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Summary

In a nutshell, the objective of this doctoral thesis is to explore new thick film organic
electrochemical devices on paper substrate, by means of conducting polymer inks and
nanomaterials. The devices are based on two solid-state technologies: the organic
electrochemical transistor (OECT) and the chemiresistor, and utilize facile fabrication

and functionalization procedures, which enables the detection of relevant biomolecules.

To lay down the motivations behind this work, it is essential to take a close look at some
key changes our society is undertaking. In the last few years, healthcare monitoring and
diagnostic tools such as point-of-need (PON) and point-of-care (POC) witnessed a
blooming demand from care providers as well as the general population. The widespread
of wearable technology and the ongoing shift in healthcare paradigms made society very
receptive to such tools. Furthermore, the increasing tendency of the world population’s
lifespan is expected to place healthcare systems under heavy strain in the long-term. For
this reason, healthcare systems are growingly integrating best practices that promote
awareness and prevention, in contrast to reaction and curation. Analytical chemistry
contributes to this paradigm that is becoming more and more cross-disciplinary, by
providing simple, reliable, and user-friendly analytical tools capable of transforming

chemical signals to meaningful information.

On the other hand, solid-state devices featuring organic conducting polymers and
nanomaterials are expected to offer an attractive alternative to conventional
electrochemical methods such as potentiometry and amperometry. Among these
devices, organic electrochemical transistors (OECTs) and chemiresistors, are two
promising technologies due to their low power consumption, facile fabrication, and ion-
to-electron transduction. These technologies rely heavily on sophisticated fabrication
techniques that require controlled environments and expensive equipment, such as
photolithography and inkjet printing to create functional thin films. However, less
emphasis has been made on paper-based thick film devices. Therefore, the objective of
this doctoral thesis is to develop versatile thick film OECTs and chemiresistors based on
conducting polymer composites made of poly(3,4-ethylenedioxythiophene) doped with
polystyrene sulfonate (PEDOT:PSS) and nanomaterials, toward the detection of different

analytes. In this regard, this doctoral thesis is divided into nine chapters:
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Chapter 1 sets up the global context for this Doctoral Thesis, and highlights also the

general and specific objectives.

Chapter 2 lays out the foundations and the state-of-the-art of organic electrochemical
transistors (OECTs) and their siblings’ chemiresistors. It focuses on bio- and chemical

sensing applications.

Chapter 3 deals with the experimental part, including the reagents, materials, methods,

instruments and techniques employed through this work.

Chapter 4 demonstrates the construction and the optimization of thick-film PEDOT:PSS
OECTs by drop casting technique.

Chapter 5 introduces a simple yet powerful approach for constructing a paper-based
thick film organic electrochemical transistors for the detection of hydrogen peroxide and

glucose.

Chapter 6, is dedicated to the development and characterization of OECTs with

PEDOT:PSS/Nanomaterials composites for the detection of hydrogen peroxide.

Chapter 7 presents PEDOT:PSS/PtNPs composite chemiresistor, and demonstrates the

detection of glucose and lactate in artificial sweat.
Chapter 8 presents a chemiresistive sensor for the detection of chloride.

Chapter 9 points out the final conclusions, and discusses future works and

improvements.
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1 Introduction
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Summary

The objective of this chapter is to place the Ph.D thesis in the context of the current
transformations that healthcare systems are undergoing. The continuous adoption of
telehealth services, the widespread of wearable devices, and the rise of organic
electronics has created a need for reliable, novel, and cost effective decentralized
analytical tools such as point-of-need (PON) and point-of-care (POC) devices.

1.1 Motivations for decentralized point-of-need devices

1.1.1 Decentralized analytical tools

Traditionally, the approach of healthcare systems to the treatment of diseases has been
based on the diagnosis of a set of common symptoms, and the prescription of a treatment
accordingly". Patients usually receive medication after they manifest recognizable
symptoms. This reactive approach may render the treatment process long and costly. It
may also make the patient go through unnecessary trauma, especially, when the disease
is life-threatening such as cancer?. Indeed, it is now well accepted that this approach
lacks a proactive aspect. Proactive integrated approaches (Figure 1.1) such as the one
advocated by predictive, preventive and personalized medicines (3Ps), focus on
promoting health and well-being by providing tailored healthcare services before the

onset of diseases® 4.

New philosophy of predictive medicine &
targeted prevention of diseases

“ Current healthcare u Desirable healthcare

Life quality

=
™
=
o
2
=

Development of pathologies, years Development of pathologies, years

Figure 1.1. Models of traditional and preventive healthcare approaches. Image obtained

from Golubnitschaja et al.[
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The objective is to prevent common conditions or delay their appearance, and provide
the necessary tools for the early diagnosis, treatment, and monitoring of diseases. With
the advances achieved, among other fields, in analytical chemistry, immunology,
proteomics’®, metabolomics!®, and organic electronics, the philosophy of healthcare
systems is steadily evolving towards this ultimate goal. In order to support this evolution
of healthcare systems, three fundamental challenges must be urgently addressed. First,
the regulatory framework related to healthcare services need to be harmonized in a way
that ensures the safety of patients and facilitates the use of novel technologies!”.
Second, the identification and validation of key metabolites and biomarkers that indicate
reliably the onset of diseases!®. To this end, research on relevant biomarkers in body
fluids have shown a promising progress for the diagnosis of certain types of cancer®,
diabetes!'® "l kidney diseases!'?, etc. Finally, the development of simple analytical tools
capable of detecting and quantifying these metabolites and biomarkers reliably,
accurately, and easily"®.. Decentralized analytical tools, such as biosensor point-of-need
technology, can fulfil this role and accelerate the transition of healthcare systems from

treatment-centred approach to prevention-focused approach.

For this reason, there is an ever-increasing need for simple, rapid, accurate, and
affordable analytical devices for healthcare monitoring and diagnosis of diseases. An
example that is still in our short-term memory is the worldwide spread of Covid-19
pandemic, and the induced saturation of hospital services!'. This unprecedented
situation has accelerated the deployment of tele-diagnosis and tele-medicine solutions
(i.e. healthcare services carried out via information and communication technologies) in
many countries around the world!"®!. Since the beginning of the pandemic, all the three
major types of tele-medicine, namely, synchronous, asynchronous, and remote
monitoring have seen a significant growth!'®l. Synchronous refers to online healthcare
services provided by a doctor over a distance, directly to a patient. In an asynchronous
scenario, the patient sends to the doctor all relevant information pertaining to his health
condition, and the doctor sends back his diagnosis and recommendations. Finally,
remote monitoring stands for the continuous monitoring of the patient’s health status by
remotely collecting his health data. As an example, Figure 1.2 illustrates this new trend
where in the USA alone, the number of telemedical consultations has surged by a factor
of 38 from February 2020 to February 2021, compared to the pre-pandemic usage!'”. In
Spain, for a major health services provider, teleconsultations increased from 3 % before
the pandemic to 25 % a year later!®. The same trend was observed in France, where

the number of tele-consultations in 2019 represented 0.04 % of the total medical
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consultations recorded in the country. By June 2021, this number increased to 4.4 %!l
Furthermore, the wide utilization of rapid disposable tests for the diagnosis of covid-19
has greatly reduced the time and cost of diagnosis, helped in breaking the contagion
chain, and alleviated the overload of emergency services and testing facilities,
particularly during peak periods®??. Consequently, there is a growing believe that this
transformation of the healthcare system will continue for the next coming years in favour

of more decentralization, even after the end of the pandemic.

Virtual health visits grew 38-fold early on in the COVID-19 pandemic.

Number of telehealth encounters, millions’ M COVID-19 pandemic

0 -

Jan April July Oct Jan April July Oct
2020 2021
150 million

"Includes evaluation and management visits only; excludes emergency-department, hospital inpatient, and physiatry inpatient claims; excludes certain
low-volume specialties; extrapolated to the commercial market.
Source: Compile Health database; McKinsey analysis

Figure 1.2. Telehealth usage in the USA before and after COVID-19 appearance. Image
obtained from McKinzey & Company!'’l.

Decentralized analytical tools including point-of-care®?!!, disposable tests®??, and
wearable sensors!?® can contribute efficiently to the improvement of health by collecting
vital information about the patients, and making it available for healthcare specialists.
The need for this kind of tools is becoming more obvious with the expected rise of the
life span of the world population in the future, and the increasing demand for simple tools
to monitor and manage chronic conditions. In the near future, decentralized analytical

tools are expected to become a corner-stone of modern healthcare systems.

Additionally, decentralized healthcare tools can promote and democratize the access to
healthcare services, especially in remote areas and countries where large populations
have limited access to healthcare services!?¥. Typical centralized medical laboratories,
very often, require expensive equipment, which in turn necessitate highly qualified

personal. In contrast, decentralized and disposable healthcare devices are easy to use,
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require a small amount of reagents, and can be integrated with portable and wearable

devices such as smartphones.

Last, but not least, this shift of healthcare from treatment to prevention promotes the
development of systems focused on enhancing the wellbeing of people. Therefore, the
scope of monitoring systems is expected to extend beyond the “patients”, to include the
general population that is increasingly willing to minimize health risks. Athletes
(professional and amateurs) are a good example of the type of activities where
monitoring parameters may help to reduce risk and enhance performance. Similarly,
companies are offering today devices for continuous glucose monitoring to people willing
to lose weight, as a way to improve the process while avoiding health issues./®!
Biosensors for the point of need will be a valuable tool, not only to control disease, but

also to enhance the overall wellbeing of people.

1.1.2 Biosensors as analytical tools

In their seminal work covering pH and oxygen electrodes, in 1962, C. Clark and C. Lyons
were the first to report the concept of a biosensor for the detection of glucose in blood®!.
In their work, they suggested the use of an enzyme entrapped in a dialysis membrane to
convert glucose, and monitoring the change of pH or O, caused by the reaction. This
major leap has paved the way for a new generation of (bio)analytical tools. It was not,
however, until 1977 that K. Cammann introduced the term “biosensor” for the first time2”.,
In 1992, The International Union of Pure and Applied Chemistry (IUPAC), has officially
adopted the term biosensor, which defines as “a device that uses specific biochemical
reactions mediated by isolated enzymes, immunosystems, tissues, organelles or whole
cells to detect chemical compounds usually by electrical, thermal or optical signals”®.
In an attempt to keep up with the rapid progress of biosensors research, the IUPAC
published two technical reports in 2001 and 2010, providing additional definitions for
electrochemical biosensors?® %% Figure 1.3 describes the core elements of a typical
biosensor. In addition to that, the term encompasses a set of characteristics that all
analytical devices are expected to demonstrate, such as reproducibility, selectivity,

sensitivity and ease of operation®l,
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Figure 1.3. Basic elements of a biosensor. Image obtained from D. Grieshaber et al.2

Over the years, biosensor technology has evolved rapidly and become a multidisciplinary
field at the interface of chemistry, medicine, and electronics. The technological advances
and the challenges that society is facing, have provided a fertile soil for biosensors
research to expand and cover a wide range of applications, including food quality®?,
environment®®!, homeland security®®, drugs screening®®, and healthcare®”. Healthcare
biosensors are of particular interest because they are intimately related to the wellbeing,
health and safety of people. The last two decades have witnessed the development of a
plethora of biosensors for the detection of relevant biomolecules and metabolites such
as DNAP®, antibodies, amino acidsi®®, cholesterol®?, lactic acid®“", dopamine®?, and
creatinine®?. A part from biomolecules, biosensors are also designed to detect chemical
species relevant for healthcare, such as potassium*, calcium*®, ammoniumi®!, and

chloride*”!, among many others.

Furthermore, biosensors have benefited considerably from the progress achieved in
materials science and nanotechnology. An important aspect of nanomaterials is that their
properties can be tuned by controlling their size. For example, different biosensors were
designed with novel catalytic®, electrical, optical“*® and magnetic®™ properties by
incorporating metallic and carbon nanomaterials such as gold nanoparticles (AuNPs)®",
platinum nanoparticles (PtNPs)®?, silver nanoparticles (AgNPs)®®, iron oxide!®, carbon

nanotubes and graphenel®.

To construct biosensors, numerous transduction approaches have been developed,

including electrochemical, optical, piezoelectric, quartz crystal microbalance, transistor-
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based sensors, and chemiresistive sensors. Based on these principles, multiple
biosensors can be combined to build more complex systems, such as arrays®,
microfluidics®®”, and lab-on-a-chip!®. Another emerging platform, the organ-on-a-chip,
which comprises biosensors along with living cells that emulate the functions of different
human organs, all in one microfluidic device®®. The organ-on-chips are designed for
drugs screening, analysis, and modelling of the tissues response to new drugs via direct

detection of biomolecules of interest released by the tissues!®”.

U.S. Biosensors Market EBEvE

size, by application, 2020 - 2030 (USD Billion) GRAMND VIEW RESEARCH

$8.3B
$T 5B

2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030

® Medical Food toxicity Bioreactor Agriculture
® Ervironment @ Others

Figure 1.4. Evolution of USA biosensors market. Image obtained from ref.6"

Despite the enormous potential of biosensors market (Figure 1.4) and the progress
achieved in biosensors technologies in terms of performance, size, and fabrication, only
a limited number of biosensors has left the laboratory bench and reached the market.
This is usually attributed to a number of factors that range from the complexity of the
detection mechanism, incompatibility with current mass production methods, to the

failure to demonstrate reproducible performance in real-life settings!®2.
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1.1.3 Organic electronics: The technology of tomorrow

The high cost associated with the processing of metals and inorganic semiconductors
has encouraged the scientific community to explore new alternative materials. Driven by
the idea of low-cost, abundant, and synthetic conductive materials, these efforts have
led H. Shirakawa, A. Heeger, and A. MacDiarmid in the late 70s to develop the first doped
conductive polymer®®. H. Shirakawa and his colleagues were able to increase the
conductivity of polyacetylene from 10° S.cm™ to 100 S.cm™' by doping polyacetylene with
halogens!®, an achievement that warrants Nobel Prize in 2000. It was rapidly realized
that such novel materials would be an excellent alternative for inorganic semiconductors,
core materials used to build electrical circuits and employed in a variety of applications.
The integration of conductive polymers in electronic devices during the early 80s was

the first seed that gave birth later to a new field called organic electronics!®®.

In a broad sense, organic electronics is now well established field (with many new
emerging areas) that aims at combining low-cost organic conductive materials, electronic
devices, and large area production techniques for designing novel end user applications.
The high impact of this emerging field has been the driving force for the growth of the
entire chain value of organic electronics. A recent roadmap published by the Organic
Electronic Association (OE-A), an internationally recognized body that counts more than
200 companies and research institutions, has identified six strategic industry sectors that
drive research in organic electronics/®® 671, As summarized in Figure 1.5, these sectors
cover industries ranging from automotive to consumer electronics, via healthcare; from
packaging, via smart buildings to Internet of Things (IoT)®®. Within each sector, the
roadmap has determined a number of emerging applications that are anticipated to
evolve. In the near future, the key applications that are expected to lead the healthcare
market include OLED (organic light-emitting diode) light therapy, smart patches and
bandages for wound care and health monitoring, and wearable and off-body sensors for

medical diagnosis.
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OE-A Roadmap for Organic and Printed Electronics Applications 2020
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Figure 1.5. OE-A roadmap summarizing the key organic and printed electronics

applications and their forecasts. Image obtained from OE-A Roadmap!®’..

OLEDs for light therapy

The study of the effects of light on different biological tissues is an active area of
research. One of the earliest experiments can be traced to E. Mester in 1967, when he
reported the beneficial effect of low-power laser on hair growing and wound healing in
rats’®®l. In the last decade, OLEDs have attracted significant interest as light sources
because of their high efficiency, low-cost, low power consumption, flexibility, and
robustness. The simplest architecture of an OLED, as illustrated in Figure 1.6A,
comprises at least, an organic conductive material sandwiched between two electrodes,

namely, the cathode and the anode. One of the electrodes is made transparent to collect
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the light generated. When a voltage is applied between the two electrodes, opposite
charge carriers (a hole and an electron) diffuse through the electrodes and recombine in
the conductive polymer, generating visible/infrared light in the process!® 7. Recent
works have demonstrated the potential of utilising OLEDs in various photobiomodulation
applications  (Figure 1.6B), such as wound healing™), antimicrobial”?,
immunomodulation and optogenetics!®. However, the lack of long-term cytotoxicity
studies and clinical trials represent the major challenge that hinders the progress of

OLED therapeutic applications.

v A
. ‘ Semi-transparent Cathode
.~ J——
)| .‘ # Conductive Layers
,EK(L\ (Electron Transport)
e —
] Emissive Layer
” (Blend of host and dopant materials)
< — Conductive Layers
. (Hole Transport)
\4 Anode
Substrate
(Rigld or Flexible)

Figure 1.6. A) Scheme of an OLED. Image from B) LED device for anti-aging, acne or
pain, approved by the Food and Drug Administration (FDA)I".

Smart bandages and patches

Bandages and patches are among the promising healthcare applications that combine
organic electronics and biosensors. The ability to process flexible and biocompatible
materials capable of coupling the shape of the body while maintaining functionality,
makes organic electronics an attractive technology for building smart bandages. The
main role of a typical bandage is to prevent the infection and promote the healing of
wounds. With the help of conductive polymers, smart bandages take this role steps
further by tracking the healing process via local monitoring of various wound-health
indicators, such as temperature, pH, humidity, and oxygen(™.. For instance, F. Mariani et
al. demonstrated a smart dressing for real-time monitoring of pH by incorporating iridium
oxide particles in conducting polymerl. Furthermore, A. Khademhosseini et al.

successfully fabricated an advanced electrochemical-based bandage that takes an
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active role in the treatment of chronic non-healing wounds, a condition that is usually
associated with diabetic patientsl’”. The designed bandage was able to locally release

antibiotic drugs when pH and temperature reach specific limits.

Wearable and off-body biosensors

Wearable biosensors are another major area where organic electronics is expected to
push the limits towards high scalability, low-cost, and ease of integration. Conducting
polymers are increasingly utilized in the fabrication of wearable devices because they
impart sensors with the flexibility needed to withstand motion-related deformations!’®.
Wearable biosensors enable the real-time detection of a wide range of biomarkers in
biological fluids such as blood, saliva, sweat, and urine®” 7. For instance, sweat is an
ideal candidate for non-invasive wearable sensors because it contains a variety of
biomarkers that can be correlated to health conditions and diseases®”. Apart from
regulating the temperature of the body, sweat contains among others, glucose, lactate,
uric acid, sodium, and potassium. As an example, P. Pirovano et al. has developed an
electrochemical wearable sensor based on poly(3,4-ethylenedioxythiophene) (PEDOT)
that could specifically detect sodium and potassium in sweat®!. In addition to
electrolytes, sweat alone contains a large pool of biomolecules, comprising more than
860 unique proteins, which makes a very attractive non-invasive source of potential

biomarkers!®.

1.1.4 Organic Thin-Film Transistors

Organic Thin-Film Transistors (OTFT) are a subgroup of organic electronic devices,
which originate from the Field Effect Transistor (FET). The FET is a solid-state device
that modulates an electrical current flowing through an inorganic semiconductive film, via
an induced capacitive effectl®. Since it was invented by Bell Laboratories in 1948, the
transistor has become the focus of a tremendous amount of research in both academia
and industry. As a result, the FET underwent a continuous development in every aspect
of its manufacturing, including its fabrication process, materials, size, performance, and
design. Consequently, transistors became smaller, faster, and less expensive, as the

number of transistors per unit area increased exponentially.

In 1984, White et al. pioneered the first Organic Electrochemical Transistor (OECT)®4,
Instead of an inorganic film, the first OECT was comprised of a conductive polymer film

made of polypyrrole, whose conductivity was controlled by applying a gate voltage
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through an electrolyte. Over the years, the family of organic transistors has expanded to
include the Organic Field Effect Transistors (OFETSs), and the Electrolyte-Gated Organic
Field Effect Transistors (EGOFETSs)®.. Organic electrochemical transistors (OECTs) are
notorious for having low operating voltages, high amplification, and high switching
speeds. The key feature that endows OECTs with such properties is the high volumetric
capacitance demonstrated by the conductive polymers typically used to build OECTs!®,
Figure 1.7 illustrates the major differences between OECTs, OFETs, and EGOFETs. The
OECTs involve the injection of ions inside the channel, whereas EGOFET and OFET

involve the accumulation of ions on the surface of the channel.

OFET EGOFET OECT
Gate T T
e © o
Insulator © ©
Electrolyte oo Electrolyte (=)
—————— (=]=]=]=Y=]=]
++++++ ++++++ o+ 4
i‘ Organic semiconductor | D S | | ) S | +° °+ II
Substrate Substrate Substrate

©/@ Mobile charges

-/+  Fixed charges

Figure 1.7. Description of three organic transistors: OFET, EGOFET, and OECT. Image

adapted from Sun et al.["]

In the last decade, organic electrochemical transistors have been the focus of an
extensive research for biosensing applications!® 8. The most attractive feature of these
devices is that they provide an alternative path for signal transduction in electrochemical
sensing, with high amplification of the signal but avoiding the charge-transfer related
problems. Further details about the working principle and the sensing mechanism of
OECTs is included in Chapter 2.

Interestingly, the published research shows that -unlike other electrochemical tools- a
good part of the research in organic transistors stems from electronic engineering and
materials science. Analytical journals have published considerably less works on these
tools. Thus, there is still significant room to explore strategies for optimization and

analytical applications of these devices.



UNIVERSITAT ROVIRA I VIRGILI
NEW ORGANIC ELECTROCHEMICAL SENSING PLATFORMS FOR THE POINT-OF-NEED

Adil Ait Yazza

1.2 Objectives & Outline of the thesis

So far, thin-film technology is the standard for building solid-state biosensors such as
organic electrochemical transistors (OECTs) and chemiresistors.®-! This technology,
in principle, utilizes complex protocols and requires expensive facilities and equipment
(e.g. cleanroom, inkjet printer, etc.) to achieve conducting polymers films with a thickness
in the nanoscale range. However, less emphasis has been made on the analytical
performance of thick-film OECTs and chemiresistors constructed via facile methods. The
ultimate goal of this thesis was to develop new thick-film organic electrochemical
devices, based on PEDOT:PSS and its composites, via simplified and efficient protocols
of construction. In a nutshell, this work has been focused on exploring the use of poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) ink to build organic
electrochemical transistors (OECTs) and chemiresistors as solid-state platforms for

(bio)chemical sensing in the point-of-need. Therefore, the objectives of this thesis are:

¢ Toinvestigate the effect of geometry, partcularly width-to-length variation, on the
key properties of thick-film OECTs that have high relevance to bio- and chemical

sensing.

e To construct paper-based thick film OECTs for the detection of H.O, and

evaluate their electrical and analytical performance.

e To build and characterize thick-film OECTs with sensitized channels utilizing
different PEDOT:PSS/nanomaterials composites, and evaluate their

performance for the detection of H2O».

e To explore the possibility to construct biochemical chemiresistors based on

PEDOT:PSS/nanoparticles composites.

e To extend the channel sensitization to construct cheniresistors for the detection

chloride ions.
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2 Foundations of OECTs and
Chemiresistors
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Summary

This chapter provides a description of the working principle of OECTs, as well as a brief
presentation of chemiresistors. The objective is to present and describe the main
elements and figure of merit of OECTs that are relevant to bio- and chemical sensors.
Common fabrication methods and models usually used to predict the response of OECTs

are also discussed.

