off drain current ratio: 

This ratio characterises the difference between the ON-state current and the OFF-state 

current. A high On-to-Off ratio means a low leakage current and an improved device 

performance. [26] 

• Transconductance, gm: 

Defined as the ratio of change in the drain to source current concerning the change in the 

gate voltage with a constant drain/source voltage, this parameter helps to quantify modulation 

efficiency and defines intrinsic amplification. [29] 

When the EGOFET operates in a linear region (where VG– Vth > VD), gm is the ID–VG curve 

slope. Furthermore, studying the EGOFET’s transconductance frequency response also 

provides relevant information. Mathematically, transconductance is defined as [19] 

𝑔𝑚 =
𝑑𝐼𝐷

𝑑𝑉𝐺
 

Equation 3: Transconductance. ID is drain current, VG is gate voltage. 
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• Subthreshold-swing:  

Also extracted from the transfer characteristic, the subthreshold-swing is the change in 

gate voltage that must be applied to create a one decade increase in the source to drain 

current. [30] 

When EGOFETs are applied to record extracellular potentials, assessing device stability 

should also be considered. Studying the drain current temporal evolution under different operating 

regimes of the transistor and determining the response time and potentiometric sensitivity should 

be reported. It is essential to calculate the EGOFET’s limitations and assess the proper functioning. 

[19] 
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3. CURRENT SITUATION 
This section provides a comprehensive overview of what has been done so far and further 

investigated in the bioelectronic recording of extracellular potentials. It describes the knowledge 

about the studied matter through the analysis of similar or related published work and presents the 

context in which the presented project occurs. 

3.1. State of the art (State of technology) 

The study of electrical properties of the electrical activity of biological cells, tissues and organs, 

such as changes in voltage or electric current, provides relevant information about their functionality 

or dysfunctionality and can also be used to monitor functional response to pharmaceutical drugs.  

Several methods have been developed for the non-invasive recording of cell's electrical 

activity, most of them based on placing electrodes or devices like transistors neighbouring the 

target organ, tissue or cells. The Electrolyte-Gated Organic Field-Effect Transistors (EGOFETs), 

presented in this project, is one of these methods. 

3.1.1. Microelectrode Array System (MEAs) 

Extracellular field potentials from electrically active cells can be recorded using the traditional 

Microelectrode Array Systems (MEAs). The microelectrode array plates have a grid of tightly 

spaced electrodes over which the cells are cultured. Their resulting electrical activity is captured 

from each electrode on a microsecond timescale through the use of specifically designed amplifiers 

providing both temporally and spatially precise data. [31]  

MEAs emerged in the early 1970s [32] and early 1980s, [33], [34] and since then have been 

extensively exploited for the study of the dynamics and activity patterns of electrogenic cells [35] 

and have been used for drug screening and biosensing.  

Critical features of MEAs are their long-term recording and bi-directional interfacing. 

Nonetheless, their electrical measurement quality depends on the electrode's interface with the 

tissue or cell. For high-quality recordings, low impedance electrodes are needed. This can be 

achieved at the expense of spatial resolution by increasing the recording electrode area [13] or by 

coating the microelectrodes with organic conducting polymers. [36] However, low site impedance 

is problematic as it requires highly developed preamplifiers to extract the signals. [8] 

A higher spatial resolution whilst keeping good sampling performance and adequate noise 

levels is the future for enhancing MEAs subcellular resolution capabilities. [37] Some studies have 

proven that this performance improvement can be achieved by modifying the electrode materials 

to, for example, TiN, IrOx, Black-Pt and by changing the electrode morphologies to shapes such 

as planar or tip shape. [38] 

3.1.2. Patch-clamp 

The development of the patch-clamp technique in the late 1970s meant a breakthrough in 

electrophysiology. It allowed high-resolution recordings of whole cells and isolated membrane 

patches, even allowing the investigation of single-channel events. [39] 
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The general principle of the patch-clamp 

technique is based on a pipette tip sealed to the cell 

membrane that measures the potential between the 

membrane and the electrode, which is then 

amplified externally with a highly sensitive 

differential amplifier. [40] In other words, the tight 

seal isolates the membrane patch electrically, so all 

ions fluxing the membrane patch flow into the 

pipette and are recorded by an electrode connected 

to a highly sensitive amplifier.   

On the one hand, this technique allows recording under conditions where voltages and 

solutions at both sides of the membrane are controlled and can be manipulated during the 

experiment. [13] On the other hand, it remains one of the most challenging procedures in daily 

laboratory work due to its complicated technical, physical, and biological background. Furthermore, 

it requires sensitive equipment and is labour intensive and invasive as it often leads to cell death 

due to the rupture of the cell membrane. [39] 

3.1.3. Inorganic-based transistors 

Field-Effect Transistors, or FETs, are promising recording platforms, mainly due to their very 

high input impedance (in the order of Megaohms) [21] and their intrinsic signal amplification and 

scaling down possibilities. [42] They can be based on inorganic, organic materials or 2D materials 

such as graphene or nanowires. [43] Compared to organic transistors, inorganic-based FETs offer 

advanced signal amplification due to their superior electrical performance. Nonetheless, they 

present some disadvantages, such as the difficulty in their chemical modification and fabrication of 

inorganic devices and their instability when operating directly with a liquid medium. [13] 

The latter issue is addressed by Electrolyte-Gated Transistors (EGTs), which are designed to 

work in direct contact with electrolytes. In the field of inorganics gSGFETs, Graphene Solution-

Gated Field-Effect Transistors have emerged as a promising technology. This is because 

graphene’s flexibility provides ultra-soft and flexible substrates. It allows direct contact with 

biological fluids and tissues (ensuring safe operation in in vivo conditions). [48] Additionally, these 

transistors provide high-quality recordings as the 2D nature of graphene provides the highest 

surface-to-volume ratio possible, making graphene very sensitive to charges at its surface. [49] 

3.1.4. Organic-based transistors 

Owing to their inherent tunability and biocompatibility organic-based transistors are being 

explored for a whole series of applications in biological interfacing, chemical and biological sensing. 

[50]  

In organic materials, the tunability of surface chemistry, morphology and mechanical properties 

produce little invasiveness on biological tissues. [40] In addition, organic devices can quickly be 

processed using solution processing techniques, avoiding complex fabrication processes and 

offering the possibility of working on various substrates, such as flexible or resorbable substrates. 

[54] Examples of these devices are Organic Electrochemical Transistors (OECTs) and EGOFETs. 

Figure 4: Patch-clap recording. Taken from reference 39. 
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Brought to light in the mid-1980s, OECTs base their 

working principle on the injection of ions from an electrolyte into 

an organic semiconductor material, thus modifying the bulk 

conductivity of the organic semiconductor channel. [51] This 

configuration is described not by a parallel plate capacitance, 

as in EGOFETs, but by a volumetric capacitance. (Figure 5). 

They are excellent tools for monitoring biological processes 

since they turn an ionic current into an electrical current. [52]  

However, OECTs have a response time that is relatively slow due to ion diffusion in the bulk 

material. [53] Furthermore, due to the coupling between ionic and electronic charges within the 

entire channel volume, OECTs usually have a high transconductance, limiting their response time. 

[50]   

On the other hand, EGOFETs represent one of the latest breakthroughs, whose layout consists 

of exposing the organic semiconductor directly towards aqueous media without the need for an 

encapsulation layer. [55] They are considered impermeable to ions, and their functionality is 

governed by the formation of the electrical double layer at the interface between the electrolyte and 

the semiconductor. [56]   

Electrolyte-Gated Organic Field-Effect Transistors have increased in popularity during the past 

few years due to their enhanced electrical performance, which is correlated to the nanoscale 

structure of the organic semiconductor thin film because it shows an enhanced crystallinity and, 

sometimes, a nanostructured top. [57] EGOFETs have been recently been demonstrated as 

bioelectronic recording platforms [13] and are also one of the most promising devices for electronic 

biosensing applications. [51]   

They present a new design for organic transistors that offer the following advantages: low-

voltage operation and stable potentiometric sensing, and chemical sensing without the need to 

pattern complex multilayer architectures. [58]  

3.2. State of the situation 

The field of bioelectronics is experiencing a fast evolution and development, especially in 

technologies based on organic materials, mainly for the bioelectronic recordings of excitable cells. 

Research groups worldwide study these devices and find relevant information for their applications, 

such as, cell monitoring in two and three dimensions, ultra-sensitive biosensors and 

electrophysiology, to name a few. 

3.2.1. 2D and 3D cell monitoring 

Cell adhesion, growth, and differentiation can be measured with both organic and inorganic-

based transistor platforms.[59] For example, in Italy, Francesca Scuratti et al. carried out real-time 

monitoring of cellular cultures, namely cell adhesion and detachment, with Electrolyte-Gated 

Carbon Nanotube Transistors. [60] 

Figure 5: General scheme of an Organic Electrochemical Transistor (OECT). 
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 On the other hand, cell biology is currently growing cells in three dimensions and simulating 

their physical environment. Measurement of the properties of three-dimensional cultures, such as 

spheroids, has been the focus of some research. [61] The utilisation of flexible transistor arrays to 

bend around the three-dimensional shape of the tissue is an intriguing technique. However, 

because measuring the electrical characteristics of cells requires close contact between the cell 

and the electrode, sensitivity is limited, as this design only interfaces with the spheroid's outermost 

cells. [62] 

Nonetheless, in Hong Kong, China, the research group led by Xi Gu studied the in vitro 

monitoring and mapping of action potential propagation of cardiac tissues in 2D and 3D structures 

using Organic Electrochemical Transistors (OECTs). This study has proven that these transistors 

are a viable and versatile platform for applications in medical and pharmacological industries. [8] 

3.2.2. Ultrasensitive biosensors 

Ultrasensitive biosensors are minimally invasive tools and suitable for use in point-of-care and 

resource-limited situations. They enable the ultrasensitive detection of proteins, peptides, 

metabolites, and nucleic acids in peripheral biofluids like blood or saliva, improving early diagnostic 

technologies. [63] 

EGOFETs have proven to offer speedy (time to results of a few minutes) practical solutions for 

molecule detection at the physical limit of a single molecule or a few molecules. [19] On the other 

hand, a recent study employed gSGFETs to detect SARS-CoV-2 in a label-free, ultrasensitive 

manner [64] and determined the performance level using antigen protein, cultured virus, and 

nasopharyngeal swab specimens from COVID-19 patients. The graphene sheets were 

functionalised with a SARS-CoV-2 spike protein-specific antibody, which enabled fast disease 

detection. 

