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Abstract

Owing to its desirable properties, including flexible, solution-processable, low cost
and versatility, organic thin film transistors (OTFTs) have emerged as a viable
platform for high performance chemical and biological sensors. As an important type
of OTFTs, organic electrochemical transistors (OECTS) have attracted a great deal of
interest during the last few years, which could be attributed to its high stability in
aqueous electrolytes and low operation voltage affordable for biological applications.
OECTs based on PEDOT:PSS have shown extensive applications in chemical and biological
sensors, including pH, bacteria, ions, glucose, dopamine, DNA, lactate, proteins, and cells,

etc.

In this thesis, the performance of OECT based glucose sensor has been
systematically investigated. It was found that the sensitivity of OECT glucose sensor
could be significantly improved by co-modifying gate electrodes with graphene
nano-materials (graphene or reduced graphene oxide (rGO)) and the enzyme glucose
oxidase. The low detection limit of the functionalized device to glucose was down to
10 nM, which was two orders of magnitude better than that of devices without
graphene modification. The optimized devices showed a linear response to a wide
range glucose concentration from 10 nM to 1 mM, covering the physiological
glucose range in human saliva. In addition, the selectivity of OECT glucose sensors
was systematically studied for the first time. The selectivity of OECT glucose

sensors could be dramatically improved by modifying the gate electrodes with
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biocompatible polymers (Chitosan and Nafion). These modified polymers served as

effective block layers to minimize the interfering effect from uric acid and L-
ascorbic acid. Therefore, the sensitivity and selectivity of the OECT-based glucose

sensors could be simultaneously improved by modifying gate electrodes.

High-performance OECT-based dopamine(DA) sensors have also been successfully
fabricated. To improve the selectivity of DA sensor, the gate electrodes of OECT
devices were modified with biocompatible polymers, such as Nafion and Chitosan.
Additionally, the sensitivity of OECT based DA sensors could be further improved
by the modification of graphene nanomaterials(graphene and reduced graphene
oxide (rGO)) on the gate electrodes. The DA sensors functionalized with Nafion and
graphene materials showed a detection limit down to 5 nM, and a wide linear region
from 5 nM to 1 mM with a good selectivity. Therefore, the OECT-based DA sensors
hold great potential for the disposable and low-cost sensing applications in the near

future.

In addition, OECT based uric acid(UA) sensors with high sensitivity and selectivity
were successfully fabricated for the first time. The OECT UA sensors modified with
enzyme(UOXx), polyaniline (PANI) and graphene-based nano-materials(graphene
sheets and reduced graphene oxide (rGO)) showed a high selectivity to UA
additions. The sensors with UOx-rGO /PANI/ graphene flakes/Pt gate electrode can
detect UA down to 10 nM, which was approximately 4 orders of magnitude better

than that of conventional electrochemical UA sensors using the similar enzyme
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electrodes. Interestingly, the devices demonstrated an excellent linear response in the

range of 100 nM to 500 uM, covering the normal uric acid level in human body.
Interference signals from co-existed bio-active intereferents(e.g. glucose, dopamine
and ascorbic acid) were effectively blocked because of the modified polymer layers.
Owing to the versatility of modification techniques, OECT devices can be further
explored for various kinds of biological applications, including DNA, cells, bacteria,

protein and antigen/antibody.
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Chapter 1 Introduction

1.1 Background

Analytical methods for the detection of specific chemical and biological species have
attracted significant attention in the last few decades, a large number of high-
performance sensors have emerged to shape the area of sensing technology [1].
Basically, a sensor is a device that can response to a specific quantity of targets and
convert it into a readable signal which can be directly observed or recorded by an
external device. Interestingly, medical diagnostics and environmental control have
become the research hub of chemical sensors and biological sensors [2]. By
definition, a chemical sensor normally consists of a chemically sensitive layer that
unveils information of its ambient environment and a physical transducer that
transforms the signal into a readable form, while a biological sensor typically
incorporates with biological probe molecules, including protein, sSDNA,
antibody/antigen, bacteria, etc., as the biological elements for sensing particular

analytes [3].

Research on OTFT-based sensors increased rapidly in the last few years, covering a
broad range of applications in chemical and biological sensing, ranging from
environmental monitoring, food safety detection [4] and artificial skin[5], to

biological warfare agents [3] , medical diagnostics [6] and drug delivery [7], among
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which some applications are now excitingly stepping close to the real life. These

distinguished sensors afford to detect extremely low concentrations of target analytes
with enhanced sensitivity and selectivity, by simply manipulating the molecular
structure and morphology of organic active materials. Furthermore, active materials
used could be covalently integrated with recognition elements, providing highly

specific interactions with given analytes [8].

OTFTs can be divided into two primary categories, i.e., organic field-effect
transistors (OFETSs) and organic electrochemical transistors (OECTSs) (Figure 1.1),
principally based on the difference in device structure and operation principles [9].
The performance of OFET device is significantly affected by the features of
dielectric/insulator interface and grain boundaries in semiconductors.

Consequently, OFET-based sensors are able to detect the target analytes according
to the chemical/physical changes of organic semiconducting layer induced by the
external stimulis [10]. The functionalities of OFET-based sensors can be readily
tailored via surface engineering [11]. Different from the OFET-based sensors, OECT
sensors show some desirable properties. Firstly, OECTs normally operate with a
much lower working voltages (typically less than 1 V), which could effectively
prohibit the hydrolysis of electrolyte during operation. More importantly, OECT-
based sensors can be operated in aqueous electrolytes that are essential for the
practical real-time chemical and biological sensing applications [12]. In addition, the
fabrication process of OECTs is much easier due to its simple structure, in which the

active layers and gate electrodes could be separately fabricated in different substrates
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[13]. The above properties make OECTSs to be easily integrated with complex

systems, such as high throughput sensor arrays or microfluidic channels. Therefore,
OECT devices hold great potential for the high performance detection of biological

elements.

g™’ PRI )

Figure 1.1 Schematic structures of (a) an OFET-based sensor and (b) an OECT-

based sensor [14].