2.1 Organic Electrochemical Transistors (OECTs)

2.1.1 Working principle of OECTs

An organic electrochemical transistor (OECT) is a device made of three electrodes and
a conducting polymer channelll. As illustrated in Figure 2.1, two of the electrodes, the
source (S) and the drain (D), are separated by a gap L, and connected by an organic
conducting polymer film (referred to as the channel) with a given thickness (t), and width
(W). The conducting polymer is also in contact with an electrolyte solution in which the

third electrode, the gate, is immersed.

A 1 B
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o / T 7 T 1
! S0, SOH SOH SOH SOy
L+ ! ‘
4] o x
5 | PEDOTPSS | p
T Substrate Pl

Figure 2.1. A) Description of an OECT and B) the structure of PEDOT:PSS.

A voltage Vq applied between the source and the drain, creates an electrical current, the
drain current (l4) that flows through the channel. The value of Iy depends mainly on the
conductivity of the channel, which is the result of the degree of oxidation of the
conducting polymer. This can be modulated by applying a voltage (Vy) at the gate
electrode. The change in |l depends, among other factors, on the sign and magnitude of
Vg, geometry of the device, and the properties of the conducting polymert?.. Details of the
mechanism are well described in the literature®. Equation 2.1 captures the working

mechanism of the most common positive type OECT. In essence, when a conducting
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polymer such as PEDOT:PSS is used (Figure 2.1B), a positive gate voltage causes
cations to be injected from the electrolyte into the channel (de-doping)*. These cations
shield the stabilizing effect that the sulfonate anions have on the oxidized form
(PEDOTY), shifting the state of the polymer to its reduced state (less conductive), as
represented by Equation 2.1. This decreasing on the bulk conductivity of PEDOT:PSS is
measured as a decrease in Iy ®. In contrast, a negative gate voltage results in the
extraction of cations, which leads to an increase in the oxidation (and therefore

conductivity) of PEDOT:PSS (doping), and eventually an increase in lq.
PEDOT*:PSS™ + A* + e~ < PEDOT? + PSS™: A* Equation 2.1

Where PEDOT" and PEDOT? are the oxidised and the reduced form of the conducting

polymer, respectively, and A" is a cation.

2.2 Components of OECTs

2.2.1 Conductive polymer channel

Conductive polymers (CPs) are carbon-based 1-conjugated materials with an intrinsic
conductivity comparable to that of metals due to the presence of alternating single/double
bonds!®. An important characteristic of conducting polymers is that the reversal of their
single/double bonds results in two structures that have different energies. Being loosely
attached to atoms, 11 electrons can be delocalized along the backbone of the polymer,
giving rise to electrical conductivity. The molecular orbital theory, traditionally used to
describe energy levels in molecules, can be equally applied to conductive polymers. In
these polymers, the allowed energy levels form two distinct bands: the lowest
unoccupied molecular orbital (LUMO), and the highest occupied molecular orbital
(HOMO), separated by a small energy gapl” (Figure 2.2A). The charge transport in
conductive polymers is largely affected by the synthesis method, crystallinity, and
chemical doping, which makes the study of charge transport challenging®'®. However,
hopping is widely accepted as the main mode of charge transport, where charge hop
from one chain to another®®. The concept of polaron/ bipolaron is also widely used to
describe charge carriers in conductive polymers!''. When the main chain of the
conjugated polymer is oxidized, an electron is removed from the HOMO, leaving a hole
in its place. As a result, a quasi-particle referred to as polaron is formed. The removal of
an additional electron in a polymer chain, already containing a polaron, results in the

formation of a bipolaron('" 12,
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Figure 2.2. A) Energy levels of a conductive polymer, and B) three of the most common

conductive polymers. Images adapted from

Figure 2.2B shows the most important families of CPs which include polypyrrole,
polyaniline, and poly(3,4-ethylenedioxythiophene) PEDOT. Their conductivity can be
further increased via positive or negative doping process, that is, the oxidation (p-doping)
or reduction (n-doping) of the conjugated polymer''3l. For instance, the neutral PEDOT
is less conductive and insoluble in aqueous solutions. For this reason, PEDOT is
oxidised to PEDOT" and stabilised with a polyanion such as polystyrene sulfonate (PSS
). The negatively charged sulfonate groups compensate the positively charged
PEDOT, improving its conductivity, stability, and solubility in water (Figure 2.1B). Within
the framework of solid-state physics, PEDOT:PSS is commonly referred to as a p-type
organic semiconductive polymer. That is to say, the charge carriers responsible for its
conductivity are positively charged holes (h*), in contrast to n-type semiconductors where

the charge carriers are electrons (e).

Different methods have been suggested to improve the conductivity of thin film
PEDOT:PSS, including treatment with ethanol!"®, phosphoric acid!'®, DMSO!'", ethylene
glycol'®, sorbitol!"®, and ionic liquids®?!. As a result, PEDOT:PSS with conductivities over
2600 S.cm™ have been reported?!. For this reason, PEDOT:PSS become the
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conductive polymer of choice for building the channel due to its low-cost, high

conductivity, stability, and solution processability?2.

2.2.2 Source/Drain electrodes

The role of the source (S) and drain (D) electrodes is to provide a biased voltage through
the channel, allowing an efficient injection and extraction of charge carriers?®. In general,
the source corresponds to the electrode from which the charge carrier is injected into the
channel, whereas the drain corresponds to the electrode that extracts the charge
carrier?, Hence, the material used to make the two electrodes affects the overall
performance of the OECT. For this reason, the ideal material should demonstrate a
number of characteristics: (i) have an excellent conductivity (ii) ensure a negligible
contact resistance with the channel (i) be chemically stable in aqueous environments?.
Different materials have been used to build the source and the drain including gold,
PEDOT:PSS, and carbon inks. Despite being a noble metal, gold remains the most

common material used to build the source and the drain electrodes.

2.2.3 Gate electrode

The nature and the size of the gate electrode have a significant impact on the response
of OECTs/?®l. Two types of electrodes are typically used to construct the gate, depending
on the nature of the interface they produce when immersed in an electrolyte, polarizable
and non-polarizable electrodes?”l. When an ideal polarizable electrode, such a platinum
or gold, is subjected to a varying potential, no current flows at the interface
electrode/electrolyte, and its behaviour is usually approximated by a simple capacitor. In
contrast, a non-polarizable electrode such as Ag/AgCl, frequently used for
electrochemical tests, shows very low capacitance, and exhibits a behaviour similar to a

resistort® 27281 Ag/AgCl is typically used for the electrical characterization of OECTs.

2.2.4 Substrate

To construct OECTs, various materials have been used as a substrate, including
glass®??, plastict?, elastomer®!, textile®?, and papert®l. The choice of the substrate is
usually dictated by the fabrication method and the application intended of the device.
Paper has a particular interest as a substrate, since it is abundant, affordable, flexible,
and customizable. In addition, its 3D cellulose structure gives it excellent mechanical

properties, lightweight, and biocompatibility. This allows not only OECTs to be built from
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paper substrate, but also complex microfluidic systems can be designed and patterned
on paper using modern technologies such as inkjet printing and laser cutting®* 3%, For
example, an inkjet printed disposable breathalyser based on paper OECT has been
reported for the qualitative detection of alcohol in breath®®!. Field-effect transistors logic
circuits and biosensors with competitive performance have also been patterned on
papert®”l. Therefore, paper is a promising material that can promote the widespread of

biosensors and point-of-need devices.

2.3 Characteristics of OECTs

2.3.1 Transfer and output characteristics

The response of OECTs is commonly characterized by constructing two plots, the
transfer curve and the output responsel®. Figure 2.3A represents a typical transfer curve
(ls vs Vq) which displays ls as a function of Vg4, and is measured by sweeping V, at
constant Vq4. On the other hand, Figure 2.3B shows an example of the output curve (l4 vs
V4), which demonstrates the relationship between I and Vg, and is obtained by sweeping

V4 while maintaining Vy at a constant value.

The output curve features two distinct regions, a linear and saturation region. In the
former, the current changes linearly with voltage, and it is valid for low drain voltages. At
high drain voltages, the current reaches a saturation plateau and becomes independent

of the voltage applied® 38 39,

2.3.2 Transconductance

One of the main features of OECTs is their ability to amplify small changes of the gate
voltage into large variations of the drain current“’l. The transconductance (g) is a key
parameter of OECTSs, because it measures the magnitude by which the transistors
amplify the signal. Furthermore, this parameter is closely related to the analytical

sensitivity, particularly when the devices are employed for biosensing“'. The
Iq

. , G T :
transconductance is defined as g = pre usually expressed in milli Siemens (mS), and is
g

determined by calculating the first derivative of the transfer curve l4-Vg.
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Figure 2.3. Typical characteristics of an OECT, A) transfer l3-Vg4 curves, and B) output l¢-

V4, and C) transconductance-Vg plot.

The determination of the g for different values of Vq allows the construction of the
transconductance curve g-Vy (Figure 2.3C), and provides a straightforward way to
predict the performance of OECTs. The curve is also helpful in determining the maximum
transconductance g» and the corresponding drain and gate voltages for optimal
operation of the OECT.

Several works have shown that the transconductance depends on the device geometry
(Equation 2.2), particularly the width (W), length (L), and the thickness (d) of the
channel24%1, For this reason, during the last decade, the effect of these parameters on

the performance of thin-film OECTs have been extensively investigated! 6.,

w.d Equation 2.2

gm‘xT

2.3.3 ON-OFF current ratio

Another feature of OECTs is their ability to switch upon imposing a gate voltage. The
response of the transistors shift from an ON state where a current is flowing between the
source and the drain (Vg = 0 V), to an OFF state where the current is orders of magnitude
smaller (Vg > 0 V). This switching ability is commonly quantified by determining the ratio
of the nominal values of these currents. In general, the ON-OFF ratio of OECTs is lower

compared to OFETs by 3-4 orders of magnitude®’.. However, the normalized ON-OFF
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ratio per gate voltage may, for instance, offer the OECT an attractive advantage over the
OFET, since the former generally operates at low drain and gate voltages (< 1V), while
the latter operates at voltages up to 30 V. This is true particularly for wearable biosensors
and point-of-need devices, where the energy consumption of the device is equally
important. High ON-OFF ratio is seldom the only parameter that counts when designing
OECTs. For a specific application, very often, it is a matter of finding a compromise
between different features such speed, stability, and energy consumption, which may

not necessarily result in high ON-OFF ratio.

2.4 Modeling OECTs response

The objective of modeling the response of OECTs is, first, to predict quantitatively the
drain current Iy as a function of the voltages applied V4 and Vg, geometry of the channel,
and the properties of the conductive polymer. Secondly, to provide a direct way to
determine key parameters of the device (i.e. charge carrier mobility, pinch-off voltage,
etc.) from experimental data® *°. Based on the well-established model of the FET,
Bernards et al. have proposed a model that describes the steady-state and transient
response of OECTs. In the proposed model, illustrated in Figure 2.4, the OECT was
divided into two elementary circuits: an ionic, and an electronic circuit. The ionic circuit
was represented by a resistor in series with a capacitor. The role of the capacitor is to
capture the transport of ions from the electrolyte into the channel when a gate voltage is
applied. On the other hand, the electronic circuit, which represents the flow of the
electronic current through the channel, was modeled by Ohm'’s law. Later, Rivnay et al.?
suggested that the doping/dedoping of the channel, which results from applying a gate
voltage, occurs over the bulk volume of the conductive polymer, giving rise to a
volumetric capacitance®®-°2. The model, given by Equation 2.3, provides the expression
of l¢ in both regions: the linear regime where the current changes linearly with the gate

voltage, and the saturation regime where Iy becomes constant and independent of Vg.

( G Vy Equation 2.3
= —=— .(V,—V — |V,

j ¢7, (p et 2) d

I I — G-Vszat

\ Y

p

Where G =u.6*% is the initial electrical conductance of the channel, p is charge

mobility (cm2.V-'.s"). C*, W, L, and t are the volumetric capacitance, width, length and
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thickness of the channel, respectively. V, is the transistor pinch-off voltage, i.e., the value

of Vg4 at which the channel is almost fully de-doped.
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Figure 2.4. Equivalent ionic and electronic circuits of an OECT. Image adapted from

Bernards et al.?

2.5 Fabrication techniques

Planar configuration is commonly adopted to build OECTs. In this configuration, the
electrodes and the channel are patterned on the same planar substrate. Various
technologies have been employed to design, deposit, and pattern OECTs with enhanced
performance from solution-processed conducting polymers/??. The major methods of
fabrication are represented in Figure 2.5, and include, among many others, spin-coating,

inkjet-printing, drop-casting, and dip coating. In addition,

Table 2.1 summarizes the main characteristics that facilitates the choice of the deposition

method.

2.5.1 Spin-coating

Spin-coating is widely used for the deposition of the channel from solution processed
conductive polymers!®® % The technique allows the deposition of uniform thin films
under centrifuge force relatively easily and reproducibly. PEDOT:PSS thin films in the
range of 100 nm can be obtained by optimizing the viscosity and the composition of the
conductive polymer, in addition to the rotation speed®®. Spin-coating is usually combined
with photolithography for deposition of the channel and the patterning of the electrodes.

However, the major drawback of photolithography is that it involves the use of costly
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equipment and requires facilities with controlled environment such a clean room, both of

which are expensive to maintain.

Chemical Bath Spin-coating Dip-coating Doctor Blade

 —
Slot-casting Spray-coating Screen Printing Inkjet Printing Aerosol Jet
Figure 2.5. Techniques used for deposition of conducting polymer films. Image obtained

from ref.[%6]

2.5.2 Inkjet printing

This is one of the most popular techniques employed for large scale organic electronic
devices?®. Inkjet printing can be used to print the source/drain, the gate, and the channel
for a wide range of biosensing applications ©% %9 Different inks are commercially
available for printing organic electronic devices including metallic and dielectric inks!®?.
For optimal results, conductive polymer inks used for inkjet printing are expected to have
a dynamic viscosity between 1-30 cPf'. To achieve this viscosity without sacrificing
performance, the formulation of conductive polymers inks is usually optimized by adding,
solvents, viscosity modifiers, and/or adhesion enhancers!®?. Thick channels with a
thickness ranging from hundreds of nanometers to few micrometers can be obtained by
printing successive layers of the conductive polymer. The main advantages of inkjet
printing over photolithography includes low-cost, convenience for flexible substrates

such as paper and plastic, suitability for large area printing and mass production.

2.5.3 Drop casting

Drop casting is a simple technique that involves casting the CP solution on the surface
of the substrate. As the solvent evaporates, a thin film is formed on the surface of the
substrate. The method has been utilized in various applications including solar cells!®>

%1, modified electrodes®, and energy storage®®.The thickness of the film obtained
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depends on several parameters including, the volume drop-cast, wettability of the
substrate, evaporation rate of the solvent, and drying conditions®’!. Films with a thickness
of several micrometres can be achieved by successive drop cast and drying. The
reproducibility and controllability of drop-casting method can be further enhanced by
combining it with ultrasound. Eslamian et al. have reported an ultrasound assisted drop-
casting method, which allows reproducible coatings of large surfaces by coalescence of

multi-droplets!®8 691,

2.5.4 Dip coating

Dip-coating consists of dipping a substrate in a bath containing the conductive polymer
solution. While the substrate is extracted vertically from the bath, a thin layer of the
conductive polymer forms on the substrate. The method does not require expensive
equipment, which makes it ideal for coating large areas. The thickness of the films
prepared can be fairly controlled by modifying the viscosity of the solution, the roughness
of the substrate, and the speed of withdrawall”?. For this reason, dip coating is suitable
for the fabrication of thin films, particularly, for solar cells’" and self-assembled
nanostructures’. In controlled conditions, it is possible to achieves thicknesses as low

as 40 nml"3l,

2.6 OECTs-based biochemical sensors

2.6.1 Importance of Hydrogen peroxide

Hydrogen peroxide H2O; is one of the reactive oxygen species that has attracted a
significant interest among the scientific community, because it is involved in several vital
electrochemical and biological processes!’. The molecule is considered as an important
agent in intracellular signalling, metabolism, and oxidative stress!’> ®l. As a biochemical
messenger, hydrogen peroxide plays an important role in the early response of the
immune system to infections by eliminating pathogens and initiating inflammation!’].
Furthermore, at least 30 human enzymes, covering a wide range of functions, generate
H.0- as by-product’®. Apart from its medical value, hydrogen peroxide is also utilized in
industry for wood pulp, food oxidizing agent, water treatment, and textile bleaching!™.
Therefore, the detection of hydrogen peroxide is essential for medical and industrial

applications.
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Several catalytic materials have been employed for the electrochemical detection of
H.0>, including platinum®® reduced graphene oxide®', and Prussian blue®®?. The
molecule can undergo oxidation, reduction, and/or decomposition depending on the

catalytic material used and the potential applied®3 84,

H,0, S 0,4 2H' + 2e~ Equation 2.4
H,0, + 2H* + 2¢e~ = 2H,0 Equation 2.5
2H,0, s 2H,0+ 0O, Equation 2.6

Table 2.1. Main characteristics of Different deposition methods of conducting polymers.

Technique Large scale Material Thickness Reproducibility
compatibility waste

Spin coating - Very high <1um Very high

Inkjet printing + Low >100 nm High

Screen ptinting + Low >1 um High

Spray coating + Low to >1pum Moderate
moderate

Drop-casting + Low >600 nm Low to moderate

Dip-coating + Moderate >1um Low

Blade coating + Low to >1pum Low
moderate

2.6.2 Enzymatic sensors

Working principle

Enzymes are natural biomolecules that catalyse specific biochemical reactions in a
selective and efficient way. For this reason, enzymes are extensively used to build
biosensors that enable selective detection of a wide range of biomarkers!®. A typical
enzyme-based OECT consists of immobilizing the enzyme on the gate electrode!®® 889,
The drain current I4 is then monitored while the drain and gate voltages (Vg4 and V) are
maintained at constant values. In the absence of the analyte, a steady-state current lq is
measured between the source and the drain electrodes. The addition of the analyte

initiates a chemical reaction at the gate electrode, which induces a potential change at
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the gate/electrolyte interface, hence, altering the magnitude of ls. The induced change in
potential can be viewed as an effective gate voltage that modulates 14°% °'!. Therefore, a
relationship can be established either between |4 and the concentration of the analyte,

or between the gate voltage and the concentration of the analyte.

Glucose oxidase

Glucose - H.O,

(oxidized) X l

Gluconolactone Glucose oxidase o e
(reduced) 2

Figure 2.6. Detection mechanism of an enzymatic OECT for glucose.

The detection of relevant biomolecules such as glucose, cholesterol, and lactate is
achieved by taking advantage of the specificity of their corresponding enzymes glucose
oxidase (GOx), cholesterol oxidase (ChOx), and lactate oxidase (LOx), respectively®*
%I, These enzymes, which are known as “oxidoreductase” enzymes, catalyze the
oxidation of their substrate, and generate hydrogen peroxide. For instance, an OECT
glucose sensor can be built by physically entrapping the GOx on the surface of a platinum
electrode gate!®l. As described in Figure 2.6, the glucose is oxidised to gluconic acid
while GOx is reduced, producing two electrons and two protons. The next step involves
the reduction of oxygen in the presence of the protons and electrons generated earlier,
and the formation of hydrogen peroxide, while GOx is oxidised back to its original state.

The hydrogen peroxide is then oxidised on the surface of platinum to water.

Immobilization techniques

Different techniques have been used to immobilize enzymes on the gate electrode
including, physical adsorption, entrapment, and covalent bonding (Figure 2.7).°! The
objective is to immobilize the enzyme in a way that prevents any possible leak, and
ensures an easy access to the analyte while maintaining the activity of the enzymel®®.
The simplest, but less efficient way of immobilization, is achieved through physical
adsorption of the enzyme on the surface of the electrode by means of weak forces, such
as electrostatic forces and hydrogen bonds®®. On the other hand, the most common
immobilization method consists of entrapping the enzyme in a polymeric layer. Nafion
and chitosan are widely used for this purpose because of their biocompatibility, porosity
and commercial availability!'®. The immobilization of enzymes can also be realized
chemically, by either crosslinking or covalently binding the enzyme to a chemically

modified surface through specific chemical groups!'®". The main drawback of this
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method is that chemical binding may alter the structure of the enzyme and hinders the

access of the substrate to the active sites, hence, reducing the enzyme activity.

[ Immobilization methods |

[ thsicalu Il Chemical ]

Figure 2.7. Different techniques used for immobilization of enzymes. Image obtained

from ref.["]

Apart from the immobilization method, the activity of enzymes is effected by three major
factors: pH, temperature, and the concentration of the enzymel'%?. Acidic or alkaline
environments may ionize some functional groups on the enzyme, which alters the
enzyme-substrate interactions. For this reason, the optimal pH is typically near the
isoelectric point of the enzyme, that is, the pH value at which the net charge of the
enzyme is zero. On the other hand, high temperature causes the denaturation of proteins
and enzymes, which leads to significant loss of their activity. As for the concentration,
high enzyme loading may prevent the substrate from reaching the active sites. Therefore,
an optimization step is usually necessary to determine the optimal conditions for high

analytical performance.

2.6.3 lon-selective OECTs

PEDOT:PSS-based OECTs are inherently sensitive to electrolytes, since ions can dope
or de-dope the conductive polymer via injection (or extraction) of cations into (out of) the
channel'®l. To provide OECTs with selective detection to a particular ion, the channel is
either functionalized with an ion-selective membraneB? % or functionalized with

functional groups that interact directly with the target ion!'%%,
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lon-selective membranes are a well-established technology in potentiometry that
consists of four basic elements: ionophore, ion-exchanger, plasticizer, and polymer
matrix (ex. polyvinyl chloride). In a typical IS-OECT, as described in Figure 2.8, the ion-
selective membrane is located on top of the organic polymer channel and in direct
contact with electrolyte. As in ion selective electrodes, the liquid membrane can be
readily deposited by simple drop casting method and left to dry. Under suitable drain and
gate voltages, the cations of interest bind selectively to the ionophore and pass through
the membrane, leading to the dedoping of the channell'®®!. Several works have reported
the use OECTs for the detection of ions including pH!'%"), chloride!'®®], calcium!%,
potassium. Table 2.2 shows a selection of the most recent works that tackled ion-

selective OECTs and their key performances.
S|

Electrolyte

@ @ Mobile anion
o @ Hydrophobic anion

0 o bd Ld

ISM

T‘ PEDOT:PSS ’T

Substrate

@ Target cation

Ld 1onophore

Figure 2.8. Description of an ion-selective OECT. Image adapted from ref.l'1%

Woustoni et al. have reported an OECT capable of detecting K* and Na*, with a selective
conductive polymer prepared by simultaneous electropolymerization of EDOT and
different crown-ethers('%!. Gualandi et al. have developed an OECT for chloride sensing
via the electrodeposition of Ag/AgCl on the gate the channel''l. The sensor was
employed successfully to test chloride in different water samples, and was used also as

textile sensor for the detection of chloride is sweat.
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Table 2.2. Recent works published about ion-selective OECTSs.

