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ABSTRACT 

OF THE THESIS OF 

 

Fadi Chawki Khoury           for  Master of Science 

                  Major: Biomedical Engineering 

 

 

Title: Organic Electrochemical Transistors Printed via Inkjet Technology for Bio-

Interfacing Applications 

 

Organic Electrochemical Transistors (OECTs) are experiencing rapid growth in 

biomedical applications, becoming increasingly integral to bio-electronic interfaces. 

Traditionally, high-performing OECTs are fabricated in cleanrooms using cumbersome 

and costly multistep photolithography, spin-coating, and lift-off processes. These 

methods complicate and limit their integration with chemically and thermally sensitive 

materials. In contrast, drop-on-demand inkjet printing has emerged as a highly promising 

alternative, offering versatility and precision. 

The objective of this thesis is to develop and optimize inkjet-printed OECTs for molecular 

sensing and electrophysiological monitoring applications. We systematically fabricate 

and characterize these inkjet-printed OECTs by varying their geometrical parameters, 

including the width, length, and thickness of their active channels. Comprehensive 

analyses of their electrical properties will be conducted, focusing on current-voltage 

characteristics, amplification capabilities, response times, and cut-off frequencies. 

High-speed and flexible devices will be utilized to record electrocorticography signals in 

vivo in a rat model, particularly for the detection of epileptic seizures. Additionally, high-

amplifying and ultra-stable OECTs will be employed to detect circulating heart failure 

biomarkers.  

This research aims to establish reliable fabrication protocols and demonstrate the broad 

applicability of inkjet-printed OECTs in various biomedical domains. We aim to develop 

an inkjet fabrication protocol that produces biosensors with high stability and 

reproducibility, achieving performance metrics comparable to those of photolithographed 

devices. Our discussion includes the metrics required for successful integration in various 

bio-interfacing applications. We show that bench-top inkjet printers can effectively 

fabricate high-performing OECTs, providing a reproducible solution for diverse 

bioelectronic interfacing applications, from molecular sensing to electrophysiological 

monitoring. All in all, this work streamlines OECT integration into bioelectronic 

platforms, expanding their applicability across biomedical domains.  
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CHAPTER 1 

                                 INTRODUCTION 
 

Biological signals, which are inherently small in nature, present unique challenges 

in their detection and quantification. These signals are the language through which 

biological systems communicate and function, spanning from the molecular to the 

systemic level. Understanding and measuring these signals is crucial for advancements in 

biomedical engineering and diagnostics, affecting the efficacy of therapeutic 

interventions.  

Electrophysiological signals are one such type, encompassing the electrical 

activities within the body. Two primary examples include neuronal activity and cardiac 

signals. Neuronal activity involves action potentials and synaptic potentials in neurons, 

essential for brain function and communication within the nervous system [1]. These 

signals are typically very small, often in the microvolt (µV) range, and occur in a complex 

and noisy environment, making their detection particularly challenging. Cardiac signals, 

observed through electrocardiograms (ECG), represent the electrical activity of the heart. 

The precise measurement of these signals is vital for diagnosing and monitoring heart 

conditions. Both neuronal and cardiac signals require highly sensitive and specific 

detection equipment capable of distinguishing the biological signal from the background 

noise. This demands advanced signal processing techniques and noise reduction strategies 

to ensure accurate readings. 

Biomolecules, such as DNA, neurotransmitters, proteins, and viruses, are another 

critical category of biological signals. These molecules play a central role in the 

biochemical processes that sustain life. The minute concentrations of DNA and proteins 
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for example ï often in the nanomolar (nM) to femtomolar (fM) range - requires 

engineering solutions with high precision and sensitivity due to the complex biological 

matrices in which theyôre found[2-5]. 

With the advent of miniaturized electrochemical biosensors, there has been a 

significant advancement in the detection and quantification of biomarkers, offering 

numerous benefits over traditional techniques such as polymerase chain reaction (PCR) 

and next-generation sequencing (NGS) in DNA detection, and enzyme-linked 

immunosorbent assays (ELISA) and mass spectrometry. These compact devices can 

transform how we monitor and manage health conditions, providing more immediate, 

convenient, and efficient testing options for patients[6, 7].  

Non-invasive electrochemical biosensors are particularly advantageous as they 

can analyze bodily fluids such as saliva, sweat, or interstitial fluid, eliminating the need 

for blood draws or other invasive procedures. These sensors can be integrated into 

wearable devices like smartwatches, patches, or contact lenses, continuously monitoring 

biomarkers in real-time[8]. For instance, glucose monitors for diabetes management have 

already demonstrated how non-invasive biosensors can replace finger-prick blood tests. 

By providing continuous glucose readings, these devices help patients maintain better 

control over their condition, reduce the risk of complications, and improve overall quality 

of life. 

Invasive electrochemical biosensors, on the other hand, can provide highly 

accurate measurements by directly accessing biological fluids such as blood. These 

sensors can be used in implantable devices that continuously monitor critical biomarkers. 

For example, implantable sensors that monitor cardiac biomarkers can provide early 

warnings of heart attacks or other cardiovascular events, allowing for timely medical 
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intervention. Such devices are particularly beneficial for patients with chronic conditions, 

enabling them to manage their health proactively rather than reactively[9, 10]. 

Miniaturized biosensors offer substantial benefits over traditional diagnostic 

techniques, which often require patients to visit testing centers, undergo time-consuming 

procedures, and wait days or even weeks for results. These conventional methods can be 

inconvenient and stressful, especially for those needing frequent monitoring. 

Advancements in the field of miniaturized bio-electronic sensors promise to offer 

immediate results and continuous monitoring, convenience in portability and ease in 

scalability, leading to an eventual reduction in healthcare costs and wider accessibility. 

One such advancement is the development of Organic Electrochemical 

Transistors (OECTs) based biosensors, showing superior performance compared to 

Organic Field Effect Transistors (OFETs), attributed to their unique interfacing 

mechanism and mode of operation[7]. In the sections here on in, we focus our discussion 

on the design, development, and application of high performing OECTs for molecular 

sensing and electrophysiological monitoring applications. 
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CHAPTER 2 

                          LITERATURE REVIEW 
 

2.1.From Vacuum tubes to OECTs 

The transition from vacuum tube to solid-state electronics marked a revolutionary 

shift in technology, enabling smaller, more reliable, and energy-efficient devices. For 

instance, the development of transistors by Bell Labs in the late 1940s [11] paved the way 

for compact and durable electronic devices, such as radios and televisions, replacing 

bulky and fragile vacuum tubes. The advent of integrated circuits in the late 1950s [12] 

further accelerated this transformation, leading to the miniaturization of computers, 

calculators, and later, smartphones and IoT devices, revolutionizing the electronics and 

computing industries. Starting in the mid-20th century, advancements in solid-state 

technology led to the development of medical imaging devices such as X-ray machines 

[13] and MRI scanners [14]. These innovations began in the 1960s and rapidly progressed 

through the late 20th century and into the 21st century. 

Although powerful, the rigid nature of these devices makes them unsuitable to 

interface biological tissue. In addition, transistors today are mostly used in dry conditions, 

therefore their integration with living organisms necessitated the switch to transistors 

capable of operating in wet conditions all while being biocompatible. At the forefront of 

this technological shift targeted towards the integration of transistors in biomedical 

applications are Organic Electrochemical Transistors (OECTs), first introduced more 

than three decades ago [15] and yet have recently gained unprecedented attention (figure 

1).  
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OECTs are three terminal devices, composed of a Source (S), Drain (D), and Gate 

(G). The source and drain are connected by a semiconducting channel. Typically the 

source is grounded and at the onset of bias VDS between the two terminals, a current flows 

through the channel, the conductivity of which is controlled by the gate through an ion-

rich aqueous media by the application of gate-source bias VGS. 

OECTs Employ organic mixed ionic/electronic conduction (OMIEC) as the semi 

conducting channel [16]. OMIECs, typically amphiphilic conjugated polymers, are soft 

and combine both electronic and ionic charges within their bulk [17]. These materials are 

at the heart of OECTs, giving them their unique characteristics and rendering them 

suitable for interfacing with biological processes by directly interacting with electrolyte-

rich media, including all types of bodily fluids such as blood, sweat, urine, etc. In addition, 

OECTs including those based on the semi-conducting polymer poly(3,4-

ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS), stand out by their ability 

for bulk channel de-doping, which allows for the modulation of charge carrier density ï 

Holes for PEDOT:PSS ï throughout the bulk of the active channel. This results in 

Figure 1 results per year in PubMed when searching for ñOrganic Electrochemical Transistorsò 

and ñOrganic Electronicsò. 