1.2 Objectives of Research

Although several different methods have been developed for particular sensing
applications, such as spectroscopy, cyclic voltammetry, chromatography, etc., the
testing is either laborious or expensive. Due to its high sensitivity, versatility and
small size, thin film transistors (TFTs) based sensing methods have attracted

increasing interest and emerged as a feasible tool for sensor technology. Organic thin
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film transistors(OTFTSs), which can be conveniently prepared by cost-effective

solution processes, far outweigh its counterparts based on silicon, carbon nanotube,
graphene, or oxide semiconductors. More interestingly, OECT-based sensors can
exhibit extremely high sensitivity and selectivity toward target analytes by the proper
modification of working electrodes and interfaces. Therefore, OECT based devices

serve as a promising platform for the disposable and high-performance sensors [15].

There are two major objectives in this thesis:

1. To optimize the performance of already existed OECT based biological sensors,
I.e,. glucose sensor and dopamine (DA) sensor. The sensitivity and selectivity of
OECT based sensors are expected to be simultaneously improved by co-
modifying the gate electrodes with enzymes, biocompatible polymers and

graphene materials.

2. To explore the novel applications of OECT based devices in biological sensing
applications. The OECT devices with UOx-GO /PANI/ graphene flakes/Pt
multilayer gate electrode hold great potential for high performance uric acid

detection, which has not been reported previously.
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1.3 Outline of Thesis

The chapters of this thesis are organized as follows:

Chapter 1: Introduction. In this chapter, the background of OTFT based biological
sensors is firstly introduced. Then the objectives and outline of this thesis are

introduced.

Chapter 2: Overview of organic electrochemcial transistor (OECT) based chemical
and biological sensors. In this chapter, the work on OTFT sensors are systematically

reviewed and classified according to sensor types.

Chapter 3: Highly selective and sensitive glucose sensors based on organic
electrochemical transistors with graphene-modified gate electrodes. In this chapter,
the sensitivity and selectivity of PEDOT:PSS based OECTs glucose sensors are
systematically studied using the biocompatible polymers, graphene materials
(graphene or reduced graphene oxide (rGO)) and glucose oxidase co-modified gate

electrodes.

Chapter 4: Organic electrochemical transistors with graphene-modified gate
electrodes for highly sensitive and selective dopamine sensors. In this chapter, high-
performance OECT-based dopamine(DA) sensors have also been successfully

fabricated using the Nafion and graphene flakes co-modified electrode.
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Chapter 5: Multilayer functionalized enzyme electrode for high performance uric
acid sensor based organic electrochemical transistors. In this chapter, PEDOT:PSS
based OECT devices with enzyme, polyaniline and graphene-based materials
modified on the surface of Pt gate electrode demonstrated high performance for UA

sensing .

Chapter 6: Conclusions and future outlook. In this chapter, this thesis is summarized

and personal perspective for the future of OECT based devices is proposed.
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Chapter 2 Overview of Organic
Electrochemical Transistors based
Chemical and Biological Sensors

2.1 Introduction

In this chapter, we will review the chemical and biological sensors based on OECTSs.
The first part of this review is devoted to a brief introduction on the materials used in
the OECT devices, then sensors based on OECTSs grouped by their specific
applications are discussed in details. Older seminal work shapes the development of
this field are also reviewed. The chapter is mainly focusing on the OECT based
chemical and biological sensors. Therefore, most of previously inspiring works on

gas sensors, chemical vapor sensors, optical sensors, etc., will not be reviewed in this

paper.

2.2 Materials of OECTs based Sensors

Since the ground-breaking discovery in highly conductive polyacetylene in 1970s
[16], conductive organic semiconductors develop rapidly in the last few decades and
has already become the versatile “rising-star” material both for academic and
industry. As the futuristic materials for the manufacturing of emerging organic

electronics, organic semiconductors have emerged as a promising competitive
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material for conventional inorganic semiconductors such as silicon. One particular

feature distinct from inorganic-based semiconducting material, the chemical and
physical properties of organic semiconducting material could be easily manipulated
by the adoption of differentiated molecular structures(either/both in molecular
backbone or/and functional groups) or just tailoring the physical parameters of
processing(film thickness, annealing temperature and time, etc. ), to meet the
specific requirements of particular application [17]. Owing to the versatility of
organic semiconductors, this kind candidate material serves as a brand new essential
element for the further development of electronic devices. Significant effects are
made by chemists to create a large family of n-conjugated conducting materials,
most typically including polypyrrole, polyaniline and polythiophene, etc,. (Figure 2.1)
More interestingly, such kind organic semiconducting materials have successfully
been used in the state-of-art organic electronics, ranging from organic photovoltaic
devices (OPVs) [18], organic light-emitting diodes (OLEDS) [19], to organic thin-

film transistors (OTFTs) [20].

Compared with their inorganic counterparts, organic semiconductors (normally
including polymer semiconductors and small molecule organic semiconductors) can
be easily prepared via low-cost conventional processing conditions. Most inorganic
semiconductors based electronic devices require stringent and strictly controlled
environments. Normally, high-purity crystalline substrates should be processed in a
ultraclean room equipped with expensive facilities, including magnetic sputtering

system, inductively coupled plasma (ICP) etching system and reactive ion
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etching (RIE), etc,. In contrast, organic electronics can be readily prepared by
solution-processable techniques (polymer semiconductors) or thermal evaporation
(small molecule organic semiconductors) at low temperatures, which enables the use
of wide range of low-cost substrates, including normal glass, flexible plastics, metal
foils, clothing and even papers [21]. As one kind of most studied alkyl-substituted
polythiophenes, poly(3-hexylthiophene) (P3HT) demonstrates excellent solubility in
a variety of organic solvents, enabling the ease fabrication process by conventional
solution processable techniques, including spin coating, screen printing and inkjet

printing, etc,. [22]
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Figure 2.1 Chemical structures of the organic semiconductors commonly used

INOTFT-based sensors.(a) Poly(3,4-ethylenedioxythiophene):poly(styrene sulfonic
acid) (PEDOT:PSS). (b) Polypyrrole.(c) 1,4,5,8-naphthalene-tetracarboxylicdianhy
dride (NTCDA). (d) Poly(3-hexylthiophene) (P3HT).(e) Polyaniline. (f) Pentacene.