3.2.3. Electrophysiology 

An essential application of electrolyte-gated platforms in healthcare monitoring is recording the 

electrophysiological activity of an organ and its surrounding tissue. Presenting low-pass filter 

characteristics, they are ideal for electrophysiological recordings and transducer downsizing. [65] 

The first use of EGTs in in vivo electrophysiology was to record epileptic seizures in rats using 

PEDOT: PSS OECTs. These OECTs had a signal-to-noise ratio of more than 20 dB higher than 

electrodes of similar size. [66] Further along the line, other research groups have done these brain 

recordings with injectable nanowire transistors and Electrolyte-Gated Metal Oxide Semiconductor 

Field-Effect Transistors. Furthermore, other electrophysiological signals have been recorded, 

namely assessing heart activity. [19] 

Moreover, a research group led by Tobias Cramer in Bologna studied Water-Gated Organic 

Field-Effect transistors, studying their future perspective and applications in biochemical sensing 

and extracellular transduction. [58]  

3.2.4. Barcelona and IBEC 

Here, in Barcelona, research groups associated with CSIC have been studying the application 

of gSGFETs. Concretely, the high-resolution mapping of infralow cortical brain activity with these 
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transistors has been carried out by Eduard Masvidal et al. [49]. Furthermore, a demonstration of 

the use of a flexible array of gSGFETs as a multiplexed neural sensor has been carried out by a 

research group led by Nathan Schaefer. 

The Institute for Bioengineering of Catalonia (IBEC), where this project will be carried out, has 

also researched the application of EGOFETs as biosensors to record the electrical activity of 

excitable cells. [13] They have proven the ability of these transistors to record the electrical activity 

of clusters of cardiomyocyte cells over long periods. Additionally, they have correlated nano-and 

microscopic electrical properties of the transistors. This has been done by integrating the in-liquid 

Scanning Dielectric Microscope with the EGOFETs and performing multiscale electrical 

characterizations. [57] 
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4. MARKET ANALYSIS 
This section provides evidence of the relevance of advanced technologies in the bioelectronic 

recording of extracellular potentials. A thorough market analysis enables having a deep knowledge 

of the market and its future perspectives, as well as fully understanding the project’s target sectors. 

4.1. Global market 

In 2019, the global electrophysiology devices market was valued at 5 billion euros. [132] These 

devices are used to assess the electrical properties of cells and tissues. So, with the increasing 

incidence of arrhythmia cases worldwide and the fast growth of the ageing population, the 

electrophysiology recording market is in prominent growth. [133] 

Furthermore, the growing incidence of chronic diseases and the rising expenditure in 

healthcare fuel the demand for electrophysiology devices. Concretely, North America leads the 

global electrophysiology devices market owing to unhealthy lifestyles and India and China are 

expected to get close next in forthcoming years. The key players feeding this competitive market 

are Medtronic Plc, Abbot Laboratories and Siemens AG, to name a few. [132] 

4.2. Target sectors 

Technological advancement in the healthcare industry has allowed investment in the 

electrophysiology devices market and has improved the ability to treat and diagnose electrical 

pathophysiology. Nowadays, prior to surgery or medical intervention, all patients undergo an 

electrocardiogram (ECG) so that medical physicians can assess their heart's electrical activity.  

EGOFETs are also electrophysiological platforms, however, they are involved in the 

assessment of smaller electrical signals, namely, the beat of small clusters of cells or groups of 

cells within tissues. 

This type of signal recording powerfully targets the screening and development of drugs, as 

recording electrical activity under different pharmacological conditions enables the analysis of 

pharmaceutical drugs' effect on active tissues. [46] Moreover, combining these techniques with 

pluripotent stem cells (PSCs), a field at its turning point, enables expanding these toxicology studies 

to other significant cell lines, such as neurons. 

On the other hand, to date, recordings have been made in vitro. Thus, a target sector for 

EGOFET devices is the study towards in vivo recordings of organs and implantable devices to 

monitor health. They are targeting the development of new analytical point-of-care devices, 

essential for diagnosing diseases and bacterial or viral infections early. [57] 

Along the same line, targeted sectors are the recording of 3D culture models, such as 

spheroids, which reflect cells' natural environment better. Studies are analysing techniques for 

EGOFETs utilisation for the recording of 3D cell culture electrophysiological recordings.[61] 

Furthermore, the use of EGOFETs is also aimed at the field of biosensing in a label-free and 

straightforward manner. [63] 

Another target sector increasing its presence in the market is the brain-computer interface 

(BMIs) sector. Here, computer-based systems, such as Neuralink [67], monitor brain activity by 
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acquiring any brain signal, analysing it, and translating it into realising specific action. With devices 

that non-invasively sense electrical activity, neuroprosthetics can reach its full potential and enable 

the unveiling of the underlying functionalities of the brain, especially in areas involved in motor 

control rehabilitation, treating neuropsychiatric disorders and the understanding of memory. [48] 

4.3. Future potential 

The increasing demand for electrophysiology devices has spiked an interest in techniques that 

record the bioelectricity of active cells in a non-invasive and flexible manner. Some of these 

methods, namely organic-based devices, also offer the bonus of biocompatibility, which is the most 

promising aspect for future developments.  

Promising future research areas involve applications with three-dimensional culture monitoring, 

[61] label-free biosensing, [63] in vivo electrophysiology recordings [46] and neuroprosthetics 

where several sensors are required to detect objects' shape, size, texture, and consistency. [48] 

Offering flexibility, biocompatibility, high-input impedance, low voltage operation, high 

transconductance and good operational stability, [71] EGOFETs have been demonstrated to be 

non-invasive electrical transducers of biological activities and processes. [57].  

Although much research on these technologies is being carried out worldwide, there is still a 

lot to be enhanced and polished. It is of utmost importance to characterise them correctly and 

effectively to increase their value in the market and to open the doors to a vast world of non-

invasive, biocompatible and accurate recording of the bioelectricity of active cells, that is, cells 

whose function is determined by the generation or the reception of an electric signal. 
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5. CONCEPTUAL ENGINEERING 
This section outlines the potential methods for characterising an Electrolyte-Gated Organic 

Field-Effect Transistor, also known as EGOFET, to measure extracellular potentials and the 

different options for electronics interfacing with the development of a software analysis platform for 

electrophysiological applications. Following a discussion of their benefits and drawbacks, the 

selected solutions that will be implemented are given.   

5.1. Study and selection of solutions 

5.1.1. Characterisation of EGOFETs 

As alternatives to EGOFETs, several devices have been described as capable of measuring 

extracellular potentials from active cells and tissues. We could mainly divide the alternatives into 

the characterisation of traditional methods (MEAs and patch-clamp) and the characterisation of 

new and developing technologies, mainly focusing on other EGTs which are also organic-based: 

OECTs  

Even though the characterisation of either traditional methods or OECTs are appealing 

proposals, EGOFETs are the devices that will be characterised for the end-of-degree project. The 

reasoning behind this choice is simple. EGOFETs have a promising potential as they are robust 

devices that combine the benefits of biocompatibility, direct functioning in biological media and 

superior electrical performance. Furthermore, the Nanoscale Bioelectrical Characterization group 

led by Gabriel Gomila, the project’s tutor, has thorough experience in using EGOFETs and have 

been the first to show their electrophysiological recording capabilities. [13]  

Additionally, MEAs, Patch Clamp and OECTs have already been quite extensively 

characterised by other research groups. [72] This implies that the further input research of these 

devices would provide not as helpful information as if it were to be done with EGOFETs, which are 

in their more preliminary stages, require more extensive studying and analysis and were readily 

available for complete characterisation. However, it should be mentioned that the software platform 

developed for real-time output signal processing was created with the perspective of EGOFETs. 

Notwithstanding, it can be tuned to be generalized to the output of several extracellular potential 

recording systems. 

5.1.2. Quasi-static and steady-state response of EGOFETs 

As aforementioned, transfer and output characteristics are the identity card for EGOFETs. It 

allows the comparison with other devices and contrasts their efficacy and suitability for working 

under specific environments. However, one had to choose and determine a series of parameters 

and decisions had to be made to generate a proper protocol for accurate analysis of the quasi-

static and steady-state response.  

• Choice of the recording system 

The need for an instrument that combined a sourcing function to bias the EGOFET and a 

measurement function to record its output led to the choice of Keysight’s B2912A Precision 

Source/Measure Unit, which was readily available for use. The author had never used this 
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type of device, so a training course was done by following Keysight courses, and a thorough 

study of the instrument manual and its examples were carried out.  

• Electrolyte drop volume 

The electrolyte drop volume is essential to ensure proper readings. Mainly, three criteria 

have to be met. First, the electrolyte must cover the whole transistor. Second, the gate 

electrode must be submerged correctly into the liquid, and third, the drop should not touch the 

source and drain electrodes. Following these criteria, the decision was to place a 200 μL drop 

by using a 100-1000 μL pipette and pouring the electrolyte onto the platinum coil used as the 

gate electrode and letting it drop onto the sample. 