 



 

 18 

superior capacitive coupling between the ions in the electrolyte and the charge carriers in 

the channel, larger than that observed in MOSFETs. Because of their bulk water uptake, 

the channel capacitance increases with thickness (i.e. volumetric capacitance), therefore 

the electrical performances of devices can be controlled with the thickness of the active 

channel including threshold voltage, the subthreshold slope and current density. 

Additionally, PEDOT:PSS sets itself apart from other OMIECs by having a relatively 

high hole mobility [18-20]. 

 Moreover, OECTs are made of bio-compatible materials, resistant to a variety of 

temperatures and pH conditions, OECTs operate at low voltages (<1V) while possessing 

inherent ion sensitivity [21, 22]. Consequently, OECTs have garnered considerable 

attention in the field of bio-interfacing-electronics, finding applications in molecular 

sensing, including proteins, DNA, and neurotransmitters, as well as in 

electrophysiological recordings within both cardiac and neural contexts [2, 3, 5, 10, 23-

28]. 

 

2.2 PEDOT:PSS and other OMIECs 

PEDOT:PSS is a conductive conjugated polymer consisting of two separate 

components: PEDOT and PSS, linked together through electrostatic interactions and 

hydrogen bonding. 

Amongst all types of OMIECs, PEDOT:PSS is the most popular given its high 

electrical conductivity due to the -́conjugated structure of PEDOT, these delocalized ˊ-

electrons facilitate efficient electronic charge transport along the polymer backbone 

chains. Additionally, it possesses high ionic conductivity due to the presence of ionizable 

sulfonate -SO3
- groups, these sulfonate groups are hydrophilic. As a result, PSS readily 
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dissolves in water or other polar solvents, forming a homogeneous solution. These 

ionizable groups create a charged environment within the film, facilitating ionic transport 

from the electrolyte through the bulk of the polymer matrix [16, 29]. Specifically, in the 

case of PEDOT:PSS OECTs, a positive potential at the gate induces negative ion 

concentration at the electrolyte-gate interface, on the opposite end, cations with equal 

concentration aggregate at the electrolyte-channel interface, because of the channelôs 

ability to uptake those ions, cations penetrate the channel and compensate the charges of 

the sulfonate groups. This process is reversible and consequently leads to an efficient 

modulation of the charge carrier density within the film, controlling its conductivity 

(figure 2a). Initially, PEDOT:PSS is maximally conductive, its conductivity decreases 

with increasing gate voltage, making the behavior of PEDOT:PSS OECTs depletion 

mode (figure 2b). 

PEDOT:PSS is commercially available; its versatility makes it compatible with 

various deposition techniques including inkjet printing, spin coating, and spray deposition 

[2, 30, 31]. 

The OECT channel current is governed by equation 1 below: 
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where ICH is the channel current; ‘ is the hole mobility; ὅᶻ is the volumetric capacitance; 

VG is the gate voltage; VD is the drain voltage; VT is the threshold voltage; and W, d, L 

are the channel width, thickness, and length, respectively[19]. The key metrics to evaluate 

the performance of OMIECs in OECTs stem from equation 1 and concern the OMIEC-

specific ‘ὅᶻ.  Engineering materials with high crystallinity and rigidity in structure has 
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led to an increase in electronic mobility as shown by introduction of the ladder-type 

conjugated polymer poly(benzimidazobenzophenanthroline) (BBL). At an extreme 

however, highly ordered polymer chain packing impedes the movement of ions within 

the channel and leads to a decrease in volumetric capacitance, hence why the introduction 

of voids and hydrophilic groups (oligoether side chains for example) are regarded as 

efficient techniques to boost swelling and ionic uptake. 

 

2.3 OECTs as biosensors 

The primary challenge in engineering devices to quantify electrophysiological 

signals and biomolecules lies in their minute amplitude and often noisy environment. The 

low signal strength necessitates highly sensitive detection equipment that can 

discriminate between the biological signal and background noise. This involves 

developing devices with high sensitivity and sophisticated noise filtering techniques. 

Specificity and selectivity are also critical. In complex biological environments ï 

especially in bodily fluid samples ï targeting and measuring specific signals without 

interference from other biological activities is challenging. Devices must be highly 

selective to the target signal, minimizing cross-reactivity with non-target molecules to 

ensure accurate readings. 

Figure 2 (a) OECT Structure and operation. (b) typical IV curve (left) and transfer 

characteristic (right) of a PEDOT:PSS OECT showcasing depletion mode behavior 
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Biocompatibility is another significant consideration. Engineering devices that are 

non-invasive or minimally invasive is critical for patient safety. Wearable sensors and 

implantable devices must be fabricate with biocompatible materials to avoid immune 

reactions and ensure long-term stability. 

In the face of these engineering challenges, OECTs emerge as a highly attractive 

option for developing biosensors especially since they can be used as amplifiers, by taking 

the derivative of equation 1 with respect to the gate voltage, transconductance gm can be 

defined. It is given by equation 2 below: 
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OECTs exhibit large transconductance due to their high volumetric capacitance, 

which enhances their sensitivity and signal amplification capabilities[3, 19, 32]. This 

transconductance is further amplified by the precise control over the three-dimensional 

structure of the channel. Therefore, OECTs are remarkable for their amplification 

capabilities, making them well-suited for detecting the minute amplitudes of 

electrophysiological signals and biomolecules. They operate effectively in biological 

environments, maintaining high performance even in the presence of complex biological 

fluids thanks to their compatibility with various surface functionalization protocols. 

Additionally, OECTs are easily fabricated at low costs, which makes them accessible for 

widespread use in medical and research applications. Their small size and potential for 

flexibility allow them to be integrated into wearable or implantable devices, providing 

continuous monitoring of biological signals without discomfort or significant disruption 

to the user. This combination of high sensitivity, biocompatibility, cost-effectiveness, and 

adaptability makes OECTs a promising technology for advancing the field of biosensing 
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and overcoming the inherent challenges of detecting and quantifying small biological 

signals. Although powerful in amplification, OECTs are relatively slow compared to 

other types of transistors, largely due to the limited ionic mobility. Speed can be enhanced 

by design by reducing the size of the channel in all three dimensions or by adopting 

channel materials with high carrier mobility. Operationally, speed can also be modified 

by adopting smaller radii ions (if the application allows) or by increasing the temperature 

of the working environment. Nevertheless, for electrophysiological applications, a 

switching/reaction speed of around 1Khz is sufficient to cover all biological signals 

(figure 3) [32]. Some research, however, still aims to explore the use of OECTs in logic 

circuits and in developing next generation neuromorphic computing [33-35]. 

 

2.3 Fabrication 

2.3.1. Conventional Fabrication 

Conventional microfabrication techniques, essential for producing intricate 

micro- and nanoscale structures, involve a series of highly specialized processes typically 

conducted in cleanroom environments. These techniques include photolithography, 

lithography, spin coating, and lift-off, among others, each requiring precise control and 

expertise. 

Photolithography is a cornerstone of microfabrication, where a photoresist-coated 

substrate is exposed to light through a mask to create a patterned resist layer. This process 

necessitates the use of cleanrooms to prevent contamination, as particles of dust can ruin 

the intricate patterns. The process begins with spin coating, where a photoresist material 

is evenly spread over the substrate by spinning it at high speeds. After exposure to light, 

the substrate undergoes development, where the exposed or unexposed (depending on the 
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type of resist ï positive or negative) regions are dissolved, leaving a patterned resist 

layer[36]. 

Lithography techniques extend beyond photolithography, including electron-

beam lithography and nanoimprint lithography, which offer higher resolution but also 

come with increased complexity and cost. These methods require extensive training to 

master, as they involve precise alignment and exposure steps that must be meticulously 

controlled to achieve the desired patterns. 

Lift -off is another critical process in microfabrication, used to create metal 

patterns on substrates. After patterning a photoresist layer, a metal is deposited over the 

entire substrate. The unwanted metal is then "lifted off" by dissolving the underlying 

resist, leaving behind the desired metal pattern. This technique often involves the use of 

masks to define the areas where the metal should be deposited. 

Figure 3 amplification and operational bandwidth characteristics of OECTs. 