/
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(9) Polycarbazole. (h) 5,5_-bis-(7-dodecyl-9H-fluoren-2-yl)-2,2’-bithiophene
(DDFTTF). (i) Copper phthalocyanine (CuPc).

Organic semiconductors normally can be divided into two types: p-type
semiconductors with electron-donating groups involving the high highest occupied
molecular orbital (HOMO) levels and n-type semiconductors with electron-accepting
ones involving the HOMO levels. Both type semiconducting materials are mostly in
conjugated molecular structures and exhibit similar electronic and optical properties
to that of inorganic semiconductors [23]. Also, organic semiconductors can be
classified as two major families: polymer semiconductors and small molecule
organic semiconductors, based on the molecular backbones and structures. Polymer
semiconductors contain a long n- conjugated backbone with side chains that could
increase the solubility in solvents. Therefore, semiconducting polymer-based devices
can usually fabricated by solution processable processes. Primarily due to their
extremely high electrical conductivity, some kind of conjugated polymers are also
referred as “synthetic metal” [24]. Small molecule organic semiconductors can
normally form ordered crystal structures, leading to a carrier mobility comparable to
or even higher than that of amorphous silicon [25]. Small molecule based organic
devices can be fabricated by thermal evaporation at low temperature and thus enable
the high throughout fabrication processes [26]. Distinct from their polymer
counterparts, small molecule organic semiconductors exhibit some distinguished
features, such as high purity, strictly controlled molecular structure and well-defined
molecular-weight [27]. However, for the electronics associated with the interfacing

world of biology, conducting polymers are far more utilized than small organic
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molecules. Biological system is an aqueous environment in which ion flux carries

significant amount of information and regulates the life processes. The mixed ionic
and electronic transport ability makes conducting polymers the ideal communication
channel bridges the worlds of electronics and biology [28]. Therefore, the afterward-
mentioned organic semiconductor materials and organic bioelectronics are mostly
refereed to the conducting polymers. The most-commonly used polymers in OECT

devices are concluded as follows:

2.2.1 PEDOT

One of the most studied conjugated polymers is the p type poly(3,4-ethylenedi
oxythiophene) (PEDOT). PEDOT material exhibits extremely high conductivity,
excellent stability in a wide range of pH and commercially available in the market
[29], all of which make it the candidate material for numerous applications, such as
TFTs [30],sensors [31], memories [32], displays [33], etc. As pristine PEDOT is
insoluble, high-molecular-weight counter-ion, including poly(styrene-sulfonate)
(PSS) and p-toluenesulfonate (TOS), are usually used to achieve a stable solution-
processable dispersion of PEDOT. The conductivity of PEDOT was ranged from 1

to 300 S/cm, depending on the doping level and the counter-ion used [34].

2.2.2 Polyaniline
Primarily due to its high electrical conductivity, excellent biocompatibility and good
stability in electrolytes, polyaniline(PANI) has attracted the great attention of the

research community [35]. Normally, polyaniline materials consist of three idealized
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oxidation states as shown in Figure 2.2, including leucoemeraldine, emeraldine and

(per)nigraniline, among which emeraldine base demonstrate the highest
conductivtity at room temperature and is regarded as the most important type of
polyaniline for practical sensing applications. Importantly, the conductivity of
polyaniline for a specific application could be easily obtained by fine tuning the
chemical states of the material. In addition, polyaniline has desirable processing
properties, making it possible to be processed by the inexpensive and conventional
solution processable methods. The potential utilization of polyaniline is in

transparent conductors, electrochromic coatings and chemical/ biological sensors, etc.

KOOt

a: (per)nigraniline

HOr OO Ot

b: emeraldine

¢: leucoemeraldine

Figure 2.2 Three oxidized states of polyaniline.

2.2.3 Other type semiconductors
Polypyrroles: Basically being a polyacetylene derivative, polypyrroles are rigid-

rod polymer show high conductivity. The so-called organic electrochemical
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transistor (OECT) using polypyrroles as the active material of transistor could be
traced back to the early 80s by Wrighton et al. [36]

Poly(3-methylthiophene): As a type of polythiophene material, poly(3-
methylthiophene) was extensively studied and used in organic electronics [37].
Compared with polythiophene, conductivity was increased by 3 to 4 orders of
magnitude when a methyl group was introduced into the backone.

Polycarbazole: As an aromatic conjugated polymer material containing nitrogen
atom, polycarbazole shows some potential for biological sensing applications, due to

its relatively high conductivity approximately 1.4 <10™S/cm.

2.3 Sensors Based on OECTs

2.3.1 Working Principle of OECTs

The operation mechanism of PEDOT:PSS was systematically investigated by
Bernards et al. [38].Cations in electrolyte could be injected into PEDOT:PSS layer to
de-dope the semiconductor when a positive gate voltage was applied, resulting in a
decreased channel current. To further elucidate the underlying transient behavior of
OECT devices, OECTs were divided into two fundamental circuits, i.e., electronic
circuit and ionic circuit. According to Ohm's Law, electronic transport was decided
by the mobility and density of holes. The ionic transport, however, was closely
related to the ionic charges existed in electrolyte. The channel current was proposed

as follows[39]:
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Among which V, is pinch-off voltage, VgEff is effective gate voltage, q is electric
charge, p is hole mobility, po is the initial hole density in the conducting polymer
film without any gate voltage applied. t is the thickness of active layer. W and L are
the channel width and length, respectively. C;is the effective per unit area capac-
itance of transistor, and Vst IS the parameter determined by the potential drops

both at gate/electrolyte interface and electrolyte/channel interface [40].

