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ABSTRACT
OF THE THESIS OF

Fadi Chawki Khoury for Master ofScience
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 integrabimelectronic interfaces.
Traditionally, highperforming OECTs are fabricated in cleanrooms using cumbersome
and costly multistep photolithography, sioating, and liHoff processes. These
methods complicate and limit their integration with chemicaltg thermally sensitive
materials. In contrast, dregn-demand inkjet printing has emerged as a highly promising
alternative, offering versatility and precision.

The objective of this thesis is to develop and optimize ifkjeitedOECTSs for molecular
sensing and electrophysiological monitoring applications. We systematically fabricate
and characterize these inkinted OECTs by varying their geometrical parameters,
including the width, length, and thickness of their active chlanr@omprehensive
analyses of their electrical properties will be conducted, focusing on cuokage
characteristics, amplification capabilities, response times, araffduéquercies.

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 ultrastable OECTs will be employed to detect circulgtiveart failure
biomarkers.

This research aims to establish reliable fabrication protocols and demonstrate the broad
applicability of inkjetprinted 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. Wshow that benckop inkjet printers can efttively
fabricate highperforming OECTSs, 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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CHAPTERL1

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
systemidevel. Understanding and measuring these signals is crucial for advancements in
biomedical engineering and diagnostics, affecting the efficacy of therapeutic
interventions.

Electrophysiological signalsare one such type, encompassing the electrical
activities within the body. Two primary examples include neuronal activity and cardiac
signals.Neuronal activityinvolves action potentials and synaptic potentials in neurons,
essential for brain function and communication within the nervous s)jdferithese
signals are typically very small, often in the microvolt (uV) range, and occur in a complex
and noisy environment, making their detection particularly challen@agliac 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 aedicsp
detection equipment capable of distinguishing the biologigabs 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 lifee minuteconcentration®f DNA andproteins
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for examplei often in the nanomolar (nM) to femtomolar (fM) range requires
engineering solutions withigh precision and sensitivigue to the complekiological
matrices in wBblch theydre found

With the advent of miniaturizedlectrochemical biosensors, there has been a
significant advancement in the detection and quantification of biomarkers, offering
numerous benefits over traditional technigeesh agpolymerase chain reaction (PCR)
and nexigeneration sequencing (NGSh DNA detection, andenzymelinked
immunosorbent assays (ELISA) and mass spectromeétrgse compact devices can
transform how we monitor and manage health conditions, providing more immediate,
convenient, and efficient testing options for patightg].

Nonrinvasive 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 realime[8]. For instance, glucose monitors for diabetes management have
already demonstrated how nmvasive biosensors can replace firgeck blood tests.

By providing continuous glucose readings, these devices help patients maintain better
control over their cadition, 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 exanple, 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 reaf@ived).

Miniaturized biosensors offer substantial benefits owaditional diagnostic
techniques, which often require patients to visit testing centers, undergoditseming
procedures, and wait days or even weeks for results. These conventional methods can be
inconvenient and stressful, especially for those needirgguent monitoring.
Advancements in the field ofiniaturized bio-electronic sensors promise to offer
immediate results and continuous monitoring, @n&nce in portability and ease
scalability, leading t@n eventual reduction in healthcare castswider accessibility.

One such advancement is the development of Organic Electrochemical
Transistos (OECTs) based biosensqrshowing superior performance compared to
Organic Field Effect Transistors (OFETs), attributed their unique interfacing
mechanism and mode of operafifn In the sections here on in, we focus our discussion
on thedesign,developmentandapplication of high performing OECTs fanolecular

sensing and electrophysiological monitoring applications
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CHAPTER?2

LITERATURE REVIEW

2.1From Vacuum tubes to OECTs

The transition from vacuum tube to sefithte electronics marked a revolutionary
shift in technology, enabling smaller, more reliable, and ereffigient devices. For
instance, the development of transistors by Bell Labs in the late [l @mved 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 [1250s
further accelerated this transformation, leading to the miniaturization of computers,
calculators, and later, smartphones and loT devices, revolutionizing the electronics and
computing industries. Starting in the n26" century, advancements in sekthte
technology led to the development of medical imaging devices suckras fachines
[13] and MRI scannefd.4]. These innovations began in the 1960s and rapidly progressed
through the late 20Dcentury and into the 24century.

Although powerful, the rigid nature of these devioeskesthem unsuitable to
interface biological tissue. In addition, transistors today are mostly used in dry conditions,
therefore their integratiowith living organismsnecessitated the switch to transistors
capable of operating in wet conditioals while being biocomatible At the forefront of
this technological shift targeted towards the integration of transistors in biomedical
applications are Organic Electrochemical Transistors (OECTS), firsdudea more
thanthree decades agb5] and yet have recently gained unprecedented atteffitme

1),
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OECTs are three terminal devices, composed of a S{fa;derain(D), and Gate
(G). The source and drain are conneckgda semiconducting channélypically the
source is groundeaihd at the onset of bia%s between the two terminalas current flows
through the channethe conductivityof whichis controlled bythe gate through aion-
rich agueous mediby the application ofjatesource bia¥cs.

OECTs Employ organic mixed ionic/electronic conduction (OMIEC) as the semi
conducting channglL6]. OMIECs, typicallyamphiphilic conjugated polymerare soft
andcombine both electronic and ionic charges within their fiLifk These materialare
at the heart of OECTgyiving them their unique characteristics and reimgethem
suitablefor interfadng with biological processes by directly interacting with electrelyte
rich meda,including all types of bodily fluidsuch ablood, sweat, urinestc In addition,
OECTs including those based on the seomducting polymer poly(3;4
ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS), stand out by their ability
for bulk channel deloping, which allows for the modulation ofarige carrier density

Holes for PEDOT:PSS throughout the bulk of the active channel. This results in
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superior capacitive coupling between ibwes in theelectrolyte and theharge carriers in

the channellarger than that observenl MOSFETS. Because of thdiulk water uptake

the channetapacitance increases witiickness (i.e. volumetric capacitanctjerefore

the electrical performances of deviaas be controlled with the thickness of the active
channel including threshold voltage, the subthreshold sloged 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 ksompatible materials, resistant to a variety of
temperatures and pH conditions, OECTs operate at low voltages (<1V) while possessing
inherent ion sensitivity21, 22] Consequently, OECTs have garnered considerable
attention in the field of bianterfacingelectronics, finding applications in molecular
sensing, including proteins, DNA, and neurotransmitters, as well as in
electrophysiological recordings within both d&c and neural contexfg, 3, 5, 10, 23

28].