Adopted from [28]. 
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These conventional techniques are not without their drawbacks. They often 

require high temperatures, which can be incompatible with substrates made of low 

melting point polymers, limiting the materials that can be used. Additionally, these 

processes frequently use toxic etchants and solvents, posing significant safety and 

environmental concerns. The handling of these chemicals necessitates stringent safety 

protocols and specialized waste disposal systems, further complicating the fabrication 

process. Figure 4, adopted from [37], shows a typical fabrication flow of OECTs with 

photolithography, all in all comprising of 9 steps. Other fabrication techniques have been 

proposed for the fabrication of OECTs including spray deposition, however the limited 

control over precise deposition and concerns about scalability still challenge its 

widespread adoption[30]. 

Moreover, these techniques generate substantial waste, primarily due to the use of 

sacrificial layers. Photoresists, masks, and other materials used to define patterns and 

protect specific areas during etching and deposition are often discarded after a single use. 

The disposal of these materials, along with the chemical byproducts from etching and 

development processes, contributes to significant environmental and safety challenges. 

Managing this waste requires robust disposal systems and compliance with environmental 

regulations, adding to the complexity and cost of the fabrication process. 

The equipment and infrastructure required for these techniques are expensive and 

complex, necessitating significant investment in cleanrooms and specialized tools. The 

extensive training required to operate this equipment proficiently adds another layer of 

complexity, making these techniques less accessible to smaller research labs or industries 

[37, 38].  
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2.3.2. Inkjet Printing 

Inkjet printing emerges as a viable alternative to conventional microfabrication 

techniques, offering several advantages that address the challenges associated with 

traditional methods. One of the primary benefits of inkjet printing is its simplicity. Unlike 

photolithography, which requires extensive training and precise control over numerous 

steps, inkjet printing is relatively straightforward and user-friendly, it can cut down the 

fabrication steps of OECTs to 3 (figure 5a). It does not demand the same level of 

specialized knowledge, making it more accessible to a broader range of users, including 

those in smaller research labs or startups[39, 40]. 

Figure 4 the typical photolithography fabrication flow of OECTs. Adopted from [37] 
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Moreover, inkjet printing is a benchtop technique, it can be performed on a 

standard laboratory bench without the need for cleanroom environments. This 

significantly reduces the infrastructure costs and complexity associated with 

microfabrication. The process involves depositing droplets of ink containing conductive 

or functional materials onto a substrate in a controlled manner, allowing for the creation 

of intricate patterns and devices[41, 42]. 

Several metals are compatible with inkjet printing, including silver, gold, and 

copper, which can be used to create conductive tracks and components. Additionally, 

inkjet printing is a cold fabrication technique, operating at room temperature or slightly 

above, which makes it suitable for use with low melting point polymers and other 

sensitive materials that would be damaged by the high temperatures required in 

conventional methods[43, 44]. 

Inkjet printing also offers impressive resolution, capable of achieving patterns in 

the low micrometer range. This level of precision is sufficient for many micro-scale 

applications, making it a versatile tool for fabricating various electronic and biosensor 

devices[45-47]. Furthermore, inkjet printing is highly efficient because it allows you to 

print only what you need, eliminating the waste associated with sacrificial layers and 

excess materials common in traditional techniques. This not only reduces material costs 

but also minimizes environmental impact and simplifies waste management[47, 48]. 

Despite its advantages, inkjet printing has limitations. The materials used for 

printing must fit within specific viscosity and surface tension limits to ensure proper 
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droplet formation and deposition as depicted in figure 5b. This constraint can limit the 

range of materials that can be used and requires careful formulation of the inks[49-51]. 

Additionally, there have been criticisms regarding the reproducibility of devices  

fabricated using inkjet printing. Variations in droplet size, deposition accuracy, ink 

composition, and print uniformity can lead to inconsistencies in the final printed devices, 

affecting their performance and reliability[52]. 

 

2.4 OECTs for biomolecule detection ï Heart Failure biomarkers 

OECTs are powerful tools for the detection of biomolecules, leveraging various 

electrochemical techniques to provide sensitive and specific analyses. The primary 

detection methods used with OECTs include potentiometric, impedimetric, and 

amperometric approaches, each with unique mechanisms and applications[53]. 

Figure 5 (a) a typical 3-step Inkjet Printing workflow for developing OECTs. (b) ink 

parameter considerations for jetting. Adopted from [51]. 
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Amperometric detection with OECTs leverages the high currents generated by 

redox (oxidation-reduction) reactions to modulate the device's electrical properties 

(figure 6a). This approach often involves two separate cells: one where the redox activity 

occurs and another containing the OECT. In the redox cell, the target analyte undergoes 

a redox reaction facilitated by an enzyme, catalyst, or simply by reaching the 

oxidoreduction potential. This redox cell acts as a power source, where the current 

produced by the redox reaction serves as the input signal. This generated current is then 

used to power the gate electrode of the OECT in the second cell. The gate electrode, 

modulated by the redox current, influences the conductivity of the OECT channel. The 

high currents from the redox reactions provide a strong signal that can effectively 

modulate the gate voltage, leading to significant changes in the channel conductivity[54]. 

Potentiometric detection with OECTs involves measuring the potential (voltage) 

change at the gate or channel when biomolecules interact with the sensor surface (figure 

6b). This method is particularly effective for detecting proteins, which can acquire 

charges under specific conditions. When a charged protein binds to the functionalized 

surface, it alters the potential. This change in potential is transduced by the voltage 

sensitive OECT, leading to a corresponding change in the channel current. For example, 

an OECT with a gate functionalized with antibodies specific to a target protein can detect 

the presence of that protein in a sample based on the effective gate potential. This 

approach is highly sensitive and can detect low concentrations of proteins, making it 

valuable for early disease diagnostics and biomarker detection[55, 56]. 

Impedimetric  detection involves measuring the impedance (resistance to 

alternating current) of the OECT. This technique is particularly useful for sensing cells, 

as cell membranes can significantly alter the impedance at the ionic level. When cells 
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interact with the gate electrode or directly with the channel, they impede ionic injection 

into the OECT channel, causing a measurable change in impedance that can be quantified 

by either the current levels (figure 6c) or the response time (figure 6d)[57, 58]. For 

instance, an OECT designed to monitor cellular activity can detect changes in cell 

viability and adhesion (to the sensor or to other cells), by observing variations in the 

impedance spectrum. The interaction of cells with the gate modifies the ionic conductivity 

and capacitance at the interface, which is transduced into a change in the device's 

impedance. This method is beneficial for applications such as monitoring cell health in 

tissue engineering or drug testing. 

Figure 6 (a) OECTs used in analyte amperometric sensing of 

tetracyanoquinodimethane. (b) OECTs used in the potentiometric sensing of COVID19 

spike proteins. The impedimetric sensing of cells in OECTs quantified by the change in 

(c) current and (d) response time. Adopted from [54-58] 
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In the biomolecule detection section of this thesis, we will focus on NT-proBNP 

(N-terminal pro b-type Natriuretic Peptide), a crucial circulating biomarker for heart 

failure. NT-proBNP is released into the bloodstream in response to changes in heart 

pressure, making it a direct indicator of heart failure. Elevated levels of NT-proBNP are 

strongly linked to heart failure, providing valuable diagnostic, prognostic, and therapeutic 

information[59, 60]. NT-proBNP is an ideal biomarker for heart failure due to its high 

specificity to cardiac function. It serves as a critical tool for ruling out heart failure when 

levels are low, thanks to its high negative predictive value[61]. For individuals under 75 

years old, a threshold level of 125 pg/ml is used to indicate the potential presence of heart 

failure. For those older than 75, the threshold is raised to 450 pg/ml due to the natural 

increase in NT-proBNP levels with age[60, 62]. A significant challenge in managing heart 

failure is that many individuals are unaware they have the condition until it is too late. 

Often, heart failure remains undiagnosed until severe symptoms appear, by which time 

the opportunity for effective intervention has passed[63]. This underscores the urgent 

need for point-of-care diagnostic devices that can facilitate frequent and accessible 

testing. Point-of-care devices based on OECTs offer a promising solution. They enable 

rapid, on-site testing of NT-proBNP levels, providing immediate results and allowing for 

early detection and management of heart failure. Such devices can be used in various 

settings, including primary care clinics, emergency rooms, and even at home, greatly 

enhancing the accessibility of heart failure diagnostics. 