For the extraction of charge transport parameters from the transfer and output curves, 

specifically the threshold voltage (Vth), the carrier mobility (μ), the transconductance (gm), the on-

to-off drain current ratio and the sub-threshold swing. Choices had to be made: 

• Timing parameters 

The time required to acquire the measurement data and the time from trigger to start of the 

measurement, namely, aperture time and measure delay, respectively, had to be optimized. 

For an accurate and reliable measurement, these parameters were selected by considering 

the signal to be recorded and testing at different settings to verify the most negligible hysteresis, 

leading to the choice of 100 ms for measure delay and 20 ms for aperture time. 

• Sweep parameters 

Taking care not to damage the EGOFETs by making measurements too lengthy, both the 

voltage step and range covered had to be carefully selected. It is important to keep the balance 

between covering enough values for correct analysis and not over-biasing the transistor. 

Taking these points into account: 

▪ Output Curve (VD: +0.5 to -0.5 V, step: -0.01) is taken at VG step of -0.1V from +0.5V 

to 0V 

▪ Transfer Curve (VG: +0.5 to -0.5 V, step: -0.01) is taken at VD step of -0.1V from 0 to 

-0.5V 

For the analysis of the drain current temporal evolution corresponding to different operating 

regimes of the EGOFET, also known as the bias stress test, the most important choice was to 

determine the duration of the application of constant drain and gate voltages and how many 

repetitions had to be done. 

• Bias stress duration 

Taking the total time available into account and studying other groups’ research on stability 

measurements with EGOFETs. [55][60] The initial approach was to bias the transistor for 1 

hour, both for linear and saturation regimes.  
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Starting with the linear regime (VG = -0.5 V; VD = -0.1 V), to not overstress the EGOFET, four 

intervals of 1 hour were applied. Nevertheless, a problem was encountered when studying the 

drain current evolution in saturation (VG = VD = -0.5 V). The first approach had been to apply the 

same timing intervals as in the linear region. However, when this was done, a sudden drop in 

recorded drain current was; the EGOFET had seemed to stop working, not allowing the 

extraction of useful information. Assuming this was due to biasing the transistor too much, the 

bias stress duration was carefully reduced until noticeable but not damaging changes were 

observed. This was found to be with intervals of 10 min bias stress, which was repeated for a 

total of 70 minutes.  

5.1.3. Transient response of EGOFETs 

For extracellular potential recordings, the potentiometric sensitivity and the time response are 

essential parameters. Upon applying a constant gate and drain voltage (VG = VD = -0.5 V), the 

changes in source-drain current ΔID in response to applying voltage pulses to the gate ΔVG are 

monitored. The recorded response is so fast and slight that some signal postprocessing has to be 

done, for this, some choices had to be made: 

• Choice of software 

Matlab, Python, and Origin are the software platforms that were considered when faced 

with the problem.  

▪ Matlab: It has a signal processing toolbox [73] with functions and apps for 

analyzing and processing signals, including filter design and smoothing options.  

▪ Python: It also has a signal processing toolbox (scipy.signal) [74] which contains 

some filtering functions and a limited set of filter design tools. 

▪ Origin: It offers a wide range of signal processing tools and as it is a visual 

interphase, it provides a zoomable preview window as well as interactive elements 

for the selection of different parameters. Furthermore, each tool's custom analysis 

settings can be saved as a theme for future usage. [75] 

Even though the first two had been taught during biomedical engineering courses, they 

were discarded as options because they were outweighed by the benefits presented by Origin. 

The latter has a very intuitive use and had already been used for the graphical display of 

previous results shown in this project. The data processing was carried out and directly 

graphed with just some clicks, making it a more time-efficient and straightforward solution. 

For the study of the frequency dependence of the EGOFET's transconductance in different 

operational regimes, two possible circuits were though of: 
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In both diagrams, there is an application and addition of AC and DC voltages. DC sets the gate 

voltage to the EGOFET and AC voltage is added so it oscillates around the DC value, adding the 

frequency component.  

In the first option, shown in Figure 6.a, this addition is done in a passive manner as the 

electronic components involved are passive. It uses a voltage divider with the electrolyte resistance 

and R1, which is a lot smaller so that the voltage drop is in the electrolyte and there is a reduction 

of the loading effect. The circuit also has a capacitor C1 so that the DC input doesn’t interfere with 

the AC one.  

 In the second option, displayed in Figure 6.b, the addition is based on a non-inverting 

summing amplifier. This circuit was chosen as the voltage range in EGOFETs is low, so directly 

adding the voltages helps with the final reading. The use of potentiometers is needed because the 

output voltage is a simple weighted sum only under equality between all the resistors in the circuit. 

Further benefits of the selected circuit are that the summing amplifier provides a very high input 

impedance, and its outputs are always in phase with the inputs.  

5.1.4. Interfacing electronics and software development 

Once the EGOFETs under study had been extensively characterised, sufficient knowledge was 

acquired to process its output recording in real-time adequately. The creation of this software 

platform entails no need for post-processing as the processing is done while the signal is acquired. 

The workings of this platform would then be demonstrated using real-time signals; for this, however, 

many considerations had to be made: 

• Choice of Data Acquisition System 

The main element needed for measuring any electrical or physical phenomenon is a data 

acquisition system or DAQ. Following what other research groups had used for real-time 

recording of signals [48],[49] and following the guidelines given by the National Instruments 

official website [76], the PCI-6120 Multifunction I/O Device was chosen. Below are the criteria 

that were used: 

The type of signal that has to be measured is analogue, and only one input channel is 

needed. However, a device with more channels than required was preferable to increase the 

number of channels if necessary. If the device only has the capabilities of the current 

application, it would be not easy in the future to adapt the hardware to new applications. 

Figure 6: Circuits proposed for the addition of AC and DC currents for the study of transconductance 
frequency dependance. a) Passive addition b) Addition based on non-inverting summing amplifier. 
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Another parameter that must be considered is the speed at which the signal should be 

acquired. The Nyquist Theorem states that a signal can accurately be reconstructed by 

sampling the component with the highest frequency twice. However, in practice, it should be 

sampled at least 10 times the maximum frequency to represent the signal accurately.  

Knowing that the sampling frequency required is related to the maximum frequency 

component (or bandwidth) of the signal that needs to be sampled. The question is how to 

determine the signal's maximum frequency component (or bandwidth). Bandwidth is related to 

the rise time of the signal. For a simple RC-low pass filter (almost every system is a kind of a 

low pass filter that has limited bandwidth), the relationship is: [77] 

𝜏𝑟 ≅
0.35

𝑓3𝑑𝐵
 

Equation 4: Relationship between rise time (τr) and signal bandwith (f3dB) 

For simplicity, one can assume that 100 equally spaced points are needed within the whole 

duration of neuron or cardiomyocytes action potential. So, presuming that the fastest transition 

in the signal takes duration/100 units of time, one can directly convert it to frequency by taking 

its inverse to be on the safer side than taking the 0.35 factor shown in Equation 3. 

In nerve fibres, the action potential is of short duration (0.2–1 ms), whereas the cardiac 

action potential is typically 200–300 ms in human cardiomyocytes. [78] Taking 1ms duration 

for the neurons, the transition as per the above assumption is (1/100) ms, so the bandwidth is 

100kHz. So, the sampling rate of 1MHz would be reasonable. It would be a 10kHz sampling 

rate for cardiomyocytes if one were to consider a 100ms duration. However, there is a phase 

of rapid depolarization in cardiomyocytes due to the opening of voltage-gated fast sodium 

channels. One should go for a 100kHz bandwidth instrument to faithfully reproduce or capture 

it. 

It should be noted that a balance should be found between going for higher bandwidth to 

cover other applications and limiting the bandwidth of the instrument to what is required for the 

signal, seeing as more than enough bandwidth would only introduce the noise. Buying a new 

DAQ device, namely USB-6003, was highly considered, as it had good characteristics that 

covered the above-stated requirements. 

 

However, the Nanoscale Bioelectrical Characterization group at IBEC already disposed of 

the PCI-6120, which had fabulous specifications, better than the minimum criteria that had 

been established. PCI-6120 one was chosen even though it meant finding a PC with PCI slots 

in it and proceeding to its installation, which is more arduous than just connecting via USB. 

 

Model Simultaneous 
sampling 

Maximum 
Sample Rate 

Analog Input 
Resolution 

Single-Ended 
Input Channels 

Differential 
Input Channels 

USB-6003 No 100 kS/s 16 bits 8 4 
PCI-6120 Yes 800 kS/s/ch 16 bits 0 4 

Table 1: Relevant specifications for considered DAQs. Taken from reference 79 
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• Choice of processing software 

There are two significant families that data acquisition systems (DAQ) software falls under: [80] 

▪ Configuration based software:  

Used for quick and easy measurements, it comprises FlexLogger, DAQExpress and 

LabVIEW, which enable: 

✓ Quick and easy measurement by setting up the parameters of DAQ tasks through 

preconfigured dialogue boxes. 

✓ Ease of use for setting up the software. 

✓ Customisation of data acquisition parameters. 

✓ LabVIEW allows automating the measurements through programming. 

                  

Figure 7: Configuration based software choices. Taken from reference 80. 

▪ Programming languages:  

It is used to develop a finer tuned control. It comprises G code, ANSI C, C#, Visual 

Basic .NET which allow: 

✓ Automating repeat tests with minimal operator error. 

✓ Performing control over the DAQ system. 

✓ Implementing custom scaling, filtering and analysis on the data. 

✓ Accessing the lower-level functionality in the DAQ devices. 

                

Figure 8: Programming languages choices. Taken from reference 80. 

LabVIEW was the graphical programming environment chosen for building the real-time 

processing algorithm of signals. The output of the studied EGOFETs, which would potentially 
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be recording extracellular potentials of active cells, such as neurons and cardiomyocytes, 

would be immediately processed using LabVIEW. 