2.2PEDOT:PSSand other OMIECs

PEDOT:PSS is aonductiveconjugated polymerconsisting of two separate
componentsPEDOT and PSSinked togetherthrough electrostatic interactions and
hydrogen bonding.

Amongst all types of OMIECREDOT:PSSs the most populagiven itshigh
electrical conductivitydueto the " -conjugatedstructure of PEDOTth e s e del-ocal i z
electrons facilitate efficient electronic charge transport along the polpaekbone
chains Additionally, it possessdsghionic conductivity due to the presence ofikable

sulfonate-SOs™ 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 solltiege
ionizable groups create a charged environment within the filmitéairig ionic transport
from the electrolyte through the bulk of the polymer mdtt, 29] Specifically, in the
case of PEDOT:PSS OECTa, positive potential at the gatenducesnegative ion
concentration at the electrolytmte interface, on the opposite end, catiaith equal
concentratiomaggregate at the electrolytbannel interface, because of theh annel 6 s
ability to uptake those ions, cations penetrate the channel and compensate the charges of
the sulfonate groups. Thimocess is reversiblend consequently leads to an efficient
modulation of the charge carrier density within the filoontrolling its conductivity
(figure 2a). Initially, PEDOT:PSS is maximally conductivigs conductivitydecreases
with increasing gate voltagenakingthe behavior ofPEDOT:PSS OECTslepletion
mode(figure 2b).

PEDOT:PSS is commercialgvailable;its versatility makes it compatible with
variousdepositiortechniques includingnkjet printing, spin coating, and spray deposition
[2, 30, 31]

The OECT channel currens governed byequation 1 below:
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where tw is the channel current;is the hole mobilityp” is the volumetric capacitance;
Vg is the gate voltage; d/is the drain voltage; Vis the threshold voltage; ami, d, L
are the channel width, thickness, denth, respective[lL9]. The key metrics to evaluate
the performance of OMIECs in OECTs stem frequation land concern the OMIEC

specific' 6°. Engineeringmaterials withhigh crystallinity and rigidity in structure has
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Figure2 (a) OECT Structurand operation(b) typical IV curve (left) andransfer
characteristic (rightpf a PEDOT:PSS OECT showcasing depletion mode behavio

led to an increase electronic mobility as showhy introduction ofthe laddeitype

conjugated polymeipoly(benzimidazbenzophenanthroline) (BBL)At an extreme
however,highly orderedpolymer chain packingmpedesthe movement of ions within
the channe&nd leads to a decrease in volumetric capaciiéecee why the introduction
of voids and hydrophilic groups (oligoether side chaifer examplg are regarded as

efficient techniqusto boost swelling and ionic uptake.

2.30ECTs as bhiosensors

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
discriminae 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
especially in bodily fluid samples targeting and measuring specific signals without
interference from other biological activities is challenging. Devices must be highly
selective to the target signal, minimizing crosactivity with nontarget molecules to

ensure accurate readings.
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Biocompatibility is another significant consideration. Engineering devices that are
norrinvasive or minimally invasivés critical for patient safety. Wearable sensors and
implantable devices must dabricate withbiocompatiblematerialsto avoid immune
reactions and ensure loterm stability.

In the face of thesengineeringchallenges, OECTs emerge as a highly attractive
option for developing biosensaspecially since they can be used as ampljfisrsaking
the derivative okquation 1 with respect to the gate voltage, transconduagarcaa be

defined It is given byequation 2 below
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OECTs exhibit large transconductance due to their high volumetric capacitance,
which enhances their sensitivity and signal amplification capabfi8tigd®, 32] This
transconductance is further amplified by the precise control over thedinneasional
structure of the channellherefore, OECTs are remarkable for their amplification
capabilities, making them wedluited for detecting the minute amplitudes of
electrophysiological signals and biomolecules. They operate effectively in biological
environments, maintaining high performance ewetine 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 devigesjding
continuous monitoring of biological signals without discomfort or significant disruption
to the user. This combination of high sensitivity, biocompatibility,-effsictiveness, and

adaptability makes OECTs a promising technology for advanciniietbeof biosensing
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and overcoming the inherent challenges of detecting and quantifying small biological
signals.Although powerfulin amplification, OECTs are relatively slow compared to
other types ofransistors, largely due to the limiteshic mobility. Speed can be enhanced

by design byreducing the size of the channelall three dimensions or by adopting
channel materials with high carrier mobility. Operationally, speed can also be modified
by adopting smaller radii ion{# the application allow) or by increasing thtemperature

of the working environment. Nevertheless, felectrophysiologicalapplications, a
switching/reaction speed @round 1Khz is sufficient to cover all biological signals
(figure 3) [32]. Someresearchhowever, still aims to explore the use of OECTkgic

circuits and in developing next generation neuromorphic comp88185].

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 inghd®lithography,
lithography, spin coating, and léff, among others, each requiring precise control and
expertise.

Photolithography is a cornerstone of microfabrication, where a photecesistd
substrate is exposed to light through a mask to create a patterned resist layer. This process
necessitates the use of cleanrooms to prevent contamination, asairticist 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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Figure3 amplification and operational bandwidth characteristics of OECTSs.
Adopted from [28].

type of resisfi positive or negativeregions are dissolved, leaving a patterned resist
laye36].