2.3.2 Chemical Sensors

2.3.2.1 Humidity Sensors

Nafion, as one of the most commonly studied proton conducting material, has
already been exploited in sensing areas [41]. Nilsson et al. [13] demonstrated a
flexible OECT based humidity sensors inexpensively manufactured by printing the
commercially available PEDOT:PSS on fine paper and thin polyester foils. The
PEDOT:PSS active layer were patterned to act as the source, drain and gate
electrodes, and active channel layer as well. Then Nafion layer as the solid-state
electrolyte was deposited to cover the channel area and gate electrode. The
conductivity of Nafion was closely related with the humidity level of ambient

environment, therefore the variation in humidity will introduce a corresponding
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change of electrolytes’ conductivity up to several orders of magnitude, which in turn
modifies the reduction level of PEDOT:PSS active layer when a positive gate
voltage was applied. They reported that the current of OECT based humidity sensor
exponentially decreased (approximately two orders of magnitude) when the tested
humidity level increase from 40% to 80% (Figure 2.3). This report proved the

fruitful use of OECTs as the practical humidity sensors in our daily life.
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Figure 2.3 The current response of the OECT device to the variations of humidity

level [13].

2.3.2.2. lon Sensors

Rapid tracing metal analysis or determination of inorganic ions in clinical analysis is
of critical importance. OECT device has emerged as a new platform for highly

sensitive and selective ion sensors and shape the development of inexpensive,
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disposable and high-performed devices. A high selective Ca®* PEDOT:PSS based

OECT sensor has been reported by Berggren et al. [42]. Upon the application of
small gate voltage(Vy = 0.15V), this type Ca’* sensor could be able to detect low
level Ca?* with a detection limit down to 10 M. The high selectivity toward Ca?*
detection was achieved by coating a thin layer of ionophore-based solvent polymeric
membrane, which was composed of 2-nitrophenyl octyl ether, poly(vinyl chloride),
potassium tetrakis(4-chlorophenyl)borate, and N,N,N,N -tetracyclohexyl-3-

oxapentanediamide, onto the top of PEDOT:PSS channel.

Furthermore, Bernards et al. [43] incorporated an OECT device with biological
recognition components to distinguish monovalent and divalent cations in solutions.
The biological elements used in this study was a bilayer lipid membrane (BLM)
coupled with Gramicidin, forming an ion-channel only permeable to monovalent
cations, instead of polyvalent cations or anions. The gating effect of OECT could be
significantly suppressed when the BLMs was formed, even when a gate voltage
larger than 0.1 V was applied. However, the incorporation of gramicidin seemed to
be able to restore the gating effect and rendered membrane the sensitivity to
monovalent cations. The conductivity of PEDOT:PSS layer was significantly
changed when a small gate voltage was imposed in KCI electrolyte solution.
However no obvious modulation was observed when CaCl, electrolyte solution was
tested. Those results further confirmed that the integration of ionophore proteins
into BLMSs enable the high selectivity for monovalent ion identification. This

concept provides great possibilities for accurate sensing applications.
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To achieve high selectivity, Mousavi et al. [44] also incorporated OECT based on

PEDOT:PSS with K*, Ca**, and Ag*-selective ionophore-based solvent polymeric
membrane. Highly selective and sensitive K*, Ca®*, and Ag" sensors were fabricated.
The detection limits toward K*, Ag*, and Ca®*were 10* M, 10° M, and 10* M,
respectively. More interestingly, PEDOT:PSS active layer itself could served as the
Ag’-selective membrane for the detection of Ag” in solution, primarily due to the

spontaneous oxidization of PEDOT:PSS in Ag* solution.

Later, Yan et al. [45] systematically study the ion-sensitive mechanism of OECT
based on PEDOT:PSS (Figure 2.4). The device was characterized in several
electrolyte solutions, such as like H*, K*, Na*, Ca®*, and AI** solutions. Similar
results were achieved in different solutions. They demonstrated that the transfer
curves shifted to a lower gate voltage when the cation concentration of electrolyte
was increased, and a universal curve was obtained by horizontally scaling the curves,
both of which could be explained by Nernstian relationships between gate voltage
shifts and ion concentration. In addition, different gate electrodes, including
Ag/AgCl, Pt, and Au, were further used to study the transfer characteristics of device.
Interestingly, they found that the ion-sensitive properties of device were largely
affected by the gate electrode. The devices with Pt or Au gate electrodes
demonstrated higher ion sensitivities than the case of Ag/AgCl electrode was used.
They concluded that the shift of gate voltage of OECT device with an Ag/AgCl gate
electrode demonstrated Nernstian relationship to the cations concentrations, however

not for the devices with Pt or Au gate electrodes. The devices could be used to detect
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metal ions down to 10 ® M. Based on this work, enhanced OECTSs could be

fabricated by optimizing the physical parameters of devices.
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Figure 2.4 (a) Transfer characteristics of a PEDOT:PSS-based OECT measured in
KCI solutions with different concentrations. Inset: schematic of the device. (b)
OECT response |[AVg| as functions of the concentrations of metal cations in the
solutions of KCI, Ca(NOg3), and Al,(SO4)3 [45].

Tarabella et al. [46] reported a similar result when PEDOT:PSS based OECTs with
different gate electrodes were characterized. They demonstrated that the device with
Ag gate can more effectively modulate the channel current than that of device with a
Pt gate electrode. The distinct responses were due to the different gate electrode
effects in solution. The OECT with Ag gate electrode was operated in the Faradic
regime, nearly no gate voltage was dropped at the electrolyte/gate electrode interface.
While for the OECTSs with Pt gate electrode, the device was in operated within the

no-Faradic regime, gate voltage applied on the electrolyte/semiconductor interface
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was greatly reduced, leading to a smaller modulation of channel current.
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Figure 2.5 (a)Schematic of the OECT device indicating the electrical contacts. (b)
Channel current response (I - lo)/lo| as a function of gate voltage Vy characterized in
different CTAB concentrations[47].