It is a powerful graphical programming language with interactive graphics and a state-of-

the-art interface, making it a more appealing option than the other software mentioned above 

platforms. Furthermore, LabVIEW contains built-in analysis functions and multiple libraries for 

data acquisition, filtering, spectral analysis and more. By performing analysis in line with data 

acquisition, LabVIEW quickly responds to changes in the signal as they occur. [81] 
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6. DETAIL ENGINEERING 
This section shows the work undertaken to determine and analyse the technical aspects of the 

project. It explains the detail of implementing the above-selected solutions by describing the 

equipment, materials, and methods used, presenting the results obtained, and discussing their 

implications. 

6.1. Equipment 

The equipment used could be divided into two blocks, one describing the setup used for 

EGOFET characterisation and the second one describing the setup employed for electronics 

interfacing and the real-time software analysis platform for electrophysiological applications. A part 

of the equipment detailed in the following sections, during the training phase of the project, the 

Keysight DSOX3024T Oscilloscope was also employed to test and have a visual representation of 

the variation of voltage over time. 

6.1.1. EGOFET characterisation setup 

In order to perform the characterisation of EGOFETs, both for the study of its quasi-static, 

steady-state and transient response, a probe station and a source measuring unit (Keysight 

B2912A) were employed, not to mention a computer, cables and connectors and, naturally, the 

EGOFETs.  

The probe station platform 

contained three (one for each 

transistor terminal) EB-050 

micropositioners that offered 1 μm 

resolution and steady probing. They 

had a screw-push driven system 

mechanism that enabled easier 

handling and improved 

performance. [82] The gate terminal 

micropositioner had a coiled 

platinum tip attached to it to be 

immersed in the electrolyte droplet. 

In contrast, drain and source micropositioners had the usual straight tip.  

Each micropositioner was then connected to the 

Keysight B2912A SMU, which applied voltage and 

measured output current with high accuracy and was run 

with a PC-based instrument control using Keysight's free 

application software. Different gate and drain voltage values 

were applied according to each case under study, and the 

output drain current was recorded. 

For the study of frequency dependence of the 

EGOFETs transconductance in different operational 

regimes, the eLockIn 204/2 from Anfatec was also 

Figure 9: EGOFET characterisation setup. Computer (red), B2912A SMU 
(green) and probe station (yellow). 

Figure 10: Probe station. EB-050 
micropositioners for drain, source and gate 

terminals. 
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employed. Furthermore, the circuit presented in Figure 6.b was built onto a printed circuit board 

(PCB). The complete circuit is shown in future sections, in Figures As the circuit contains 

operational amplifiers, they had to be powered, concretely Power Supply FAC-662B was employed 

for that purpose. The board was structured in a way it would enable covering two of the objectives 

of the project:  

• It has the option to add DC and AC sources using a non-inverting summing amplifier, 

whose output is provided to the EGOFET gate terminal. In this manner, one can observe, 

by varying the frequency of the AC and observing the amplitudes at each frequency in the 

Lock-in, the frequency dependence of transconductance. 

• Or to provide the gate bias directly onto the EGOFET, which will be used when interfacing 

the developed differential and multiplexing hardware and software program.  

6.1.2. Setup for hardware and software interfacing 

An arbitrary waveform generator, the designed circuit on the PCB, a computer with a PCI data 

acquisition system, and LabVIEW software installed were used to generate and process the signal. 

The idea behind the setup is the following:  

A generated noisy cardiac-like pulse is directly applied to the gate terminal of the transistor, 

imitating the situation in which there would be electrically active cells in the electrolyte that vary the 

gate voltage applied to the EGOFET. The induced variation at the gate terminal results in a 

modulation of the source to drain current (ID). This current is the output of the transistor, which is 

fed to the transimpedance amplifier, where current (ID) is converted into a voltage. At this stage, 

the obtained voltage is inputted into the data acquisition system (PCI-6120 Multifunction I/O 

Device), which transmits the signal's data to the computer where it is read by the programmed 

LabVIEW algorithm that displays the acquired signal and processes it in real-time. 

    Concretely, Keysight 33220A Function / Arbitrary Waveform Generator is used to generate 

the signal mainly because this instrument has built-in arbitrary waveforms: one of them being 

cardiac cell extracellular potentials. [128] Moreover, intracellular action potentials were also self-

created according to the O’Hara-Rudy dynamic model [129] and fed to the instrument to generate 

it and apply it to the EGOFETs gate terminal. 

The user of the software 

interface can adjust the processing 

to his/her specific needs as it has 

been designed to be user friendly 

with various options and valuable 

graphs resulting from the real-time 

signal processing. Furthermore, 

the user can save both the raw 

acquired and the processed data in 

a file. 

It must be mentioned that the 

hardware PCB platform has been designed for differential and multiplex sensing, that is, multiplex 

Figure 11: Main components used for signal generation and processing. 
Data acquisition system (blue), waveform generator (green) and 

computer screen with LabVIEW (red) 
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meaning that it allows for multiple signals to combine into one signal and differential, meaning that 

it can compute the difference of two inputting signals. The functioning is the following: assuming 

that two identical EGOFETs are involved, in one transistor cells would be placed, and in the other 

transistor there would only be the electrolyte drop, so the latter acts as a control. Therefore, there 

are two possibilities: 

• To measure only the EGOFET with the cells immersed in the electrolyte drop, and its 

output is sent to the real-time processing software, which is used to remove the noise 

and stability drift.  

• To record both transistors, the one with and the one without the cells. The control 

provides the baseline that will be subtracted from the signal with the cells’ electrical 

activity once passed into the instrument amplifier. In this case, the baseline is removed 

using hardware and its output is sent to the software for noise removal.  

6.2. Materials 

Apart from standard laboratory materials such as pipettes, vials, beakers, lab dishes and 

gloves. The materials used for this project are mainly the EGOFETs and different electrolyte 

solutions that have been worked with. It should be mentioned that Isopropyl Alcohol (IPA), 96% 

Ethanol and Acetone were employed as cleaning solvents. In addition, nitrogen gas was used for 

drying and ensuring a moisture-free environment. 

6.2.1. EGOFETs 

The EGOFETs used for this project were made by the 

group of Dr. Marta Mas-Torrent in the Institute of Materials 

Science Barcelona (ICMAB-CSIC). They consisted of devices 

with semi-transparent biocompatible Kapton foil as a substrate 

onto which 30 nm thick interdigitated gold electrodes were 

deposited, which can be clearly seen in Figure 12.a.  

Furthermore, a 4:1 ratio blend of diF-TES-ADT and 

polystyrene was used as the Organic Semiconductor (OSC), 

which was deposited using the BAMS (Bar-Assisted Meniscus 

Shearing) technique. Quantitively, the channel width (W) was 

19,68 mm and its length (L), 30 μm. For these EGOFETs, 

source and drain electrodes were coated with PFBT to 

improve the charge injection and crystallinity and were defined 

by maskless photolithography. 

Because the active organic material in the EGOFET's channel is a p-type semiconductor, 

applying a negative potential causes positive charges (holes) to accumulate on the semiconductor. 

Charges flow across the channel when a potential is applied across the source and drain electrodes 

(VD), resulting in the source-drain current (ID), whose intensity is regulated by the source gate 

voltage, VG. 

Figure 12: EGOFETs employed for this 
project. (a) interdigitated electrodes 
seen using an optical microscope (b) 

EGOFET under operation. 
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6.2.2. Electrolyte solutions  

Different electrolytes suited for cells have been considered when choosing the electrolyte drop 

that would interact with the gate terminal of the EGOFETs under study. The main criterion was that 

the electrolyte was compatible with electrophysiological applications and was available in IBEC. A 

thorough search was done in each IBEC group database found on the institute's intranet to check 

for the availability of each electrolyte solution. 

The solutions that were readily available were (sorted in 

ascending order of complexity): deionised water (Milli-Q), 

a salt solution (NaCl solution), Phosphate-Buffered Saline 

(PBS) and Dulbecco’s Modified Eagle Medium (DMEM). 

 

 

In the simplest of cases, deionized water was used as the electrolyte since it had been the 

solution of choice in studies found in the literature. [58],[83] Next in complexity came the 10 mM 

solution of NaCl which was diluted from 1M solution and whose concentration was chosen as high 

values have proven to be too harsh an environment. [83] More complex solutions were then 

employed, and thus more similar to biological fluids.  

First, Phosphate-Buffered Saline or PBS was used as it is typically used for biological 

applications because of its similar pH and ionic composition to typical biological fluids. The 1X 

concentrated solution is composed of 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4 and 1.8 mM 

KH2PO4. [84] However, for the experiments carried out for this project, a variety of concentrations 

was used, parting from the 10X concentrated solution; for this, we created a dilution table (See 

Annex 1).  

Finally, Dulbecco’s Modified Eagle Medium or DMEM was also used to make the drop for the 

gate connexion with the EGOFET. This solution is widely used as a basal medium for supporting 

the growth of many different mammalian cells. It is composed of various inorganic salts, amino 

acids and vitamins [85] and is kept in IBEC’s “Biospace” as it requires aseptic conservation. 

6.2.3. Hardware electronic components 

In order to build the PCB-based circuit for the analysis of the frequency dependence of the 

EGOFETs’ transconductance in different operational regimes and the differential and multiplex 

sensing of electrical activities of the cells. Several electronic components were employed. The 

resulting hardware platform can be seen in Figure 14. 

Main components for connections with the exterior of the circuit were six RS Pro BNC 

connectors, a USB cable and three banana cables. The USB cable connected the hardware 

platform to the EGOFET, which was placed on another PCB board where connections were made 

with the transistor terminals using copper wires and silver paste. For the building of the 

instrumentation, summing and transimpedance amplifiers, four UA741 Op Amps, one OPA177P 

Op Amp, one INA114AP Op Amp, five WIW3269-W-104 potentiometers and three Bourns 3386 

potentiometers were used.  