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, ashey 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 underlyin
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.
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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 frequdy 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
processFigure 4, adopted fronj37], 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 OECTSs including spray deposition, however the limited
control over precise depositioand concerns about scalability still challenge its
widespread adopti¢a0].

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 aftge asin
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 compliancewvithraental
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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Figure4 the typicalphotolithography fabrication flow of OECTs. Adopted from [:

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 tfsendly, it can cut down the
fabrication steps of OECTs t® (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 staifid@s40]
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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 prass 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 devi¢és, 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 metho{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 rsicate
applications, making it a versatile tool for fabricating various electronic and bawvsens
device$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 al® minimizes environmental impact and simplifies waste managéhieds]

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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Figure5 (a) a typical 3step Inkjet Printing workflow for developing OECTSs. (b) ink
parameter considerations for jetting. Adopted from [51].

droplet formation and depositias depicted irigure 5b. This constraint can limit the
range of materials that can be used and requires careful formulation of #&-5kk
Additionally, there have been criticisms regarding the reproducibility of devices
fabricated using inkjet printing. Variations in droplet size, deposition accuracy, ink

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

affecting their performance and reliabi[Bg].

2.40ECTs for biomolecule detectiori 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 appeches, each with unique mechanisms and applicgi®ns
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Amperometric detection with OECTs leverages the high currents generated by
redox (oxidatiorreduction) 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
oxidoreduwetion potential. This redox cell acts as a power source, where the current
produced g 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 aurrents from the redox reactions provide a strong signal that can effectively
modulate the gate voltage, leading to significant changes in the channel condgéiivity

Potentiometric detection with OECTs involves measuring the potential (voltage)
change at the gate channelvhen biomolecules interact with the sensor surftigare
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 bhyltage
sensitiveOECT, leading to a corresponding change in the channel current. For example,
an OECT witha gate functionalized with antibodies specific to a target protein can detect
the presence of that protein in a sample basethereffective gate potentialThis
approach is highly sensitive and can detect low concentrations of proteins, making it
valuable for early disease diagnostics and biomarker detg&ids6]

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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Figure6 (a) OECTs used in analyéenperometric sensing of
tetracyanoquinodimethane. (b) OECTs used in the potentiometric sensing of CO
spike proteins. The impedimetric sensing of cells in OECTs quantified by the che
(c) current and (d) response time. Adopted from38}

interact with the gate electrode directly with the channgthey impede ionic injection

into the OECT charwi, causing a measurable change in imped#ratecan be quantified

by either the current leveldigure 6c) or the response tim@igure 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 celldJy 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 apgiaas such as monitoring cell health in

tissue engineering or drug testing.
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In the biomolecule detectiaection of this thesisye will focus on NFproBNP
(N-terminal pro btype 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 -q@rdBNP are
strongly linked to heart failure, providing valuabiagnosti¢prognosti¢c and therapeutic
informatiorf59, 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 \[élLje 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@opd/ml due to the natural
increase in NIproBNP levels with adé0, 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 intervéon has pass¢@3]. This underscores the urgent
need forpoint-of-care diagnostic devices that can facilitate frequent and accessible
testing.Pointof-care devices based on OECTs offer a promising solution. They enable
rapid, onsite testing of NTproBNP levels, providing immediate results and allowing for
early detection and management of heart failure. Such devices can be used in various
settngs, including primary care clinics, emergency rooms, and even at home, greatly
enhancing the accessibility of heart failure diagnostics.

In thiswork, we will adopt a potentiometric approach using OECTs to detect NT
proBNP. The potentiometric method is wsllited for this application as proteins,
including NT-proBNP, can acquire charge under specific conditions. By functionalizing

the surface ofan OECT with specifiantibodies we can detect changes in surface
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potential when NIproBNP binds to theurface This binding event alters tredfective
gate potential, resulting in a measurable change in the channel current of the OECT, thus
enabling sensitive and specific detection of fFOBNP leveldollowing equation 3

. &0 | 3
yo Y o (3)

WhereYe is the charge induced by the attached protein, n isutmber of target
molecules on the sensor surfade is the net charge for one target moleowkdch is
related to the pH value of the environmant the isoelectric point of our target is the
dielectric permittivity of the free space, is therelative dielectric constant of the protein
layer, ando is theeffective interaction thickness depending on the Debye leiign.
optimal locatiorfor functionalization is however not really understood and would largely
depend on th&brication methodgchannel material, and relative gateannel sizing and
consequentlyapacitancePrevious work in literaturesshowsthat the detection ranges
independent of the gate/channel area j@dipwhile others set some parameters to follow

when engineering OECTSs with detection sites on the channel or the gate

2.50ECTs 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 pharmacoresistas#izures that may be amenable to curative resedédhs
The O E C T dignificance 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 seizur€areful selection of the substrate on which

OECTs are fabricated ensures intimate contact with the surface of thd4sjaiand
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because theyodére sensitive to | ow-spedfict age
amplification capabilities, micrscale OECTs promise to replace passive electrode in
hopes of improving patient outcomes. Currently, efforts are being madeitafaland
commercialize active electrodes, constituting of a typical passive electrode paired with
an amplifier[66], leveraging the proximity of the amplifier to the soubgeamplifying

the acquired signal before it reaches the primary amplifier of the acquisition system
effectively giving an edge over the undesirable environmental noise pickildowpver,

devices like these are expensive and complex. On the other hand, the adoption of organic
transistors would offer the same benefits while being-dogt, 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 OECTSs to record activity from the brain despite their superior
sensitivity to low voltage signal$3, 6]. In the first in vivo application of an organic
transistor{67], a clear difference in signréd-noise ratio (SNR) is observed between the
output of a transistor and that of a passive PEDOT:PSS surface eldfigode 7a).
However, the device was not fully planar with a skull screw for gate terminal.