In this work, we will adopt a potentiometric approach using OECTs to detect NT-

proBNP. The potentiometric method is well-suited for this application as proteins, 

including NT-proBNP, can acquire charge under specific conditions. By functionalizing 

the surface of an OECT with specific antibodies, we can detect changes in surface 
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potential when NT-proBNP binds to the surface. This binding event alters the effective 

gate potential, resulting in a measurable change in the channel current of the OECT, thus 

enabling sensitive and specific detection of NT-proBNP levels following equation 3: 
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Where Ў• is the charge induced by the attached protein, n is the number of target 

molecules on the sensor surface, ὗ  is the net charge for one target molecule which is 

related to the pH value of the environment and the isoelectric point of our target, ‐ is the 

dielectric permittivity of the free space, ‐ is the relative dielectric constant of the protein 

layer, and ὸ is the effective interaction thickness depending on the Debye length. The 

optimal location for functionalization is however not really understood and would largely 

depend on the fabrication method, channel material, and relative gate-channel sizing and 

consequently capacitance. Previous work in literature shows that the detection range is 

independent of the gate/channel area ratio[64], while others set some parameters to follow 

when engineering OECTs with detection sites on the channel or the gate, 

 

2.5 OECTs for electrocorticography recordings 

OECTs can play a pivotal role in amplifying brain signals within 

Electrocorticography (ECoG) devices, particularly in the context of seizure detection 

where high-quality and high-resolution tracings are needed to accurately localize the 

source of pharmacoresistant seizures that may be amenable to curative resections [65]. 

The OECTôs significance lies in enhancing the sensitivity and accuracy of signal 

detection, offering promising advancements in the field of neurology for more effective 

monitoring and early detection of seizures. Careful selection of the substrate on which 

OECTs are fabricated ensures intimate contact with the surface of the brain [44], and 
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because theyôre sensitive to low voltage signals through their intrinsic transistor-specific 

amplification capabilities, micro-scale OECTs promise to replace passive electrode in 

hopes of improving patient outcomes. Currently, efforts are being made to fabricate and 

commercialize active electrodes, constituting of a typical passive electrode paired with 

an amplifier [66], leveraging the proximity of the amplifier to the source by amplifying 

the acquired signal before it reaches the primary amplifier of the acquisition system, 

effectively giving an edge over the undesirable environmental noise picked up. However, 

devices like these are expensive and complex. On the other hand, the adoption of organic 

transistors would offer the same benefits while being low-cost, high performing, and 

easier to fabricate. 

Previous work focused on the fine tuning of the OECT technology by modulating 

device geometry, affecting size, transconductance, speed, and noise, yet little work has 

been done on the use of OECTs to record activity from the brain despite their superior 

sensitivity to low voltage signals [3, 6]. In the first in vivo application of an organic 

transistor [67], a clear difference in signal-to-noise ratio (SNR) is observed between the 

output of a transistor and that of a passive PEDOT:PSS surface electrode (figure 7a). 

However, the device was not fully planar with a skull screw for gate terminal. 

Another application of OECTs was in EEG by Rivnay et al in 2015 [20], where 

the effect of a thicker channel increased signal power by 16dB. However, connections to 

the scalp from the source and gate were performed through commercially available 

Ag/AgCl electrodes, and recording was performed away from the test subject (figure 7b). 

The most recent application in ECoG was by Wu et.al. [37], in which the focus was to 

map brain activity using OECTs, however with the absence of the gate and the decision 
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to adopt the electroactive tissue itself as the terminal, operation at peak gm could not be 

achieved (figure 7c).  

The location of optimal operating point varies greatly with both the geometry of 

the device and the choice of the gate material, taking into account the voltage drop at the 

gate/electrolyte interface, which limits the ñtrueò electrical characterization of OECTs to 

Ag/AgCl having a negligeable drop, making it the gate material of choice for 

characterization [68]. However, employing Ag/AgCl in vivo poses challenges related to 

biocompatibility and in-plane fabrication concerns [69]. In addition, VGS, gm max can also 

vary for the same device during an experiment, attributed to aging, swelling, and overall 

instability of the channel in solution [70, 71]. This further pushes the imperative for gate 

implementation to fine-tune the operating point.  

 

Figure 7 (a) first in vivo application of OECTs in ECoG. (b) demonstrating the effect 

of channel thickness on OECT noise. (c) large scale implantation of OECTs in ECoG. 

(d) developing OECTs with maximum transconductance at zero gate bias. (e) gate-

less approach to record electrophysiological signals with high power. Adopted from 

[20,37,66,71,72] 
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Rivnay et.al. in 2013 [72] were first to report the development of OECTs having 

maximum transconductance at zero gate bias, effectively eliminating the need for a 

separate gate bias altogether, significantly simplifying device operation by shorting the 

gate and the source (figure 7d). However, this comes at the cost of limiting the channel 

dimensions and results in poor transconductance, well below what is currently desirable 

for brain recordings. Although VGS, gm max is an intrinsic feature that achieves maximum 

amplification, it is not the only option, Wang et. Al. in 2020 [73] achieved a voltage gain 

of up to two by controlling the ratio of Rload to ROECT. However, it necessitated a supply 

voltage of -6VDS, 10-times higher than what it would be set at for VGS, gm max (figure 7e). 

A gap here arises wherein the development of a fully planar three-terminal, low power, 

flexible, and independent OECT neural interface is required for quick and easy 

integration on the surface of the brain. 

 

2.6 Form and Function: Influence of Geometry on OECT Characteristics 

The dimensions of OECTs are critically influenced by their intended application. 

The latter plays a decisive role in shaping the geometric attributes of the semi-conducting 

channel, directly affecting the transconductance (gm) of a depletion mode OECT (as is 

the case for hole-conducting PEDOT:PSS) following: 
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Where: Ὅ is drain current; ὠ is gate voltage; µ is the hole mobility; ὅᶻ is the 

volumetric capacitance; ὡ is channel width; Ὠ is channel thickness; ὰ is channel length; 

ὠ is the drain voltage; ὠ is threshold voltage [19]. In addition, the geometry contributes 

directly to modulating the response time, following: 
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† Ὑ ὅzᶻ ὡz Ὠzz ὰ (5) 

 

Where: † is the response time; Ὑ is the electrolyte resistance in turn proportional 

to ρȾЍὡὰ  [11]. 

The cut-off frequency of the device is calculated by fitting the response times to 

an equivalent RC model, employing the following equation [20, 74]: 
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Where fc is the cut-off frequency and † is the response time. 

Equation (4) and (5) highlight the intricacy between device form and function. 

The design of OECTs must be tuned to fulfill application-specific needs. To this end, we 

identify the two main bio-interfacing categories for OECTs: biomolecule detection and 

electrophysiological monitoring.  On one end, biomolecule detection requires sensitivity, 

selectivity, high amplification, and stable readings. On the other end, electrophysiological 

monitoring necessitates high spatial and temporal resolution, large operating frequency 

bandwidth, and high Signal-to-noise Ratio (SNR). Inkjet printing emerges as a suitable 

fabrication technique, capable of providing micrometer resolution devices [75, 76], fit for 

the fabrication of micro-scale OECTs that have been demonstrated to outperform 

traditional bio-sensing techniques in immunosensing, pathogen sensing, cell monitoring, 

and neural recordings and stimulation [77]. 
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CHAPTER 3 

                             SPECIFIC AIMS 
 

 

Aim 1: to systematically analyze the geometrical and electrical parameters of OECTs 

using inkjet printing. 

Hypothesis A: we hypothesize that it is possible to overcome the inkjet-specific 

fabrication limitations using oxygen plasma etching. 

Hypothesis B: we hypothesize that inkjet printed OECTs are suitable for biomolecule 

detection. 

Hypothesis C: we hypothesize that inkjet printed OECTs are suitable for 

electrophysiological monitoring applications. 

Challenge: to establish a reliable inkjet fabrication protocol capable of producing devices 

with high reproducibility and with performance metrics  

Approach: using inkjet printing, the OECT geometrical parameters will be controlled 

towards ideal performance metrics for both molecular detection and electrophysiological 

monitoring. 

Impact: establishing a protocol that serves as a guide for future development and 

considerations for inkjet printed OECTs. 

 

Aim 2: to measure clinically relevant NT-proBNP concentrations using OECTs. 

Hypothesis A: the proposed OECT for molecule detection exhibits high stability in 

solution across electrical scans. 

Hypothesis B: it is possible to fully planarize the gate reference electrode with inkjet 

printing without compromising electrical performance. 
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Hypothesis C: the planar gate electrode can be used for immobilization of monoclonal 

antibodies specific to NT-proBNP. 

Challenge: achieve efficient gating by the planar reference electrode; ensuring stable 

readings in solution while avoiding parasitic chemical reactions and irreversible structural 

changes in the channel. 