Channel Device Analyte Sensitivity Linear Voltages Ref.
range (Vg/vd)
PEDOT:PSS IS-OECT K* 46 yAdec’  -4to-1 0V /-07V (106l
PEDOT:PSS Textile IS-OECT ca’ 6.64 M- -4 t0 -1 1V /-0.05V (32]
PEDOT:PSS  Multiplex IS-OECT NH4*, Ca® =20 pA.dec’  -5to-1 0V /+0.2V (109]
=12 pA.dec’

PEDOT:PSS IS-OECT K* 233 pAdec’  -4to-1 02V/-04V [112]
PEDOT:PSS or OECT cr 0.05 dec™! 4100 0V/0.05V [108]

PEDOT:PSS/AgCI

2.7 Chemiresistive sensors for H2O2 detection

Chemiresistor were originally designed as gas sensors, in which the sensing material
was made of a metal oxide semiconductor that detects CO. at high temperatures.
Chemiresistors have rapidly found their route to (bio) chemical sensing in aqueous
solutions. The devices are now regarded as a subgroup of (bio) chemical sensors
wherein the electrical resistance of a sensitive conducting material is monitored, while
the material is in direct contact with the analyte of interest. The conductive material is
deposited between two conducting electrodes separated by a small gap. Compared to
OECTs, chemiresistors offer numerous advantages such as simple design and detection
mechanism, as well as ease of customization. In addition to metal oxides, a variety of
sensing materials have been used to construct the chemiresistive channel, including

conducting polymers and their composites, graphene, and carbon nanotubes.

2.7.1 Conducting polymer composite chemiresistors

Conducting polymers (CPs) are interesting materials for building chemiresistors, since
they can be deposited at room temperature via simple deposition methods as mentioned
earlier. An effective way to impart CPs with catalytic properties is to create composites
in which CPs are combined with nanomaterial that have the desired catalytic properties.

Therefore, the composite obtained demonstrates both electrical and catalytic properties.

The excellent electrochemical and charge transfer properties of PEDOT:PSS allows it to
be utilized for bioelectronics devices not only in pristine form, but also as a composite

material in combination with metallic or carbon nanomaterials.[''® In addition, several
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works have reported the functionalization of PEDOT:PSS chain with different
biomolecules for the selective detection of DNA, proteins, and enzymes. Various reviews

papers are devoted to PEDOT:PSS composites and their applications.[''4-116]

Chemiresistors can operate in either a resistance mode or current mode. In the former,
a constant DC current is applied between the electrodes, and the voltage is measured.
According to Ohm law, the ratio of the voltage and current allows the accurate
measurement of the resistance. In the current mode, a constant DC voltage is applied

while the current is measured.

The resistance is commonly measured either by two-point or four-point methods. In two-
point method, the total resistance obtained include both the resistance of the bulk
channel and the resistance of the contacts. This becomes an issue when the resistance

of the contacts are higher compared to the bulk channel.

2.8 Analytical performance of biosensors

The study of the analytical performance of sensors is carried about by determining a
number of attributes that informs about whether the device will satisfactorily fulfil its
primary function. These attributes include sensitivity, selectivity, limit of detection, linear

range, and response time.

Sensitivity is the ratio between the measured signal and the concentration of the target
analyte. The sensitivity shows how much the response of a sensor changes when a
known quantity of the analyte is added. It can be determined from a calibration curve by
measuring the response of the sensor to a known concentration of the analyte. In this

case, sensitivity represents the slop of the calibration curve within the linear range.

Linear range

It refers to the concentration interval of the analyte in which the response of the sensor

is linear with respect to the measured response.

Selectivity

It indicates whether a sensor can respond selectively to the target analyte or it responds

also to other analytes.

Limit of detection (LOD)
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The LOD is the smallest concentration of the analyte that the sensor can detect under
specific conditions with reasonable certainty. The method used for the determination of
the LOD in potentiometric sensors was adopted for OECTs and chemiresistors. In this
method, the LOD corresponds to the intersection of the two extrapolated linear ranges

(lower and higher) of the calibration curve!'”l,

. Slope = AE/Alog(a)
' )I i
‘ZDmV /i /fri
' Mo
/r; /"':f ]
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Y / !
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Figure 2.9. Graph showing the determination of the detection limit (DL), linear range (LR),
and sensitivity (slope) from a calibration curve obtained via potentiometry. Image

adapted from ref.['"7]

Response time

It is defined as the time needed for the sensor to reach 90% of the total response when

a specific concentration of the analyte is added.

Recovery time

It indicates the time it takes the sensor to reach its initial baseline when the concentration

changes from a certain value to zero.
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Summary

This chapter will describe materials, processes and instrumentation that are common to
all the experiments or that appear in many different chapters. Particular experimental

aspects will be presented in each chapter.

3.1 Materials

Paper

The paper that served as substrate to build the OECTs and chemiresistors was
microporous luster photography-quality paper with a weight of 200 g/m?, thickness 205

+ 12 ym. The paper was purchased from a local supplier.
Nanomaterials

The platinum nanoparticles were stabilized by triphenylphosphine (PPhs ) and had an
average diameter of 2.9 + 0.9 nm. The nanoparticles were provided by the group of
Inorganic Chemistry from Universitat Rovira i Virgili and were prepared according to

reference [

Reduced. graphene oxide powder (rGO) containing, Carbon =75 wt. %, Nitrogen >5 wt.

%, and Oxygen <22 wt. %, was purchased from Sigma Aldrich.

Zinc oxide nanoparticle suspension 2.5 wt. % with particle size between 8-16 nm was

purchased from Sigma Aldrich.

Other reagents

All chemicals used were analytical grade and were purchased from Sigma-Aldrich
(Merck, Spain). 3-4% aqueous solution of high conductivity grade PEDOT:PSS was used
for making the conductive films. Fresh H>O, standard solutions were prepared daily from
a commercial 30 % (v/v) stock. A solution of 5 % wt Nafion® in aliphatic alcohols and
water (15-20 % water) was used to make the gate electrode. Glucose Oxidase (from
Aspergillus Niger Type X-S) lyophilized powder, 100-250 kU/g was used to prepare a
stock solution in deionized water (20 mg/mL). Phosphate-buffered saline solution (PBS
0.1 M at pH = 7.4) was prepared by dissolving 0.100 M NazHPO4, 0.018 M KH2PO4, 0.1
M NaCl and 0.003 M KCI. All solutions were prepared using doubly deionized water
(Millipore Corporation, Bedford, MA).
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3.2 Instrumentation

This section includes the most important instruments that were employed for the

construction and the characterization of the sensors studied through this thesis.

Keysight E3631A

Triple Output Power Supply that generates 6V, 5A & 25V, 1A. It is low-noise power
supply that was used primarily for the electrical characterization of OECTs and
chemiresistors, especially, for establishing the transfer curves and the output responses.

The device was controlled by a desktop computer via a home-made program.

Keithley 6514 & Keithley 2100

The device are digital high-performance system electrometer. They were used to

measure voltage, current, resistance and charge.

CHI 660C Electrochemical Workstation

It is a general purpose workstation for electrochemical measurements. It supports,
among others, a number of electrochemical methods such as, cyclic voltammetry (CV),
chronoamperometry, and Electrochemical Impedance Spectroscopy (EIS). The system
is equipped with a fast digital function generator, high speed data acquisition circuitry,
potentiostat, and a galvanostat capable of controlling potentials of +10 V, and currents
of £250 mA. !

Transmission electron microscope (TEM) JEOL 1011, Japan

The JEM-1011 is a compact high performance TEM with advanced features and
functions. The microscope is equipped with high contrast objective lens polepiece, which
allows it to deliver images with high contrast, brightness, and optimum resolution. The
microscope can operate at relatively high voltages up to 100 kV, and utilizes a tungsten
filament to generate the electron beam. TEM was used for the characterization of

nanoparticles dispersions.

Field Emission Scanning Electron Microscope (FESEM) Scios™ 2 DualBeam -Thermo
Scientific, USA

The Thermo Scientific Scios 2 DualBeam is a microscope with ultra-high-resolution
equipped with ion beam scanning electron microscopy (FIB-SEM) system based on
gallium, which enables it to carry out sample preparation of a wide range of samples.
The FESEM comes also with an X-ray spectroscopy detector, a micromanipulator and 4

gas injector systems that enhances its ability to visualize nano-structures.
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Sputtering system ATC Orion UHV from AJA International Inc, Massachusetts - USA

The device is a magnetron sputtering system that that operates under vacuum, and
utilizes a magnetic field to accelerate positive ions generated from a plasma source. The
accelerated ions bombard a target sample, which results in the deposition of films with
controlled deposition rate. The device was employed for sputtering gold and platinum on
paper substrate to make source/drain and gate electrodes, respectively. Below are the

settings used for the deposition of gold and platinum.

For depositing 100 nm gold in two steps process: strike (Pressure= 30 mTorr, Gas flow
rate = 20 sccm (Argon), Power= 50W, Time= 10 s), and deposition (Pressure= 3 mTorr,

Gas flow rate = 20 sccm (Argon), Power= 200 W, Coat time= 384 s).

For sputtering 100 nm platinum, the parameters of the two steps were: strike Pressure=
30 mTorr, Gas flow rate = 20 sccm, Power= 30 W, Time= 5 s), and deposition

(Pressure=3 mTorr, Gas flow rate = 20 sccm, Power= 300 W, Coat time= 256 s).

3.3 Characterization

3.3.1 Electrical characterization

Output and transfer curves

The electrical characterization of the OECTs was performed in a standard solution of
NaCl (0.1 M), in 5 mL test cell. The tests were conducted using an Ag/AgCI pallet as a
gate electrode, if not otherwise specified. Figure 3.1A shows the measurement setup
used for the characterization of the devices. The output curve (I-V4) and the transfer
curve (I-V4) were automatically obtained by applying voltage sweeps using a low-noise
power supply, and the current was measured using a digital electrometer. The two
instruments were controlled and synchronized by a customized program. The data were
recorded for further analysis using Excel and Originlab. The source and the drain were
connected vertically to two crocodile clips, while the Ag/AgCl el softwareectrode in
connected to a third crocodile clip. Dry characterization of the channels was conducted
in air at room temperature using the same setup, without gate electrode and without

electrolyte.

Measurement of the resistance

Four-point probe method was employed to measure the resistance of the PEDOT:PSS

channels, with Keithley 2100, at dry and wet conditions. It consists of applying a known
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DC current between two outer probes, and measuring the voltage drop between two
inner probes. The method allows accurate measurements of the resistance by
eliminating the effect of contact resistance. Knowing the geometry of the channel, the
sheet resistance Rs expressed in Q/square (to avoid confusion with bulk resistance), can
be calculated from the measured resistance using Equation 3.1.

W .
R,=R X— Equation 3.1

L
Where R is the resistance in Q, W and L are the width and the length of the channel in

mm, respectively.

Figure 3.1. A) Measurement setup used for the characterization of the devices. B)
Schematic of four-point probe method for the measurement of the resistance.

3.3.2 Electrochemical characterization

Cyclic voltammetry (CV)

Cyclic voltammetry of the channels was conducted in PBS (0.1 M), with or without 5 mM
of potassium ferri/ferrocynide [Fe(CN)s]*/* redox couple, in a three-electrode cell using
CHI 660C Electrochemical Workstation. The source and the drain were shorted and
connected to the working electrode terminal. A platinum wire and Ag/AgCl electrode were
used as counter and reference electrodes, respectively. Figure 3.2 represents a typical
cyclic voltammogram of an electroactive specie obtained by varying linearly the potential
applied versus the reference electrode, and recording the current that flows through the
counter electrode. The CV displays two peak currents representing the oxidation and
reduction peaks l,a and I, which correspond to the anodic and cathodic currents,

respectively.
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Figure 3.2. Example of a cyclic voltammogram showing duck-like shape with an
oxidation/reduction peaks, and the different parameters of that can be extracted from the

curve.

Electrochemical Impedance Spectroscopy (EIS)

Electrochemical impedance measurements were also carried out in a three-electrode
cell using CHI 660C Electrochemical Workstation, with the same configuration described

in the cyclic voltammetry section.

The tests were conducted in PBS (0.1 M), unless specified otherwise. A small alternative
voltage with a magnitude of 5 mV was applied to the working electrode, and the
impedance was recorded as a function of frequency. Finally, the obtained data were

fitted to a simple Randles circuit to extract the corresponding capacitance and resistance.

The impedance, widely employed in electronics and electrical engineering, is a general
concept that refers to the ability of an electrical circuit to resist (or impede) the flow of an
alternating current (AC). The impedance denoted by “Z” and has the same unit as the
electrical resistance (ohm), is expressed as a complex number that has two parts: real

and imaginary parts.

EIS is widely used to characterize and study electrochemical systems and their
interfaces. It consists of applying small AC voltages to the system under study, and
analysing the resulting AC current generated by the system. Very often, the objective is
to model the electrical response of complex systems by means of a simple equivalent

electrical circuit built using basic components such as a resistor and a capacitor.
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In the same way the electrical resistance of a metallic wire is measured (Ohm's law: R
= V/l), the impedance of an electrochemical system can be determined by calculating
the ratio the AC voltage applied and the AC current recorded. A typical EIS setup requires
three-electrode cell: working electrode, counter electrode, and a reference electrode. In
this setup, the working electrode represents the system under study, and the AC voltage
is applied between the working electrode and the reference electrode. The AC current

response is allowed to flow between the counter electrode and the working electrode.

3.4 Procedures

3.4.1 Paper-based electrodes

Paper-based electrodes were made by sputtering suitable metals on either filter or
photography paper. Gold was used for the source/drain electrodes, as described in
Figure 3.3, since it is well known that this metal reduces the contact resistance. The gate

electrode was made with platinum, unless stated otherwise.

3.4.2 Construction of the channel for OECTs and chemiresistors

Figure 3.3 illustrates the fabrication steps of the devices. The fabrication process of the
OECTs can be broken down into two major steps: patterning of the source/drain
electrodes and deposition of the channel, and fabrication of the gate electrode. First, a
photography paper was cut into a circle of 10 cm diameter. Next, parallel strips (0.5 mm
wide) of an adhesive masking tape were deposited to the paper with 8 mm gap in
between. Next, 100 nm thick layer of Au was sputtering on top of the paper. After
sputtering, the adhesive strips were removed, leaving 0.5 mm gap which was the length
of the channel. Finally, 0.8 cm x 1.5 cm gold pads were cut to make the source and drain

electrodes.

Two methods were used for depositing the channel. Drawing of a PEDOT:PSS channel
by dip-pen procedure. f) Protection of the gold pads by an adhesive tape leaving a
window for the channel. g) A Standard tweezer (PELCO 5113 Carbofib Tip Tweezer)
equipped with 0.5 x 0.6 mm (Width x Thickness) carbon fiber tip used to draw the

channel.
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Figure 3.3. Fabrication steps of the source/drain electrodes, and deposition of the
PEDOLt:PSS by dip-pen and drop-cast methods.

3.4.3 Sample preparation for microscopic characterization
For TEM

Transmission electron microscope was employed to estimate the size and asses the
dispersion of platinum and Prussian blue nanoparticles in PEDOT:PSS composites. After
the preparation of the samples, a small volume (= 1 uL) was drop-casted on a standard
TEM flat grid, and left dry at 60°C for 15 min. The samples were then analysed without
further treatment.

For SEM

The thickness of the channels was measured from cross-section pictures acquired by
FESEM. Prior to analysis, 20 nm thin layer of gold was deposited on the surface of the
samples by sputtering. Next, successive thin layers of platinum were deposited to mark
the testing area, and prevent any damage that may occur by the milling step. Finally,
germanium ion beam was used to etch 5 ym x 5 ym area with 5 ym depth to expose the
full thickness of the sample.
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4 Construction And Characterization
Of Thick-Film PEDOT:PSS
Channels On Paper
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Summary

The present chapter deals with the fabrication and characterization of thick-film OECTs
via drop cast. Thick-film PEDOT:PSS channels with different width-to-length ratios (W/L)
were fabricated and their morphological and electrical properties were characterized.
The objective is to understand how W/L affects key parameters such as

Transconductance, response time, and ohmic behaviour.

4 .1 Introduction

Analytical chemistry has recognized the benefits of paper since the early stages of its
development!'l. For instance, litmus paper has been used by scientists for centuries to
check the acidity of solutions, which is still considered today as the simplest method to
test pH qualitatively?. Paper chromatography is another popular technique that
illustrates the versatility of paper in analytical chemistry. In this method, mixtures are
separated based on the partition of their compounds between two liquid phases, while
moving through a paper support by capillarity®®. Moreover, the technological advances
in the fabrication processes of paper has facilitated the development of several types of
paper, featuring tunable properties such as, pore sizes, roughness, thickness, and
hydrophobicity®® 4. Additionally, the increasing need for simple point-of-care and
disposable bio-chemical sensors has prompted scientists to search relentlessly for
affordable materials that can be employed as the basis for their devices. Lateral flow
systems are a very important area of research with a massive social impact®. More
recently, paper-based microfluidic devices were pioneered by Whitesides et all®.
Following this seminal work, the development of paper-based electrochemical cell has
been profusely studied. For these reasons, unlike plastic, paper has proved to be an
attractive material for building biosensors, owing to its biocompatibility, abundance in

nature, low-cost, and specific strengthl”- 8!,

In the last two decades, paper has been integrated in several bio- and chemical sensing
platforms, including electrochemical sensors!® %, immunoassays!'!!, chemiresistors!'?,
and organic electrochemical transistors (OECTs)!"® .. Although, several works have
reported paper based OECTs, only a limited focus has been devoted to paper-based
thick film OECTs for bio- and chemical sensing applications!"?. For instance, E. Bihar et
al. have demonstrated a paper-based OECT as breathalyzer for the detection of alcohol

in human breath. The sensor utilized a PEDOT:PSS channel and a gel electrolyte

comprised of alcohol dehydrogenase enzyme and bovine gelatin!™!,
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A mentioned in Chapter 2, the transconductance is an essential parameter that reflects
the ability of OECTs to amplify small voltage changes to high changes in current!'®!. The
transconductance can be enhanced in several ways: by (i) optimizing the channel and
gate electrode geometry, (ii) increasing the charge mobility of the conducting polymer,
(iii) increasing the number of charge carriers, and/or (iv) optimizing the ratio of channel

and gate capacitances!'’-2.,

It is well known that thin film channels (thickness below 1 ym) demonstrate a number of
characteristics such as, quick response time, high On/Off current ratio, and a
transconductance that scales with the width-to-length ratio of the channel (W/L)?2-24, The
latter, in particular, has a significant impact on the response of OECTs, therefore, the

WIL ratio can be utilized efficiently to enhance the performance of the devices?.

Channels with large W/L ratios increase the surface area of the conducting polymer that
is in contact with the electrolyte, hence, providing more paths for ions to diffuse through
the channel. However, this increase in amplification may come at the expanse of much
higher leakage current and response time?®. For this reason, a compromise is usually
required in order to make OECTs practical for real-life applications. In this work, we have
built thick film OECTs on paper by drop cast using commercial PEDOT:PSS. The devices
were fully characterized and their key parameters of the devices were determined. The
OECTs constructed showed an excellent transconductance comparable to the state-of-
the-art OECTs published in the literature, along with high current density, low gate

currents, and high on/off current ratio.

4.2 Construction of the channels

The fabrication method employed in this chapter consists of assembling the patterned
source/drain electrodes, the hydrophobic mask, and the PEDOT:PSS layer, As
described in Figure 4.1. The gold electrodes were patterned on photography-quality
paper as described in Section 3.3.2, whereas the length of all the channels (L) was set
to 0.5 mm. Therefore, to construct channels with different W/L ratios, only the width (W)
needed to be changed (Figure 4.1C). CO. laser cutting was used to cut the hydrophobic
mask in five widths: 0.5 mm, 1 mm, 3 mm, 6 mm, and 10 mm, resulting in W/L ratios of
1, 2, 6, 12 and 20. The masks were cut in a way that ensures at least 1 mm overlap of
the channel with the source/drain electrodes from both sides. Finally, to reduce the risk
of having channels with large thickness differences, the volume of PEDOT:PSS drop-

cast was adjusted systematically in a way that allows all channels to have the same
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PEDOT:PSS volume-to-channel area ratio of 1 yL/mm?. Figure 4.1D shows the final

channels used in this study.
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Figure 4.1. A) Laser cutting of the active window, B) assembly of the gold pads and the
masks, C) drop casting of PEDOT:PSS on the active window, D) channels having
different W/L ratios from left to right 1, 2, 6, 12, and 20.

4.3 Results and discussions

4.3.1 Ohmic response

The electrical conductivity of PEDOT:PSS films is known to increase with the thickness
of the film[?’]. This makes the performance of OECTs highly affected by the geometry of
the devices. Therefore, it is important to check first the thicknesses of the PEDOT:PSS
films prepared. Figure 4.2 displays FESEM pictures showing the cross-sections of four
PEDOT:PSS channels prepared as described, and indicates that all channels have
thicknesses well above 1 um, with a minimum thickness of 2.62 + 0.29 um for the channel
having W/L= 6, and a maximum thickness of 6.19 + 1.13 ym having the highest W/L =
20. These values reflect the challenge of obtaining channels with consistent thickness

using simple approaches such as drop casting or dip coating.

The ohmic response of the aforementioned channels was assessed in both dry and wet
conditions. The |-V output curves of the channels were established by recording the
current l¢, while sweeping the drain voltage V4 between -0.3 V and +0.3 V (0.05 V step)
at room temperature in air, then in NaCl (0.1 M). Figure 4.3A and Figure 4.3B show the
I-V output curves of the channels in dry and wet conditions, respectively. The results
indicate that the current decreased slightly when the channels were tested in NaCl,
compared to dry test. This decrease could be attributed to the swelling of the
PEDOT:PSS®8, When a PEDOT:PSS thin film is immersed in an aqueous solution, the

diffusion of water inside the hollow structure of the film leads to an increase in its size,
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which affects the mobility of charge carriers?®.. Since thick films are denser, it can be
hypothesised that this swelling effect is significantly reduced, and is limited only to a part
of the PEDOT:PSS bulk channel.

Figure 4.2. FESEM cross-sections of PEDOT:PSS channels that have a W/L of A) 1,
B)2, C) 6, and D) 20.

On the other hand, regardless of the test conditions, all channels showed a linear
relationship between Iy and Vq within the voltage range tested. This linearity suggests
that the contact resistance (between PEDOT:PSS and source/drain electrodes) is ohmic,
and most of the voltage applied drops across the PEDOT:PSS channel.

Furthermore, the resistance of the channels was also plotted versus W/L in order to
check how the resistance changes with the W/L ratios. As can be seen from Figure 4.3C,
the dynamic resistance of the channels (extracted from the I-V curves) is inversely
proportional to the W/L ratio. For instance, the resistance decreased from 21.5 Q for
W/L=1, to 12.8 Q for W/L=2, which represents 40 % drop in resistance. However, the
drop in resistance was only 15.6 %, 13 %, and 30 %, when W/L was increased from 2 to
6, 6 to 12, and 12 to 20, respectively. This means that further increase in W/L beyond 20
is not expected to yield an important gain in conductivity for thick films. This behaviour
can be explained by the increase of the contact resistance of the PEDOT:PSS film with
its surface area. At some point, the increase of the contact resistance can offsets the
gain in conductivity due to the bulk material. Additionally, it is known that the resistance
of a conductor is proportional to it is length. This is very relevant for conducting polymers
such as PEDOT:PSS which is considered at the macroscale as an amorphous material,

making its conductivity highly dependent on the percolation of the PEDOT:PSS chains.
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Figure 4.3. |-V output curve of four channels that have different W/L ratios ( 1, 2, 6, and
20) established, A) in air, and B) in NaCl (0.1 M). C) Dynamic resistance calculated from

the I-V curves as function of the W/L ratio.