Tarabella et al. [47]then investigated the specific effects of electrolyte on OECT
performance. Planar OECTs based on PEDOT:PSS were fabricated by the
lithographic patterning process. Micelle-forming cationic surfactant
cetyltrimethylammonium bromide (CTAB) was used as the electrolyte for
characterization. When the CTAB concentration was lower than its critical micellar
concentration (CMC, approximately 10 M at 298 K), the channel current remains
stable even when the CTAB level was changed, as shown in Figure 2.5. While if the
CTAB concentration was higher than the CMC point, the channel current was
dramatically shifted. These results clearly demonstrated that positively charged

CTA" micelles (above CMC point) can de-dope the PEDOT:PSS layer more
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effectively than that of CTA" dissociated ions (below CMC point). This work

extended the sensing applications of OECTs by demonstrating the possibility of

rapid detection of micelles formation.

More recently, Tarabella et al. [48] presented an interesting work by testing the
saline in human sweat. The OECT sensors were fabricated on a single natural cotton
fiber deposited with PEDOT:PSS, using a simple Ag wire as the gate electrode.
Stable and reproducible results were achieved. The sensing mechanism was
depended on the redox reaction between ions in solution and Ag gate electrode. The
devices were competent for effective NaCl concentration detection in the range of
10-10 M (Figure 2.6). The role of gate voltage was also investigated. Importantly,
a small gate voltage as low as 0.2 V was already able to differentiate the different
concentrations of NaCl. This device holds great potential for salts sensing in

physiological conditions.
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Figure 2.6 (a) Schematics of the OECT based on cotton functionalized with PEDOT.
(b) Normalized transistor response (I - lp)/lo| as a function of the salt concentration
with different gate voltages [48].

2.3.2.3. Polyelectrolyte Sensor

Polymeric material plays a pivotal role in the drug delivering system. S. lannotta et
al. [49] explored the application of OECTs in the determination of polyelectrolyte
polymeric shells. OECT sensors made of PEDOT: PSS were used to detect poly
(acrylic acid) (PAA) and poly (allylamine hydrochloride) (PAH), which were
typically used to functionalize the nanoparticles for drug delivery systems. The
detection systems were realized by means of an automatic syringe controlled by the
micro-positioning system. A PDMS vessel was attached to glass slide to create a
chamber. They found that the modulation of channel current was reduced upon the
addition of negatively charged PAA, and increased PAA concentration will further
decrease the response of sensors. While the positively charged PAH have no visible

effect on the modulation of channel current. The different responses toward PAA
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and PAH could be explained by the distinct interactions between the polymeric chain

and the ions presented in CaCl, solutions. They further reported that gold
nanoparticles (NPs) modified with PAA could also affect the performance. The
devices showed a lower detection limit when gold nanoparticles was modified with
PAA molecule. This result could be explained by the fact that more than one
polymeric chains were attached onto a single NPs, resulting in a higher response than
that of polymer alone. This idea hopefully provides us the possibilities to
discriminate different polymeric shells, and more significantly, to determine the

quantity of polymer shell materials already attached on the surface of nanoparticle.

2.3.3 Biological Sensors

2.3.3.1 Glucose Sensors

Malliaras’s group has extensively investigated the OECT based glucose sensors,
which open the door for a series of elegant studies on the successful utilization of
OECTs in chemical and biological sensing. Zhu et al. [50] demonstrated that the
OECT based sensors were competent for glucose sensing at neutral pH. PEDOT:PSS
layer was patterned as the active channel, source, and drain electrodes by spin-
coating, and Pt wire was used as the top gate electrode. The application of gate
voltage will induce a small decrement of channel current, even when GOx alone was
added into the solution. However, a dramatic modulation of l4s was displayed upon
the addition of glucose in GOx containing solution. This could be explained by the
fact that the OECT devices were sensitive to the peroxide generated by GOx. The

oxidation of peroxide occurred on the surface of Pt gate electrode, to maintain charge
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balance, PEDOT was reduced to the neutral state, resulting in a much decreased

value of channel current (Fig 2.7). Then Macaya et al. [51] demonstrated that OECTs
able to detect glucose down to micromolar concentration, which was sensitive
enough for the clinical determination of glucose level in human saliva. The glucose
detection limit of the sensors was 1uM. They also reported that the performance of
devices was greatly influenced by the gate voltage. The mechanism of sensing was
related with the oxidation of H,O, at the gate electrode. This work holds great

potential for non invasive glucose detection technology in clinical analysis.
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Figure 2.7 Sensing response as a function of time in PBS solution. Inset: relative
changes of Ips vs. Vy for two solutions [50].
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To understand the underlying sensing mechanism of OECT devices, Bernards et al.

[39] systematically investigated the device physics of OECT glucose sensor (Figure
2.8). A universal curve describing device operation was established. The
PEDOT:PSS-based OECT with Pt gate electrode was characterized in PBS solution
containing GOXx. A poly(dimethylsiloxane) (PDMS) well was used to define the
transistor channel and fill the electrolyte. Due to the de-doping of PEDOT:PSS,
channel current decreased with applied gate voltage. The conductivity of organic
semiconductor layer was dramatically decreased with the addition of glucose. The
transfer curves (Ips VS V) of OECTSs could horizontally shift to lower gate voltages
upon the introducing of glucose, which was largely dependent on the concentration

of glucose. The sensing mechanism could be given by Nernst equation:
off KT |
V," =V, +(1+7/)% n[H,0,]+const

in which [H,05] is the concentration level of hydrogen peroxide in solution, VVg® is
the effective gate voltage of OECT device; v is the ratio between the capacitances
of channel and gate. H,O, was generated by glucose oxidization at the Pt gate
electrode, inducing Faradic current flow near the interface of electrolyte/Pt-gate. The
potential drop at the interface of electrolyte/Pt-gate decreased with the increase of
glucose concentration due to the increased Faradic current, thus leading to a higher
voltage applied on the electrolyte/PEDOT:PSS interface. The improved
understanding of sensing mechanism paves the way for the rational design of OECT

based enzymatic sensors.