Another application oOECTs was in EEG bRivnay et al in 201%20], where
the effect of a thicker channel increased signal power by 16dB. Howennections to
the scalp from the source and gate were performed through commercially available
Ag/AgCl electrodes, and recording was performed away from the test Sigject 7b).

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

map brain activity using OECTSs, 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 peakld not be
achievedfigure 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
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Figure7 (a) first in vivo application of OECTs in ECoG. (b) demonstrating the e
of channel thickness on OECT noise. (c) large scale implantation of OECTs in
(d) developing OECTs with maximum transconductance at zero gate bias. {e)
less approach taecord electrophysiological signals with high power. Adopted frc
[20,37,66,71,72]

gate/ electrolyte interface, which [imits t
Ag/AgCl having a negligeable drop, making it the gate material of choice for
characterizatiof68]. However, employing Ag/AgCl in vivo poses challenges related to
biocompatibility and ifplane fabrication concerrjg9]. In addition,Vgs, gm maxcan also

vary for the same device during an experiment, attributed to aging, swelling, and overall
instability of the channel in solutidi@0, 71} This further pushes the imperative for gate

implementation to findune the operating point.
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Rivnay et.al. in 201872] 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 sourg¢égure 7d). However, this comes at the cost of limiting the channel
dimensions andesultsin poor transconductance, well below what is currently desirable
for brain recordings. AlthougWcs, gm maxiS an intrinsic feature that achieves maximum
amplification, it is not the only option, Wang et. Al. in 2JZ8] achieved a voltage gain
of up to two by controlling the ratio ofidsto Roect. However, it necessitated a supply
voltage of-6Vps, 10-times higher than what it would be set atWass, gm maXfigure 7e€).

A gap here arises wherein the development follg planarthreeterminal, 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@sanicting
channel, directly affecting the transconductanceg @ a depletion mode OECT (as is

the case for holeonducting PEDOT:PSS) following:
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Where:"Ois drain currentw is gate voltage; jis the hole mobility;6” is the
volumetric capacitancey is channel widthQis channel thicknessiis channel length;
W is the drain voltaged is threshold voltagfl 9]. In addition, the geometry contributes

directly to modulating the response time, following:
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Where:t is the response timé&, is the electrolyte resistance in turn proportional
to pMm & [11].
The cutoff frequency of the device is calculated by fitting the response times to

an equivalent RC model, employing the following equafitth 74}

P (6)
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Wheref. is the cutoff frequency and is the response time.

Equation 4) and &) highlight the intricacy between device form and function.
The design of OECTs must be tuned to fulfill applicatspecific needs. To this end, we
identify the two main bienterfacing categories for OECTs: biomolecule detection and
electrophysiologicainonitoring. On one end, biomolecule detection requires sensitivity,
selectivity, high amplification, and stable readings. On the otheetarophysiological
monitoring necessitates high spatial and temporal resolution, large ngdratjuency
bandwidth, and high Sign&b-noise Ratio (SNR). Inkjet printing emerges as a suitable
fabrication technique, capable of providing micrometer resolution dgviseg6] fit for
the fabrication of micrescale OECTs that have been demonstrated to outperform
traditional biesensing techniques in immunosensing, pathogen sensing, cell monitoring,

and neural recordings and stimulat{@].
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CHAPTERS

SPECIFIC AIMS

Aim 1: to systematically analyziéne geometricaland electricalparameterof OECTs
using inkjet printing

Hypothess A: we hypothesizahat it is possible toovercome the inkjespecific
fabrication limitations using oxygen plasma etching

Hypothesis B: we hypothesizehat inkjet printedOECTs are suitable for biomolecule
detection.

Hypothesis C:. we hypothesiz¢hat inkjet printed OECTs are suitable for
electrophysiological monitoring applications.

Challenge:to establish a reliabiekjet fabricationprotocolcapable of producing devices
with high reproducibilityand with performance metrics

Approach: using inkjet printingthe OECT geometrical parameters will be controlled
towardsideal performance metrics for both molecular detection and electrophysiological
monitoring.

Impact: establishing a protocdhat serves as a guide for future development and

considerations for inkjet printed OECTSs.

Aim_2: to measure clinically relevant NgroBNPconcentrationsising OECTs
Hypothesis A: the proposed OECT for molecule detectiexhibits high stability in
solution across electrical scans.

Hypothesis B:it is possible to fully planarize the gateference electrodeith inkjet

printing without compromising electrical performance.
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Hypothesis C:the planar gate electrode can be usednimnobilization of monoclonal
antibodies specific to NproBNP.

Challenge: achieve efficient gatindpy the planar reference electroa#isuring stable
readings irsolution while avoiding parasitic chemical reactions and irreversihletural
changes in the channel.

Approach: to functionalize high performingnd stablénkjet OECTs withantibodieson

the channel and the gdte the detection and quantification of NNFOBNP 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 paifitare testing

platforms.

Aim_3: to develop flexible and fully inkjet printable OECTSs for electrocorticography
recordingsand the detection of epileptic seizures.

Hypothesis A: we hypothesizethat miniature high performanceOECTs can be
manufacturedising inkjet printing.

Hypothesis B OECTs developed on flexible substrates are durabté resistant to
mechanical stresses.

Hypothesis C:an OECT operating at maximum transconductandégisly efficientat
amplifying the desired signal while maintaining minimal noise

Hypothesis D:an OECT is more efficient ithe in vivorecordingof electrocorttography
signals than passive lompedance electrodes.

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

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

channel small enough for high speddsaddition to achieving efficient gating for optimal

performance.