As demonstrated by Stocker et al., the conductivity of PEDOT:PSS can be viewed as
the percolation between two regions. The first region is PEDOT:PSS rich and exhibits
high conductivity (2.3 Q.cm™). On the other hand, the second region is PSS rich and
shows very low conductivity (10 Q.cm2)3%, Similar behaviour was also observed when
the conductivity of different PEDOT:PSS films with increasing thickness was
measured®!. The conductivity increased by 50 % when the thickness was changed from
50 nm to 110 nm, while it increased by only 10 % when the thickness was further
increased to 500 nm. Therefore, the performance of the channels can be limited by the
WIL.
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4.3.2 Post and Pre-treatment of PEDOT:PSS

We have seen earlier that the resistance of thick films created by drop cast does not
scale with W/L. Therefore, increasing this parameter may not be the best approach to
enhance the conductivity of the channel. Alternatively, the conductivity of PEDOT:PSS
films has proven to be altered when the film is treated with different solvents®®?. To check
the effect of solvent treatment on the resistance and reproducibility, we treated
PEDOT:PSS channels that has low W/L (W/L=2) with different solvents using two
methods : pre-treatment and post-treatment. In the former method, the solvent is mixed
with the PEDOT:PSS commercial solution prior to drop-casting and drying. In contrast,
the post-treatment consists of treating a dried PEDOT:PSS channel by drop-casting 1
uL of the solvent on top of the channel, followed by an additional step of drying at 100

°C for 5 min and rinsing with deionized water.
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Figure 4.4. Resistance of PEDOT:PSS channels pre-and post-treated with different

solvents.

Figure 4.4 shows the resistance of PEDOT:PSS channels (W/L=2) pre- and post-treated
with four solvents that have an increasing polarity: tetrahydrofuran (THF), DMSO,
ethanol, and ethylene glycol (EG). The results show that, the post-treatment of
PEDOT:PSS with EG decreased the resistance of the channel by 8.1 %, while the pre-
treatment yielded an increase of 10 %. This is consistent with the literature, wherein EG
was reported to enhance the conductivity of PEDOT:PSS thin filmsB3l. Lin et al. have
demonstrated that EG acts on PEDOT:PSS by increasing its charge carriers density,

while the charge mobility remains invariable®¥. The worst results were obtained using
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ethanol where the resistance increased by 64.2 % and 91.4 % for pre- and post-
treatment, respectively. Furthermore, DMSO treatment did not have a significant impact
on the resistance of the channel, although, the resistance of the post-treated channels
demonstrated an excellent reproducibility with a standard deviation of 0.1 Q (N=3).
Therefore, the solvents tested affected the resistance of the channels differently. While
DMSO and EG showed the best results, ethanol and THF led to an increase in the
resistance regardless of the treatment. This makes the DMSO post-treatment the best
approach to improve reproducibility of the devices without sacrificing their electrical

properties.

4.3.3 On/Off current ratio

The On/Off current ratio is another important characteristic of OECTs that is affected by
the geometry of the devices. The ratio is determined by measuring the drain current at a
given Vq4 without applying any gate voltage (on-state), and with an applied gate voltage
(off-state). Figure 4.5 displays the On/Off current ratio as function of the W/L ratio for the
same OECTs tested earlier, calculated at V4 = -0.3 V. The maximum gate voltage was
set to 0.7 V to avoid damaging the devices. The graphs show that the channel with the
lowest width-to-length ratio (W/L =1) demonstrated the highest On/Off current ratio
7.4x103. The ratio decreased with the increasing W/L, to reach 1.7x103 for W/L = 20.
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Figure 4.5. A) Transfer curves lg-Vg4 of the OECTs in logarithmic scale established at V4

=-0.3 V, and B) On/Off current ratios plot versus W/L calculated from the transfer curves.
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4.3.4 Time constant and measurement of the gate current Ig

The response time of the devices was also evaluated to check how it is affected by the
device geometry. Figure 4.6A displays the drain current Iy of the OECTs at V4 = -0.3 V
while Vg was increased from 0 V to 0.1 V. As expected, the response of the OECTs to a
gate voltage step exhibit an exponential profile that reflects the transient response of the
devices, and can be assimilated to the charging of a capacitor’®!. For this reason, the
response was then fitted to an exponential function, which allows the determination of
the time constant of each device®®®. The time constant corresponds to the time required
by the device to reach 63 % of the total response. It is commonly used to compare and
benchmark the response times of different devices. The results show that all devices
reached have a response below 1 second. Small time constants are essential especially
for transistors that are employed for designing logic circuits. However, in the context of
(bio)chemical sensing, other qualities are more crucial than fast switching such as
stability, reproducibility, and sensitivity. Compared to thick films, thin film OECTs with
thickness below 1 ym enable cations to enter and exit the channel without diffusing and
drifting too far from the bulk electrolyte. Although this is detrimental to the
transconductance, thin-film devices exhibit fast switching and response times that vary
between microseconds and milliseconds®’l. For instance, Khodagholy et al. have
reported an OECT array that demonstrated a response time of 100 us®®. However, this
remarkable result was obtained with an array of 64 OETCs, where each transistor was
subjected to V4 =-0.5V and Vg = 0.4 V, and with channels made of PEDOT:PSS that is
6 um long, 15 pm wide, and 80 nm thick.

Apart from the time constant, the gate current (I) that flows through the Ag/AgClI gate
electrode was also measured during the sweep of the gate voltage. Figure 4.6B shows
l5-Vg plots for channels with different W/L, recorded while sweeping the gate voltage from
0 V to 0.7 V. The graph shows that the absolute value of Iy increased with Vg, and the
values of |4 after stabilization remained below 10 pA for all channels. Furthermore, Figure
4.6C displays the time trace of |5, and gives much more information about how I evolves.
It can be seen that each V4 step induces an abrupt increase in lg, giving rise to peak
currents. As we have previously observed for lq, the profile of Iq is similar to a charging

and discharging of a capacitor, after which Iy stabilizes.



UNIVERSITAT ROVIRA I VIRGILI
NEW ORGANIC ELECTROCHEMICAL SENSING PLATFORMS FOR THE POINT-OF-NEED

Adil Ait Yazza

A 0 10 20
o6 ® Wi=20 ' ' i
< B
E o8} F 1 0 -
5 EEEEEE 1=0.92s =2

-30 T -2 \:?Z
— 20
— é -4- \\

] -6 NN

Vy=-03V

lg (MA)

/L

—~ 7 -81
< : : : :
E o4l ] 00 02 (()i;‘) 06 08
= mmmm 1=035s C v, fomove XAy
= Wil=2 | _— T vy W—ﬁr*‘r
;g ]

< Vy=-0.3V
E
- 200 300 400
-14 L L L Time (s)
0 10 20
Time (s)

Figure 4.6. A) Time trace of I4 showing the response time of OECTs with different W/L
channels, 1, 2, 6, 12, and 20, at V4 = -0.3 V while V4 was stepped from 0 V to 0.1 V. The
red line represents the fitting of experimental data to an exponential function y = y0 +
A*exp(-t/t), where t is the time constant of the device. B) Time plot of the gate current Iq
recorded for the same OECTs at V4 =-0.3 V, while the gate voltage Vg is swept from 0 V

to 0.7 V, and C) corresponding curves showing lq as function of Vg.

It is worth noting that all OECTs showed an I significantly lower (few yA) compared to lq
(few mA). For instance, at the same gate voltage V4= 0.4 V, the OECT with W/L = 1
showed an |lg and I4 of -2.01 pA and 1.96 mA, respectively. However, the magnitude of
Iy peaks can reach higher values, as in the case of W/L= 12, where |y exceeded 200 pA
for a fraction of a second. The small magnitude of the gate current observed upon
applying a gate voltage suggests that this current is of capacitive origin carried by the
ions in the electrolyte. The magnitude of gate currents is highly important, particularly,
when different OECTs share the same gate electrode such as in multiplexed systems.
The superposition of the gate currents may lead to an increase in the magnitude of g,

which may affect the stability of the device. As indicated in several works, |y depends
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significantly on the nature of the gate electrode, and when its magnitude is large enough,
it can affect the oxidation state of the channel®® %%, Therefore, designing thick film
OECTs with very low |4 is beneficial for multiplexed systems where it is essential to

minimize the sources instability.

4.3.5 Transconductance

The transconductance of the OECTs was also determined by constructing the transfer
curves at different V4. To avoid operating with excessive values of |y, the transfer curves
were established by fixing V4 between -0.3 V and -50 mV, while sweeping Vg from 0 V to
0.7 Vin NaCl (0.1 M), using Ag/AgCl electrode as a gate electrode. Three devices for
each OECT with a given W/L was tested. The time trace of |4 (shown in Figure S4.1
Supporting Information) displays step-like curves for all OECT, which shows clearly the
decrease of |4 upon applying an increasing Vg, indicating an effective dedoping of the
PEDOT:PSS films. Moreover, when the transfer curves l+-Vy were normalized and
plotted on the same graph (Figure S4.2), all the curves corresponding to W/L= 1 and 2
devices collapsed to one unique curve, while for OECTs with W/L= 6, 12 and 20 the
curves were relatively dispersed. This behaviour indicates that W/L=1 and 2 OECTs are

much more stable and demonstrate reproducible gating performance.

Furthermore, Figure 4.7 displays the plot of the average transconductance (N=3) versus
the V4 of the OECTs. The graph shows that OECTs with low W/L exhibit a maximum
transconductance (gm) at slightly lower V4, compared to devices with high W/L. For
instance, devices with W/L=1, 2, and 6 demonstrated a gm of 32.9 + 3.8 mS, 43.5+ 4.8
mS, and 38.9 + 4.4 mS, respectively, at 0.2 V. In contrast, gm for the devices W/L=12
and 20 was 67.0 £ 5.8 mS and 67.9 + 6.1 mS, respectively, at 0.3 V. In addition, the
effect that has W/L on gm of the OECTs is clearly represented in Figure 4.7F, and it
shows a positive correlation between gn and W/L within a short interval. However, as
discussed for the resistance in section 4.3.1, an increase of W/L from 12 to 20 had a

negligible effect on gm.

The maximum transconductance of the OECTs tested were 30.56 mS, 22.06 mS, 39.54
mS, and 64.47 mS for OECTs with W/L of 1, 2, 6, and 20, respectively. The drain and
gate voltages for which these values were obtained were -0.3 V and 0.2 V/0.3 V

respectively.
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Figure 4.7. Transconductance-V, plots for OECTs with channels that have W/L
ratios A) 1, B) 2, C) 6, D) 12, and E) 20. F) Maximum transconductance as function
of WIL ratios at V4 =-0.3 V. (N=3)



UNIVERSITAT ROVIRA I VIRGILI
NEW ORGANIC ELECTROCHEMICAL SENSING PLATFORMS FOR THE POINT-OF-NEED

Adil Ait Yazza

4.4 Conclusions

In the present chapter, we report on the construction and characterized thick film OECTs
on a paper substrate. The channels were constructed by drop casting the conductive
polymer PEDOT:PSS directly on hydrophobic masks that have different width-to-length
ratios. Unlike other deposition methods (i.e. spin coating), drop casting reduces the
volume of the conducting polymer used down to few microliters, and enables the
fabrication of thick film PEDOT:PSS channels with a thickness well above 1 uym. The
thick film OECTs tested exhibited an excellent transconductance that scales with the W/L
ratio, good On/Off current ratios, low gate current leakage, along with an excellent
stability in water and air. This work contributes to the efforts that aim at integrating paper
in OECTs for building affordable, easy-to-use, and highly sensitive platforms for portable

and disposable sensors.
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4.5 Supporting information
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Figure S4.1. Time trace of the transfer curves showing the change of Iy at
different V4 and Vg for channels with W/L of A) 1, B) 2, C) 6, D) 12, and E) 20.

To allow the devices recover, the time between each Vg step was set to 50 s.
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5 Thick-film OECTs For The
Detection Of Hydrogen Peroxide
And Glucose
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Summary

The previous chapter focused on the characterization of thick film OECTs featuring
different W/L ratios, constructed via drop cast method. The devices demonstrated
promising performance in terms of transconductance, ON/OFF ratio, and response time
even for low W/L values. In this chapter, dip pen, an alternative method that allows the
direct deposition of channels with low W/L and controlled thickness, was used to
construct the OECTs. The OECTs were microscopically, electrically, and
electrochemically characterized, then employed for the detection of hydrogen peroxide
and glucose as a model. The results were published as a journal article: A. Ait Yazza, P.
Blondeau, and Francisco J. Andrade, "Simple Approach for Building High
Transconductance Paper-Based Organic Electrochemical Transistor (OECT) for
Chemical Sensing" ACS Applied Electronic Materials. 2021, 3, 1886-1895.

5.1 Introduction

As stressed out in several works, the transconductance is a critical parameter to keep in
mind for designing sensors with enhanced performance, because it is related to the
amplification of the signal and, ultimately, the sensitivity of the technique!". While
significant work is currently focused on increasing the transconductance through the
modification of channel materials, another straightforward way to optimize gm is through
the obtimization of the thickness of the channel. Unlike field-effect transistors, which
show a 2D surface-limited capacitance, the hydrophilic and porous PEDOT:PSS channel
creates a volumetric, 3D capacitance? that allows OECTs to display transconductances
significantly higher than other transistors®. It is well known that the transconductance is

directly related to the channel dimensions.

w.d Equation 5.1
Gm X7

Where W (width), L (length) and d (thickness) are the channel characteristics as shown
in Figure 5.1. Therefore, there is a direct way to enhance the transconductance by
increasing the channel thickness!. Nevertheless the response time (1) is also affected

by the channel thickness!
T dVWL Equation 5.2

As a result, optimization of the OECTs has been traditionally characterized by a trade-

off between transconductance and response time. For this reason, thickness has been
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usually kept below 1 uym. With channels ranging from tens to several hundreds of
nanometers, transconductances in the order of 5 mS and response times in the
millisecond range have been reported®. Thus, transconductances are still significantly
higher than in other transistors, while response times are low-enough for many
applications. Rivnay et al., for example, successfully recorded human brain activity using
two PEDOT:PSS OECTs with channel thicknesses of 230 nm and 870 nm*. Since the
vast range of applications are based on these types of devices, fundamental studies of
the OECTs have been traditionally kept within this range. There are significant efforts to
improve the response time by minimizing the effects of diffusion, such as the
modifications of the channel composition(®, internal ion reservoirs!”, ionic liquids®, etc.
In all cases, channel thickness has been kept under the micrometer range, and

applications of OECTs with channel thickness above 1 um are scarcel®.

In chemical and biochemical sensing, the response time is often controlled by the kinetics
linked to the recognition events. In these situations, the optimization is mostly based on
maximizing the transconductance -to enhance the sensitivity-. Therefore, it is worth
questioning whether using thicker channels —beyond the traditional nanometer range
limit- might be a valid approach to maximize the analytical response. The answer is not
straightforward, since phenomena linked to ion migration, film hydration and swelling,

etc, may be negatively affecting the performance of the system.

In this work, we explore the characteristics of a thick-film OECT when applied to the
determination of hydrogen peroxide, a molecule that is present in a plethora of
biochemical sensing schemes. In the last few years, our group studied the use of a Pt
electrode coated with a layer of Nafion for the potentiometric determination of H.O, and
the construction of biosensors!'®. OECTs for the detection of hydrogen peroxide and the
generation of glucose sensors using Pt and composite materials for the gate have also
been reported!"’". Thus, this work will show the advantages of the thick-film platforms,
such as the simplicity of construction of paper-based devices, to generate chemical
sensors and biosensors. Analytical characterization of the thick-film sensor for hydrogen

peroxide and proof of principle of a glucose sensor are presented.
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Figure 5.1. A) Schematic of an OECT, where W: width, L: length and d: thickness of the
channel. B) Source/drain electrodes and PEDOT:PSS channel. C) Platinum gate

electrode. D) Drawing of the PEDOT:PSS channel. E) Construction of the paltinum gate

electrode. F) Schematic of the measurement cell.

5.2 Results and Discussion

5.2.1 Electrical characterization of the channel

Three types of channels were prepared by drop-casting of 1, 3, and 6 layers of the

conducting polymer PEDOT:PSS. Figure 5.2A and Figure 5.2B display the time trace

and the l4-Vq4 characteristic of the aforementioned channels under dry conditions, that is,

in the absence of the electrolyte solution. The graphs indicate that the device

demonstrates a stable response which increases with the increase of the voltage applied.

Furthermore, the plot of 15-V4 shows a linear relationship within the range tested (-0.2 V

to 0.2 V), hence, an ohmic behaviour. The range of V4 applied was limited because of
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the high conductivity of the channels, which results in currents that exceed the
specifications of the measuring instrument (> 21 mA). Table 5.1 summarizes the values
of the dynamic resistance extracted from the slope of the I-V output. It is worth noting
that with only one layer, the system already shows a low dynamic resistance (or high
conductance) in the order of 22 Q. The dynamic resistance drops by 50 % when more
layers are superimposed, as observed for 6 layers, where the resistance reaches a value
of 11.0 Q.
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Figure 5.2. A) Time plot of Id for a channel with one PEDOT:PSS layer, as Vd is changes
from -0.2 V t0 0.2 V. B) |4 — V4 characteristics of three channels with 1, 3 and 6 layers of
PEDOT:PSS tested in dry conditions. C) Transconductance and thickness plots against
the number of PEDOT:PSS layers. D) Current profile upon application of a square wave
voltage at 0.05 Hz (50% duty cycle) during 40 cycles (-0.1 and -0.2 V) for a channel
made of 3 layers. ESEM cross-sections of three PEDOT: PSS channels having E) 1
layer, F) 3 layers, and G) 6 layers.
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The overall value of the resistance measured can be divided into two components: the
bulk resistance of the CP, and the contact resistance (Riotal = Rehannet + Reontacts)'?. As,
discussed previously, gold was utilized to pattern the source/drain electrodes because it
minimizes the contact resistance with the CP. Additionally, another form of resistance
may arise from the superposition of multiple PEDOT:PSS layers, as reported by

Pesavento et al. for pentacene-based thin-film transistors!'®!.

Table 5.1. Dynamic and static resistance of three channel with different number of
PEDOT:PSS layers 1, 3 and 6. The dynamic resistance was calculated from the
corresponding lg- Vg4 curves by taking the inverse of the slope, while the static resistance
was measured using a digital multimeter. The 14-V4 curves were established without gate

electrode and without electrolyte.

Number of PEDOT  Thickness (um) Dynamic Static resistance

layers resistance (Q) (Q)
1 25 21.3 22.6
3 5.6 11.7 11.2
6 19.2 11.0 10.4

5.2.2 Characterization of the channel thickness

Channel geometry, in particular, thickness, is one of the main parameters affecting
OECT performance. The most popular approaches to control the CP film thickness, spin
coating and inkjet printing, require dedicated equipment and are more suitable for thin-
film fabrication (below 1 um)'7l. Ultrasimple methods such as dip pen, on the other hand,
have been scarcely reported for fabrication of OECTs!"® 9. In this work, the channel
geometry is controlled through a simple approach. The length is set by the gap between
the Au pad electrodes (0.5 mm). The width is determined by the size of the metallic tip
used as a pen, which in this work creates a uniform width in the order of 1.00 £ 0.04 mm.
The channel thickness is mostly controlled by the rheological characteristics of the ink,
which determines the pen loading, and also the interaction of the ink with the paper

substrate, which determines the delivery of the CP ink.

As shown in Figure 5.2E, Figure 5.2F and Figure 5.2G, the total thickness of the channel
were 2.55 £ 0.24 um; 5.63 + 0.14 ym and 19.24 + 0.84 um for one, three and six layers,
respectively. The error in the measurements shows that the film is reasonably uniform
across the channel. As expected, the thickness of the channel increases with the number
of layers deposited. This growth, however, is not linear, since the thickness of the layer

will depend on the delivery and the way the film dries. On average, the thickness has
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increased between 2 to 3 um per applied layer. This is similar to inkjet printing of
successive layers, which has been used in several works to control the thickness of thin
films®9, Therefore, multiple dip-pen could serve as a quick, simple, and low-cost
alternative method to obtain thick film channels. The stability and dynamic response of
the channel was tested by monitoring the current profile upon application of a square
wave voltage at 0.05 Hz (50% duty cycle) during 40 cycles. In all cases, the rise and fall
of the current is limited by the reading device, and it is below 1 s, well within the required

performance (Figure 5.2D).

5.2.3 Electrical characterization of the OECT

The OECTs were tested by immersing the PEDOT:PSS channel and the Ag/AgCI gate
electrode in a 0.1 M NaCl electrolyte solution (Figure 5.1F). After applying a drain voltage
(Va), the current (I4) was monitored as a function of time. The gate voltage bias (Vg) was
modified from 0 V to 0.9 V with 0.1 V increment steps that were applied each time I was
stabilized. At the end of each run, voltage was set back to zero to verify the return to the
baseline. This process was repeated for a different Vg4, and the transconductance (gm)
was calculated as described in Section 2.3.2. It is worth noting that the dwell-time (time
elapsed between two increments of the gate voltage) in the transfer and output curves

(Figure 5.3) was set to 120 seconds to allow Iy to become more stable.

Figure 5.3A shows the transfer curves (l4 vs Vy) for an OECT with a 5.6 ym channel
thickness (see Figure S 5.1 for 2.5 and 19.2 ym channel thickness). The plots show that
the initial Iy decreases as the gate voltage is increased, which indicates that the transistor
is operating in the depletion mode. This drop of |4 is attributed to the injection of cations
(Na*) from the electrolyte into the PEDOT:PSS channel, which leads to a decrease in
the density of charge carriers (holes) and a drop of the electrical conductivity of PEDOT.

This process —the foundation of an OECT- is usually represented as?':
PEDOT*:PSS™ + M* +e~ = PEDOT? + PSS™M* Equation 5.3

Where M" is a cation injected from the electrolyte, PEDOT" and PEDOT® are the oxidized
and reduced forms of the polymer, respectively. Figure 5.3B and Figure 5.3C represent
the transconductance (gm) and the output curves of the OECT (lq vs Vq) for different Vg,
respectively. The results show that gn increases with Vg4, and that it reaches a maximum
at V4 approximately 0.2 V. It has been shown that this value depends on several factors,
such as the nature of the gate and the geometrical relationships of the system(??.

Moreover, the transfer curve and gm-Vgy plot represented in Figure 5.4A and Figure 5.4B,
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respectively, shows that gm reaches a maximum value of 40.1 £ 3.6 mS (for N = 4). It
should be stressed that the results shown correspond to a 5.6 ym channel, as it will be

discussed below.
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Figure 5.3. A) Transfer curve, B) transconductance and C) Output curve (fitted using
Bernard-Malliaras model (red line) of an OECT with a channel made of 3 PEDOT:PSS
layers (5.6 pym channel). D) Pinch-off voltage and conductance calculated from the
model. E) Time trace of Iy at V4= -0.3 V and F) corresponding transfer curve in logarithmic
scale used to calculate the 10n/IOff current ratio. The drain current drops from 19.6 mA
at Vg=0V, to 5 pA at V4=0.8 V, which gives an On/Off current ratio of 3.8x103. The gate
used is Ag/AgCl.