All-plastic OECT based glucose sensor was firstly realized by Shim et al. [52] The

LIAO Caizhi 24



Qb THE HONG KONG POLYTECHNIC UNIVERSITY Chapter 2

N2

source, drain, and gate electrodes, as well as the active area of transistors, were all

fabricated with PEDOT:PSS material. The device displayed reliable responses to
glucose level in the range of 1uM-200uM, which holds great possibility for glucose
level detection in human saliva. More importantly, ferrocene could facilitate the
electron transfer process between gate electrode and enzyme redox centre, resulting
in a dramatically increased normalized response. The simple architecture of OECT

allows the use of most commonly fabrication processes.
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Figure 2.8 The offset voltage of an OECT vs. glucose concentration [39].

Cicoira et al. [40] investigated the role of geometric parameters on the PEDOT:PSS
based OECT. Hydrophobic SAM perfluoro octyl trichlorosilane (FOTS) was
patterned to define the electrolyte containing regions. They found that the OECT

glucose sensor with smaller gate electrode demonstrated lower background signal
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and higher sensitivity toward H,O; detection. They concluded that most of applied

gate voltage was dropped at the electrolyte/Pt gate interface when the channel/gate
area ratio was set to be high, resulting in a small modulation of channel current. The
modulation of channel current was tremendously improved in the presence of H,0,
due to Faradaic contribution. In addition, the detection limits (both minimum and
maximum) of analyte seem to be insensitive to the channel/gate area ratio. The report
implicated that optimized physics geometry of devices could significantly enhanced

the sensing performance.

Kanakamedala et al. [53] also studied the physical properties of device by
presenting an OECT fabricated by one step process using the inexpensive
xurography technique. All the electrodes and channel areas were made with PEDOT:
PSS. Polymer wells were attached onto substrate to accommodate solution. The
proper geometric design of gate electrode and channel dimensions guaranteed a
decent response for glucose detection. The device showed a pronounced lgs
modulation for sensing the glucose in the 1-200 mM concentration range, without

incorporating any electron mediator to the active layer or solution.

Yang et al. [54] demonstrated that room temperature ionic liquid could used as the
effective immobilization medium for enzyme and mediator mediator. The planar
OECT device was all PEDOT:PSS based. The (tridecafluoro-1,1,2,2-tetrahydrooctyl)
trichlorosilane (FOTS) monolayer was then deposited to served as the hydrophilic

“virtual wells” to define electrolyte area. To functionalize the device, room
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temperature ionic liquids (RTILs) containing the mediator ferrocene [bis(n5-

cyclopentandienyl)iron] and enzyme glucose oxidase (GOx) was placed onto the
device. During testing, glucose PBS solution was added into electrolyte. The
OECT glucose sensor show enough sensitivity in a wide range of glucose

levels(from 10to 10 M), as shown in Figure 2.9.
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Figure 2.9 Sensing response of the OECT sensor as a function of glucose
concentration [54].

Integrating OECTs with complex microfluidic systems demonstrate great
possibilities for microfluidic-based chemical and biological sensors. Mabeck et al
[55]. fabricated an OECT device integrated with microfluidic channel, in which the
PDMS microfluidic channel was patterned on the top of PEDOT:PSS layer. The

microfluidic channel not only affords to control the flowing of small sample volumes
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in the system, but also serves as the gate electrode of devices. When +1 V operation
voltage was applied, the channel current significantly changed up to two orders of

magnitude with 10 mM Tris(hydroxymethyl)aminomethane hydrochloride (Tris-Cl)

buffer solution flowing through the microfluidic channel at 0.1uL/min.
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Figure 2.10 Photograph of the OECT array integrated with a surface-directed
microfluidic system [56].

Yang et al. [56] also reported that the OECTSs integrated with surface-directed
microfluidic system could sensitively detect multiple analytes simultaneously. The
sample was firstly placed on the top reservoir and began to flow along the

hydrophilic channels spontaneously, finally reached the measurement reservoir
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(Figure 2.10). Glucose and lactate were successfully identified and differentiated

from the same sample solution by modifying the PEDOT: PSS channels with
corresponded enzymes. Utilizing the same approaches, more analytes could be

selectively detected simultaneously by adding several more measurement reservoirs.
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Figure 2.11 (a) The schematic of the PEDOT:PSS based OECT glucose sensor. (b)
The enzymatic reaction cycle essential for the determination of glucose by
PEDOT:PSS-based OECTs [57].

Most recently, our group demonstrated a highly sensitive OECT-based glucose
sensor by modifying the gate electrode [57], as shown in Figure 2.11. Chitosan
(CHIT), a kind of biocompatible polymers was used to immobilize GOx onto Pt gate
electrode. Nanomaterials, including Pt nanoparticles (Pt-NPs) and multi-wall carbon
nanotubes (MWCNTS), were also used to modify the gate electrode to improve the

sensitivity of glucose sensors. The device displayed an obvious response to an
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addition of 5 n M H,0, using the Pt-NPs/Pt gate electrode. The enhanced sensitivity

toward H,O, could be attributed to the excellent electrocatalytic activity of modified
Pt-NPs. More interestingly, the devices with CHIT/GOx/Pt-NPs/Pt gate electrodes
exhibited a pronounced response to the addition of 5 nM glucose, which were three
orders of magnitudes better than the devices without nanoparticles modified on the
Pt gate. In addition, the fabricated OECT glucose sensors delivered a much better
performance in comparison with conventional amperometric methods. Based on the
same modifying techniques, other types of highly sensitive enzymatic sensors could

be realized.