Impact: high resolution recordings promiseravolutionize neurological diagnostics and

treatments
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CHAPTER4

METHODOLOGY

4.11Inkjet cartridge handling and preservation of water based inks

Dimatix Materials Printer (DMR2850, Fuijifilm, Dimatix, USA)Inkjet printing
2.4 pL piezedriven 12nozzle printheasl(Samba, PDS001423s currently designed, are
predominantly singleise and disposable. This practice is largely due to their propensity
for clogging

To address this issugje developeda strategy for the handling and storage of
inkjet cartridges that mitigates the risk of clogging and enables multiple Tkes
materials needed aBml eye dropperg¢figure 8a), 5 ml syrings (figure 8b), and an
inkjet compatible cartridgefigure 8c). First, the dropper is mounted on the cartridge
openingto create a tight fit around tiele. Then, sissors are used to cutl.5cm section
from the droppe(figure 8d), leaving a vessehroughwhich fluid can flow in and out of
the cartridge using agintly mountedsyringe(figure 8e). Next, the pistonis pulled back
to extract any ink remains from previous prifiigure 8f),now t hat t heyore ¢
with old ink, both the syringe and tltgopper piece ardiscardedand new ones are used
for the remaining protocol parfEhe new syringe is filled witMilli -Q waterand isgently
pushedthrough the cartridg€figure 8g). This process is repeated untiile water runs
clear. After, air is pumpeblack and forth to clear any remaining liquidssuring thathe
nozzlesaredry (figure 8h). The cartridge is then either mounted on the fluid case for
printing or wrapped in MiliQ dampened Kimtech wipes and stored at @fgilire 8i).
By adopting this protocol, inkjet cartridg remain functional for over five months with a

daily utilization patterr{figure 8j).
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Figure8 Samba cartridge handling and storage protocol. (a) 3 ml dropper. (b) 5 n
syringe. (c)Sambankjet cartridge. (d) dropper mounting on cartridge, dotted red i
represent the 1.5 cm reference. (e) purging ready setup. (f) residual ink aspiratio
the red arrow. (g) manual water purging along the red arrow, the red circle highli
the puged inks. (h) air drying the samba cartridge. (i) storage technique using de
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 H20) and phosphate buffer saline (PBS) were
purchased from Sigma Aldrich. The silver nanoparticles inRB4&G (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 pag@é8] was developed using
a Dimatix Fujifilm DMP-2850 materials printer, equipped with 1 or 2.4 pL pidagen
printheads. The waveforms used to eject the material ink were optimized for each ink to
ensure the best print quality. Geddal glass slides (Therncientific) served as the
substrate for the deviceBhe fabrication proceassed to fabricate devicebowcased in
figure 9is detailed as follows: After cleaning the substrate, the source and drain electrical
contacts were patterned using silver nanoy
temperature. The prints were then oxgmiered at 250°C for 30 minutes. Followitgs,
the source and drain leads were insulated by printing multiple layers of polyimide ink
with a drop spacing of 15 em at room temp
layers were then cured at 180°C for 1 hdaubsequently, the organic semicooitu
channel was deposited, connecting the source and the drain. The HEEBDK was
filtered usi nsge filter lieford being fithed pto the printer cartridge.
Printing was carried out at a drop spacin

annealing the PEDQPSSstructure at 150°C for 20 minutes.
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Figure9 (a) Schematic diagram showing OECT inkjet printing process: (1) metal
deposition, (2) insulation, (3) sefoonductor deposition. (b) Schematic of OECT
design. Inset: Microscopic image of
of OECT in operatio in solution.

The curing duration and temperature were selected to optimize the electrical
performance of the silver nanoparticle ink, polyimide, and PEPSS Inkjet printing
allowed for precise control, enabling accurate tuning of the PEBPSS channel
di mensions, which ultimately modul at ed
(W) was set to 450 em, its | engtHESWele) t

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

4.2 .3.Electrical characterization

OECT FV curves were measured using two National Instrument (NI) source
measure units (SMU) (PX4138) controlled by a custom LABVIEW code to measure
drain current () by stepping the gate voltage gjV10 times from 0 V to 0.6 V and
sweeping the dratsource (Ms) voltage from O V tol V at each step. OECT transfer
characteristics were obtained by stepping the drain voltage from 0N\ aentimes
and sweeping Vg from 0 V to 0.6 V at each step. Sweeping resolution forVYatinves

and Transfer chacteristics was set at 10mV. Transconductance (gm) was computed by
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calculating the first derivative of the transfer curve specific to a-d@iince voltage and

the operating point (OP) is determined by the gate voltage at which the highest gm is
achieved. ONOFF current ratio was extracted from the transfer characteristi i O N
currento is defined at 0O Vg and AOFF cur
extracted from the intersection of the slope of the linear portion of the absolute value of
the transfer cur v-adssepresgnied oy&dindo aiftvoltage\p h t he
is taken as the saturation threshal@Vzs.

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 (PXxE113). The drain was biased-@t8V using the NI
PXI programmable power supply (PL10). Id was collected using the SMU PxXle
4138.

To measure voltage, four resistors (20
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 usinglnkjet printing for various bio -interfacing
applications

4.3.1.Device Fabrication

PEDOT:PSSOECTSs were fabricated on clear microscopic glass slides using the

Dimatix Materials Printer (DMR850, Fujifilm, Dimatix, USA) fitted with a 2.4 pL
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piezadriven 12nozzle printhead (Samba, PDS00142). First, glass slides were cleaned
with ethanol and thoroughly rinsed with Mil) water before printing. Second, the
OECTs were fabricated with three main steps as depictédurng 10: (1) deposition of

gold nanopatrticle conductive ink (25, Novacentrix, USA), 1 layer at 20 um Drop
Spacing (DS), to form the source (SJrain (D) connects and the contact pad, followed
by sintering at 180°C for 35 minutes in a drying oven, (2) itgulaof the gold
interconnects to realize the active channel with polyimide ink (UT-Bbt3) at 4 layers,