Approach: to functionalize high performing and stable inkjet OECTs with antibodies on 

the channel and the gate for the detection and quantification of NT-proBNP in solution. 

Impact:  to create a compact and reliable OECT based biosensor for the detection of heart 

failure biomarkers, towards the development of heart failure point-of-care testing 

platforms. 

 

Aim 3: to develop flexible and fully inkjet printable OECTs for electrocorticography 

recordings and the detection of epileptic seizures. 

Hypothesis A: we hypothesize that miniature high performance OECTs can be 

manufactured using inkjet printing. 

Hypothesis B: OECTs developed on flexible substrates are durable and resistant to 

mechanical stresses. 

Hypothesis C: an OECT operating at maximum transconductance is highly efficient at 

amplifying the desired signal while maintaining minimal noise. 

Hypothesis D: an OECT is more efficient in the in vivo recording of electrocorticography 

signals than passive low impedance electrodes. 

Challenge: achieve a balance between high amplifying and high speed while maintaining 

compactness. 
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Approach: to scale the device vertically enough for high amplification while keeping the 

channel small enough for high speeds. In addition to achieving efficient gating for optimal 

performance. 

Impact:  high resolution recordings promise to revolutionize neurological diagnostics and 

treatments. 
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CHAPTER 4 

                             METHODOLOGY 
 

 

4.1 Inkjet cartridge handling and preservation of water based inks 

Dimatix Materials Printer (DMP-2850, Fujifilm, Dimatix, USA) Inkjet printing 

2.4 pL piezo-driven 12-nozzle printheads (Samba, PDS00142), as currently designed, are 

predominantly single-use and disposable. This practice is largely due to their propensity 

for clogging.  

To address this issue, we developed a strategy for the handling and storage of 

inkjet cartridges that mitigates the risk of clogging and enables multiple uses. The 

materials needed are 3 ml eye droppers (figure 8a), 5 ml syringes (figure 8b), and an 

inkjet compatible cartridge (figure 8c). First, the dropper is mounted on the cartridge 

opening to create a tight fit around the hole. Then, scissors are used to cut a 1.5 cm section 

from the dropper (figure 8d), leaving a vessel through which fluid can flow in and out of 

the cartridge using a tightly mounted syringe (figure 8e). Next, the piston is pulled back 

to extract any ink remains from previous prints (figure 8f), now that theyôre contaminated 

with old ink, both the syringe and the dropper piece are discarded, and new ones are used 

for the remaining protocol parts. The new syringe is filled with Milli -Q water and is gently 

pushed through the cartridge (figure 8g). This process is repeated until the water runs 

clear. After, air is pumped back and forth to clear any remaining liquids, ensuring that the 

nozzles are dry (figure 8h). The cartridge is then either mounted on the fluid case for 

printing or wrapped in Milli-Q dampened Kimtech wipes and stored at 4°C (figure 8i). 

By adopting this protocol, inkjet cartridges remain functional for over five months with a 

daily utilization pattern (figure 8j). 
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Figure 8 Samba cartridge handling and storage protocol. (a) 3 ml dropper. (b) 5 ml 

syringe. (c) Samba inkjet cartridge. (d) dropper mounting on cartridge, dotted red lines 

represent the 1.5 cm reference. (e) purging ready setup. (f) residual ink aspiration along 

the red arrow. (g) manual water purging along the red arrow, the red circle highlights 

the purged inks. (h) air drying the samba cartridge. (i) storage technique using damped 

kimtech wipes. (j) unclogged and functional samba cartridge. 
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4.2 High amplifying inkjet printed OECTs  

4.2.1. Materials 

PEDOT:PSS aqueous ink (0.8% in H2O) and phosphate buffer saline (PBS) were 

purchased from Sigma Aldrich. The silver nanoparticles ink JS-B40G (40wt% suspended 

in diethylene glycol monobutyl ether) was purchased from Novacentrix. The polyimide 

ink (UTD-PI-AJ) used for insulation was purchased from UTDots. All inks were used as 

is without modification. 

 

4.2.2. Fabrication 

The fully-inkjet-printed OECT described in this paper [78] was developed using 

a Dimatix Fujifilm DMP-2850 materials printer, equipped with 1 or 2.4 pL piezo-driven 

printheads. The waveforms used to eject the material ink were optimized for each ink to 

ensure the best print quality. Gold-seal glass slides (Thermo Scientific) served as the 

substrate for the devices. The fabrication process used to fabricate devices showcased in 

figure 9 is detailed as follows: After cleaning the substrate, the source and drain electrical 

contacts were patterned using silver nanoparticles with a drop spacing of 30 ɛm at room 

temperature. The prints were then oven-sintered at 250°C for 30 minutes. Following this, 

the source and drain leads were insulated by printing multiple layers of polyimide ink 

with a drop spacing of 15 ɛm at room temperature, ensuring uniform coverage. These 

layers were then cured at 180°C for 1 hour. Subsequently, the organic semiconductor 

channel was deposited, connecting the source and the drain. The PEDOT:PSS ink was 

filtered using a 0.45 ɛm pore-size filter before being filled into the printer cartridge. 

Printing was carried out at a drop spacing of 15 ɛm at room temperature, followed by 

annealing the PEDOT:PSS structure at 150°C for 20 minutes.  
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The curing duration and temperature were selected to optimize the electrical 

performance of the silver nanoparticle ink, polyimide, and PEDOT:PSS. Inkjet printing 

allowed for precise control, enabling accurate tuning of the PEDOT:PSS channel 

dimensions, which ultimately modulated the OECTôs performance. The channelôs width 

(W) was set to 450 ɛm, its length (L) to 60 ɛm, and multiple layers of PEDOT:PSS were 

deposited to achieve a channel thickness (d) of approximately 500 nm. 

 

4.2.3. Electrical characterization 

OECT I-V curves were measured using two National Instrument (NI) source 

measure units (SMU) (PXIe-4138) controlled by a custom LABVIEW code to measure 

drain current (Id) by stepping the gate voltage (Vg) 10 times from 0 V to 0.6 V and 

sweeping the drain-source (Vds) voltage from 0 V to -1 V at each step. OECT transfer 

characteristics were obtained by stepping the drain voltage from 0 V to -1 V ten times 

and sweeping Vg from 0 V to 0.6 V at each step. Sweeping resolution for both I-V curves 

and Transfer characteristics was set at 10mV. Transconductance (gm) was computed by 

Figure 9 (a) Schematic diagram showing OECT inkjet printing process: (1) metal 

deposition, (2) insulation, (3) semi-conductor deposition. (b) Schematic of OECT 

design. Inset: Microscopic image of OECT. Scale bar indicates 100ɛm. (c) Schematic 

of OECT in operation in solution. 
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calculating the first derivative of the transfer curve specific to a drain-source voltage and 

the operating point (OP) is determined by the gate voltage at which the highest gm is 

achieved. ON-OFF current ratio was extracted from the transfer characteristic, ñON 

currentò is defined at 0 Vg and ñOFF currentò at 0.6 Vg. Threshold voltage (Vth) is 

extracted from the intersection of the slope of the linear portion of the absolute value of 

the transfer curveôs square root with the x-axis represented by Vg.  Pinch off voltage Vp 

is taken as the saturation threshold at 0VGS.  

To observe the effect of Vg variation on signal recording, a sine wave (1 Hz, 1 

mVp-p, offset 0.15 V to 0.45 V with a 0.05V increment) was applied on the gate using 

an NI PXI waveform generator (PXIe-5413). The drain was biased at -0.8V using the NI 

PXI programmable power supply (PXI-4110). Id was collected using the SMU PXIe-

4138.  

To measure voltage, four resistors (20 Ý, 270 Ý, 470 Ý, 1KÝ) were sequentially 

connected in series with the drain, on each of which a source voltage (Vdd) was applied 

and Vds was monitored to determine the operating point defined as the drain bias at which 

maximum gm was calculated. Note that the gate input parameters for voltage collection 

were identical to the ones used for current recordings. Acquired signals were analyzed, 

filtered, and aligned using a custom MATLAB code. 