2.3.3.2 Cell Sensors

Thin film transistors(TFT) based cell sensors have attracted great amount of
interests in the last few decades, with regard to its advantages in terms of high
sensitivity, fabrication ease and low cost. Transistors fabricated with silicone have
already been successfully used for the detection of various cells [58]. However, the
essential complex facilities required for inorganic based transistors fabrication
procedure strictly prohibit the development of inorganic TFT based cell based
biosensors for the disposable in vitro/in vivo measurements. New techniques are in
great needed for practical cell detection. OECT based cell sensors using PEDOT:
PSS as the active layers were firstly demonstrated by Yan et al. [59] (Figure 2.12).
They reported that the PEDOT: PSS based OECTs showed excellent
biocompatibility and stability in culture medium. To functionalize OECT device,

OECTs was firstly integrated with human esophageal squamous epithelial cancer cell
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lines (KYSE30) and fibroblast cell lines (HFF1) in cell culture medium. The shifts of

sensor responses could be attributed to the electrostatic interaction between cells and
active transducing layer of OECT, making those devices sensitive to the changes
related to the surface charge and morphology of attached cells. Due to the inherent
negative charge on the surface of cells, the transfer characteristic of devices with
cells attached would shift to a more positive gate voltage. They further investigated
the influence of cell detachment on the performance of devices. Cancer cells could
quickly detach from PEDOT: PSS layers by the treatment of Trypsin treatment. The
transfer curve of device shifted to lower gate voltage for about 150 mV after the
treatment (Figure 2.13). A similar phenomenon was observed using the devices
integrated with fibroblast cells. More practically, the effects of retinoic acid (anti-
cancer drug) on the activity of the cells were also carefully monitored. A lower value
of gate voltage was obtained after the retinoic acid treatment, which could be
attributed to the sensing mechanism explained above. This work developed a new

transistor-based platform for the measurements of cell activities.
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Figure 2.12 Schematic of an OECT cell sensor using PEDOT:PSS as the active layer

[59].
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Figure 2.13 Transfer curves of the OECT with attached cancer cells before and after
trypsin treatment. Inset: output characteristics of the OECT before and after trypsin

treatment [59].
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OECTs are suitable for miniaturization process and super-high density array

integrated by the most-common solution processes, e.g, spin-coating, inject printing,
et al, making them a prime candidate for the high throughout, disposable and low
cost sensing applications. Microarray technology has become a candidate tool to
shape the development of rapid determination of multi-analytes in the diagnostic
analysis. Therefore, microarray biosensors using OECT platform are expected to
play a significant role in the practical sensing applications. Recently, Yan et al.[60]
fabricated the micro dimensional OECT arrays based on PEDOT:PSS. The device
was fabricated by photolithography technigue. In order to avoid the damages caused
by the organic solvents in fabrication process, a new processing technique-physical
delamination was employed to pattern the device. Compared with the conventional
millimeter-sized OECTSs, these micro OECTs showed faster responsibility and better
stability in aqueous solution. Human hepatoma (HepG,) cancer cells lines trapped by
the poly(ethylene glycol) (PEG) microwells were successfully cultivated on the
surface of OECTs, providing a great deal of possibilities for the cell analysis

application.

Barrier tissues, as the essential functional interfaces in the multicellular organisms,
play a significant role in the regulation of biological activities by controlling the ions
concentration, nutrients, and biomolecules. The malfunction or disruption of barrier
tissues in organism essential indicate the disease states [61]. Typically, permeability
of a cell layer was monitored to assess the integrity of barrier tissue, which normally

reveals a wealth of information about the barrier tissue function. However, present
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technologies for the measurement are expensive and time-consuming. To alleviate

the problems, R. M. Owens and coworkers [62] presented the OECT based devices
for sensing in situ barrier tissue integrity in a more cost-effective way, as shown in
Figure 2.14. The Caco-2 cells layer was firstly cultivated on Transwell membrane
and incorporated into the OECT device before characterization. To improve the ion-
transportation process in the tissue cell layer, H,O, or ethanol was introduced to
disrupt the barrier tissue integrity, which in turn resulted in a faster response of the
cell sensor. They demonstrated that the sample assays showed no obvious change of
the apparent permeability up to 50 mM H,O, exposure and the detection limit of
H.0, was 1 mM. While the barrier properties began to be disrupted after a 20%
ethanol (EtOH) exposure, indicating the higher sensitivity of OECTs for ethanol
detection. Most recently, the same group [63] further demonstrated the capability of
OECTs in barrier tissue integrity assessment. This kind work offers a new avenue for

barrier tissue cell layers assessment by utilizing the OECTs based devices.
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Figure 2.14 Schematic of an OECT integrated with barrier tissue [62].

Due to its excellent electrical properties, biocompatibility and processing simplicity,
PEDOT doped tosylate(TOS) also offers a huge amount of possibilities for
appropriate applications in biological sensing areas,. Berggrens group [64]
demonstrated that OECT based device could effectively control the cell-density
gradients on the surface of active channel. The Madin-Darby canine kidney (MDCK)
cells were cultured on the surface of active PEDOT: TOS layer of transistor. The
cell-density gradients could be precisely controlled by setting the source and gate
voltages. This work is of utmost importance and paves the way for exact control of

cell-density gradient characteristics in research studies.