15 um 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 H20, 739316, Sigma Aldrich,
USA) in 1 to 3 layers, at either 15 or 25 um 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 iteratafrveheih
shared the same interconnect dimensions to eliminate noise variability. For devices
fabricated with complementary oxygen plasma etching, dry oxgtsnng treatment

was performed prior to PEDOT:PSS deposition, for a duration of 3 or 10 s, ypdasyrea
etcher (PE25, 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 (PXle
4138, National Instruments, USA). All electrical characterizations were carried out in 1X
Phosphate Buffer Saline (PBS, P4417, Sigma) usindAg@AgCl wire as the gate

electrode. To acquire the Currenbltage (IV) scans for all intended configurations, the

44



source was grounded, the draiource voltage waswept from 0 ta0.6V (100 points),

while the gatesource voltage was stepped (10 steps) from 0 to +0.6 V. For transfer
characteristic scans, the draaurce voltage was fixed #1.4 V, but was only set 0.6

V for repetitive scans to assess the siigtnlf the OECTSs in the saturation window (from

0.1 Wbsto 0.45 \bsg). It is worth noting that the gat®ource voltage range was not fixed

for all devices and depended on the threshold voltage to ensues patpration 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 abilitylofe devi cebds sw
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
Onstate (no gatbias) to the OffState (maximum gatbiased) was fitted to an

exponentially decaying function with a time constant representing the respons#)time (
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Figure10 (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 (I), and Thickness (d).
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4.3.3.PEDOT:PSS CrossSectional Height Measurements

PEDOT:PSS was either printed on cleaned glass at 15 pm DS, on 10s-plasma
etched glass at 15 um DS, on cleaned glass at 25 um DS, or on 2s-ptekathglass at
DS 25um DS resembling OECT channels of different sizes and thicknesses. Digital
holographic micoscope (DHM®, LyncéeTec, Switzerland) was used to measure the
vertical and horizontal crossectional dimensions of PEDOT:PSS prints using
holographic interferometry technology to produce live holographic 3D reconstructions of

the specimen for crossectonal profiling in an optical nerontact point.

4.4Flexible and all inkjet printed OECTSs for electrocorticography recordings
4.4.1. Materials

Gold nanoparticle ink (3325 Novacentrix, USA) was used to pattern the OECT
terminals and the electroddskjet printable Polyimide ink was used to insulate- iR
UT DOTS, USA) Inkjet printable PEDOT:PSS was used as the semiconducting channel
(SigmaAldrich, USA).Phosphate Buffer Salifl®BS)was purchased from Signi@BS,
P4417) All inks were used as is without modificatiob.Mil Kapton polyimide films

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

4.4.2. Fabrication

The Dimatix Materials Printer (DM2850, Fujifilm, Dimatix, USA) fitted with a
2.4 pL piezedriven 12nozzle printhead (Samba, PDS00142) was used to fabricate
devices on flexible polyimide sheets. Detailed explanation of the ink preparation, Drop

Spacing DS), jetting waveform, and peptinting processing is explained in previous
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Figurell Inkjet printing waveforms used for the deposition of (a) gold, (b) insule
polyimide, (c) semiconducting PEDOT:PSS

work [78] and infigure 11. Briefly, the fabrication consists of three main steps following
substrate cleaning and dehydration. First, metal patterning by depositing the gold ink (DS
20um, sintering at 180°C for 35 min), Then insulation is achieved by coveringgitie

with polyimide ink (DS 15um, curing at 180°C for 1 h), and finally the semniducting
channel is formed by layering PEDOT:PSS (DS 15um, 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 PE25 model from PlasmaEtch. A sketch depicting the fabrication flow of an

Inkjet OECT neural interface is shownfigure 12.

4.4.3. Device characterization
4.4.3.1Electrical

National Instrument (NI) Source Measure Units (SMU, PX188) were used to
scan for 1V curves, transfer characteristics, and TLM measurements. A waveform

generator (PXI&413) was used for tests requiring Adulations. Control of the SMU
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Figurel2fabrication flow of inkjet printed OECTs. Gold is first deposited to patteri
conductive leads. Polyimide is then used to insulate. The insulated device is then
with oxygen plasma etching to increase surface wetting. Finally, PEDOT:PSS is
deposied.

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/gotihted electrode as the gate

electrode

4.4.3.2Electrochemical impedance and cyclic voltammetry analysis

The Electrochemical performance of the bare gold and PEDOT:PSS coated gold
electrodes was evaluated using timerface 1010Tfrom Gamry Instruments. All
measurements were conducted in a taleetrode cell witiLX PBS, using a platinum
electrode as counter electrodgH1102 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 va@atnmetry 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.
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4.4.3.3Dimensions

Device photographs were captured using the fiducial camera of the inkjet printer, and
an optical microscope (8X). Migital holographic microscope (DHM®, LyncéeTec,
Switzerland) was used to meastine 3D dimensions of the developed thin films and

extract the crossectional dimensions along the 2D axes.

4.4.3.4Contact angle
A goniometer OCA 15EC (Dataphysics, Germany) was useckxaimine the

morphological interaction of PEDOT:PSS with pristine and modifed/gen plasma

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

SCA20 software (Dataphysics, Germany) was used to measure aligléshility was

measured by dripping eL of PEDOT:PSSIr opl et s t o each surfac
s e candlmeasuring the angle formed between the droplet and the surface of the sample.
Measurements were také s after the dropletvereintroduced to maintain consistency.

Fourdifferent Pl samples were analyzed penfiguration withfour drops each.