 

4.3 A guide to fabricate OECTs using Inkjet printing for various bio -interfacing 

applications 

 

4.3.1. Device Fabrication 

PEDOT:PSS OECTs were fabricated on clear microscopic glass slides using the 

Dimatix Materials Printer (DMP-2850, Fujifilm, Dimatix, USA) fitted with a 2.4 pL 



 

 44 

piezo-driven 12-nozzle printhead (Samba, PDS00142).  First, glass slides were cleaned 

with ethanol and thoroughly rinsed with Milli-Q water before printing. Second, the 

OECTs were fabricated with three main steps as depicted by figure 10: (1) deposition of 

gold nanoparticle conductive ink (JG-125, Novacentrix, USA), 1 layer at 20 µm Drop 

Spacing (DS), to form the source (S) - drain (D) connects and the contact pad, followed 

by sintering at 180°C for 35 minutes in a drying oven, (2) insulation of the gold 

interconnects to realize the active channel with polyimide ink (UT Dots-PI-IJ) at 4 layers, 

15 µm DS, and curing at 180°C for 1 hour, (3) printing the active channel with inkjet-

printable PEDOT:PSS aqueous conductive ink (0.8% in H2O, 739316, Sigma Aldrich, 

USA) in 1 to 3 layers, at either 15 or 25 µm DS to connect the S&D, which was cured at 

150°C for 20 minutes. At least three devices were printed for every configuration for 

accurate representations of device performances across fabrication iterations, all of which 

shared the same interconnect dimensions to eliminate noise variability. For devices 

fabricated with complementary oxygen plasma etching, dry oxygen-etching treatment 

was performed prior to PEDOT:PSS deposition, for a duration of 3 or 10 s, using a plasma 

etcher (PE-25, PlasmaEtch) at 500 mTorr vacuum set point, 150 W RF power, and 15 

cc/min oxygen flow rate. 

 

 

4.3.2. Electrical Characterization 

Electrical recordings were performed using source measuring units SMUs (PXIe-

4138, National Instruments, USA). All electrical characterizations were carried out in 1X 

Phosphate Buffer Saline (PBS, P4417, Sigma) using an Ag/AgCl wire as the gate 

electrode. To acquire the Current-Voltage (IV) scans for all intended configurations, the 
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source was grounded, the drain-source voltage was swept from 0 to -0.6V (100 points), 

while the gate-source voltage was stepped (10 steps) from 0 to +0.6 V. For transfer 

characteristic scans, the drain-source voltage was fixed at -0.4 V, but was only set at -0.6 

V for repetitive scans to assess the stability of the OECTs in the saturation window (from 

0.1 VDS to 0.45 VDS). It is worth noting that the gate-source voltage range was not fixed 

for all devices and depended on the threshold voltage to ensure proper saturation in both 

the fully conductive and fully insulating regimes. To extract the response time of the 

devices, a square wave was applied to the gate terminal with a 50% duty cycle and a 

desired frequency of 1 Hz or 20 Hz, depending on the ability of the deviceôs switching 

speed for good quality fits. The limits of the wave depended on the transfer characteristics 

of the corresponding device to ensure maximum and minimum current flow. The drain 

current output was recorded at a 2500 Hz sampling frequency, and the transition from the 

On-state (no gate-bias) to the Off-State (maximum gate-biased) was fitted to an 

exponentially decaying function with a time constant representing the response time (†). 

Figure 10 (a) Inkjet printed OECT fabrication flow with complementary oxygen 

plasma etching allowing for the precise control of the three OECT geometrical 

parameters; (b) Width (W), Length (l), and Thickness (d). 
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4.3.3. PEDOT:PSS Cross-Sectional Height Measurements 

PEDOT:PSS was either printed on cleaned glass at 15 µm DS, on 10s plasma-

etched glass at 15 µm DS, on cleaned glass at 25 µm DS, or on 2s plasma-etched glass at 

DS 25µm DS resembling OECT channels of different sizes and thicknesses. Digital 

holographic microscope (DHM®, LyncéeTec, Switzerland) was used to measure the 

vertical and horizontal cross-sectional dimensions of PEDOT:PSS prints using 

holographic interferometry technology to produce live holographic 3D reconstructions of 

the specimen for cross-sectional profiling in an optical non-contact point. 

 

4.4.Flexible and all inkjet printed  OECTs for electrocorticography recordings 

4.4.1. Materials 

Gold nanoparticle ink (JG-125 Novacentrix, USA) was used to pattern the OECT 

terminals and the electrodes. Inkjet printable Polyimide ink was used to insulate (PI-IJ, 

UT DOTS, USA). Inkjet printable PEDOT:PSS was used as the semiconducting channel 

(Sigma-Aldrich, USA). Phosphate Buffer Saline (PBS) was purchased from Sigma (PBS, 

P4417). All inks were used as is without modification. 1 Mil Kapton polyimide films 

were used as the printing substrate (CS Hyde, USA). 

 

4.4.2. Fabrication 

The Dimatix Materials Printer (DMP-2850, Fujifilm, Dimatix, USA) fitted with a 

2.4 pL piezo-driven 12-nozzle printhead (Samba, PDS00142) was used to fabricate 

devices on flexible polyimide sheets. Detailed explanation of the ink preparation, Drop 

Spacing (DS), jetting waveform, and post-printing processing is explained in previous 
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work [78] and in figure 11. Briefly, the fabrication consists of three main steps following 

substrate cleaning and dehydration. First, metal patterning by depositing the gold ink (DS 

20µm, sintering at 180°C for 35 min), Then insulation is achieved by covering the leads 

with polyimide ink (DS 15µm, curing at 180°C for 1 h), and finally the semi-conducting 

channel is formed by layering PEDOT:PSS (DS 15µm, curing at 150°C for 20 min). Prior 

to depositing the semiconductor, oxygen plasma etching (vacuum set point: 499.3mtorr, 

RF power: 150 W, oxygen flow rate: 15 cc/min) is performed for a duration of three 

seconds to achieve better film uniformity and to avoid gaps in the prints, this is achieved 

using the PE-25 model from PlasmaEtch. A sketch depicting the fabrication flow of an 

Inkjet OECT neural interface is shown in figure 12. 

 

4.4.3. Device characterization 

4.4.3.1.Electrical 

National Instrument (NI) Source Measure Units (SMU, PXIe-4138) were used to 

scan for I-V curves, transfer characteristics, and TLM measurements. A waveform 

generator (PXIe-5413) was used for tests requiring AC modulations. Control of the SMU 

Figure 11 Inkjet printing waveforms used for the deposition of (a) gold, (b) insulating 

polyimide, (c) semiconducting PEDOT:PSS. 
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units was performed using custom LABVIEW Virtual Instrument (VI) code files. All 

electrical characterizations in solution were conducted in 1X PBS using either an 

Ag/AgCl external probe or a printed planar gold/gold-coated electrode as the gate 

electrode. 

 

4.4.3.2.Electrochemical impedance and cyclic voltammetry analysis 

The Electrochemical performance of the bare gold and PEDOT:PSS coated gold 

electrodes was evaluated using the Interface 1010T from Gamry Instruments. All 

measurements were conducted in a three-electrode cell with 1X PBS, using a platinum 

electrode as counter electrode (CHI102, CH Instruments, United States) and Ag/AgCl as 

reference electrode. Electrochemical Impedance Spectroscopy (EIS) was measured with 

an AC voltage of 50 mV rms with frequencies ranging from 1 Hz to 20 kHz at 10 

points/decade. Cyclic voltammetry is performed at a scan rate of 1000 mV/s with a scan 

limit from -0.9 to +0.9 V, a step size of 2 mV, and a cycle number of ten. 

Figure 12 fabrication flow of inkjet printed OECTs. Gold is first deposited to pattern the 

conductive leads. Polyimide is then used to insulate. The insulated device is then treated 

with oxygen plasma etching to increase surface wetting. Finally, PEDOT:PSS is 

deposited. 
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4.4.3.3.Dimensions 

Device photographs were captured using the fiducial camera of the inkjet printer, and 

an optical microscope (8X). A Digital holographic microscope (DHM®, LyncéeTec, 

Switzerland) was used to measure the 3D dimensions of the developed thin films and 

extract the cross-sectional dimensions along the 2D axes. 

 

4.4.3.4.Contact angle 

A goniometer OCA 15EC (Dataphysics, Germany) was used to examine the 

morphological interaction of PEDOT:PSS with pristine and modified (oxygen plasma 

etched) PI films by assessing the contact angle of with the sessile drop method. The 

SCA20 software (Dataphysics, Germany) was used to measure angles. Wettability was 

measured by dripping 5 ɛL of PEDOT:PSS droplets to each surface at a speed of 1 ɛL 

secī1 and measuring the angle formed between the droplet and the surface of the sample. 

Measurements were taken 10 s after the droplets were introduced to maintain consistency. 

Four different PI samples were analyzed per configuration with four drops each. 