Figure 13: Electrolytes used for EGOFET characterisation.  
From left to right: Milli-Q, NaCl solution, PBS and DMEM. 
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On the other hand, standard circuit cables were employed for visible connections and beneath 

the PBC board, connections were made by soldering connections between the different electrical 

components, for this the JBC AR 5500 soldering equipment was employed. Figure 14.a shows the 

platform where the differential and multiplex operations are done. Figure 14.b shows how the 

EGOFET being studied is placed and connected to the circuitry through the USB cable. 

6.3. Methods 

This section thoroughly goes through the protocols developed for the EGOFETs 

characterisation and the steps for the software development for real-time signal processing. 

6.3.1. Quasi-static and steady-state response protocol 

To measure the output and transfer characteristics under different conditions, the following 

protocol was developed: 

1. The EGOFET is placed on a lab dish, which has previously been washed with IPA 

(Isopropyl Alcohol) and dried with nitrogen gas. 

2. The gate electrode (platinum wire coil) is washed with acetone flow followed by IPA then 

dried with nitrogen. After that, it is washed with milli-Q and then again dried with nitrogen. 

3. The gate electrode is placed approximately 2 mm above the EGOFET and kept at the 

same height for each measurement. 

4. Source and drain electrodes are probed in the respective EGOFET terminals. 

5. First, the measurement is done with just milli-Q. A 200 μL drop is placed using a 100-1000 

μL pipette, pouring the collected Milli-Q onto the gate electrode and letting it drop onto the 

EGOFET. 

6. For other electrolytes, the drop volume is taken from the middle of the vial, not the bottom, 

to avoid any solute particle. The vial is shaken well and then rested for 1min before taking 

the solution in the same manner as described in point 5. 

7. Before measuring the characteristic curves for each electrolyte, TC is taken 3 times 

continuously at saturation (VD=-0.5V) to condition the transistor/gate electrode. Then, OC 

and TC (in the same order) are taken with these parameters: 

o Output Curve (VD: +0.5 to -0.5 V, step: -0.01) is taken at VG step of -0.1V from 

+0.5V to 0V. InitialDelay:100ms, MeanDelay:100ms, ApertureTime:20ms 

Figure 14: Harware platform for differential and multiplex sensing and for the analysis of the transconductance 
dependence on frequency.(a) enclosed circuit and connections (b) USB connection to EGOFET. 
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o Transfer Curve (VG: +0.5 to -0.5 V, step: -0.01) is taken at VD step of -0.1V from 0 

to -0.5V. InitialDelay:100ms, MeanDelay:100ms, ApertureTime:20ms 

8. At each change of electrolyte drop, the EGOFET is washed with Milli-Q flow and then dried 

with nitrogen. 

9. Finally, measurements are retaken for Milli-Q to compare with the initial curves obtained 

using Milli-Q as an electrolyte. 

For the quasi-static and steady-state response, this process was carried out for PBS at different 

concentrations to study the effect of concentration on EGOFET performance. Output and transfer 

curves were also measured using different electrolytes (NaCl solution, DMEM and PBS) for an 

adequate comparison.  

1X PBS was the electrolyte used for the bias stress test, where after each interval of constant 

bias, output and transfer curves were measured according to the protocol described above. 

The resulting curves were graphed using Origin. The parameters described in section “2.2. 

EGOFET characterisation” were extracted using this same data analysis and graphing software. 

This was done by making linear approximations on the curves. In the case of the obtention of 

threshold voltage (Vth) and carrier mobility (μ), the root mean square of the drain current (ID) from 

the transfer characteristic (TC) was computed and graphed. An example of this parameter 

extraction will be shown in the “results” section. 

6.3.2. Transient response processing 

For the measurement of the response time and potentiometric sensitivity measurements. We 

applied a constant gate and drain voltage (VG = VD = -0.5 V) and monitored the changes in the 

source-drain current ΔID in response to the application of voltage pulses to the gate of amplitude 

ΔVG.  

At the beginning and end of these measurements, the protocol in the above section was 

employed to measure the transfer and output curves. However, in this case, there was post-

processing using Origin that was carried out on the signal to correctly see the changes in drain 

current ΔID to extract the potentiometric sensitivity and time response. Namely, data were first 

filtered by applying a band block filter (49-51 Hz), a 300-point window Savitzky-Golay filter was 

applied, and then the baseline defined using “Asymmetric Least Squares Smoothing” was 

subtracted from the curves. 

  

 

 

 

 

 

Figure 15: Parameter window in Origin for (a) Savitzky-Golay filter and (b) Asymmetric Least Squares Smoothing. 
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The EGOFET time response was thus calculated by making an exponential fit of the rising 

curve of the drain current in response to the voltage pulse. Knowing that an exponential curve 

follows Equation 5 and knowing R0, one can then calculate the response time using Equation 6. 

              𝑦 = 𝑦0 + 𝐴 · 𝑒𝑅0·𝑥                                      𝑇𝑖𝑚𝑒 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡 (𝜏)  =
1

𝑅0
                 

                 Equation 5: Exponential curve equation.                   Equation 6: Equation for response time computation. 

6.3.3. Real-time processing software development 

Finally, the foundation knowledge acquired during the characterisation of the EGOFETs meant 

a deep understanding of these devices’ behaviour in different biological buffers. This 

characterisation period enabled determining what elements would be vital for the real-time signal 

processing outputted from the EGOFETs to create a user-friendly platform that would reduce the 

time cost of post-processing of electrophysiological recordings and enable faster and more efficient 

signal analysis. The tasks implemented into the real-time software included the removing of the 

dynamic baseline evolution of the device, the mitigation of interferences and of the measuring noise 

and the extraction of the relevant signal information (e.g. frequency of beats, amplitude, 

extrapotential shape, etc.) 

The measurements to understand the stability of EGOFETs allowed seeing that these devices 

show a dynamic response. Their behaviour changes over time, so this drift had to be corrected. 

Furthermore, another element present in all measurements was the 50 Hz interference noise, 

which was essential to remove to make out the changes provoked by active cell activity rather than 

from the oscillations induced by the AC line current (at 50 Hz in Spain [86]). These problems were 

simultaneously corrected as the signal was acquired in the manner explained below. As mentioned 

in previous sections, this software was developed using LabVIEW, concretely the 2018 version. 

This platform is divided into Front Panel, the controls and indicators, and Block Diagram, with the 

functions, icons, modules (using self-created and LabVIEW subroutines/subVIs) and wires. For 

now, the focus will be laid on the latter. 

The main structure follows a Producer/Consumer architecture, which means that there is a 

decoupling of the acquiring and the processing of data. There are two main parallel loops; one that 

“produces” the data and the other that “consumes” it. This structure was chosen because data 

acquisition (production) is much faster than the actual processing (consuming). The 

Producer/Consumer architecture allows the consumer loop to process the data at its own pace 

while allowing the producer loop to queue additional data concomitantly. 

The general flow of control starts with the signal acquisition, as mentioned before, this is done 

through a data acquisition system, which transmits the information to LabVIEW. This transmission 

is done through DAQmx, a NI instrument driver that communicates between the hardware 

connected to the computer and the programming language (LabVIEW). 

In the “Measurement I/O” palette, one finds the “Data Acquisition” palette containing the 

functions needed to configure the data acquisition. These functions were employed for signal 

acquisition. To name a few: 

• DAQmx “Create Channel VI” so the user can indicate the analogue input physical channel 
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• DAQmx “Start Task VI” is in charge of actually beginning the acquisition 

• DAQmx “Read VI” to read the measurements and bring them to LabVIEW and is placed 

inside the producer loop. 

• DAQmx “Configure Logging (TDMS) VI” to log the acquired data to a file. 

• DAQmx “Stop Task VI” to, once stopped, to return to the state before the acquisition was 

made. 

• DAQmx “Clear Task VI” to end or clear the task and free up resources.  

In the producer loop, the possibility to specify the number of samples per second that would 

like to be taken (sample rate) is also enabled. 

In the consumer loop, the processing is carried out, which can be divided into four main 

sections: 

1. Filtering of the 50 Hz noise 

As mentioned previously, all 

measurements proved to be influenced 

by the 50 Hz oscillations induced by the 

AC line current. Thus, it would be 

beneficial to have it removed by 

software directly from the acquired 

signal for future applications.  

This removal was done using a 

Butterworth filter, which provides a 

maximally flat response; it presents the 

smoothest curve with no ripples [87]. 

The application is defaulted to be a 

tenth order low-pass filter with a cut-off 

frequency at 40 Hz as it was seen that 

at this value, the signal to noise ratio was at its maximum. However, the user has control of all 

parameters and can change the type of filter (low-pass, high-pass, band-stop or band-pass) 

and the order and the cut-off frequencies. 

2. Baseline removal 

By studying the stability of the EGOFETs, it was found that their behaviour drifted over 

time. Many approaches were taken to correct this effect and get the resulting data as if the 

EGOFETs performance were non-varying, mainly taking a polynomial fit of the baseline and 

then subtracting it. This approach, however, was found to not be optimal in the case of real-

time processing and is more powerful when post-processing. Thus, the approximation taken 

for the real-time application was to remove the baseline by applying a moving average filter. 

Considering that the baseline was like a slowly varying DC, the dynamic response of the 

EGOFETs could be removed with a Butterworth low pass filter. Again, default parameters were 

Figure 16: Main types of filter responses used. Butterworth, 
Chebshev and Elliptic. Taken from reference 87 
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set (10th order and cut-off frequency at 1 Hz), but the user can change the values freely if 

desired. 