Additionally, Figure 5.3E demonstrates the switching capabilities of the thick film OECT.
The device was in ON state at Vg = 0 V where the drain current recorded was 19.6 mA.
The OECT switched-off when Vg increased gradually from 0 to 0.8 V, where |4 reached
a minimum value of 5.5 YA, -which represents the maximum de-doping of the channel-,
yielding an on/off current ratio of 3.8 x10°® (Figure 5.3F). Remarkably, these two values
are among the highest figures reported for paper-based OECTs. Interestingly, good
values of gm can be obtained even at zero gate-voltage, which may be useful in several

applications?®,

Figure 5.2C emphasizes the impact that has the channel thickness on gm. interestingly,
channel thickness does not affect the conditions at which the maximum is reached (Vg =

0.2 V). It is also worth noticing that with 3 layers of CP, gn reaches a maximum value
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and then levels off. This suggests that increasing the channel thickness beyond certain
critical value may be detrimental for performance, since factors such as response time
and the on/off current ratio of the transistor may be negatively affected??. For instance,
the time constants of two channels with 3 and 6 layers determined by applying a step
gate voltage from 0 to 0.4 V at V4= -0.3 V and fitting the response to an exponential
function, were 3.72 and 5.48 s, respectively, as illustrated in Figure 5.4C and Figure
5.3D. The response measured (black line) was recorded at constant V4= -0.3 V, and by
changing the gate voltage from 0 to 0.4 V. The red line represents a fitting of the
measured response using an exponential function: y = yo + A.Exp(-x/1), where 1 is the

time constant of the device.

The reasons for this behavior are not yet totally clear, although problems associated to
film hydration, cation migration, etc., may be playing an important role. In short, the layers
below 6 um do not seem to effectively engage in the ion-electron coupling required in
OECTs. Therefore, the following experiments were conducted using an OECT with a
channel thickness of approximately 6 um, i.e. 3 layers of PEDOT:PSS. It is worth noting
that the response times obtained for the OECTs with 3 and 6 layers (3.72 s and 5.48 s,
respectively), are significantly higher compared to the values extracted from the OECTs
with different W/L (< 1 s) studied in the previous chapter. This result is interesting,
because it points out that doubling the thickness of the channel is more likely to affect
the switching speed of the OECT rather than doubling WI/L.
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Figure 5.4. A) Transfer curves, and B) Average transconductance of N=4 OECTs made
of three Pedot:Pss layers (Ag/AgCl was used as gate electrode) at Vd=-0.3 V in NaCl
(0.1 M). The maximum transconductance of all OECTs tested is at Vg= 0.2 V with an
average of 40.1 £ 3.6 mS. Measured and fitted response of a channel made of C) 3 and
D) 6 layers.

It should be stressed that the values of gm reported in this work are among the highest
values reported for this type of devices. Table 5.2 compares the gm values of this work
with other state-of-the-art PEDOT:PSS OECTSs, showing that -to the best of our
knowledge- this is the highest transconductance reported for a paper-based OECT. Very
recently, OECTs with high transconductance values have been also reported* 2!, |t
should be stressed that by tuning the film composition, drying procedures, substrate and
system geometry (e.g., gate to channel geometry), transconductances can be enhanced,
sometimes at the expense of a more complex procedure. In the case of this work, a
balance between performance and simplicity of manufacturing has been achieved.
Satisfactory results have been obtained by using the unmodified CP ink (i.e., as provided

by the manufacturer) on a paper substrate with a simple construction approach.
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Table 5.2. Comparison of OECTs characteristics

Substrate Channel Gate Channel w L T gm Voltages Ref.
fabrication material Material (um) (pm)  (pm) (mS) (V)
PLA 3D printing Ag/AgCl  PEDOT:PSS 912 694 71 31.8463 Ve=-07Ve= U
0
PE Prining  Ag/AgCl  PEDOT:PSS 1000 500 2.1 10 Vo= -0 4 (26]
Vg=0
Polyarylate Spin Ag/AgCl  PEDOT:PSS/ 1000 200 0.8 287 Ve=-05 Ve= [
coating EMIM-TCM 0.42
Paper Dippen  Ag/AgCl PEDOT:PSS 1000 500 563 40.1#3.6 V= -0.3 V= This work
0.2
Paper Dip pen  Pt/Nafion PEDOT:PSS 1000 500 6 24.5 Va=-0.15 This work
Vo= 0.2
Si wafer Spin  Au/PEDOT PEDOT:PSS 500 5 6 32.3 Ve=-0.6 m
coating Vg=0.5
Glass Spin Ag/AgCl  PEDOT:PSS  * 142 Va=-0.6 (24]
coating Vg=0.2
PET Spin Ag/AgCl  PEDOT:PSS  * 139 Va=-0.6 (25]
coating Vg=0.2

PE: Polyethylene, PLA: Polylactic acid, EMIM-TCM: 1-Ethyl-3-methylimidazolium tricyanomethanide
*interdigitated electrodes with finger number Nf = 5, finger width and channel length Wf=LCh = 5 ym and
polymer film thickness d = 115 nm

**interdigitated electrodes (large comb) with finger number Nf = 6, channel length LCh = 8 um and W/L ratio
230

5.2.4 Volumetric capacitance of the channel

Accurate models describing the fundamental processes in OECTs are still a matter of
intense research?”l, While the most evident difference with FET is the volumetric
capacitance of OECTs[?® Torsi and co-workers have stressed that the fundamental
physical phenomena are similar in both systems, but the main difference is where and
how the electric double layer (EDL) is formed®’. In an electrolyte-gated FET the
capacitance originates from EDL created on the surface of an insulator material that
separates the conducting polymer or and the electrolyte. In OECT, on the other hand,
the lack of this insulator material allows ions to move freely into the porous PEDOT:PSS
structure. Thus, the capacitance originates on the EDL generated around the PEDOT

domains. It has been shown that PEDOT forms dispersed micro and nano-structured
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domains in a PSS-electrolyte matrix. Therefore, the EDL is formed around these PEDOT
domains, forming an extended and dispersed structure through the whole channel
volume. In fact, the description of the OECT proposed by Bernards et al.,*” is originally
derived from the FETs models, providing that the interfacial (2D) capacitance is replaced
by a volumetric (3D) capacitance. Therefore, the most commonly used model for an
OECT in the depletion mode within the linear range, l4 relates with the device geometry

and the properties of the conducting polymer:

G Vv .
I = — (Vp ~V, + _d) v, Equation 5.4
v, 2

where G is the initial electrical conductance of the channel and V, is the transistor pinch-
off voltage, i.e., the value of Vg at which the system is almost fully de-doped. The fit of
the experimental data to Equation 5.4 using a least square method, is shown in Figure
5.3C. The model provides a good fit to the data providing that —as reported by Alcacer
et al- G and V, are used as variables. The channel conductance (G) shows an initial
value of 84.5 mS (for V4 = 0 V), which is close to the initial value of resistance found for
the channel (Figure 5.2C, although in this figure the resistance is lower, since the channel
is dry). The results of the models (Figure 5.3D)show that for V4 above 0.2 V, G decreases
sharply and reaches a value of 8.7 mS for V4 = 0.6 V. Regarding the pinch-off voltage
V,, its value increases with V4 from 0.51 V to 0.81 V, which is within the range of values

that has been reported in the literature.

These results show that while thick-film OECT present similar behavior to thin-film
devices, they show particular features likely due to the deviations introduced by the
increased channel thickness. In fact, Bernards-Malliaras model (Equation 5.4), derived
for homogeneous thin-film devices with uniform properties across the channel, and has
been under scrutiny during the last few years. Lissem and co-workers have recently
demonstrated that migration of ions towards the drain electrode produces gradients of
concentration that affect the pinch voltage®'!. McLeod and cowokers have demonstrated
the non-uniform mobility of holes in the PEDOT, a parameter that is assumed constant
in Bernards-Malliaras model®2. In summary, the generation of concentration and
electrical field gradients, together with variations in the CP properties make the system
more dependent on geometrical characteristics, particularly on the film thickness.

Working on adaptations of the model to thicker films should be conducted in the future.

Rivnay et al. studied the capacitance (C) as a function of the channel volume, arriving to
Equation 5.5M:
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C=C"WLd Equation 5.5

Where C*, the volumetric capacitance of the PEDOT:PSS channel, has a value of 40
F/cm?®. Considering the volume of the channel used in this work (with a volume of
approximately of 2.8:10® cm?®), equation 6 predicts a capacitance of 112 pF.
Experimental measurements of the capacitance performed by impedance spectroscopy
yield a value of capacitance of 106 uF (Figure S 5.3 is Supporting Information), which is
fairly close to this value. The product of the charge carrier mobility and the volumetric
capacitance (u.C*) has been proposed as a material’s figure-of-merit for benchmarking
OECTs®. For instance, the product (u.C*) extracted from fitting Bernards-Malliaras
model to the output (Figure 5.3A and Figure 5.3B) at V4= -0.3 V and Vg = 0 V gives a
value of 139.7 F/cm.V.s, which is in agreement with the literature. Therefore, while
models to describe accurately the behavior of thick-film OECTs will be required, the
general properties of these devices match those of the thin-film counterparts. Thick film
technology, however, provides a simplified manufacturing approach and enhanced

response.

5.2.5 Detection of H202

To illustrate the advantages of thick-film transistors, a system for the detection of
hydrogen peroxide was built and optimized. This molecule is widely used in biochemical
sensing as an intermediary species for signal generation. During the last few years, we
reported the sensitive and selective potentiometric determination of H.O, using a Pt
electrode coated with Nafion. Interestingly, while often referred as a redox reaction of
peroxide, however, the response of the Pt electrode is due to a mixed potential
mechanism involving exchange currents from different surface reactions —mainly the
oxygen reduction reaction and the Pt oxidation®¥. Thus, the potentiometric measurement
does not follow to a Nernstian regime, since the kinetically controlled surface reactions
create concentration gradients on the electrode. Nafion enhances these surface
reactions, preventing the adsorption of interfering anions, providing reactive species and
stabilizing the electrode response!’®. Furthermore, its biocompatibility is ideal for the

development of biosensors®.

An OECT was built using a channel with three layers of PEDOT:PSS (W =1 mm and L
= 0.5 mm) and a paper-based Nafion-coated Pt electrode as a gate. Conditions were
optimized in order to maximize the sensitivity of the detection. V4 was adjusted to -0.3 V

to keep lq below 20 mA. The use of Pt electrode introduces a new variable in the system.
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Figure 5.5. A) Time trace of the OECT response for increasing concentrations of H20»
(numbers indicate logarithmic concentrations of the target). B) the corresponding
logarithmic calibration curve (the error bars correspond to standard deviation of 3
sensors). C) response of a sensor to ascorbic acid (AA) and H20». D) Time trace of an
OECT response for increasing concentrations of glucose. E) the corresponding
logarithmic calibration curve; F) calibration curve corresponding to a 100-160 uM range.
In all cases, OECT is operated at V4 = -0.3 V, Vg = 0.2 V. The numbers on the time

traces represent the logarithm of the concentration of the analyte.

Ag/AgCl electrodes show a negligible capacitance, so the applied gate potential is similar
to the effective gate potential. In the case of the Pt/Nafion electrode, however, the
effective gate potential (V") is different from the applied gate potential, since the
electrode capacitance and the redox potential have to be also considered. In fact, this is
the working principle of the sensor: alterations in the concentration of an electroactive
species (H20-) that affect the effective gate potential, will be registered as changes in lq.

In this case, equation 5 can be re-written as:

G eff 1

Equation 5.6

Where I{qeff =V + Vosrser -The term Vomset includes the capacitances at the interfaces

and the redox potential of the system. Initial tests (data not shown) show that —in the
absence of Pt- PEDOT shows a negligible response to peroxide. When adding peroxide
with a Pt gate, however, the change in the potential of the Pt electrode is registered as

a drop in the channel current. The optimization was performed by evaluating the
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sensitivity for the detection of peroxide at different gate potential. Optimum conditions
were found for Vg = 0.2 V, V4 = -0.3V (Figure S 5.2, see S.l). The time trace of |y upon
addition of peroxide is shown in Figure 5.5A, and the corresponding calibration plot in
Figure 5.5B.

The sensor displays a linear response with the logarithm of the concentration of peroxide
in the range 106 to 10** M. Under optimum conditions, an outstanding sensitivity of 2.1
mA/dec is reached. This value is several orders of magnitude higher than the values
reported for other similar sensors. For comparison, selected examples of OECTs
reported sensitivity are shown in Table 5.2. In this work, the limit of detection is 3 x 10”7
M. While this system has not been optimized to improve the limit of detection, the value
obtained is comparable to thin-flm OECTs, and one order of magnitude higher than
graphene-based OECT.

On the other hand, ascorbic acid (AA) is known to interfere with the electrochemical
detection of H>O,. Figure 5.5C shows the limited response of the sensor to the addition
of 10° M of ascorbic acid, a concentration that is usually considered an upper level in
physiological samples. As can be observed, for the same concentration added, the
change in the drain current caused by AA is significantly lower than the response to H20-.
This low response towards AA is attributed to the presence of the anionic groups on
Nafion, which acts as a permselective barrier repelling the negatively charged AA and

enhancing the detection of H20-.

5.2.6 Detection of glucose

As a way to illustrate the use of the thick film for biosensing, glucose oxidase (GOx)
enzyme was added to the Pt-Nafion gate. GOx acts as a catalyst for the oxidation of

glucose according to:

GO .
D — Glucose 7, D — Glucono — 1,5 — lactone + H,0, Equation 5.7

In this reaction, H>O: is a by-product that alters the potential of the platinum electrode,
causing a change in the channel conductivity, as discussed above. The time trace with
the response of the sensor to increasing concentration of glucose is shown in Figure
5.5D, and the corresponding calibration curve is shown in Figure 5.5E. The sensitivity in
this case is 1.72 mA/dec and the limit of detection is 1.10* M. The linear range spans
from 1035 to 102 M. These values are acceptable to cover, for example, the normal

range of glucose in blood. Optimization of these values can be achieved by modifying
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the gate characteristics. Linear ranges, for example, can be adjusted by replacing Nafion
by other ionomeric materials. The limit of detection can be further improved by optimizing
the area of the gate, the volume and the concentration of Nafion/GOx deposited.
Moreover, the integration of Pt nanoparticles, CNT, and/or graphene in the gate
electrode have proven to enhance the limit of detection, and shift the linear range
towards small concentrations of glucose (Table 5.2)1%: 371, All this will depend on the type

of biological fluid that will be target.

To validate the specificity of the response, the response to glucose of an OECT without
GOx was evaluated, and the response is shown in Figure S 5.4A. The first part of this
figure shows the initial drop of current produced by setting the gate at 0.2V. This is a
rather large potential step, and for that reason stabilization time is relatively long. After
that, the GOx-free sensor does not show any significant response to the addition of three

concentrations of glucose 105, 10 and 103 M.

Clearly, with an enhanced sensitivity and a response time in the order of tens of seconds,
these thick film transistors offer a valuable approach for chemical and biochemical
sensing. In terms of detectability, they offer enhanced sensitivity due to the power
amplification provided by OECTs. In a very recent work regarding this topic, Malliaras et
al. discussed the issues of thickness and noise level, concluding —in line with this work-
that channel thickness should be increased as much as allowed by the response timel8l.
In this work, currents in the order of a few mA show noise levels in the single YA range
(typically, a 10 mA current shows a standard deviation of 2 10 mA). Figure 5.5F and
Figure S 5.4B show a calibration plot between 100 and 160 uM of glucose, illustrating
the enhanced power of detection provided by the high sensitivity of the OECT, i.e. 4.27
MA/ uM. These values can be improved considering that the noise observed is heavily
influenced by the ripple of the commercial, low-cost power supplies used. In fact, by
using a stabilized DC power supply, the standard deviation of the Iy can go down below
8 10° mA. Considering sensitivities of 2 mA/decade, this noise level provides a very
attractive signal to noise ratio. Alternatively, it has been shown that simple approaches
to signal amplification —such as the use of a load resistor- can provide significant signal
improvements. It should be stressed that the traditional potentiometric methods working
under zero current conditions (i.e., currents well below picoamps), signals of a few
hundreds of millivolts will result in signals well below nano or pico watt power. The

significantly higher power of the OECT signals provides room for signal enhancement.
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5.3 Conclusions

In the present work, we demonstrated the potential of thick film OECTs, and the
possibility for simple casting methods such as dip pen to conveniently create high
performance devices. The use of thick film OECTs in chemical sensing encompasses
several advantages. First, the high transconductance achieved by these devices
provides enhanced analytical figures, such as high sensitivity and signal-to-noise ratio.
Second, the practical advantages of a low cost and simple manufacturing approach. The
possibility to build manually reproducible paper-based OECT sensors facilitates their
adoption and further exploration. In summary, these paper-based thick-film OECTs open
new and attractive avenues for the development of highly sensitivity, powerful, simple

and low-cost chemical and biochemical sensors.

5.4 Supporting information
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Figure S 5.1. A) Transfer curve and B) transconductance of an OECT with a channel
made of 1 PEDOT:PSS layer. C-D) are the characteristic curves of the OECT with 6
layers (the gate electrode is Ag/AgCl).
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Figure S 5.2. A) Transfer curves of an OECT using platinum coated with nafion as gate
electrode. B) corresponding transconductance curves. The length, width and thickness

of the channel are 0.5 mm, 1 mm, and 2.5 um respectively.
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6 PEDOT:PSS/Nanomaterials
Composites Chemiresistors For
The Detection Of H20-
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Summary

In this chapter, PEDOT:PSS-nanoparticles composites were prepared and utilized to
construct thick film electrochemical devices. Four nanomaterials (platinum nanoparticles,
prussian blue, reduced graphene oxide, and zinc oxide) known for their catalytic activity
were combined with PEDOT:PSS to create OECTs and chemiresistors. The devices

were then characterized and tested for the detection of hydrogen peroxide.

6.1 Introduction

As it has been discussed in the previous chapter, highly sensitive OECTs can be built by
deposition of PEDOT:PSS thick films via simple approaches (e.g. dip pen or drop
casting), and utilizing platinum paper as gate electrode. This approach does not require
operating in a clean room, and simplifies considerably the fabrication of OECTs. Up to
this point, the sensing element of the sensor is incorporated onto the surface of the gate
electrode. When the analyte interacts with the gate electrode, a potential drop occurs
across the gate-electrolyte interface. This potential drop affects the injection of cations
into the PEDOT:PSS channel, enabling the modulation of the oxidation state of the
conductive polymer (CP). Since the electrical conductivity of the CP depends on its
oxidation state, the current that flows through the channel changes. Alternatively, instead
of the gate electrode, the channel can be sensitized by functionalizing it with
biomolecules or nanoparticles. Since the event that triggers the detection takes place
near the channel, the role of the gate electrode in the detection process is diminished.
As a result, the oxidation state of the CP can be directly modulated because of the
physical contact between the CP and the nanoparticles, provided the interaction between
the two elements impedes the mobility of charge carriers in the CP. This approach can
be extended and generalized by incorporating different types of nanoparticles in
PEDOT:PSS.

Different conductive polymer and/or nanomaterials composites have been reported in
the literature for bio- and chemical sensors, among other applications.!"! For instance,
Berggren and co-workers constructed an enzymatic OECT based on PEDOT:PSS-
platinum nanoparticles composite and choline oxidase capable of detecting
acetylcholine.”! The OECT operated at Vq = -0.2 V and V4 = +0.4 V, while exhibiting a

sensitivity of 4.1 A.mol ~'.L.cm™ and linear range from 0.9-14 uM.

Iron(lll) hexacyanoferrate, commonly referred to as Prussian Blue (PB), exhibit excellent

catalytic activity that mimic peroxidase enzymes.  For this reason, PB has been used
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extensively to build electrochemical sensors for the detection of H2O2, providing an
alternative that is more stable than enzymes and more affordable compared to noble
metals such as platinum and palladium. Its properties in terms of catalytic activity, redox
reversibility, and biocompatibility makes it an interesting material for various modern
applications including, electrochemical sensors,!”! energy storage,”® and fuel cells.”®! For
instance, Lin et al. developed an amperometric sensor for H2O; via electrodeposition of
PB on a 3D network of polypyrrole nanowires.['” The sensor functioned at low potentials
(-0.05 V vs Ag/AgCl electrode), which minimized interferences with ascorbic acid, while
exhibiting a linear range from 0.2 - 7.2 mM, and a sensitivity of 10 yA.mM"'.cm™. Apart
from chemical sensing, PEDOT:PSS-PB is an excellent material for building batteries
and fuel cells, particularly the ones that run on H,0..['"! In this regard, Shaegh et al. and
Miglbauer et al. constructed one-compartment H20- fuel cell that generates a remarkable

power density by employing PEDOT:PSS-PB composites. © 12

Graphene is an allotrope of carbon that exhibits remarkable mechanical, catalytic,
optical, and electrical properties, which makes it the focus of various research areas!'?,
Its honeycomb structure and TT-11 conjugation place it among the most electronic
conductive materials on earth. However, the major drawback of graphene is its
insolubility, which limits its processibility in solutions.!" To overcome this issue while
maintaining some of its key properties, graphene is chemically transformed into its
derivative graphene oxide (GO) by a strong oxidant such as sulphuric acid. This
transformation generates various oxygenated groups (carboxyl, carbonyl, etc.) and
renders GO much more soluble. GO can reduced via microwave or chemical reduction,
which results in reduced graphene oxide (rGO). Although GO and rGO retain their
hexagonal structure, rGO displays significant differences compared to GO, with high

electrical conductivity, less defects, and small carbon-oxygen ratio.['?!

rGO has been reported to have excellent capacitance and catalytic activity. rGO is
typically combined with polyelectrolytes such as Nafion or chitosan, or conductive
polymers to create nanocomposites that exhibit properties. More exhaustive review
articles have been published about the sensing capabilities of GO and rGO based
sensors.!"® 171 For instance, Liao et al. have reported an OECT for the detection of
glucose through the modification of a platinum gate electrode with rGO and glucose
oxidasel'®. The sensor showed a sensitivity of 370 mV and a linear range within 0.01 uM
-1 yM. Wang et al. developed a woven OECT by coating polyamide fibres with

polypyrrole and rGO. When the gate fibre electrode was functionalized with glucose
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oxidase, the sensors was able to detect glucose with a sensitivity of 0.773 NR.dec™ and

a linear range of 1 nM - 5 uM.["®!

Zinc oxide nanoparticles (ZnO) is a semiconducting material with a wide band gap, which
exhibits interesting optical properties in the ultraviolet-visible region.?® For this reason,
ZnO have been integrated in different sensors for H.O detection. As an example, Sodzel
et al. constructed an optical sensor for the indirect detection of H,O2 and glucose by
incorporating ZnO nanoparticles. Under ultraviolet-visible light, the luminescence of ZnO
nanoparticles decreased in the presence of hydrogen peroxide due to quenching.
Sivalingam et al. reported a H>O. chemiresistive sensor based on thin film
nanostructured ZnO.2" The sensor operated optimally at a temperature range 323 K -
373 K, and showed resistance values up to 1 GQ with a detection limit of 6 ppm (1.76x10"
4 M).

In this chapter, we prepared different PEDOT:PSS composites dispersions by
embedding four nanomaterials in a PEDOT:PSS matrix via a simple mixing process. The
composites where then cast to build chemiresistors and OECTs. The devices were
characterized electrically and electrochemically, and then tested for the detection of

hydrogen peroxide.