 

4.4.3.5.Electrical characteristics 

Device characterization data was collected using LABVIEW. The transmission line 

model (TLM) technique was used to assess the contact resistance between gold or silver 

with PEDOT:PSS by applying a 1 mV DC voltage between 3x6mm rectangular metal 

pads connected by the semi-conductor. The response time was extracted from the deviceôs 

current response to a step voltage of 20Hz with limits from -0.5 VGS to 1 VGS, ensuring 

maximum and minimal channel conductivity respectively. When evaluating the 

difference in OECTs and electrodes when recording a 1 Hz sine wave, Signal-to-Noise 
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Ratio (SNR) was calculated by taking the difference between the decibel power of the 

one-Hz frequency and the average power of the rest of the FFT spectrum. To feed the 

OECT neuronal spikes, a signal generator (60MEA2100-SG) purchased from 

Multichannel Systems was used, with the signal source setting set at hippocampal slice 

population spikes. Data collection in vivo was performed using the ME2100-system 

purchased from Multichannel Systems with the integrated analog band-pass filter set from 

1-to-500Hz. The data was treated offline with a 200Hz digital lowpass filter and a 50Hz 

notch filter. To generate scalograms, the Morlet wavelet was used. Analysis and plotting 

of all data were done using a custom MATLAB R2023b code. 

 

4.4.4. Animal model 

All experiments were approved by the Institutional Animal Care and Use Committee 

(IACUC) at the American University of Beirut. Adult male Sprague-Dawley rats, 

weighing 300-350 g on average (n=3) were used for electrocorticographic recordings. 

After anesthesia  via intraperitoneal injection of Ketamine (80 mg/Kg) and Xylazine (20 

mg/Kg), the ratôs head is shaved from the region between the eyes down to its ears. The 

animal is then carefully mounted on a stereotaxic apparatus by placing ear bars in both 

auditory meatuses and securing the animal's head with a mouthpiece set at the appropriate 

height for adult rats. Afterwards, the animal's head is scrubbed with isopropyl alcohol and 

betadine. Then, using a scalpel, an incision is made down the midline and clamps are used 

to hold the skin away from the skull. A sterile swab is then used to remove underlying 

tissues adhering to the skull to expose the bregma and lambda. After identifying the 

coordinates of bregma, the four edges of the craniotomy site are identified, where the area 

is set to be approximately 4×4 mm on the left side of the brain above the somatosensory 
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area. A surgical drill is then used to drill off the bone surface, after which the dura is 

removed using fine-tip forceps. For seizure induction, intra-amygdala KA (Abcam, 

Cambridge, MA, USA) injection was done prior to placement of the interface on the 

cortex. 0.6µL of 1mg/ml (KA in saline) is injected into the amygdala (-2.8mm 

Anteroposterior (AP), 5mm Mediolateral (ML), and 8.8mm Dorsoventral (DV, from the 

skull)) using a 1µL Hamilton syringe fixed to a stereotaxic holder [79]. The interface is 

then carefully placed on the surface of the cortex and connected to the data acquisition 

system. Recordings are then obtained for a period of 1 hour after KA injection. 

 

4.5.Inkjet printed OECTs for measuring NT -proBNP 

4.5.1. Materials 

(3-Glycidyloxypropyl)trimethoxysilane (GPTMS) was purchased from Sigma 

Aldrich (product number 440167). Toluene was purchased from Sigma Aldrich (product 

number: 589578). Streptavidin was purchased from Vector laboratories (product number: 

SA-5000-1). Biotinilated thiolated PEG (biotin-PEG-SH), MW 2,000 was purchased 

from LaysanBio (product number: Biotin-PEG-SH-2000). Biotinilated NT-proBNP 

antibodies were purchased from RayBiotech Life (product number: 127-10072). 

Recombinant Human NT-proBNP Protein was purchased from Raybiotech Life (product 

number: 230-30019-10). Tris Base was purchased from Sigma Aldrich (product number: 

BP152-1) and was prepared at 0.1 mM. 

 

4.5.2. Channel functionalization 

To immobilize antibodies on the PEDOT:PSS channel, the following 

functionalization steps were adopted (figure 13a) : first, the channel undergoes oxygen 



 

 52 

plasma etching for 2 minutes (vacuum set point: 499.3mtorr, RF power: 150 W, oxygen 

flow rate: 15 cc/min), introducing hydroxyl groups on the surface of PEDOT:PSS, a dense 

layer of hydroxyl groups serves as reactive sites for silanization. Following plasma 

etching, the samples are immersed in a 1.5% solution of 3-

Glycidoxypropyltrimethoxysilane (GPTMS) in toluene overnight, GPTMS is an 

organosilane compound with an epoxy group and methoxy groups attached to silicon. 

The methoxy groups hydrolyze and form silanol groups, which can then condense with 

the hydroxyl groups on the PEDOT:PSS surface, creating strong Si-O-Si bonds. After the 

overnight incubation in GPTMS solution, the samples are thoroughly washed with 100% 

alcohol and toluene to remove any unreacted GPTMS and by-products. This washing step 

ensures that only the covalently bonded silane molecules remain on the surface. The 

samples are then baked at 100°C for 4 hours. This baking step promotes the complete 

condensation of the silanol groups. Once the silane layer is stabilized, streptavidin (100 

µg/ml) is added to the surface and incubated overnight. Streptavidin is a tetrameric protein 

with a very high affinity for biotin. The epoxy groups on the GPTMS react with amine 

groups on streptavidin, forming covalent bonds. Following streptavidin immobilization, 

a biotinylated antibody is introduced to the surface and incubated for one hour. The biotin 

on the antibody binds to the streptavidin, forming a stable biotin-streptavidin complex. 

After introducing the antibody, 100 µg/ml of Bovine Serum Albumin (BSA) is introduced 

over the channel. BSA acts as a blocking agent, covering any remaining unoccupied sites 

on the electrode surface. 
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4.5.3. Gold gate functionalization 

To functionalize a gold gate, the following steps were used (figure 13b). The first 

step involves the self-assembly of SH-PEG-biotin (100 µg/ml) onto the gold electrode 

surface. The gold electrode is immersed in a solution of thiolated biotinylated PEG (SH-

PEG-biotin) for 2 hours. The thiol groups (-SH) have a high affinity for gold surfaces, 

forming Au-S bonds, while the PEG chains provide a flexible, hydrophilic spacer that 

minimizes non-specific interactions. After the incubation period, the electrode is 

thoroughly washed with phosphate-buffered saline (PBS) to remove any unbound SH-

PEG-biotin molecules. Next, streptavidin (100 µg/ml) is added to the electrode surface 

and incubated for one hour. Following the streptavidin incubation, the electrode is washed 

again with PBS to remove any unbound streptavidin. The next step involves introducing 

the biotinylated antibody to the electrode surface. The biotinylated antibody is added and 

incubated for an appropriate duration, typically one hour. To minimize non-specific 

binding and improve the specificity of the functionalized surface, 100 µg/ml of BSA is 

introduced to the electrode. 

 

Figure 13 sketch of immobilizing monoclonal antibodies on a (a) PEDOT:PSS surface 

and (b) gold gate surface. 
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4.5.4. EIS measurements 

To verify the effectiveness of the chemical functionalization protocol applied to 

the gold electrode, EIS is employed. The electrochemical cell is assembled with PBS as 

the electrolyte solution. The functionalized gold electrode serves as the working 

electrode. A platinum electrode is used as the counter electrode. An Ag/AgCl electrode 

is employed as the reference electrode. The EIS measurement is conducted using an AC 

voltage of 50 mV rms. The frequency range for the impedance measurements spans from 

1 Hz to 20 kHz and data points are collected at 10 points per decade. The impedance data 

is collected and analyzed using a Gamry 1010T instrument. 

 

4.5.5. Quantification of the target 

First, a Tris buffer solution at pH 8.5 is prepared. This pH is chosen because the 

isoelectric point of NT-proBNP is approximately 7, giving the protein a negative charge 

at pH 8.5. then, a series of NT-proBNP solutions with the following concentrations: 10, 

50, 100, 200, 300, 400, 500, 600, 700, 800, 900, and 1000 pg/ml are prepared for testing. 