4.4.3.5Electrical 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 conneed by the seraconductorThe r esponse time was extr
current response to a step voltage of 20Hz with limits 0 Vesto 1 Vgs, ensuring
maximum and minimal channel conductivity respectiveWhen evaluating the

difference in OEQs and electrodes when recording a 1 Hz sine wanmatto-Noise
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Ratio (SNR)was calculatedby taking thedifference between the decibel power of the
oneHz frequency and the average power of the rest of the FFT spedioufeed the

OECT neuronal spikes, a signal generat@OMEA2100SG) purchased from
Multichannel Systems was used, with the signal source setting set at hippocampal slice
population spikes. Data collectian vivo was performed using the ME2168@stem
purchased frorMultichannelSystemswith the integrated analog baipass filter set from
1-to-500Hz. The data was treated offline with a 200Hyitdi 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 Spradpewley rats,
weighing300-350 g on averagén=3) were used for electrocorticographic recordings.
After anesthesia via intraperitoneal injection of Ketamine (80 mg/Kg) and Xylazine (20
mg / Kg) , hdadigshavedtr@arsthe region between the eyes down to ity lears
animal is then carefully mounted on a stereotaxic apparatus by placing ear bars in both
audibry meatuses and securing the animal's head with a mouthpiece set at the appropriate
height for adult ratsAfterwards 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 tthe skullto expose the bregma and lambda. After identifying the
coordinates of bregma, the four edges of the craniotomy site are eldntifiere the area

is set to be approximately 4x4 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 fingip forceps.For seizure induction, intramygdala KA (Abcam,
Cambridge, MA, USA) injection was done prior to placement of the interface on the
cortex. 0.plL of 1mg/ml (KA in saline) is injected into the amygdal&.8mm
Anteroposterio(AP), 5mmMediolateral(ML), and 8.8mmDorsoventra(DV, from the

skull)) using a uL Hamilton syringe fixed to a stereotaxic hold@®]. 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.

4.51nkjet printed OECTs for measuring NT -proBNP
4.5.1. Materials

(3-Glycidyloxypropytrimethoxysilang(GPTMS was purchased fromSigma
Aldrich (product number 440167)oluenewas purchased from Sigma Aldrich (product
number 58957§. Streptavidin was purchased from Vedtdroratories (product number:
SA-50001). Biotinilated thiolated PEG (biotthREGSH), MW 2,000 was purchased
from LaysanBio (product number:Biotin-PEGSH-2000. Biotinilated NT-proBNP
antibodies were purchased froRayBiotech Life (product number 127-10072.
Recombinant Human NproBNP Proteirwas purchased from Raybiotecifie (product
number 230-3001910). Tris Base was purchased from Sigma Aldrich (product number:

BP1521) and was prepared at 0.1 mM

4.5.2. Channel functionalization

To immobilize antibodies onthe PEDOT:PSS channelthe following

functionalization steps were adopt@djure 13a) : first, the channel undergoes oxygen
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plasma etching for 2 minutégacuum set point: 499.3mtorr, RF power: 150 W, oxygen
flow rate: 15 cc/mipy introducinghydroxyl groups on the surface of PEDOT:RP&8ense

layer of hydroxyl groupsserves as reactive sites for silanizatioRollowing plasma
etching, the samples are immersed in a 15% solution of 3
Glycidoxypropyltrimethoxysilane (GPTMS) in toluene overnjgl@PTMS is an
organosilane compound with an epoxy group and methoxy groups attached to silicon.
The methoxy groups hydrolyze and formasibl groups, which can then condense with
the hydroxyl groups on the PED@ISSsurface, creating strong-8kSi bondsAfter the
overnight incubation in GPTMS solution, the samples are thoroughly washed with 100%
alcohol and toluene to remove any unreacted GPTMS apddolyicts. This washing step
ensures that only the covalently bonded silane molecules remain on the.siiffac
samples are then baked at 100°C for 4 hours. This baking step promotes the complete
condensation of the silanol grougnce the #ane layer is stabilized, streptavidih00

pg/ml) is added to the surface and incubated overnight. Streptavidin is a tetrameric protein
with a very high affinity for biotinThe epoxy groups on the GPTMS react with amine
groups on streptavidin, forming covalent borfsllowing 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 kstt@ptavidin complex

After introducing the antibody, 1@g/ml of Bovine Serum AlbumiBSA) is introduced

over the channeBSA 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 (Bgdre 13b). The first
step involves the selissembly of SHPEGbiotin (100 pg/m) onto the gold electrode
surface. The gold electrode is immersed in a solution of thiolated biotinylated PEG (SH
PEGhbiotin) for 2 hours. The thiol groupsSH) have a high affinity for gold surfaces,
forming Au-S bonds, while the PEG chains provide aifigx hydrophilic spacer that
minimizes norspecific interactions After the incubation period, the electrode is
thoroughly washed with phosphdiaffered saline (PBS) to remove any unbound SH
PEGhbiotin moleculesNext, streptavidin100 pug/m) is added to the electrode surface
and incubated for one hotrollowing the streptavidin incubation, the electrode is washed
again with PBS to remove any unbound streptavitite next step involves introducing
the biotinylated antibody to the electrode surface. The biotinylated antibody is added and
incubated for an appropriate duration, typically one hdar minimize nomspecific

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

introduced to the electrode
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Figure13sketch of immobilizing monoclonal antibodies on a (a) PEDOT:PSS sul
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 employddhe electrochemical cell is assembled with PBS as
the electrolyte solutionThe functionalized gold electrode serves as the working
electrode A platinum electrode is used as the counter electrddeAg/AgCl electrode
is employed as the reference electrodee EIS measurement is conducted using an AC
voltage of 50 mV rmsThe frequency range for the impedance measurements spans from
1 Hzto 20 kHzand data points are collected at 10 points per decHae impedance data

is collected and analyzed usiagsamry 1010T instrument.