3. Fourier transforms of the acquired and filtered signals 

Fast Fourier Transform (FFT) was applied to the acquired raw signal 

and the filtered signal. This process transformed the signals from the time 

domain to the frequency domain. Signal characteristics in the frequency 

domain are expressed by distinct frequency components, whilst in the time 

domain, the signal is characterized by a single waveform that contains the 

total of all characteristics, making it less clear to inspect.  

The “Spectral Measurements Express VI” was employed to transform 

into the frequency domain. This function measures the spectrum and displays the results in 

terms of peak amplitude.  

Furthermore, seeing the real-time FFT of the signals enables seeing if the filter is working 

correctly and helps the user choose the type of filter he or she wishes to apply and the cut-off 

frequencies that should be employed. 

4. Conversion of current into voltage using the device transconductance 

As defined in the "2.2. EGOFET characterisation" section, transconductance is the ratio 

between the change in the drain to source current (ID) and the change in the gate voltage (VG) 

with a constant drain/source voltage. Thus, this value can be extracted from the transfer curve 

(ID vs VG) and employed to convert current into voltage, which is needed for the software's 

output to determine the change in voltage produced by the activity of the active cells.  

Thus, a subVI ("Trans(SubVI).vi") was created, which takes the derivative of      

the inputted EGOFETs transfer curve, and by selecting the gate and drain voltages 

applied, the transconductance is obtained. It is then divided by the current variation 

to obtain the voltage variation. The block diagram of "Trans(SubVI).vi" can be found 

in Annex 2. 

6.4. Results 

This section presents first the results obtained for the EGOFET characterisation, which was 

needed to develop the real-time signal processing software properly. Then, the resulting LabVIEW 

software developed is presented.   

6.4.1. EGOFET characterisation results 

Upon applying a source-gate voltage (VG) between the gate electrode (Pt wire coil) immersed 

in the liquid and the source electrode, at fixed source-drain voltage, VD, a double layer at the 

electrolyte-organic semiconductor is formed. Because the active organic material is a p-type 

semiconductor, applying negative potential causes positive charges (holes) on the transistor 

channel to accumulate. Thus, charges flow across the channel when a potential is applied across 

the source and drain electrodes (VD), resulting in the source-drain current (ID), whose intensity is 

Figure 17: Spectral 
Measurements 

Express VI. 

Figure 18: 
Trans 

(SubVI).vi 
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determined by the source gate voltage, (VG). Having revised the functioning of EGOFETs, one can 

better understand the results obtained in this section: 

Figure 19 shows the resulting transfer curves (ID vs VG) when using different media as working 

electrolytes, namely milli-Q, 10 mM NaCl solution, 1X PBS and DMEM. EGOFETs were operated 

in saturation regime, that is for VD=-0.5 V. This value was found by studying the device’s output 

curve (ID vs VD), where one could determine the value of drain voltage (VD) from which the curve 

showed a plateau, meaning that from that value on, the device was in the saturation regime and 

thus, in the region where the drain current, ID, flowing from the drain to the source of the transistor, 

was the highest for the gate-source voltage, VG, that is supplied. 

  As one can see, these transistors work perfectly in different buffers, although in MilliQ one 

observes a relatively large hysteris; however, we see that each buffer produces slightly different 

curves, since the properties of the interfacial layers formed differ. One can mainly observe a shift 

to the left in threshold voltage as the complexity of the buffer increases. This information is helpful 

as we see how the buffer affects the recording which will be considered when the real-time 

processing software is developed. 

Measurements were also taken for varying concentrations of Phosphate-Buffered Saline 

(PBS), ranging from 0.001X to 3X concentration. The resulting transfer curves can be seen in 

Figure 20. In this case, a tendency of the characteristics to shift towards negative voltages is 

observed (only the curve for 1X showed a strange behaviour). Device parameters were extracted 

for each concentration. This was done following the equations presented in the “2.2. EGOFET 

characterisation” section and knowing that the capacitance was 5,30 μF/cm2 and that the 

transistor’s width and length were 19,68 mm and 30 μm, respectively. Figure 21 shows how this 

was done for 1X PBS, Figure 21.a for threshold voltage, Vth, and carrier mobility, μ, and Figure 21.b 

for sub-threshold swing and on-to-off ratio. The results showed a shift in threshold voltage (it 

becomes more negative as concentration is increased), and we see that optimal performance is 

Figure 20: Transfer curves using PBS  from 0.001X  
to 3X concentration 

Figure 19: Transfer curves using Milli-Q, 10 mM NaCl 
solution, 1X PBS and DMEM. 
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given at 1X PBS, which is very well-suited as it is the concentration used for biological applications, 

as it has similar pH and ionic composition to typical biological fluids.  

 

Since 1X PBS showed the best performance, this electrolyte to connect the semiconducting 

channel with the gate electrode was used to analyse the EGOFETs stability both in the linear 

(Figure 22.a) and saturation regime (Figure 22.b). These measurements were the most determining 

for future processing in the developed software for this project. With time, EGOFETs changed their 

behaviour, meaning that each time a higher voltage would have been needed for the same number 

of holes in the flow (ID) to be injected. This dynamic response shown in EGOFETs has to be 

corrected, which was applied in the real-time processing LabVIEW software.       

  

Other main EGOFETs parameters that must be considered for extracellular recordings are the 

potentiometric sensitivity and the time response. Figure 23 shows the main findings. The image to 

the left shows the changes in the source-drain current ΔID in response to the application of square 

voltage pulses to the gate of one second duration and amplitude ΔVG to determine the minimum 

voltage variation the transistor is sensible to. On the right figure, we see the exponential fit of the 

rise time of ΔID to determine the response time of these EGOFETs. 

 

Figure 21: Extraction of (a) Vth and μ and (b) sub-threshold slope and on-to-off ratio for 1X PBS. 

Figure 22: Operating stability in (a) linear and (b) saturation regimes. 



35 
 

       .  

 

Additionally, using the built non-

inverting summing amplifier circuit,  AC and 

DC signal sources were added so as to 

study the frequency dependence of the 

EGOFETs’ transconductance in different 

operational regimes of the transistor, 

namely the linear (VD = -0.1 V) and 

saturation (VD = -0.5 V) regimes. Figure 24 

shows the eLockIn 204/2 plot, which was 

used to see the signal amplitude and phase 

at each frequency and the bandwidth. 

6.4.2. Software for real-time signal processing 

EGOFETs' characterisation allowed a thorough understanding of their behaviour in various 

biological buffers. During the phase of EGOFET characterisation, it was possible to determine the 

necessary processing that had to be carried out on the recordings provided by the studied devices. 

For this purpose, a user-friendly software platform was developed using LabVIEW. This algorithm 

enables the real-time signal processing so that the data registered is solely the one resulting from 

the electrical activity of active cells and not due to factors related to the recording devices 

(EGOFETs) or other elements, such as noise. 

The platform could be divided into two sections: the control panel, where the user has several 

options for customising the acquisition and live processing, and the graph panel, where the relevant 

signals and tools to help select processing parameters are displayed. 

Figures 25 and 26 show the sections of the program where the user has the freedom to modify 

the parameters that they wish. The display is very straightforward and intuitive. Figure 25, shows 

the panel where the user can choose: 

• Channel Settings: Dropdown menu with access to the available analogue input 

channels on the data acquisition device (DAQ) and the possibility to select the 

Figure 23: (a) Potentiometric sensitivity and (b) response time of studied EGOFETs 

Figure 24: eLockIn 204/2 used to determine requency 
dependence of EGOFET transconductance. 
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maximum and minimum voltages allowed. There is also a choice for the terminal 

configuration (single-ended, differential and others) 

• Timing Settings: Selection of number of samples per second that are being acquired 

(sampling frequency) and selection of the time window to be displayed on the graph. 

• Baseline Adjust: Baseline is removed using a low-pass Butterworth filter. In this section 

the user can chose the filter order and the cut-off frequency. 

• FiIter Settings: To filter out noise, the user can choose the type of Butterworth filter 

(low-pass, high-pass, band-pass or band-stop). The filter order and cut-off frequencies 

can also be selected. The refresh button updates the graphs were there to be changes 

in the filter parameters. 

• Logging Settings: Choice of saving data or not and selection of the file path to save 

the acquired raw data and the processed data. 

      On the other hand, Figure 26 shows the part of the program where the user selects the file 

containing the transfer curve (TC) data of the EGOFET that is being used. The TC is displayed in 

the graph, and over it the program plots the transconductance at each VG. To select the desired 

value of transconductance, two knobs are available to choose the gate, and drain voltage (VG and 

VD, respectively) used when obtaining the transfer curve. 

 

 

 

 

 

 

 

 

 

The other section in the program is the graph panel, shown in Figure 27. This section consists in 

a panel with four tabs: 

• First tab, Acquired Data: Real-time display of the signal being acquired as is, without any 

processing. Figure 27.a 

• Second tab, Processed Data: Real-time display of the acquired data, the filtered data, 

and the baseline that will be removed. Figure 27.b 

• Third tab, Fast Fourier Transform: Real-time FFT of the acquired and the filtered data. 

This graph is helpful for the user to modify the noise filter parameters if necessary. Figure 

27.c 

Figure 25: Control panel for parameter selection. 
Figure 26: Knobs, graph and file path for 

transconductance selection. 
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• Fourth tab, Analysis: Real-time processed data (noise and drift removed) and section 

showed in Figure 26 for transconductance selection. Figure 27.d 

One could summarize the workings of the developed application in the following manner: 

Firstly, the user inputs the file with the transfer curve (TC) of the EGOFET, recording the cells’ 

electrical activity, and selects the operational voltages at which the TC was obtained. The user then 

connects: 

• If processing the recording of only one EGOFET, the output of the transimpedance 

amplifier (which has converted the transistor’s output drain current into voltage) to the 

channel of the data acquisition system that the user wishes. 