For the baseline measurement empty Tris buffer in PBS is introduced and transfer 

characteristic scans are performed. The NT-proBNP solutions are then introduced 

sequentially, and we allow the solution to stabilize for 5 minutes to ensure adequate 

interaction between the NT-proBNP and the functionalized electrode. This is followed by 

transfer characteristic scans. The rest of the concentrations are sequentially added to cover 

all explored concentrations. For each NT-proBNP concentration, the shift in transfer 

characteristic is computed by taking the difference between the current values at the 

operating point of the baseline and the measurement in question. 
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CHAPTER 5 

     RESULTS, DISCUSSION, AND CONCLUSION 
 

5.1.High Amplifying Inkjet Printed OECTs  

5.1.1. Results and discussion 

Recorded I-V curve show the OECTôs behavior when varying drain-source and 

gate-source voltages, the transistor exhibits a linear increase in current magnitude 

followed by saturation after crossing the pinch-off voltage. For 0 VGS, Vp is equal to -0.8 

V, after which IDS saturates at around -50 mA (figure 14a). A slight downward deviation 

in Id can be seen at each gate step which could indicate either an inconsistent mobility of 

charge carriers throughout the bulk of the film, repulsion of carriers at high densities, or 

the point at which charges have reached their maximum velocity [80]. Repeated scans 

show no change in I-V shape suggesting a robust deposition of semiconductor on the 

substrate and reversible redox activity [81]. Both IV curves and transfer characteristics 

show typical OECT depletion behavior with PEDOT:PSS channel material. An increase 

in VDS results in a corresponding rise in drain current up to the pinch-off voltage, beyond 

which further increases in VDS do not significantly affect the drain current (figure 14b). 

The maximum gm is computed and is equal to 75 mS when selecting -0.8 VDS and occurs 

at 0.15 VGS. The On-off current ratio and threshold voltage are equal to 12 and 0.55 V 

respectively (figure 14c). Variation of the sine wave offset applied on the gate greatly 

affected current amplitude, decreasing from å 160 ÕA at OP to around å 50ÕA at 0.45 

Voffset (figure 15a).  
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To express OECT recordings to volts a simple circuitry shown in the inset of 

figure 15a is used and change in voltage output Vout can be directly related to Id according 

to equation 7 below: 

ὠ ὠ Ὅ Ὑz (7) 

where Vdd is the source voltage, Id is drain current, R is the resistance used at the drain, 

and Vout is the OECTôs voltage output. In this setup, Vds is no longer controlled directly 

and depends on Vdd which is chosen such that when no AC modulation is introduced at 

the gate, Vds equals -0.8 V to ensure that the OECT operates in the saturation regime as 

it eliminates drain conductance and consequently maximizes transconductance [82]. A 

Vds vs. Vdd voltage mapping for different resistors is shown in figure 15b to reveal voltage 

source operating point. For example, applying a source voltage of 5.5 V with a 220 Ý 

resistor, in addition to a sine wave modulation (1 Hz, 0.15 Voffset, 1 mVp-p) at the gate, 

resulted in gain of 14.5 (figure 15c). 

Figure 14 (a) I-V curve of OECT in depletion mode; drain current decreases with an 

increase in gate voltage Vg (bottom to top along solid black arrow), dashed black line 

indicate pinch voltage Vp. (b) transfer characteristic of OECT at increasing drain-source 

voltages (bottom to top along solid black arrow) . (c) transfer characteristic of OECT at 

maximum drain-source voltage (blue) and corresponding transconductance (orange), 

dashed light blue lines indicate ON-current (top) and OFF-current (bottom), inset shows 

threshold voltage extraction. 



 

 57 

 

 

5.1.2. Conclusion 

The demand for miniaturized and biocompatible devices for physiological 

recordings is continuously rising, and the ability to produce these devices with ease is 

critical to ensure accurate data collection. Simultaneous recording and amplification set 

OECTs apart from passive electrodes in that it allows for significantly higher signal to 

noise ratios by eliminating the amplification of unwanted signals stemming from the 

environment (figure 16). For bigger resistors, and at the expense of power, higher 

amplification can be achieved following the voltage gain relation in the saturation regime 

as indicated by equation 8 below [82]: 

Ὃ Ὣ Ὑz (8) 

 

 

Figure 15 (a) OECT current response to AC modulation on the gate, an increase in sine 

wave offset leads to a decrease in current amplitude, inset shows recorded signal peak-

to-peak amplitudes. (b) drain source variation in function of source voltage for 

different resistors, relatively low resistances show a linear relationship compared to an 

exponential behavior for higher resistances. (c) voltage recordings collected using 

circuitry (inset) with a 220 Ý resistor showing a gain of 14.5 
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Where G is the gain. We would also want to emphasize the importance of carefully 

choosing the deviceôs operating point to fall in the saturation instead of the linear regime. 

With the right Inkjet printing parameters including length, width, and thickness, OECTs  

can be inkjet fabricated with the intent of use in various physiological applications[83]. 

In this work we focused on amplifying arbitrary low frequency signals. The developed 

device with the specified printing parameters is able to record frequencies of up to around 

15 Hz without significant amplitude drops, ideal for applications involving delta (0.5ï

3 Hz), theta (4ï12 Hz), and sleep spindles (>500 ms long 10ï14 Hz oscillations) brain 

oscillations [84]. Another advantage is that inkjet printing technology significantly 

reduces time and prototyping cost. In future work we aim to develop inkjet printed OECTs 

specifically targeted for physiological applications with relatively higher frequencies that 

require faster response time, in which a decrease in Ὠz Ѝὡ ὒz is required [85] entailing 

a transconductance-response time tradeoff. We also aim to introduce flexible substrates 

to our device so that it conforms with the rugged nature of physiological systems [44]. 

Figure 16 Schematic highlighting the intrinsic local amplification capabilities of OECTs 

compared to conventional passive electrodes and their direct effect on signal to noise 

ratio. 
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5.2 A guide to fabricate OECTs using Inkjet printing for various bio-interfacing 

applications 

5.2.1. Results 

In this work, we explore the feasibility of OECT devices fabricated with Inkjet 

printing for molecular sensing and electrophysiological monitoring. To that end, three 

different channel geometric parameters of the OECT channels - width (W), thickness (d), 

and length (d) - were investigated to elucidate their impact on OECT performance and set 

some strategic key points for fabricating inkjet-printed OECTs as bio-electronic 

interfaces. The modifications included either adjusting the dimensions of the source and 

drain, fine-tuning the thickness of the active channel, or narrowing the gap between the 

source and drain. Subsequent electrical measurements were conducted to assess the 

performance and implication of these variations. 

To estimate the processôs accuracy in lead widths, five, 1 layer, 100 µm lines were printed 

and scanned with the DHM (Figure 17a). The average printed line width was 104.5 µm 

with a standard deviation of 0.8 µm. This indicates an accuracy with an absolute error of 

4.5 µm and a relative error of 4.5%. The precision, indicated by the standard deviation, 

shows good consistency in the printed line widths. In addition, the accuracy of lead 

separation that is relevant to the channel length is also tested, for a design of 20 mm the 

average length was 19.5 µm with a standard deviation of 0.7 mm, resulting in an accuracy 

of 97.5 % (Figure 17b). 

 

5.2.1.1.Width Variation 

In this section, for a fixed channel length (l = 40 µm) and channel thickness (d = 

2 layers equivalent to 400 nm), three different channel widths were configured: 100 µm, 

300 µm, and 500 µm. These OECT configurations will be referred to as W100, W300, 
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and W500, respectively. Analysis of the electrical characteristics reveals that as the 

channel width increases, there is a corresponding increase in the current levels flowing 

through the channel, particularly at low gate voltages (figure 18a-c). Additionally, 

transfer characteristics indicate higher on/off ratios and a noticeable positive shift of the 

active region for the larger channels, resulting in increased threshold voltage (figure 18d) 

in accordance with previously reported findings [86]. Notably, the maximum gm reached 

was 12.5±0.4 mS for W500, compared to 9.9±0.9 mS for W300 and 4.3±0.12 mS for 

W100. Similarly, the location of maximum gm increases with width, falling at 0 VGS, 0.12 

VGS, and 0.26 VGS for W100, W300, and W500, respectively (figure 18e). Conversely, 

the response time, and consequently cut-off frequency, decreases with increasing width. 

This is evident when recording the output responses of the devices under a square wave 

applied at the gate, showing that the larger channels failed to accurately reconstruct the 

full wave at higher frequencies. Fitting the deviceôs responses to the 1 Hz square wave 

Figure 17 morphological analysis of inkjet accuracy using DHM. 3D holographic 

reconstruction (left), phase image with profiling lines highlighted in black and 

delimiters in red (middle), and corresponding profile (right) for (a) width and (b) 1 

pixel separation of gold leads. 
















































