6.2 Fabrication of the sensor

The main advantage of functionalizing the channel is that the system can be employed
as either an OECT or a chemiresistor. To promote the catalytic activity of PEDOT:PSS,
four nanomaterials were selected: reduced graphene oxide (rGO), platinum

nanoparticles (PtNPs), Prussian blue nanoparticles (PB), and zinc oxide (ZnO).

As illustrated in Figure 6.1, each PEDOT:PSS/nanoparticles composite was prepared by
adding 20 pL of the nanoparticles suspended in ethanol (5 mg/mL) to 180 uL of a
commercial PEDOT:PSS (3.1 %wt). Next, each composite was sonicated for 30 min to
ensure the homogeneity and the dispersion of nanoparticles. After sonication, a
micropipette was used to drop-cast approximatively 4 pyL of the composite on the active

window of the device (d4 mm), to either make the gate electrode or the channel.
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Figure 6.1. Description of the fabrication steps of the sensors, and the nanoparticles

suspended in ethanol.

6.3 Results and discussion

6.3.1 TEM characterization

Surface morphology of the composites and dispersion of the nanoparticles within the
PEDOT:PSS matrix were analyzed using scanning electron microscopy (SEM), and
transmission electron microscopy (TEM), respectively. Figure 6.2A-C displays TEM
images of platinum, zinc oxide, and prussian blue nanoparticles imbedded within the
PEDOT:PSS matrix. The images show that the nanoparticles are homogeneously
distributed in the PEDOT:PSS matrix, with a minimal aggregation. The diameter of
nanoparticles was estimated from TEM images, and shows that the PtNPs have the
smallest diameter, whereas ZnO and PB have 18.1 + 7.2 nm and 29.2 + 6.7 nm,
respectively. Figure 6.2D shows a PEDOT:PSS-rGO composite featuring a large semi-
transparent single-layer rGO sheet with darker edges and a surface area of =1 ym?. The
presence of -1 stacking/ interactions combined with the large surface area of rGO
sheets, allow PEDOT:PSS and rGO to form an intimate contact which improves the
stability and homogeneity of the composite.?? In addition to the close contact, the similar
work functions of PEDOT:PSS (5.1 eV) and rGO (4.9 eV) is reported to enhance the
charge transfer of the composite.?® 2%l In contrast, SEM images (S1) does not show any

significant difference between the morphologies of the composites.
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Figure 6.2. TEM micrographs of the four PEDOT:PSS composites: A) PEDOT:PSS -PB,
B) PEDOT:PSS -PtNPs, C) PEDOT:PSS-ZnO, and D) PEDOT:PSS -rGO.

6.3.2 Electrical characterization of the composites

Figure 6.3A displays cyclic voltammograms of the composites in the potential range of -
0.3 Vto 0.3V at 100 mV/s, in 0.1 M KCI. In this range, the composites exhibit a
rectangular-like shape, which is characteristic of a non-faradaic current. In the absence
of faradaic currents (due to redox reactions), this current reflects the movement of ions
and increases with the potential applied until it reaches a steady-state. The rectangular
shape is typically associated with the charging of the double layer capacitance (DLC).!!
This is in agreement with the fact that PEDOT:PSS exhibit high specific and volumetric

capacitance.?8 271

Moreover, the charge-discharge curves of the four composites were also collected at
constant current (500 yA) via galvanostatic charge-discharge (GCD). The results are
plotted in Figure 6.3B, and show a symmetric increase and decrease of the voltage with

the charging current. The slop of the linear charge segment (Slop = AA—Y) is typically used

to estimate the capacitance,®® according to Equation 6.1:

Equation 6.1
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Figure 6.3. A) Cyclic voltammograms of a- PEDOT:PSS, b- PEDOT:PSS-Pt, c-
PEDOT:PSS-PB, d- PEDOT:PSS-rGO, e- PEDOT:PSS-Zn0O, in KCI (0.1 M) between -
0.3 V and +0.3 V at 100 mV/s. B) Galvanostatic charge-discharge (GCD) of the
composites in KCI 0.1 M with cut-off voltage +0.1 V and +0.5 V. C) Time trace of the
output curve of the composites in 0.1 M NaCl, and D) corresponding Output curves |-V
acquired by immersing each channel in NaCl 0.1 M and recording the current while the
voltage applied between the two electrodes of the channel is varied from -0.4 V to +0.4

V at 50 s intervals.

Where C is the areal capacitance in F.cm™, iis the charging current, A is the area covered
with the PEDOT:PSS composite, At is the charging time (s), and AV is the voltage window
in Volt. Table 6.1 shows the calculated values of the specific capacitance, and indicates
that a decrease in the capacitance of all the composites in comparison with PEDOT:PSS
(454.6 mF.cm™). The highest capacitance among the composites was observed for
PEDOT:PSS-rGO (303.9 mF.cm?), while the lowest value was recorded for
PEDOT:PSS-ZnO (199.7 mF.cm?). It is worth mentioning that the capacitance of
PEDOT:PSS can be up to 800 mF.cm?, and vary significantly depending on solvent
treatment?®, annealing temperature,®% and measurement method. The nature of the

nanoparticles may also play a role in the overall capacitance of the composite.
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Table 6.1. Summary of the conductance and specific capacitance of the composites.

Composite Specific capacitance Conductance R?
(mF.cm?) (mS)
PEDOT:PSS 454.6 82.3 0.99
PEDOT:PSS-Pt 269.1 67.1 0.99
PEDOT:PSS-PB 235.9 68.8 0.99
PEDOT:PSS-rGO 303.9 71.4 0.99
PEDOT:PSS-ZnO 199.7 48.2 0.99

The ohmic response of the composites was also evaluated in NaCl 0.1 M. Figure 6.3C
and Figure 6.3D display the output curves of the composites. As expected, the
PEDOT:PSS composites displayed a linear current-voltage relationship within the
voltage window tested, which implies a good ohmic region. As summarized in Table 6.1,
the highest conductance was recorded for PEDOT:PSS with 82.35 mS, while the lowest
value is for ZnO composite with 48.24 mS. This decrease in the conductivity of
PEDOT:PSS-ZnO composite could be attributed to the poor electrical properties of the

semiconductor ZnO, which has a large band gap of 3.1 eV.

The stability of the devices was also evaluated via cyclic voltammetry by subjecting the
composites to 100 consecutive cycles at a scan rate of 100 mV/s in NaCl 0.1 M. Figure
S 6.1 (See S.I) presents the voltammograms corresponding to the four composites,
highlighting the first and the last cycle. The results show that pristine PEDOT:PSS, PB,
and PtNPs composites demonstrate a reproducible and stable cycling after 100 cycles,
which indicates that the composites maintained their capacitive and electrochemical
properties. Conversely, the maximum current ZnO composite, in particular, decreased
significantly after each cycle compared to pristine PEDOT:PSS, which may suggest that
PEDOT:PSS- ZnO composite is unstable.

6.3.3 Electrochemical characterization of the composites

The amperometric response of the composites was also recorded by immersing the
device in 5 mL cell of a phosphate-buffered saline solution (0.1 M PBS) pH = 7.4 under
stirring, in a three-electrode cell. A voltage bias V = -0.1 V was applied to the working
electrode versus Ag/AgCl electrode and the current was recorded. After the current has

been stabilized, the analyte was added using a micropipette.
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Figure 6.4. Chronoamperometric response of the composites and pristine PEDOT:PSS
to the addition of 1 mM of H2O; in a three-electrode cell using a Ag/AgCl reference

electrode and a platinum wire as counter electrode, at -0.3 V vs Ag/AgCl.

Figure 6.4 displays the amperometric responses of the PEDOT:PSS composites to the
addition of 1 mM of hydrogen peroxide at 0.1 V versus Ag/AgCI. The four PEDOT:PSS
composites responded differently to the addition of H-.O.. The highest response was
obtained with PP-PtNPs and PP-PB sensors, showing a current change of 13.8 yA and
14.7 A, respectively. In addition, the response time of the sensors was relatively short,
with 90% of the total response reached under 15 s. In contrast, the blanc sensor which
is made of pristine PEDOT:PSS only, did not show any significant response to H20,.
Therefore, the possibility that the response of the sensors could originate from the direct
interaction of HO2 and PEDOT:PSS can be safely ruled out.

6.3.4 Detection of hydrogen peroxide

Chemiresistor mode

The responses of the four PEDOT:PSS/nanomaterials composites in chemiresistor
mode to the successive additions of H20- are presented in Figure 6.5 . In this mode, all
the devices were tested in the same conditions under a bias voltage of -0.3 V without a
gate electrode. The current (1) is recorded and left to stabilize, then the concentration of
H20: in the electrolyte is progressively increased from 1 yM to 10 mM, at constant

intervals of 300 s.
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Figure 6.5. Time trace of Alq for chemiresistors showing the increasing additions of H20»
from -6 to -2, for composites A) PEDOT:PSS-PtNPs, C) PEDOT:PSS-PB, and E)
PEDOT:PSS-rGO, and G) PEDOT:PSS-ZnO. B), D), F) and G) are the corresponding
Alg-log[H202] plots. F) Comparison of the sensitivities of all the OECT.

Upon the addition of H-O,, the composites displayed different responses and analytical
performances. First, for PEDOT:PSS-PtNPs chemiresistor, the hydrogen peroxide
induced a decrease in the current (in absolute value), which can be viewed as a decrease
in the conductivity of the composite, particularly of PEDOT:PSS. The real mechanism
underlying the response of PEDOT:PSS/PtNPs composites to HxO, is not well
understood. However, It is possible to rationalize its response in terms of the individual
properties of PEDOT:PSS and PtNPs. Since the reduced form of the conductive polymer
(PEDOT?) is less conductive than its oxidized form (PEDOT?*), and H>O- can undergo an
oxidation reaction on the surface of platinum,’®" 32 it can be hypothesized that the
addition of H,O, favors the formation PEDOT?. The decrease in the conductivity of
PEDOT:PSS as result of the addition of H.O», was also reported in the literature when
PEDOT:PSS/horseradish peroxidase was used instead of PEDOT:PSS-PtNPs.B
Moreover, as summarized in Table 6.2, the PEDOT:PSS-PtNPs sensors demonstrated
higher sensitivity and wider linear range in comparison to the other composites, with a

sensitivity of 1.47 £ 0.02 mA in the linear range between -5 and -3 (Table 6.2).

Second, PEDOT:PSS-PB and PEDOT:PSS-rGO composites in Figure 6.5C and Figure
6.5E, respectively, demonstrated an opposite response when compared to PtNPs. For
these two composites, the addition of H2O; induced an increase of the current recorded,
which is equivalent to the increase in the conductivity of PEDOT:PSS. With respect to
PB, Karyakin and co-workers have suggested in their seminal work that the mechanism
underlying the detection of H.O; via PB involves the electro-reduction of H.O2 to OH" in
the presence of O,, at neutral or acidic pH."** 3% By analogy, it can be inferred that H-0-

favors the formation of the conductive form of the polymer which is PEDOT".

Table 6.2. Analytical performance of PEDOT:PSS composites toward H>O» (N = 3)

. Sensitivity Linear range R?
Composite mA/dec
PEDOT:PSS-PtNPs 1.48 +0.02 -5to0 -3 0.99
PEDOT:PSS-PB -0.87 £0.10 -5to0 -3 0.99
PEDOT:PSS-rGO -1.14 £ 0.09 -4 t0-2.5 0.99
PEDOT:PSS-ZnO 0.12 +£0.08 -4.5t0-2.5 0.99
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OECT mode

In a standard OECT sensor, the analyte interacts with the recognition element that is
located at the gate electrode, while the response is measured at the level of the
PEDOT:PSS channel.® To evaluate the impact of the dual functionalization of the gate
electrode and the channel on the response of the sensors to H202, two configurations of
OECTs were tested: standard and dual. In the standard OECT, the channel is made of
pristine PEDOT:PSS, whereas the gate electrode is a PEDOT:PSS-nanoparticles
composite. In the dual OECT, both the channel and the gate electrode are made of the
same PEDOT:PSS composite. The gate electrodes were constructed according to
Figure 6.1, where 4 pyL of PEDOT:PSS composites were drop cast on gold electrodes.
PEDOT:PSS-ZnO was not tested due to instability issues.

Figure 6.6 displays the response of the three OECTs to the increasing concentration of
H20: in the range 1 uM -10 mM. All the devices were tested at the same operating
voltages of V4 = -0.3 V and Vg = 0.4 V. The results shows that all the sensors
demonstrated a response to H.O; involving a decrease of the drain current ls. As
discussed previously, the decrease of |4 indicates the dedoping of PEDOT:PSS due to
the injection of cations from the electrolyte.®”! Except for PtNPs composite that showed
a decrease of |y upon the addition of H,O, regardless of the measurement mode
(chemiresistor or OECT), PB and rGO composites exhibited remarkably different
response in chemiresistor and OECT modes. As an example, when PEDOT:PSS-PB
was tested as a chemiresistor (without gate electrode), |4 increased indicating an
increase of the conductivity of the composite, whereas |4 decreased in both OECTs
configurations. This may suggest that, despite the incorporation of nanoparticles in the
channel, the main response of the sensors is mostly dictated by what happens at the
gate electrode. This observation is in agreement with the previous work reported by
Berggren and coworkers, in which they tested an OECT featuring PEDOT:PSS/PtNPs
composite in the channel and the gate electrode, with and without gate electrode®. In
their work, they found that the decrease of |4 upon the addition of 0.91 mM of H.O, was
10 times higher with the gate electrode (V4 =-0.2 V and V4 = +0.4 V), compared to the
response without gate electrode. On the other hand, the standard OECT that had
PEDOT:PSS-PiNPs as gate electrode demonstrated the highest sensitivity with 3.97
mA/dec (Figure 6.6B and Figure 6.6G). Moreover, regardless of the composite tested,
the standard OECT performed better than the dual OECT in terms of sensitivity to H2O»,

as summarized in Table 6.3 and Figure 6.6G.
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Figure 6.6. Time trace of Aly for standard and dual OECTs showing the increasing
additions of H>O, from -6 to -2, for composites A) PEDOT:PSS-PtNPs, C) PEDOT:PSS-
PB, and E) PEDOT:PSS-rGO. B), D), and F) are the corresponding Als-log[H202] plots.
F) Comparison of the sensitivities of all the OECT.

Table 6.3. Summary of the analytical performance of standard and dual OECTs.

Standard OECT Dual OECT
Composite |Sensitivity| LR R? |Sensitivity| LR R?
(mA/dec) (mA/dec)
PEDOT:PSS-PtNPs 3.97 -45t0-3 0.99 3.09 -451t0-3 0.99
PEDOT:PSS-PB 2.38 -45t0-2.5 0.99 0.45 -3.5t0-2 0.99
PEDOT:PSS-rGO 1.48 -4t0-25 0.99 0.53 -5to-3 0.98

LR: linear range.

6.4 Conclusions

In conclusion, thick film chemiresistors and OECTs were constructed based on
PEDOT:PSS and four nanomaterials, PtNPs, PB, rGO, and ZnO. While ZnO exhibited
poor response, the composites featuring PtNPs, PB, and rGO demonstrated good
sensitivity over an excellent linear range (-5 to -3) when tested as chemiresistors for the
detection of HO2. Two configurations of OECTs were evaluated, standard and dual. In
both configurations, PtNPs composite performed way better than PB and rGO, exhibiting
66 % and 168 % increase in sensitivity compared to PB and rGO in standard
configuration. However, the nature of the redox reaction at the channel and gate

electrode are not well understood, and require further investigation.
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6.5 Supporting information
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Figure S 6.1. Cyclic voltammograms highlighting the 1t and 100" cycles conducted in
NaCl (0.1 M) of A) pristine PEDOT:PSS, B) PEDOT:PSS-PtNPs, C) PEDOT:PSS-PB,
D) PEDOT:PSS-rGO, and E) PEDOT:PSS-ZnO.
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7 Chemiresistive Sensors Based On
PEDOT:PSS/Platinum
Nanoparticles Composite For The
Detection Of Hydrogen Peroxide
And Lactate
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Summary

Based on the preliminary and promising results achieved for PEDOT:PSS composites
chemiresistors in terms of analytical performance, we decided to focus on PEDOT:PSS-
platinum nanoparticles composite. To gain more insight about the performance of the
device in practical conditions, the sensor was further characterized and tested for the
detection of hydrogen peroxide and lactate in artificial sweat. The characterization and

analytical results of the device are presented and discussed.

7.1 Introduction

The recent transformations of healthcare and the proliferation of wellbeing culture has
fostered the development of novel technologies that can fulfil the increasing need for
personalized point-of-need and point-of-care devices. An essential prerequisite of such
devices is their ability to be used independently by patients and users, from sample
collection to test execution. For this to happen, it is crucial that the complexity of such
devices be kept at minimum without compromising performance. In this regard, unlike
OECTs or OFETSs, chemiresistors technology is well positioned because it utilizes two-
electrode system, which further simplifies the electrochemical cell. This chapter presents
a novel chemiresistor for lactate detection based on PEDOT:PSS/platinum
nanoparticles. The immobilization of the enzyme lactate oxidase on top of the composite
provides the sensor with selectivity and sensitivity to lactate. The electrical,

electrochemical, and analytical performance of the device are discussed.

Chemirestsors are two-electrode devices that are usually associated with gas sensing.
One of the earliest chemiresistors was originally designed as a gas sensor, wherein the
sensing material was made of a metal-oxide semiconductor maintained at high
temperatures, which allowed the detection of gases such as CO,". Over the years,
chemiresistors have been utilized in a plethora of applications including environmental@,
food®, and biochemical sensing®, as a single device or in arrays®. Eventually, these
devices have found their route to bio- and chemical sensing in aqueous solutions!®.
Chemiresistors are now regarded as a subgroup of (bio) chemical sensors in which the
resistance of a sensitive material is monitored, while the material is kept in direct contact
with the analyte of interest’”l. The sensing material is a conductive thin film deposited
between two metallic electrodes that are separated by a small gap. What makes
chemiresistors an excellent candidate for building biosensing platforms is their simple

design, facile fabrication, and high signal-to-noise®. Unlike traditional electrochemical



UNIVERSITAT ROVIRA I VIRGILI
NEW ORGANIC ELECTROCHEMICAL SENSING PLATFORMS FOR THE POINT-OF-NEED

Adil Ait Yazza

methods, e.g. amperometry and potentiometry® ' chemiresistors do not require a
reference electrode, reducing further the complexity of data acquisition and processing
steps. Furthermore, their ease of integration and miniaturization have made them
suitable for building point-of-care devices!'", wearable sensors!'?, and smart patches!'.
PEDOT:PSS composites are highly relevant in this context because not only endow
chemiresistors with the required conductivity, but also with selectivity to a wide range of

analytes('4 19,

On the other hand, PEDOT:PSS composites are novel materials created to fulfil specific
technical needs by combining the organic conductive polymer poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS), nanomaterials,
polyelectrolytes, and/or biomolecules. In addition to the excellent electrical properties of
this conductive polymer, its composites can be designed by incorporating nanomaterials
that bring unique features, such as piezoelectric'®!, magneticl'”!, catalytic!'®, and
thermoelectric properties!'®.. For this reason, nanomaterials are central to PEDOT:PSS
composites, since they expand the capabilities of the conductive polymer beyond the
electrical conductivity. Over the last decade, PEDOT:PSS composites have been widely
studied in numerous research areas, including energy storage, fuel cells®?®, solar cells??,

thermoelectric'®, electrochromic??, and biosensors?3l.

PEDOT:PSS is the most common conductive polymer (known also as organic
semiconductive polymer) owing to his high conductivity, solution processability,
commercial availability, and pH stability. The conductive polymer can be casted or
electropolymerized from different solvents, and still maintains good conductivity after
drying, which makes it miscible with nanomaterials suspensions. This compatibility with
other solvents is essential, because it ensures a uniform dispersion of nanoparticles
within the PEDOT:PSS matrix and reproducible morphology of thin films. For this reason,
PEDOT:PSS composites thin films can be prepared also by either mixing the conductive
polymer with nanomaterials in suspension, or by successive/simultaneous
electropolymerization and electrodeposition of the conducting polymer and
nanomaterials, respectively. Moreover, the composites can be processed using a wide
range of methods; from the simplest (e.g drop-cast, spin coating), to the most

sophisticated (e.g. photolithography and inkjet printing).

PEDOT:PSS composites are also biocompatible, as such, they can be combined with
biomolecules to build multifunctional biosensors able to detect specific analytes(?* 25,

The versatility of these composites have encouraged their incorporation in different
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transducing schemes, including amperometric, potentiometric, and to less extent

chemiresistors.

Several works in the literature have successfully reported the use of conductive polymer
composites for building H-O»> chemiresistive biosensors. For instance, Giaretta et al.
have demonstrated a chemiresistor wherein the channels was comprised of
PEDOT:PSS/horseradish composite, printed on paper substrate and employed as
hydrogen peroxide sensor'?®., In their work, they attributed the decrease of the resistance
measured upon the addition of H,O; to the oxidation of PEDOT:PSS and the creation of
the highly conductive bipolarons species. Song et al. have successfully built a glucose
chemiresistive sensor by inkjet printing, utilizing polyaniline fibers and platinum
nanoparticles composite. Despite these efforts, there is still a lack of chemiresistive
biosensors that incorporate PEDOT:PSS based composites that enable the detection of
biomolecules in aqueous solutions. In this work, chemiresistive-based sensors were
demonstrated by combining the excellent conductivity of PEDOT:PSS, the catalytic
activity of PtNPs, and the specificity of biomolecules. The composite, comprised of the
conducting polymer poly(3,4-ethylenedioxythiophene) doped with polystyrene sulfonate
(PEDOT:PSS), was decorated with platinum nanoparticles (PtNPs) and deposited via
drop-casting. The sensors can be incorporated in a platform for building affordable Point-

of-Need devices.

7.2 Results and discussion

7.2.1 Working principle of the chemiresistor

The working mechanism of the PEDOT:PSS/PtNPs chemiresistor described in Figure
7.1B can be rationalized in terms of the catalytic activity of PtNPs, the redox state of
PEDOT:PSS, and the properties of PEDOT:PSS/PtNPs interface. The electrical
conductivity of PEDOT:PSS is directly related to the mobility and concentration of charge
carriers along the conjugated backbone of the polymer. Within the framework of solid-
state physics, PEDOT:PSS is widely considered as p-type organic semicoducting
material where the charge carriers are positive holes. The ability of these holes to move
along the polymer chain (and/or hope from one chain to another) without disturbance,
and the stability offered by the negatively charged PSS, dictate the redox state of the

conducting polymer, thus its conductivity.
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Figure 7.1. A) Construction of the chemiresistor. B) Measurement setup. C)
lllustration of the PEDOT:PSS/PtNPs composite structure. D) Detection mechanism

of the sensor.

In the PEDOT:PSS/PtNPs composite, the nanoparticles are anchored at different
locations along the PEDOT and PSS chains. This uniform distribution of nanoparticles in
the PEDOT:PSS matrix results in a PEDOT:PSS/PtNPs interface with high specific area.
To illustrate this point, assuming 1 pg of PtNPs with spherical shape and radius of 3 nm,
ideally, the maximum total area of the PEDOT:PSS/PtNPs interface can be
approximated by the total surface area of all nanoparticles. In this case, the area of the
interface would be 0.47 cm?. Therefore, an electrochemical event nearby has a great
chance to disturb the mobility of charge carriers over a large area, especially if it occurs

simultaneously over different locations along the PEDOT:PSS chains.