4.5.5. Quantification of the target

First,a Tris buffer solution at pH 8i8 preparedThis pH is chosen because the
isoelectric point of NTIproBNP is approximately 7, giving the protein a negative charge
at pH 8.5then,a series of NIproBNP solutions with the following concentrations: 10,
50, 100, 200, 300, 400, 500, 600, 700, 800, 900, and 1000 g mpiepared for testing.
For the baseline measuremeanhpty Tris buffer in PBS is introduced and transfer
characteristic scans are performéthe NTFproBNP solutions are then introduced
sgyuentially and we allowthe solution to stabilize for finutes to ensure adequate
interaction between the NgroBNP and the functionalized electroddis is followed by
transfer characteristic scaf$e rest of the concentrations are sequentially added to cover
all explored concentrations. For each-NBBNP concentration, the shift in transfer
characteristic is computed by taking the difference between the current values at the

operating poinbf the baseline and the measurement in question.
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CHAPTERS

RESULTS DISCUSSION AND CONCLUSION

5.1High Amplifying Inkjet Printed OECTs
5.1.1. Resultsand discussion

RecordeddV curve show the OECTOSs-sobrectardv i or
gatesource voltagesthe transistor exhibits a linear increase in current magnitude
followed by saturation after crossing thagd-off voltage. For O/cs, Vpis equal to-0.8
V, after which bs saturates around-50 mA (figure 14a). A slight downward deviation
in g 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 vel@€{yRepeated scans
show no change inVY shape suggesting a robuposition of semiconductor on the
substrate and reversible redox actijit]. Both IV curves and transfer characteristics
show typicalOECT depletion behavior with PEDOT:PSS channel matéraincrease
in Vps results in a corresponding rise in drain current up to the jffololtage, beyond
which further increases inp¢ do not significantly affect the drain currgffigure 14b).

The maximum g is computed and is equal to 75 mS when selecfit})Vos and occurs

at 0.15 \&s The Onoff current ratio and threshold voltage are equal to 12 and 0.55 V
respectively(figure 14¢). Variation of the sine wave offset applied on the gate greatly
affected current amplitude, decr eab®4bng fr

Voffset (flg ure 153) .
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Figurel4 (a) IV curve of OECT in depletion mode; drain current decreases with i
increase in gate voltage Vg (bottom to top along solid black arrow), dashed blacl
indicate pinch voltage Vp. (b) transfer characteristic of OECT at increasingsunaicx
voltages (bottom to top along solid black arrow) . (c) transfer characteristic of OE
maximum drairsource voltage (blue) and corresponding transconductance (oran
dashed light blue lines indicate @Mrrent (top) and OFEurrent (bottom), inset sho\
threshold voltage extraction.

To express OECTecordingsto volts a simple circuitry shown in the inset of
figure 15ais used and change in voltage outpui:¥an be directly related tedccording
to equatiorv below:

W w 0zY (7

where Wq is the source voltagey is drain current, R is the resistance used at the drain,
and\Vouti S t he OECTO6s vol t agsenolonger gontrolled direstly t hi s
and depends ongdy¥which is chosen such that when no AC modulation is introduced at
the gate, W¥sequals-0.8 V to ensure that the OECT operates in the saturation regime as
it eliminates drain conductance and consequently maximizes transcondy8@nee
V4sVS. Vud voltage mapping for different resistors is showfignre 15bto reveal voltage
source operating point. For exampl e, appl
resistor, in addition to a sine wave modulation (1 Hz, 0.dkeY1 mVpyp) at the gate,

resulted in gain of 14.8igure 150).
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Figurel5 (a) OECT current response to AC modulation on the gate, an increase
wave offset leads to a decrease in current amplitude, inset shows recorded sigr
to-peak amplitudes. (b) drain source variation in function of source voltage for
different resistors, relatively low resistances show a linear relationship comparec
exponential behavior for higher resistances. (c) voltage recordings collected usi
circuitry (inset) with a 220 Y resi

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
OECTsapart 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 equatid@below[82]:

0 QzY ®)
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Figurel6 Schematic highlighting the intrinsic local amplification capabilities of OE
compared to conventional passive electrodes and their direct effect on signal to |
ratio.

Where G is the gaiWe would also want to emphasize the importance of carefully
choosing the deviceds operating point to f
With the right Inkjet printing parameters including length, width, and thicks€Ts
can be inkjet fabricated with the intent of use in various physiological applid&sjns
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 &pplications involving delta (0i5
3 Hz),ilt2h e&itzgd ,(4and sl eep $lpd nHld esms (i>510aDt inmE
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
requre faster response time, in which a decrea&zitio z 0 is required85] entailing
a transconductanaesponse time tradeoff. We also aim to introduce flexible substrates

to our device so that it conforms with the rugged nature of physiological sygéns
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5.2 A guide to fabricate OECTSs 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 channadish (W), thickness (d),
and length (d} were investigated to elucidate their impact on OECT performance and set
some strategic key points for fabricating inkpeinted OECTs as bielectronic
interfaces. The modifications included eitlagijusting the dimensions of the source an
drain, finetuning 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 estimateheprocesé accuracyn lead widths, five, 1 layer, 100 um lines were printed
and scanned with the DHiFigure 178). The average printed line width was 104.5 pum
with a standard deviation of 0.8 um. This indicates an accuracy with an absolute error of
4.5 um and a relative error of 4.5%. The precision, indicated by the standard deviation,
shows good consistency in thernped line widths. In addition, the accuracy of lead
separation that is relevant to the channel length is also tested, for a desigmoti2®
average length was 19.5 um with a standard deviation offf), Fesulting in an accuracy

of 97.5 %(Figure 17b).

5.2.1.1Width Variation

In this section, for a fixed channel length (I = 40 um) and channel thickness (d =
2 layers equivalent to 400 nm), three different channel widths were configured: 100 pum,

300 um, and 500 um. 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 voltageguie 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 vdilgage 18d)

in accordance with previously reported findiri§6]. Notably, the maximumggreached

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 maximunm@ncreases with width, falling at Oc¢ 0.12

Vs, and 0.26 s for W100, W300, and W500, respectivefig(re 18¢e). Conversely,

the response time, and consequentlyaftifrequency, 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 accuratelytretahg

full wave athi gher frequenci es. Fitting the devi

$104.5£0.8 ym :

40 90 140
X(um)

Figure17 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 profilght) for (a) width and (b) 1
pixel separation of gold leads.
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