• If using the developed hardware for differential sensing, the output of the 

instrumentation amplifier (which contains the difference between the two transistor 

recordings, one EGOFET with cells and the other without) to the channel of the data 

acquisition system that the user wishes. 

Once the connection is made, the user then selects the option for logging the acquired and/or 

the processed data and chooses the file paths for the TDMS files to be saved. With this done, the 

user can then apply gate and drain voltage (VG and VD) onto the EGOFET and then run the 

program. The software will instantaneously acquire the data, process it with default values in real-

time, and display it. While the acquisition and processing are being carried out, the user can go 

through the different tabs, see the performance of the processing and can play around with the 

Figure 27: Tabs in the graph panel. Top to bottom and left to right: 
(a) Acquired Data (b) Processed Data, (c) Fast Fourier Transform and (d) Analysis. 



38 
 

controls to modify the filter and baseline removal processing parameters until it suits their specific 

application.  

The block diagram required to create this platform was described in the “6.3.3. Real-time 

processing software development” section. However, the entirety of it can be found in Annex 3. 

6.4.3. Hardware for multiplex and differential sensing 

As previously mentioned, the hardware developed has been designed for multiplex and 

differential sensing. This concept is displayed in Figure 28. Ideally, one would have cells to test the 

hardware, but in their absence, the following was done:  

 

 

Two EGOFETs were involved in the process. On one, a DC voltage was applied to its gate 

terminal (this transistor acted as a control, which provided the baseline to be removed), and on the 

other transistor, the same DC voltage was applied. However, to this voltage, a cardiac pulse was 

added. The addition was done by reutilising the circuit shown in Figure 6.a. that was used to analyse 

the frequency dependence of EGOFETs' transconductance. In this case, nonetheless, the non-

inverting summing amplifier was used to add the DC voltage to the cardiac pulse generated by the 

Keysight 33220A Function / Arbitrary Waveform Generator. The outputs of both transistors, the 

recorded drain currents (ID), were then passed onto transimpedance amplifiers, which converted 

each resulting current into its corresponding voltage.  

The two voltage representations of the drain current (ID) were then fed into an instrumentational 

amplifier, which computed the difference between them and thus carried out the baseline 

subtraction. The output of the instrumentational amplifier could then be sent to the developed real-

time processing software, where the noise would be filtered. 

Figure 28: Representation of hardware  setup, comprising a control and a monitor 
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The whole PCB circuit, shown 

in Figure 29, has three main 

modules: the summing (orange), 

transimpedance (green) and 

instrumentation (yellow) 

amplifiers. The three modules 

were tested separately to 

determine whether the hardware 

platform worked correctly. Results 

from the testing can be found in 

Annex 4. 

 

Firstly, the non-inverting summing amplifier was tested. Two sine waves were applied, one 

to each input terminal of the Op Amp, one sine wave had a frequency of 1 kHz, and the other had 

a frequency of 10 kHz. As all potentiometers composing the non-inverting summing circuit were all 

set to 25 KΩ, the output was, as expected, the exact addition of both input signals.  

Secondly, the circuit had been designed to test both transimpedance amplifiers using the 

potentiometer (Rin) found in the blue rectangle in Figure 27. This potentiometer has the sole 

purpose of testing as it enables calculating the expected output of the transimpedance amplifier: 

𝑉𝑜𝑢𝑡 =  −
𝑅𝑓

𝑅𝑖𝑛
· 𝑉𝑖𝑛 

Equation 7: Output of transimpedance amplifier 

The two transimpedance amplifiers (which receive the output of the two separate EGOFETs, 

control and monitor) were tested separately. In both cases, Rf was set at 250 kΩ and Rin at 25 kΩ. 

So, as expected, a gain of 10 and a phase shift of 180º, due to the negative sign in equation 7, was 

obtained.  

Finally, two identical exponential rise signals to the inputs of the instrumentation amplifier 

were applied and one could observe how they were subtracted. The signals were purposely shifted 

75º from each other to observe the subtraction better. However, the subtraction was also seen 

when applying identical and in phase exponential rise signals, int this case, the output of the 

instrumentation amplifier was a flat line, as one would expect. 

 

 

 

 

 

Figure 29: Circuit for differential sensing. 
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7. EXECUTION SCHEDULE 
This section mainly includes the phases and milestones that the project has gone through, 

showing the “timings” and determining the critical path that should be followed to achieve the 

established goals in time. It also defines the set of activities carried out and the time needed for its 

implementation. 

7.1. Work Breakdown Structure (WBS) 

As its name indicates, the Work Breakdown Structure or WBS is a technique that allows 

breaking down any project, in this case, the end-of-degree project, into smaller tasks to make 

activities more manageable and approachable. It determines and describes each part of the global 

project, enabling a good organization and planning of the activities involved. [88] 

The WBS for this project (Figure 30) is structured into three levels. The first level encloses the 

entire project, in this case, the characterization of an Electrolyte-Gated Organic Field-Effect 

Transistor (EGOFETs) to measure extracellular potentials. The second level encompasses the 

project's main blocks, going from the description of the context the project is framed into the 

wrapping up of the project. The final and third level is made up of the small tasks included in each 

block found in the second layer. 

Figure 30: Work Breakdown Structure of the end-of-degree project. 

 

7.2. Program Evaluation and Review Techniques (PERT) 

A PERT diagram, based on making a temporary network, is designed to analyse and represent 

the tasks involved in completing the project. [89] It is elaborated from a task matrix (Table 2) where 

activities defined in the Work Breakdown Structure are assigned a duration. Furthermore, 

relationships of precedence and dependency are established between tasks. 
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Table 2: PERT diagram table. 

      The PERT diagram, shown in Figure 31, was then developed from the matrix. In each node, 

two main values can be found: on the bottom left (in green), one can see the “Early time”, which is 

the minimum time needed to reach a node and, on the bottom, right (in blue), one can see the “Late 

time” which is the maximum time that we can take to reach a node without the project being 

delayed.  

      Furthermore, the arrows in orange indicate the “Critical path”, that is, the minimum time 

necessary to carry out the project, therefore, the longest time between the initial and final node. 

 

Figure 31: PERT diagram for end-of-degree project. 

 

7.3. GANTT diagram 

A GANTT diagram is a practical way of displaying the project’s tasks against time, [90] which 

is weeks in the charts shown in Figure 32. On the left of the chart, one can see the list of the 

activities, and along the top, one can see the time scale. Each activity is represented by a bar, 

where the position and length of the bar reflect the start, duration and end of the activity.  

 

Task PERT 
identifier 

Duration 
(weeks) 

Previous 
activities 

Subsequent 
activities 

1.1.1 Definition of objectives A 1 - B 

1.1.2 Background and market analysis B 3 A C 

1.2.1 Working of instrumentation devices C 4 B D,F 

1.3.1 Extraction of charge transport parameters D 3 C E 

1.3.2 Drain current temporal evolution E 2 D H 

1.4.1 Response time and potentiometric sensitivity F 2 C G 

1.4.2 Frequency dependence of transconductance G 2 F H 

1.5.1  Hardware for differential and multiplex sensing H 3 E,G I 

1.5.2 Software for real-time processing I 2 H J 

1.6.1 Drawing conclusions J 1 I - 

1.6.2 Write end-of-degree project K Whole 
project 

- - 
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Figure 32: GANTT chart for the end-of-degree project. 

      Deliverables are also indicated in the GANTT diagram, with blue tags identified in the legend 

shown in Figure 33. 

 

Figure 33: Legend for GANTT diagram 
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8. TECHNICAL AND ECONOMIC FEASIBILITY 
In this section, an analysis was undertaken to determine the technical feasibility aspects of the 

project. Furthermore, this section shows the analysis of the economic aspects of the project to have 

an idea of the expenses, which made the realisation of the project possible. 

8.1. Technical feasibility 

The end-of-degree project was conducted at the Institute for Bioengineering of Catalonia 

(IBEC) 's Nanoscale Bioelectrical Characterization group. As a result, the research team provided 

the necessary instrumentation devices, facilities, equipment, and materials described in the "6. 

Detail engineering" section. The ICMAB provided the EGOFETs through a collaboration 

agreement. On the other hand, the University of Barcelona provided a LabVIEW license required 

for software development. Overall, one could say that the project's entirety was technically feasible 

by virtue of the Nanoscale Bioelectrical Characterizarion group and the University of Barcelona's 

contributions. 

8.1.1. SWOT analysis 

A SWOT will allow the assessment of the project’s Strengths, Weaknesses, Opportunities, and 

Threats. Carrying out an internal and external analysis provides a realistic point of view of the 

situation. Understanding what the project lacks, checking its best advantages, and seeing potential 

opportunities and threats will create complete awareness of all factors involved.  

INTERNAL FACTORS 

STRENGTHS (+) WEAKNESSES (-) 

Non-invasive 

Biocompatible and flexible 

User-friendly and adaptable 

real-time processing 

Low manufacturing at an 

industrial level 

Small margin for error 

Time limit 

  

EXTERNAL FACTORS 

OPPORTUNITIES (+) THREATS (-) 

Interfacing with functional 

biosystems – liquid environment 

Immediate use of processed 

signals 

Emerging technology 

Lack of standard 

characterisation protocols 

Slight instability 

Figure 34: SWOT analysis of EGOFETs and end-of-degree project. 

• Strengths 

The project is based on EGOFETs, a non-invasive device that enables the measurement 

of extracellular potentials of electrically active tissues and cells. They are based on organic 

semiconductors, which provide biocompatibility and flexibility, essential for biological 

interfacing. These systems were extensively characterised effectively to demonstrate these 

benefits and use the information for real-time signal processing software development. This 

LabVIEW algorithm simultaneously processes data measured from the EGOFET output, 
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enabling faster and more efficient analysis. Moreover, the developed platform is user-friendly 

and adaptable to each user's needs. 