It should always be considered that PEDOT has a redox equilibrium between the
oxidized (conductive) and reduced (non-conductive) form. This reversible process is
responsible for the changes in the channel electrical conductivity triggered by chemical
changes. Most of the applications explored so far in the literature are based on charge-
mediated change of the redox state, i.e., using the migration of cations to alter the redox
balance. Alternative mechanism to change the equilibrium of PEDOT are less common.
Redox reactions should be thermodynamically and kinetically favourable. To overcome
some of these issues, it should be possible to use sensitizing species that can act as

mediators, targeting specific substances and enabling the redox transition of the
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conductive polymer. This is the idea behind the introduction of Pt nanoparticles:
developing a detection approach that takes advantage of the reactivity of the Pt-H20»

system and affects the conductivity of PEDOT.

Consequently, as we have seen in Chapter 6, the response of PEDOT:PSS to the
change in the charge carriers mobility is an increase or decrease of its electrical
conductivity. Similarly, when the hydrogen peroxide undergoes a redox reaction at the
surface of platinum nanoparticles, the PEDOT":PSS- synergy is altered , leading to a
decrease in the conductivity of PEDOT:PSS.

7.2.2 Microscopic characterization of the composite

Dispersion of PtNPs in PEDOT:PSS

One of the challenge in the preparation of polymer-nanoparticles composites is to obtain
thin-films with reproducible and consistent properties. The degree of dispersion of
nanoparticles within the PEDOT:PSS matrix is known to have a significant impact on the
mechanical properties of the films and the analytical performance of the sensor.
Therefore, it is essential that the nanoparticles have a uniform size and be

homogeneously dispersed in the PEDOT:PSS matrix, with minimum agglomerates.

Figure 7.2A-C show TEM images of PtNPs in three PEDOT:PSS/PtNPs composites
which have platinum loading of 0.1 mg/mL, 0.5 mg/mL, and 2 mg/mL. The images show
that PtNPs are well dispersed within the PEDOT:PSS for 0.1 mg/mL and 0.5 mg/mL,
ensuring an enhanced polymer-nanoparticles interface. However, large islands of
nanoparticles that are challenging to reproduce are formed when the concentration is
increased to 2 mg/mL. In addition, the diameter of PtNPs estimated from TEM pictures
is about 2.34 + 0.89 nmf?”!, which is the typical size obtained when PtNPs are stabilized

with triphenylphosphine!?!,
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Figure 7.2. TEM images of PtNPs in three composites which have 0.1 % of
PEDOT:PSS, but different concentrations of PtNPs A) 0.1 mg/mL, B) 0.5 mg/mL, and
C) 2 mg/mL. D) AFM morphology of a composite with 0.1 % of PEDOT:PSS and 0.5
mg/mL PtNPs . E) the corresponding FESEM cross-section. F) AFM morphology of
PEDOT:PSS-PtNPs 1 %, 0.5 mg/mL, and G) the corresponding FESEM cross-section.

Morphology of the PEDOT>PSS/PtNPs composite

The morphology and thickness of the PEDOT:PSS/PtNPs composite film depends on
the PtNPs loading and the concentration of the polymer. To check this relationship, we
analyzed the morphology and thickness of two PEDOT:PSS-PtNPS composites that
have the same loading of PtNPs, but different concentrations of PEDOT:PSS, 0.1 %, 1
%, respectively. Figure 7.2D and Figure 7.2F display the morphology of the two
composite films, characterized by AFM over an area of 500 nm x 500 nm. The maximum
heights recorded were 26.2 nm, 37.3 nm for the composite tested, which suggests that
the surface of the channels is very smooth. This is important because roughness of
PEDOT:PSS films depends on the substrate material used, and it has been reported that
high roughness affects the morphology of the film and increases its sheet resistance!?®..
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Therefore, the surface of the composite films constructed by drop casting method can
be considered as relatively rough on the nanoscale and smooth on the microscale. This

is important, particularly for paper substrates coated with PEDOT:PSS.

Furthermore, cross-sections of the aforementioned composite films were acquired via
FESEM. The images presented in Figure 7.2E and Figure 7.2G demonstrate clearly the
dispersion of the nanoparticles within the conducting polymer matrix. The nature of the
nanoparticles were also confirmed to be platinum, as can be seen in the EDX data
(Figure S 7.1, Supporting Information). In addition, the thickness of the composite films
was estimated from the cross-sections and was 4.0 £ 0.3 ym and 0.9 + 0.1 ym
(calculated by taking the average and the standard deviation of four measures at 3

different locations).

7.2.3 Electrochemical characterization

The electrochemical properties of the composite were studied by cyclic voltammetry,
electrochemical impedance spectroscopy, and chronoamperometry. Figure 7.3A shows
the CV curves obtained for bare platinum, PEDOT:PSS, and PEDOT:PSS/PtNPs in PBS
(0.1 M). The voltammogram of the platinum electrode tested did not show any observable
peaks, however, it is notable that the current increased rapidly when the potential applied
was scanned towards high negative potentials (from -0.6 to -0.8 V vs Ag/AgCl). This
abrupt increase of the current could be ascribed to the hydrogen evolution reaction. In
contrast, the CV profile of pristine PEDOT:PSS and PEDOT:PSS/PtNPs composite in
PBS displayed a large rectangular-like shape, indicative of the capacitance behaviour of

the conductive polymer.

Moreover, when tested in the presence of ferri/fferrocyanide [Fe(CN)s]*”4-, PEDOT:PSS
and PEDOT:PSS/PtNPs showed well-defined anodic and cathodic peaks related to the
reduction and the oxidation of the redox mediator at 0.15V and 0.32 V, respectively. The
two peaks point to the excellent electron transfer capabilities of PEDOT:PSS. However,
the peak-to-peak separation for both PEDOT:PSS and the PEDOT:PSS/PtNPs
composite (AE = 150 mV) is more than twice larger than the ideal value of 59 mV,

indicating an irreversible process.
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Figure 7.3. Cyclic voltammograms obtained for PEDOT:PSS/PtNPs (0.1 %, 0.5 mg/mL)
in A) 0.1 M PBS, and, B) 0.1 M OBS + 5 mL potassium ferri/ferrocynide. C) EIS spectra
of the same composite in PBS, with inset graph showing the fitting of the experimental

data using a simple randles circuit illustrated in D).

Furthermore, Figure S 7.2 (See S.I) presents the CV curves of PEDOT:PSS/PtNPs at
different scan rates ranging from 50 mV/s to 500 mV/s. It is worth noting that the anodic
and cathodic current increased significantly with the increasing scan rate. In addition, the
plot of the peak current versus the square root of the scan rate demonstrated a linear
relationship, which indicates that the redox reaction of [Fe(CN)s]* /4~ at the surface of the

composite takes place according to a diffusion limited process!®°.

On the other hand, the PEDOT:PSS/PtNPs composite was drop cast using a gold
electrode as substrate, then tested by adding 1 mM of H.O. (in PBS 0.1 M) via
amperometry, in a three-electrode setup (Figure S 7.4, see S.I). Upon the addition of 1
mM of H2O, the sensor showed an increase in the current that depends on the voltage
applied. For instance, at 0 V vs Ag/AgCI, the current recorded was 7 pA, while at -0.3 V
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the current increased to about 14 pA. Ultra-small PtNPs were reported to demonstrate
an excellent sensitivity toward hydrogen peroxide due to their enhanced catalytic
properties.®! These results corroborate with other works in the literature that have also
reported amperometric detection of H,O; utilizing PEDOT:PSS-PtNPs based composites

with sensitivities in the range of few nA.uM".mm2,132. 33
EIS

To have a closer look at the composite/electrolyte interface, we conducted an EIS
analysis in a three electrodes setup. Figure 7.3C shows the Nyquist plot of Pt,
PEDOT:PSS and PEDOT:PSS/PtNPs, featuring the plot of the real part against (Z") the
imaginary part (Z”) of the impedance, covering the frequency range 0.1 Hz-105 Hz. At
high frequencies, the plot (inset graph) demonstrated well-defined semicircles for the
composite and its constituents PEDOT:PSS and Pt. Conversely, the diffusional-
controlled region varied significantly for PEDOT:PSS and PEDOT:PSS/PtNPs samples
on one hand, and the platinum on the other hand. These results show that, despite the
addition of platinum nanoparticles, the composite maintained its diffusion properties
PEDOT:PSS. This effect is also observed for PEDOT:PSS/carbon nanotubes composite,
where the shape of EIS response was preserved when PEDOT:PSS was tested with and
without carbon nanotubes®!. The Nyquist plots were perfectly fitted with a simple
Randles circuit comprising a resistor R1 in series with a constant phase elements CPE1,
and a resistor R2 in parallel with a constant phase elements CPE2 (Figure 7.3D). The

parameters of the circuit are summarized in Table 7.1.

Table 7.1. Summary of the parameters calculated from Randles circuit.

Substrate R1(Q) CPE1 (F.s*"") a1 R2(Q) CPE2(F.s®') a2
Bare Pt 32.69 9.2E-05 0.77  410.00 7.14E-08 0.93
PEDOT:PSS 20.60 6.3E-04 0.83 308.40 8.34E-08 0.95
PEDOT:PSS/PtNPs  25.41 1.9E-04 0.87  371.90 6.89E-08 0.95

7.2.4 Electrical characterization

Resistance of the channel

The stability over time of the PEDOT:PSS/PtNPs composite chemiresistor was examined
by measuring the resistance of three devices exposed to air, daily during one week. After
each measurement, the devices were stored at room temperature (25 °C). Figure 7.4A
shows that the resistance slightly increased with time to stabilize in the seventh day. The

average resistance of the three channels in Day 1 was 218.3 + 14.9 Q, by the seventh



UNIVERSITAT ROVIRA I VIRGILI
NEW ORGANIC ELECTROCHEMICAL SENSING PLATFORMS FOR THE POINT-OF-NEED
Adil Ait Yazza

day, the average resistance increased to 221.3+ 14.6 Q. This change could be attributed
to the slight degradation of the conductivity of PEDOT:PSS.
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Figure 7.4. A) Time trace of the resistance of three chemiresistors over a period of seven
days. B Recording of the resistance during 48h, showing the drift of the resistance in PBS
(0.1M), and in air. C-D) |-V output curves for three composites that have 0.1 %
PPEDOT:PSS, but different PtNPs loading.

The drift of the device was also measured by monitoring the resistance of a fresh
PEDOT:PSS/PtNPs channel during 48 h, in dry and wet conditions (PBS 0.1 M).

In dry conditions, the device showed a resistance drift of 0.06 Q/h. Conversely, in wet
conditions, the chemiresistor displayed a drift of 0.46 Q/h, which is about 8 times the drift
observed in dry conditions and inevitably leads to a change in the baseline of the sensor.
This drift is attributed to the interaction of the electrolyte solution with PEDOT:PSS and
PtNPs, and could be interpreted as the result of a capacitance effect that rises when the
composite is immersed in solution. This capacitance has two components; volumetric

capacitance due to the swelling of the conductive polymer film, and the high electrical
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double layer capacitance (EDL) that develops on the surface of PtNPs. Therefore, the
time required for the resistance to stabilize reflects the time needed for an equilibrium-

like state to be established.

I-V output

To check whether the amount of PtNPs affects the ohmic behavior of the chemiresistors,
we established the output curve |-V for three PEDOT:PSS/PtNPs composites that have
different loading in PtNPs. Figure 7.4C-D show the |-V output of a PEDOT:PSS/PtNPs
chemiresistors measured in air, and the corresponding response time for voltage step of
0.1V from -0.5 V to 0.5 V. As can be noted from the correlation coefficients, the three
chemiresistors maintained an excellent ohmic behaviour, despite the relatively high
loading of PtNPs. This could be explained by the well dispersion of nanoparticles within

the matrix, which ensures uniform properties of the composites.

7.2.5 Detection of hydrogen peroxide

For the detection of hydrogen peroxide and lactate, the PEDOT:PSS/PtNPs composite
comprised of 0.1 % PEDOT:PSS, and PtNPs 0.5 mg/mL was selected, as it showed an
excellent homogeneity and afforded reproducible results. Therefore, unless indicated

otherwise, the subsequent tests were carried out using this composite formulation.

For the detection of hydrogen peroxide, the response of three sensors was measured in
PBS, as represented in Figure 7.5A. The addition of hydrogen peroxide induced an
increase in the resistance of the composite. This increase correlates well with the
logarithm of the concentration of H.O. (Figure 7.5B). The sensors displayed a linear
response from 10 uM to 1000 uM, and a sensitivity of 15 + 0.2 Q/dec (N = 3).

Effect of the Voltage applied on sensitivity of H.O»

The measurement of the resistance R utilizes Ohms Law ( V = R x I), where a constant
current | is applied and the corresponding voltage V is measured. The ratio of the voltage
and the current allows the accurate measure of the resistance. Alternatively,
chemiresistors can be operated equally by applying a constant voltage between the two
electrodes of the device while measuring the electrical current. Figure S 7.6 (S.I) shows
the response of the chemiresistor to H2O, at different voltages from -0.1 V to -0.5 V.
Interestingly, as represented in Figure 7.5E), the sensitivity of the sensor increased with
the voltage applied. This increase of the sensitivity to H>O> could be attributed to the

enhancement of the catalytic activity of platinum nanoparticles when they are subjected
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to an external electrical field. Moreover, regardless of the voltage applied, the same trend

is observed, that is, the decrease of the current recoded upon the addition of H,O2, which

is in agreement with the drop of the resistance observed in the previous section.
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Figure 7.5. A) PEDOT:PSS/PtNPs chemiresistor. Plot of the resistance R vs time of three
sensors showing the additions of hydrogen peroxide in PBS (01 M), indicated by the

logarithm of the concentration, and B) corresponding calibration curve featuring the

average response (N=3). C) Al-time plot showing the response of the chemiresistor to
H>0, for different voltages applied between -0.1 V and -0.5 V. D) Plot of Al versus the
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logarithm of the concentration of H.O; at different drain voltages. E) Sensitivity to H202

as function of the drain voltage.

7.2.6 Detection of L-lactate

Figure 7.6A and Figure 7.6B represent the response to L-lactate from 103 mM to 3 mM,
recorded for a PEDOT:PSS/PtNPs chemiresistor coated with lactate oxidase and
immobilized with chitosan, in a 5 mL cell and in a droplet of 10 uL, respectively. As noted
for H20,, the resistance of the device increased as L-lactate is added. The LOx
entrapped in chitosan catalyzes the oxidation of L-lactate to pyruvate and hydrogen

peroxide, as illustrated in Figure 7.1E.
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Figure 7.6. A) Time trace of the resistance recorded in PBS for a chemiresistor upon the
addition of L-lactate in a 5 mL cell, and in 10 uL droplet, B) corresponding plot of the
resistance against the logarithm of the concentration of L-lactate. C) Time trace featuring

the response of a chemiresistors to lactate in artificial sweat (AS) in 5 mL cell and 10 pL.

The hydrogen peroxide generated reacts on the surface of PtNPs imbedded in
PEDOT:PSS. The nature of the reactions involved is complex, since it depends on the

surface composition and charge. On the pristine Pt atoms peroxide is adsorbed and
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blocks the oxygen reduction reaction. On PtO sites it and undergoes an oxidation
reaction. This reaction changes the PtNP potential, modulating the redox balance of the

PEDOT:PSS, which is observed as a change in the overall conductivity of composite.

The response of the sensor in the 5 mL cell was carried with steering, which ensures
that the enzyme is continuously supplied with L-lactate. As a result, the catalyzed
oxidation of L-lactate continues until the saturation is reached at 1025 M. Conversely, in
the 10 pL this process relies solely on the diffusion of L-lactate. Therefore, the profile of
the response obtained could be explained-at least in part-as due to a limitation on the

supply of the substrate to the enzyme.

In addition, the volume of the LOx deposited can be optimized to achieve higher
sensitivities. Figure 7.6A and Figure 7.6C display the R-time curves, as L-lactate was
added from 10 M to 3x10° M, for three chemiresistors that were prepared with an
increasing volume of LOx, 5 uL, 10 uL, and 15 L, in different media (0.1 M PBS, and
artificial sweat). As can be seen, the response of the sensors increased with the volume
of LOx deposited, since more enzymes are available to catalyze the oxidation of lactate.
For example, the sensitivity of the sensor was 10Q/dec for a sensor prepared with LOx
volume of 5 pL, whereas. For a volume of 15 L, the sensitivity increase five folds to
reach 51.13 Q/dec.

Furthermore, PEDOT:PSS/PtNPs chemiresistor prepared without enzyme was also
tested for L-lactate. The response of the sensor, represented in Figure 7.6F, shows that
upon the addition of lactate, no change in the resistance was observed, indicating that

the sensitivity to L-lactate is attributed to the presence of the LOx enzyme.

The measurement of the resistance can be conducted via 2-point method, as performed
so far, or by 4-point method where the circuit utilized to apply the constant current is
different from the one utilized for measuring the voltage drop. The latter method
eliminates any contact resistance that may arise between the metallic leads and the
electrodes. Figure S 7.5 shows a comparison between two calibration curves of lactate.
The first was obtained via 2-point method, and the second was obtained by 4-point
method. In terms of analytical performance, the sensors showed similar sensitivity and
linear range, indicating that the contact resistance has a minor effect on the performance

of the sensor.
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Figure 7.7. Time trace of AR featuring the L-lactate response of chemiresistors
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7.3 Conclusions

In conclusion, we have demonstrated a chemiresistor sensor based on
PEDOT:PSS/PtNPs composite for the detection of hydrogen peroxide, and lactate in
artificial sweat. The composite was processed by a simple and rapid method, and
showed a well dispersed nanoparticles within the PEDOT:PSS matrix. The chemiresistor
demonstrated an ohmic behavior with an excellent stability in air and in wet conditions.
The chemiresistor could be equally operated in resistance or current configuration, which
provides an additional degree of freedom for integrating the sensor for optimal
performance. Moreover, the sensor showed an excellent sensitivity for hydrogen
peroxide and lactate in 10 pL droplet in artificial sweat, which makes it suitable for point-

of-need.

7.4 Supporting information

Weight % | Weight % err | Atom % | Norm. Wt. %

36.44 0.24 58.06 36.44

25.47 0.42 30.48 25.47

1.44 1.20 1.44

8.00

2.28
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0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
keV

Figure S 7.1. EDX spectra of PEDOT:PSS/PtNP composite comprising PEDOT 0.1 %,
and PtNPs 0.5 mg/mL.



UNIVERSITAT ROVIRA I VIRGILI

NEW ORGANIC ELECTROCHEMICAL SENSING PLATFORMS FOR THE POINT-OF-NEED
Adil Ait Yazza

A B
4.0 10_4_ Scan rate (mV) ) .
.Ox 50 4.0x10 a _ =
—— 150 . o i, -
—— 200 -
2.0x10%4{ |— 300 / < 2 0x10%1 L
g 288 J g - ’y=1.65*10-5x+ 1.35*10°
€ 0.0+ : = 0.0
g —_— 3
S 4 ~ “ e _
O-2.0x10™ & -2.0x10™ S <o
o . _
-4.0x107- -4.0x10% y=-1.78*10%x - 1.45 * 108 b ..,
08 -04 00 04 08 O 5 10 15 20 25
Potential vs Ag/AgCI (V) v 2 (MV'72)

Figure S 7.2. A) Cyclic voltammetry of PEDOT:PSS/PtNPs at different voltage scan
rates, B) plot of current peak against the square root of the scan rate.
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Figure S 7.3. Response of PEDOT:PSS/PtNPs chemiresistor to H.O,, showing the
baseline after washing with PBS.



UNIVERSITAT ROVIRA I VIRGILI
NEW ORGANIC ELECTROCHEMICAL SENSING PLATFORMS FOR THE POINT-OF-NEED

Adil Ait Yazza

10 M H,0,

—O0oV

0 50 100 150 200
Time (s)

Figure S 7.4. Response of PEDOT:PSS/PtNPs composite to the addition of 1mM of
hydrogen peroxide obtained using chronoamperometry at different voltages applied vs

Ag/AgCl as a reference electrode, and a platinum wire as counter electrode.

A B
280 52 280
Lact (4-Points) - —=— [ act (4-Points)

270 Lact (2-Paints) 270 |[—e— Lact (2-Points)
_. 2601 260+
G c
— 250+ 2 |
o > 250

240 - 240

230 2304

2205500 1200 1800 2400 3000 220

_ -6 -5 -4 -3 -2
Time (s) Log C

Figure S 7.5. Response of the PEDOT:PSS/PtNPs/LOX/Chitosan chemiresistor to L-
lactate, showing A) the time trace of the resistance of the same sensor carried out via 2-
point and 4-point methods. B) Resistance against the logarithm of the concentration of

L-lactate.
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Figure S 7.6. Time response of the PEDOT:PSS/PtNPs /Lox/Chitosan chemiresistor
showing the change of the current as L-Lactate is added for 10-6 M to 10-2.4 M, for
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8 PEDOT:PSS/AgCI Chemiresistor
For The Detection Of Chloride
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Summary

In this chapter, the PEDOT:PSS channel was sensitized to chloride ions by
electrodeposition of Ag nanoparticles and Ag/ClI, which resulted in a PEDOT:PSS/AgCI
chemiresistor with enhanced sensitivity. The medical relevance of chloride ions, the
working mechanism of the sensor, as well as its key analytical performance are

discussed.

8.1 Introduction

Chloride ions (CI") play an important role in supporting critical biological functions of the
body. Being the major anion in extracellular fluids, CI- contributes in the regulation of key
processes such as water balance, acid-base equilibrium, and osmotic pressurel’-2. The
concentration of CI varies significantly, depending on the nature of the biological fluid.
For healthy adults, the typical concentration of CI- in sweat is less than 60 mmol/L¥.. In
blood plasma, CI is in the range of 96-106 mmol/L¥, while in urine it can be as high as
250 mmol/L®L. For this reason, measuring the level of chloride ions in blood, urine, and

sweat, can be used reliably for diagnosis and post-treatment surveillance purposes.

Indeed, the detection of CI in sweat assists in the diagnosis of cystic fibrosis (CF); a
condition associated with the malfunction of transmembrane conductance regulator
protein (CFTR) which regulates the flow of CI in and out of cells®®. Furthermore,
monitoring the levels of CI- along with creatinine in urine has proven to provide a valuable
information for the diagnosis of kidney diseases!”.. Also, an imbalance of CI- in biological
fluids can point to serious health issues such as alkalosis, hypochloremia,
hyperchloremia, diabetes, and heart diseases®. Therefore, the development of simple
analytical tools that enable the detection and monitoring of CI" over a wide range of

concentrations can benefit both health professionals and patients.

Numerous analytical methods have been utilized for the detection of CI including
chromatography, induced coupled plasma mass spectrometry (ICP-MS), and
spectrophotometry®®. These methods require expensive equipment and are difficult to
integrate in portable or point-of-care devices. Electrochemical methods such as
amperometry and potentimetry have also been reported for building chloride sensors!'®
"1 Despite this variety of methods, chloride ion-selective membrane electrodes are
widely accepted as the standard method for chloride testing in water samples('?. On the

other hand, compared to other platforms, chemiresistors provide an attractive alternative,
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not only because they have simple design, but also because these devices do not require

a reference electrode, and can be easily miniaturized and multiplexed.

In the last decade, PEDOT:PSS/Silver based composites have gained considerable
interest, owing to their flexibility, conductivity, transmittance, and catalytic properties. The
high transmittance and conductivity of PEDOT:PSS/silver nanowires composites offer
an attractive alternative to ITO for building transparent electrodes in solar cells and light
emitting diodes!"® . For instance, Lim et al. have reported stretchable and transparent
PEDOT:PSS/silver nanowires composite that was made by mixing PEDOT:PSS and
silver nanowires suspensions!'®. Moreover, PEDOT:PSS/silver nanoparticles have also
found applications in chemical sensing. For instance, Song et al. have developed a three-
electrode chemiresistive sensor for H2O. detection based on polyaniline-silver
nanoparticles composite!’®. The composite was prepared by electrodeposition of the
conductive polymer followed by drop cast of the AgQNPs suspension. Gualandi et al. have
demonstrated an OECT for chloride sensing, where PEDOT:PSS/AgCI composite was
utilized to construct the channel and the gate electrode!'”. Bobacka and coworkers
studied the potentiometric response of PEDOT:PSS films on glassy carbon before and
after conditioning in AgNOs solution, and found the electrodes showed Nernstian

response to KCI!"8,

In this work, we have prepared membrane-free chloride sensors based on thick
PEDOT:PSS doped with silver and silver chloride nanoparticles. The sensors were
constructed by coating a thick film PEDOT:PSS with silver nanoparticles via
electrodeposition from a silver nitrate solution. The electrodeposition process in terms of
electrodeposition time and conditioning solution were optimized to improve the analytical
performance of the sensors. The sensors were tested as chemiresistors (without a gate

electrode), as well as OECTs by integrating a Ag/AgClI gate electrode.

8.2 Fabrication and working mechanism of the sensor

Fabrication of the sensor

The chloride sensor was built in three major steps: patterning of the electrodes, drop-
cast of PEDOT:PSS, and electrodeposition of Ag/AgCI. First, two gold contacts that will
serve as source and drain electrodes were patterned following the protocol described in
chapter 3. Secondly, the PEDOT:PSS channel was prepared by drop-casting 3 pL of a

commercial PEDOT:PSS aqueous solution (3-4%) on a circular window with 3 mm
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radius, defining the channel of the sensor. Next, the PEDOT:PSS is left dry for 20 min at
100 °C.

Finally, silver and silver chloride nanoparticles were successively electrodeposited from
a silver nitrate solution and potassium chloride solution, respectively. The
electrodeposition of Ag and AgCl was conducted in a three-electrode cell via
amperometry, wherein the channel served as the working electrode, a graphite rod was
used as a counter electrode, and Ag/AgCl electrode as a reference electrode. The
electrodeposition of Ag was achieved by immersing the PEDOT:PSS channels in AQNO3
0.1 M solution, then, applying a constant voltage of -0.2 V vs Ag/AgClI for different times.
Next, the channels were rinsed in deionized water to remove any access of silver that
was not well deposited. Next, the same setup was employed to electrodeposit AgCl from
KCI (0.1 M) solution by applying +0.5 V for different times.

A Potentiostat B l:l PEDOT
[] Auelectrodes - PSS
I PEDOT:PSS [ JAg
O AgNPs B Agcl
@ Agcl
A (@)
T‘ (o] T _ | {
o
»
/l =) =) L/ O
Drop-casting Electrodeposition of AgNP Electrodeposition of AgCl
of PEDOT:PSS from AgNO; 0.1 M solution from KCl 1 M solution at

at V=-0.2 V vs Ag/AgCl V= 0.5V vs Ag/AgCl

Figure 8.1. A) Fabrication steps of the chemiresistors showing the electrodeposition of
Ag and AgCl on the PEDOT:PSS chanel. B) lllustration of the PEDOT:PSS/AgCI

composite.

Working mechanism of the sensor

The high conductivity of the PEDOT:PSS/AgCI composite allows the operation of the
chemiresistor under a small DC bias (< 0.3 V), avoiding the effects of water electrolysis
and minimizing signal drift. Figure 8.1 illustrates the proposed working mechanism of the
sensor, which is similar to the model reported by Gualandi et al. who expressed the
conductivity of PEDOT:PSS/AgCI based OECT in terms of the concentration of CI- and
the parameters of the conductive polymer'l. The sensing mechanism of the

chemiresistor relies on the detection of chloride ions based on the following reversible

redox reactions.
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At first, the redox reaction of Ag/AgCl is:

Ags+ CI” s AgClg+e” Equation 8.1
Ag*+ClI- 5 AgCly  so [Ag*]= [C’% Equation 8.2
Agt+e 5 Agg Equation 8.3

Which allows to write:

= Ej all Ly - g (e Equation 8.4
Eagt/ag = Engt/ag ~ ?103(@) = Epg+/ag —0.059l0g (K_ps) quation 8

Where E%g+/agis the formal potential and Kps is the solubility product of AgCI.

A change of the concentration of chloride ions from C1 to C2 (C1<C2) in the vicinity of
Ag nanoparticles, induces a small potential difference AE that is proportional to the

logarithm of the concentration:
AE = 0.059log ( ) Equation 8.5

On the other hand, PEDOT:PSS is a conductive polymer that demonstrates a high
volumetric capacitance, hence, the number of charge carriers injected (n) can be

expressed in terms of the volumetric capacitance C, (F.cm™) and the bias applied AE.

C .
An = ?”.AE Equation 8.6

Furthermore, the conductivity of PEDOT:PSS can be written in terms of the number of
charge carriers and the charge carrier mobility y (cm2.V-'.s™").
Ao = e.u.An Equation 8.7

Assuming that the conductivity of the PEDOT:PSS/AgCI composite is mainly determined
by the conductivity of the PEDOT:PSS matrix, merging equations 8.5, 8.7 and 8.8 yields

the following expression of the conductivity :

C .
Ac = C,.pt X 0.059 log ( C—l) Equation 8.8
2

It can be seen that a change in the concentration of CI induces a change in the
conductivity of the composite.

At constant voltage V, the change in current Al can be expressed according to Ohm’s
law as function of the geometry of the channel (width W, length L, and thickness t) and

its conductivity as follow:
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W.t .
Al = T_v_ Ac Equation 8.9

Taking into account Equation 8.9, the change in current Al is:

w.t C2 Equation 8.10
|ar] = 0.059 x Cpo V.=~ log a

Figure 8.2. SEM images of three PEDOT:PSS/AgNPs composites prepared by
electrodeposition of AgNPs and AgCl with different times A) 50 s, B) 200 s and C) 300
S.

8.3 Results and discussions

8.3.1 Morphology of the composite PEDOT:PSS/Ag

The amount and the morphology of Ag deposited can be controlled by adjusting the
electrodeposition time of Ag nanoparticles (AgNPs)!'®l. To have an insight into the
morphology of the composite obtained, Figure 8.2 shows scanning electron microscopy
(SEM) images of three PEDOT:PSS/AgNPs composites prepared with different
electrodeposition times: 50 s, 200 s, and 300 s. The images show a network of Ag
particles that covers the surface of PEDOT:PSST. This network increased in density with
the increase of electrodeposition time. For instance, at 50 s, Ag nanoparticles were well
dispersed over the entire surface of PEDOT:PSS. At 200 s, although the shape of the
nanoparticles remained the same, their density and the size increased significantly,
forming a porous layer that covers all the surface of PEDOT:PSS. At 300 s, the growth
of the nanoparticles continued all over the PEDOT:PSS surface, leading to the formation
of interconnected networks with high porosity. Therefore, depending on the deposition
time, the morphology of the PEDOT:PSS/AgCI composite obtained can range between

a well-dispersed nanoparticles to a porous network of particles with different sizes. This
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is in agreement with previous works, where a controlled increase of the electrodeposition

time of Ag was shown to result in a complex dendritic morphology ['% 291,

8.3.2 Effect of Ag electrodeposition time on chloride sensitivity

To check how the morphology of the composite affects the sensitivity of the sensor
toward chloride, four channels were constructed with different electrodeposition times of
Ag (50 s, 100 s, 200 s, and 300 s), while the electrodeposition parameters of AgCl were
maintained constant for all channels. In addition, a control channel made of pristine
PEDOT:PSS without electrodeposition was also tested. Figure 8.3A represents the time
trace featuring the response of the sensors to the addition of CI- from 10 M to 0.1 M. All
the sensors that undergone the electrodeposition step showed a decreasing current
within the tested concentration range when CI- was added, indicating that the channels

were sensitized to CI-.

A 1o B
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6 P

-14 3 2 ' —m—50s
6 5 -4 ,/_vf-f_ —e—100's
ot — —A—200s
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224 "
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24 No deposition 0 i »
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Figure 8.3. A) Time trace of the current I atV =-0.3 V, showing the response to chloride
ions of five sensors constructed with different electrodeposition times of Ag. B-C)
Corresponding calibration curves showing Al and |, respectively. D) Sensitivity of the

sensors plotted against the deposition time.
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In contrast, the control sensor without Ag/AgCl did not show any significant response,
which confirms that the sensitivity of the devices is due to the electrodeposition of Ag
and AgCl. Figure 8.3B and Figure 8.3C represent the calibration curves of the sensors,

for which the analytical performance are summarized in Table 8.1.

On the other hand, the plot of CI" sensitivity against the electrodeposition time of AgCI
showed a positive linear relationship (Figure 8.3D). Considering the morphology of AgCI
observed for channels with electrodeposition times 200 s and 300 s (Figure 8.2B and
Figure 8.2C), we hypothesize that the unique porous networks of AgCl increases the

surface area of the sensor, which enables efficient contact with the solution.

Table 8.1. Analytical performance obtained for PEDOT:PSS/AgCI channels constructed

with different Ag electrodeposition times.

Ag Electrodeposition Sensitivity Linear range R?
time mA/dec
50s 0.72 -5to -1 0.98
100 s 0.87 -5 to -1 0.99
200 s 1.17 -5to -1 0.99
300 s 1.46 -510 -2 0.99

8.3.3 Electrodeposition of AgCI

Apart from Ag electrodeposition time, the formation of AgCl can be tuned by adjusting
the concentration of KCI solution used for the electrodeposition of AgCI. For this reason,
four channels were constructed in the same conditions of electrodeposition times and
voltages, but with KCI solutions that had different concentrations (10* M, 103 M, 10?2,
and 10" M). Next, each sensor was tested for the detection of Cl- under constant voltage
(V=-0.3 V). As can be seen in Figure 8.4A and Figure 8.4B, all sensors responded to
the addition of CI and showed a linear range between -5 and -2/-1. However, the highest
sensitivity (1.26 mA/dec) was demonstrated by the sensor prepared using the lowest
concentration of KCI solution (102 M). This behaviour can be explained by the fact that
high concentrations of KCI result in the formation of unstable thick/dense layer of AgCI
deposited on top of Ag?'!, which may hinder the access of CI to the surface of Ag
nanoparticles. In contrast, the electrodeposition of AgCl from diluted KCI leads to the
formation of a thin layer AgCl, allowing easier access of CI to the surface of Ag, hence,

the high sensitivity of the sensor.
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Figure 8.4. A) Time trace of the current showing the response to CI- (from 10¢ M
to 0.1 M) of five sensors prepared with different concentrations of KCI
electrodeposition solution, and B) corresponding calibration curves The. C)
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C2/C1 plot with fitting to Equation 8-9. The slope allows the extraction of Cv.p.

As Equation 8.10 points out, the response of the sensor to CI" can be expressed in terms
of the geometry of the channel (W, L, and t), the concentrations of chloride ions C1 and
C2, and the product of the volumetric capacitance and the charger carriers mobility (C..u)
of the PEDOT:PSS/AgCI composite. Ideally, the plot of the current change Al versus
Log(C2/C1) is expected to demonstrate a linear relationship, and the slope of the plot
allows the extraction of C..u. However, to fit the experimental data, it is necessary to

adjust the model by adding a constant (B) that counts for an offset current. Therefore,

Equation 8.10 becomes:

|ar| = 0.059 x C,. . V.#.log

c2

— +B
1

Equation 8.11
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Figure 8.4D depicts Al-Log(C2/C1) plot and the corresponding fitting to Equation 8.11.
The parameters extracted from fitting the experimental data allow the estimation of C..J,
which is calculated to be 27.2 F.cm™.V-'.s". It is worth noting that this value is within the
range of values reported in the literature for PEDOT:PSS (2 to 47 F.cm™.V-1.s")22,

Table 8.2. Analytical performance obtained for PEDOT:PSS/AgCI channels

constructed using different solutions of KCI.

KCI Sensitivity Linear range R?
electrodeposition mA/dec
solution

- 0.65 -5to -1 0.99
104 M 0.74 -4 to -1 0.99
103 M 0.95 -5to -1 0.96
102 M 1.26 -5to -1 0.99
10" M 0.74 -6 to -2 0.99

8.3.4 Detection of chloride in OECT mode

The PEDOT:PSS/AgCI system can also be operated as an OECT by utilizing an external
gate electrode. In this experiment, PEDOT:PSS/AgCI channel was prepared in the
optimized conditions of Ag electrodeposition time (set to 300 s), and concentration of KCI
(102 M). To evaluate the amplification of the device, the transfer curve was established
first by varying V4 from -0.3 V to -0.05 V (0.05 V step), and Vg4 from -0.1 V to 0.6 V (0.1
V step) in KNOs. Figure 8.5A and Figure 8.5B depict the time trace of Iy and the transfer
curve at different values of V4 and Vg. At constant Vg, the graphs show that |y decreases
with the increasing Vg, which indicates the dedoping of the PEDOT:PSS. Moreover, the
maximum transconductance recorded was 49.7 mS at V4 =-0.3 V and Vg = 0.4 V. This
value is comparable to the transconductances obtained for OECTs built with only pristine
PEDOT:PSS (gm = 45 mS), indicating that the migration of cations in and out of the
PEDOT:PSS/AgCI film takes place as efficiently as in PEDOT:PSS only. Therefore, the
effect of AgCl on the process of dedoping PEDOT:PSS is minimal. Furthermore, the gate
voltage at which the maximum transconductance was recorded (V4 = 0.4 V) is slightly
higher compared to the voltage applied for pristine PEDOT:PSS channels (Vg = 0.2 V).
This shift in V4 and gm could be attributed in part to the nature of the electrolyte used
KNOs; instead of NaCl. Several works have reported that the cation size affects the

performance of OECTs. Under the same operating conditions, cations with small radii
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such as Na*, can be injected easily into the channel compared to cations with larger radii
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Figure 8.5. A) Time plot of I at different V4 and Vg4 of an OECT constructed with a
PEDOT:PSS/AgCI channel (deposition time of AgCINPs set to 300 s) and an
external Ag/AgCl gate electrode in KNO3 (0.1 M). B) Corresponding transfer curve
l+-Vy. C) gm-Vy plot showing the transconductance of the device at different gate
voltages. D) Time trace of Id showing the response of an OECT to an increasing
concentration of CI- at different gate voltages. The arrows indicate the logarithm of
the concentration. E) Corresponding calibration curves of CI. F) Sensitivity to CI

and transconductance plots of the device.
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Next, the aforementioned OECTs were tested for the detection of CI- at different gate
voltages in KNO3 (0.1 M). As represented in the time trace and calibration curves (Figure
8.5D and Figure 8.5E, respectively), all OECTs responded to the increasing additions of
ClI-from 10* M to 0.1 M by a decrease in the conductivity of the channel, hence, decrease
in l4. Regardless of the gate voltage applied, the devices displayed a linear range
between 10° M and 0.1 M, which suggests that the linear range is independent of the
gate voltage. On the other hand, Figure 8.5F shows that the sensitivity of the devices
decreased significantly as the gate voltage increased towards high positive values. At V4
= 0V, the sensitivity to CI- was 1.16 mA/dec. while at V4 = 0.6 V the sensitivity dropped
to 0.24 mA/dec, which represents a sensitivity loss of 95 %. This loss of sensitivity could
be attributed to the ability of Ag/AgCI gate electrode to efficiently de-dope PEDOT:PSS,
which reduces significantly the conductivity of the channel and lowers the baseline
current. Therefore, in OECT mode, the sensor operates optimally at low gate voltages
(Vg = 0 V), while an increase of V4 have negligible effect on the linear range and a

detrimental effect on the sensitivity to CI.

8.4 Conclusions

In summary, we have demonstrated simple membrane-free chloride sensors based on
thick PEDOT:PSS/AgCI composite. The PEDOT:PSS film was drop-casted while the
AgCl was introduced via successive electrodeposition of Ag nanoparticles and AgCl. The
optimization of the electrodeposition process has shown that high electrodeposition
times of Ag resulted in the formation of porous interconnected AgCIl networks on top of
the PEDOT:PSS film, while the electrodeposition of AgCl from diluted KCI solution is
more suitable for higher sensitivity to CI-. The sensors showed an excellent sensitivity
that exceeded 1.5 mA/dec and a linear range between -5 and -1, which represents an

attractive alternative to ion-selective membranes.
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9 Conclusions And Future Work
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9.1 Conclusions

The ultimate goal of the present work was to develop simple and effective approaches
for building thick film organic electrochemical transistors and chemiresistors based on
PEDOT:PSS and its composites for point-of-need applications. Ease of fabrication, lean
design, complexity-free, and user-friendly, among others, are key technical attributes
that any point-of-need must demonstrate as off the bench diagnostic and healthcare tool.
In chapter 4, thick-film OECTs were constructed via a simple, yet effective off-cleanroom
approach, and then characterized electrically and electrochemically. The devices worked
at low operating voltages and delivered relatively stable signal. Thick-film OECTs
demonstrated an excellent electrical performance in terms of stability, transconductance,
On-Off current ratio, and response time. Since these OECT parameters are
interdependent, a trade-off must be made between those with upmost relevance for bio-
and chemical sensing applications. Thick-film OECTs with low width-to-length ratios
(W/L) were found to be relatively more stable, with high On/Off current, low gate current,
and a good transconductance. In contrast, despite their excellent transconductances
achieved, high W/L OECTs exhibited high gate currents and low and On/Off currents.

In chapter 5, OECTs were constructed through another approach, dip pen, which allowed
also the realization of thick PEDOT:PSS films. Compared to drop cast, dip pen technique
offered much more control over the thickness of the films obtained, via successive
writing-curing cycles. In this way, PEDOT:PSS films with thicknesses up to 20 yum were
easily obtained. Our group has mastered the fabrication of potentiometric bio- chemical
sensors based on platinum electrodes. By combining this technology with thick film
PEDOT:PSS, it was possible to build highly sensitive thick-film OECTs for the detection

of hydrogen peroxide and glucose.

The next step, as elaborated in chapter 6, was to enhance the sensitivity of OECTs to
H.O, by evaluating two configurations, and explore reducing the complexity of the
system by sensitizing the PEDOT:PSS via incorporation of nanomaterials. For this
reason, different PEDOT:PSS/nanomaterials composites were introduced in an attempt
to impart the conductive polymer with enhanced catalytic properties toward H-O-. In this
regard, four PEDOT:PSS composites were prepared based on four different
nanoparticles platinum, prussian blue, zinc oxide, and reduced graphene oxide. When
tested for H20,, PEDOT:PSS/Pt and PEDOT:PSS/PB exhibited good results in terms of
sensitivity and linear range. The standard OECTs, where only the gate was

functionalized, performed better that the dual OECT where both the channel and gate
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electrode were functionalized. Although PtNPs demonstrated superior analytical
performance, PB and rGO are very attractive since they can provide cost effective

alternative to platinum.

Chapter 7 was a direct application of the PEDOT:PSS/platinum nanoparticles
chemiresistor to the detection lactate in artificial sweat. The immobilization of lactate
oxidase on top of the channel via entrapment in nafion/chitosan provided the sensor with

sensitivity to lactate.

In chapter 8, a chloride chemiresistor was constructed by adopting the same approach
in the previous work. As result, the electrodeposition of Ag and AgCl nanoparticles on
top of pristine PEDOT:PSS thick films sensitized the channel to chloride. The sensor
demonstrated excellent analytical performance compared to the work reported in the

literature.

9.2 Future work

The organic electrochemical transistor is a promising technology that can put at the
service of scientists unique properties for developing novel point-of-need devices for
diagnosis and health monitoring. From materials point-of-view, gold is the most common
material used to make the electrodes of the device because it has similar work function
as PEDOT:PSS ,and it is chemically stable. Despite that the literature is rich with
examples of OECTs constructed with non-noble materials, such as PEDOT:PSS itself or
carbon ink, their performance, reproducibility, and long term stability are very often a
drawback. Screening studies should be conducted to select affordable materials that
combine good conductivity, chemical stability, and compatibility with conventional

fabrication methods. This is essential to build cost effective devices.

Sensitizing the channel instead of the gate electrode is a very attractive approach,
particularly, for building multiplexed systems. In a typical OECT where the gate is
functionalized, for instance, the number of electrodes needed to simultaneously detect
three analytes would be 9. Whereas, in an OECT with sensitized channel, total number
of electrodes required is only 7, since the individual channels will share the same gate
electrode. In chapter 6 and 8, the analytical performance of the sensitized channels
deteriorated when they were tested as OECTs. More comprehensive studies are needed

to understand the mechanism underlying this behaviour, and eventually, minimize it.
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Moreover, to further reduce the number of electrodes in a system with multiplexed
OECTs, it would be interesting to explore whether it is possible to use one channel and
three functionalized gate electrodes covered with membranes that exhibit different
diffusion properties. In this way, the time will take the analytes to pass through the
membranes will be different. As result, the response of the channel to the individual
analytes will be delayed, which makes it easy to distinguish them. Combining this system
with chemometrics analysis is also expected to improve the accuracy and ability of the

device to provide reliable information.
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3Ps

M

Predictive, preventive and personalized medicines

Charge carrier mobility

AgNPs Silver Nanoparticles

AuNPs Gold Nanoparticles

BIPV

CE

CP

Cv

DNA

Building Integrated Photovoltaics
Counter electrode

Conductive Polymer

Volumetric capacitance

Deoxyribonucleic acid

EGOFET Electrolyte Gated Field Effect Transistor

EIS

Electrochemical impedance spectroscopy

ESEM Environmental scanning electron microscopy

F

FET

GC

agm

Gox
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IUPAC International Union of Pure and Applied Chemistry

LOD

Faraday constant (96485 C/mol)
Field Effet Transistor

Glassy carbon
Transconductance

Glucose oxidase

Drain Current

Gate Current

lon-selective membrane

Limit of detection

OECT Organic Electrochemical Transistor

OFET Organic Field Effect Transistor

OLED Organic Light Emitting Diode
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OPD Organic Photodiode

OPV Organic Photovoltaic

OTFT Organic Thin Film Transistor
PEDOT:PSS Poly(3,4-Ethylenedioxythiophene) Poly(sodium 4-stryrene sulfonate)
POC Point-of-care

PON Point-of-need

PtNPs Platinum Nanoparticles

R Resistance

RE Reference electrode

RFID Radio-frequency identification
rGO Reduced graphene oxide

S/D  Source/Drain

THF  Tetrahydrofuran

v Scan rate

Vd Drain Voltage

Vg Gate Voltage

Vp Pinch-off Voltage

WE  Working electrode

4 Impedance magnitude

z" Imaginary part
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