• Weaknesses 

Regarding the devices under study, EGOFETs present low manufacturing capabilities at 

an industrial level; this implied having a limited number of EGOFETs available for study, which 

meant having little margin for error, which lengthened the characterization process. Time also 

presented a weakness for the project's development, mainly in the stage of the software 

development, limiting its capabilities to signal to process but leaving parameter extraction for 

once the processed data has been saved. 

• Opportunities 

Organic-based devices are a powerful emerging field, and EGOFETs are ideally suited to 

be interfaced with functional biosystems. They can operate directly in the physiological liquid 

environment where the cells are found, a critical feature that can revolutionize 

electrophysiological recordings. Concerning the LabVIEW software program developed in this 

project, real-time processing has a very positive future outlook. It allows for increased 

performance and time-saving, including immediate use of the processed data for analysis. 

Furthermore, the platform developed presents several controls to enable the user to tune the 

software to their needs. 

• Threats 

Because EGOFETs are still an emerging technology, standard characterisation and 

measurement protocols are still needed, such as the one presented in this project. The slight 

instability of these devices is also a concern. To combat this, more information about the 

device's functional mechanisms at all levels, from the materials used to their behaviour during 

operation, should be gathered. 

8.2. Economic feasibility 

The costs involved for the completion of the project have been divided into equipment cost 

(Table 3), cost of materials used (Table 4), project development resources (Table 5) and price of 

software licences (Table 6). Finally, the total cost for the project’s development is in Table 7.  

            

 

            

Table 3: Equipment cost table. 

EQUIPMENT Price (€) Ref. 

B2912A Precision Source/Measure Unit 5.294,45 [91] 
EB-050 micropositioners 639.85 x 3 = 1.919,55 [92] 

PC with PCI slots 1.125,00 [96] 

PCI-6120 Multifunction I/O Device 5.592,33 [79] 

33220A Function / Arbitrary Waveform Generator 966,31 [93] 

eLockIn 204/2 2.670,00 [94] 

DSOX3024T Oscilloscope 4.494,00 [95] 

Power Supply FAC-662B 1.016,40 [126] 

Soldering equipment 1.021,24 [127] 

TOTAL 24.099,28 € 
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Only the initial cost is considered regarding 

the equipment, not the time spent using the 

instrumentation devices. All equipment was 

already available at the Nanoscale Bioelectrical 

Characterization group, so the initial 

investment price has been considered, but no device had to be bought specifically for this project. 

All the materials used were commercially available, but in practice, none was specifically 

bought for the project as the group already disposed of it. 

Regarding the licences, the yearly licence cost has been searched. However, for the total cost, 

licence costs have been halved to cover for six months, rather than a whole year. Furthermore, 

licence costs were covered on the one side by the University of Barcelona (LabVIEW software 

licence) and by the Institute for Bioengineering of Catalonia (Origin software licence). 

Finally, it has been essential to consider the working hours that the project entailed. According 

to calculations made, finding the “critical path” in the PERT diagram is a minimum of 19 weeks. 

Were one to consider the cost of the time invested, considering that the project is carried out by a 

biomedical engineering student, weighting the work carried out and studying average wages for 

biomedical engineers in Spain [107], the price per hour was set at 20 €. Knowing that 21 hours 

were invested weekly (7 hours/day, three days a week), the minimum total hours invested would 

be 399 hours, which translated to 7.980,00 €. However, as the time invested was to complete the 

end-of-degree project, no actual cost was associated. 

 
 
 
 
 
MATERIALS 

 
 
 
 
 

Price (€) 

 
 
 
 
 

Ref. 

100-1000 μL pipette 74,88 [97] 

20-200 μL pipette 343,42 [98] 

Isopropyl Alcohol (IPA) 18,51 [99] 

Ethanol 96% 19,40 [100] 

Acetone 26,88 [101] 

1 M NaCl solution 3,88 [102] 

10 X Phosphate-Buffered 
Saline (PBS) 

74,50 [103] 

Dulbecco's Modified Eagle's 
Medium (DMEM) 

70,73 [104] 

BNC connectors (RS Pro) 2,08 x 6 = 12,48 [117] 

UA741CP Op Amp (RS) 0,48 x 5 = 2,40  [118] 

OPA177GP Op Amp (RS) 2,83 [119] 

INA114AP Op Amp (RS) 12,09 [130] 

3266Y-1-104LF 
potentiometer (Bourns) 

3,15 x 4 = 12,60 [120] 

3386Y-1-105 potentiometer 
(Bourns) 

2,20 x 3 = 6,60 [121] 

Circuit cables 11,82 [122] 

PCB board 7,43 [123] 

Hammond aluminium box 17,00 [124] 

USB cable (RS) 7,16 [125] 

Banana cables 1,23 x 3 = 3,69 [131] 

TOTAL 728,30 € 

PROJECT 
DEVELOPMENT 

Price 
(€/hour) 

Total 
price 

Biomedical 
Engineering Student 

20 [107] 

TOTAL 7.980,00 
€/project 

Table 5: Project development cost table. 

SOFTWARE 
LICENCES 

Price 
(€/year) 

Ref. 

LabVIEW 
licence 

1.467,59 [105] 

Origin licence 1.178,27 [106] 

TOTAL 2.645,86 
€/year 

Table 6: Software licence cost table. 

Table 4: Materials cost table 
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The final cost has been calculated to be 34.842,55 €, which is the total amount invested 

for this project to be possible. In the pie chart shown in Figure 35, one can see that the most 

significant investment is in equipment, followed by the cost of the working hours involved in the 

project. The investment was made both by the Institute for Bioengineering of Catalonia and the 

University of Barcelona; without their funding, this project would not have been economically 

feasible.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 7: Total project costs table. 

TOTAL COST Price (€) 

Equipment 24.099,28 

Materials 728,30 

Project development 7.980,00 

Software licences 2.645,86 / 2 = 1.322,93 

TOTAL 34.842,55 € 

Figure 35: Pie chart representation of the total costs. 
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9. CONCLUSIONS AND FUTURE PERSPECTIVES 
The objective of this project was to systematically characterise Electrolyte-Gated Organic Field-

Effect Transistors (EGOFETs) and consolidate the acquired knowledge with two purposes. To 

develop a hardware interface for differential and multiplex sensing and create a software program 

capable of processing recorded electrophysiological signals in real-time to avoid the post-

processing step. 

For this project, EGOFETs were extensively studied. Namely, their quasi-static, steady-state 

and transient response was investigated in different physiological electrolytes at different 

concentrations. In this manner, profound knowledge of these devices was acquired, and after 

continuous measurements, a significant instability was observed. This feature was also backed up 

by available literature [23][42][51][52] and enabled the planning and development of a real-time 

processing software platform, as the EGOFETs drawback could thus be corrected and used as an 

advantage. We proved that this platform is a valuable and effective tool that worked in real-time 

simulated signals, combated the mentioned instability, and filtered out noise interferences, which 

were also seen during characterisation.  

Furthermore, a hardware platform thought for the differential, and multiplex sensing of electrical 

activities of cells was developed. Using a PCB board as a base, the carefully planned and designed 

circuit was built using structures such as summing, instrumental and transimpedance amplifiers. In 

this manner, a plug-in and reliable removal of device-dependent behaviours from the signal of 

interest was enabled. The hardware developed was thought to be compatible with the created 

LabVIEW software, as the differential signal that has had its bassline removed through the 

hardware can be directly fed to the software application for effective noise removal. 

Additionally, the real-time processing LabVIEW software developed for this project has a bright 

future. It enables improved performance, time-saving, and instant analysis of the processed data. 

Furthermore, even though the platform has default values and is thought for being applied on 

EGOFET recordings, the developed platform includes built-in controls for each user to tailor the 

program to their requirements.  

Regarding future perspectives, as mentioned throughout the project, organic-based devices 

are a promising developing field, and EGOFETs are a robust proposal. Their electrolyte-gating 

allows optimal performance in physiological liquids, the only environment where cells can survive. 

Furthermore, they operate at low voltages, which prevents cell damage or unintended cell 

excitation. Thus, EGOFETs are promising for potential electrophysiological recordings as they are 

biocompatible, flexible and robust devices.  

 

: 
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11. ANNEXES 
 

1. 10 X PBS dilution table 

 

 

2. Block diagram of the LabVIEW Trans(SubVI).vi 

 

 

 

 

3. Block diagram of the LabVIEW signal real-time processing software 

Desired final volume 

(uL)
PBS (X)

Equivalent 

concentration (mM)

Required Volume of 

Stock Solution (uL)

Extra MilliQ Volume 

(uL)
20-200uL Pipette 100-1000uL Pipette

1250 0.001 0.1516 125 1125 * * (562.5x2)

1250 0.01 1.516 125 1125 * * (562.5x2)

1250 0.1 15.16 125 1125 * * (562.5x2)

1250 1 151.6 125 1125 * * (562.5x2)

1250 2 303.2 250 1000 * (125x2) * (500x2)

1250 3 454.8 375 875 **(437.5x2)

1250 4 606.4 500 750 **

1250 5 758 625 625 **

1250 6 909.6 750 500 **

1250 7 1061.2 875 375 **

1250 8 1212.8 1000 250 * (125x2) * (500x2)

1250 9 1364.4 1125 125 * * (562.5x2)

1250 10 1516 1250 0
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4. Testing of hardware for differential and multiplexing sensing 

Non-inverting summing amplifier 
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Transimpedance amplifier 

 

 

 

 

 

 

 

Instrumentation amplifier 

Out of phase (75º): 

 

 

 

 

 

 

 

      In phase: 

 