2.3.3.3 DNA Sensors

Label-free OECT DNA sensor was firstly proposed by Krishnamoorthy and

coworkers [65]. Using the same principle of antibody-antigen sensor demonstrated
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by Kanungo et al. [66], they proposed that the specific coupling effect between

single stranded DNA probe to its complementary DNA will form a double stranded
DNA, which in turn induces a morphology change to the PEDOT layer. Since the
channel current was overwhelmingly dominated by the morphological changes of
transducing layer, OECT device functionalized with DNA probe show high
sensitivity to its correspond complementary DNA . Single-strand probe DNA was
incorporated onto the active layer during the electro-polymerization process of
PEDOT. Sigmoidal response was observed when the OECT devices were exposed to
the complementary ssDNA, while no detectable response was displayed when the
OECT devices were exposed to the non-complementary sSDNA. The duplex
formation between the probe sSDNA and complementary ssDNA was further
confirmed by the fluorescence spectroscopy. The OECT DNA sensor shows a low
limit down to 80 ng mL™* complementary ssDNA in PBS solution. More
interestingly, the sensitivity as well as the linear range of detection could be
enhanced by increasing length of the ssSDNA probe embedded in the PEDOT active

layer.

Yan et al. [67] also developed a platform for labeling-free DNA detection based on
the PEDOT: PSS type OECT devices. Interestingly, the devices were fabricated on
the mechanical flexible polyethylene terephthalate (PET) substrates and incorporated
with the microfluidic system, which highlight the practical sensing technique
concept -“Lab on a chip”. The single strand probe DNA was immobilized on the Au

gate electrode. The work function of Au gate electrode could be modulated by the
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surface dipole formed by the inherent negative charge of DNA molecules, which in

turn change the channel current. More importantly, no obvious differentiation in the
performance of devices was observed when flexible devices bent into both sides,
providing a great deal of possibility for the real point-of-care health application.
Those high performance label-free DNA sensors were able to detect complementary
target DNA down to 1 nM. To enhance the hybridization of DNA on gate electrode,
a controlled electric field was applied and the detection limit could be further
extended to 10 pM (Figure 2.15). They concluded that the controlled electric field
plays an important role in regulating and assisting the immobilization and
hybridization of DNA. Therefore, OECT sensors integrated in flexible microfluidic
systems is a promising platform for various applications, particularly the cost-

effective, high sensitive, disposable chemical and biological sensors.
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Figure 2.15 |AVg| vs. the concentration of DNA targets in PBS solutions. Inset: the

voltage pulse applied on the gate to facilitate the hybridization of DNA [67].
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2.3.3.4 Antibody Sensors

OECT based sensors can potentially be used to sense analytes-receptor binding
events. Owing to the physical conformation change of active organic semiconducting
layer upon the coupling of analytes and receptor, the conductivity of active layer is
significantly modulated, which could be simply detected by the common

measurements [68].

Most enzymatic OECT sensors, like the glucose OECT based sensor detailed above,
require the electron transfer process between the electrode and analytes to shift the
OFF and ON states of OECT devices. In the late 1990s, Contractor et al. [68]
proposed that morphology /conformation change of the active layer could also
modulate the electronic conductivity of organic semiconductor. Typically the so
called host-guest systems, in which one acts as a detector for the other part, were
introduced to change the morphology of active layer. Depended on the specific
condition, host (guest) could be either covalently modified onto the conjugated
polymers (in most cases) or merely physically entrapped by the active layer. Because
of the bio-specificity of binding effects in system, this kind devices display
extremely high selectivity toward the target analytes. One of the most interesting
binding systems is the antigen-antibody binding, which lays the foundation for the
design of the effective immunosensors. In 2002, Contractor and co-workers [66]
reported that antigen-antibody binding effects has been successfully used to fabricate
the first reagentless OECT based immunosensor. They used PEDOT as the

immobilization matrix, which was produced by electropolymerization process.
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During the fabrication of those devices, different amount of goat antirabbit IgG

(probe for goat antigen rabbit IgG detection) were added in the
electropolymerization solution. The maximum response was achieved when the gate
potential was —0.8V. They found that the increase load of goat antirabbit IgG
antibody in the polymer matrix could induce an improved sensitivity of
immunosensors. A detection limit down to 1x10*° g/mL antigen was achieved
within a response time of 3 minutes. Furthermore, they analyzed the responses of
devices fabricated by physical adsorption of goat antirabbit IgG antibody via the
post-polymerization process. The experiment indicated that physical entrapment of
antibody in the polymer layer lead to a very weak response when the sensors were

exposed to antigen analyte.

Kim et al. [69] successfully demonstrated an OECT based immunosensor for the
specific detection of prostate antigen/1-antichymotrypsin (PSA-ACT) complex. In
order to fabricate immunosensor, PEDOT: PSS active layer was firstly
functionalized with 3-aminopropyldiethoxymethylsilane (APTMS), then treated with
ProLinker molecules, PSA monoclonal antibody (PSA mADb) as the probe was finally
immobilized on its surface. The detection limit to the prostate specific antigen (PSA)
was down to 100 pg/mL. Negative surface charge of PSA-ACT complex will
reduced de-doping effect in the PEDOT: PSS channel layer, which in turn modified
the channel current. Ipg shifted to larger value upon the adding of PSA-ACT
complex. In addition, the detection limit of PSA could be tremendously improved

(up to 1 pg/mL) by the use of gold nanoparticles (AuNPs) conjugated with PSA
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polyclonal antibody (PSA pAb).The electron transfer from the AuNPs-PSA pAb to

the PSA-ACT complex/PSA mAb was greatly facilitated and result in a higher
sensitivity to analyte, presumably due to the larger effective surface area of the

AUNPs.

2.3.3.5. Bacterial Sensors

Bacterial pathogens identification plays an important role in our health condition.
Conventional techniques for the bacterial pathogens analysis, e.g, polymerase chain
reaction or enzyme linked immunosorbent assays, normally are labor-consuming and
always require complicated electric equipment systems [70]. Therefore, novel
techniques enable the rapid detection of bacterial pathogens are in great need. Yan et
al. [71] proposed the disposable bacterial sensor based on the OECT devices for the
first time (Figure 2.16). Enterohemorrhagic Escherichia coli (E. coli) O157:H7, the
widespread foodborne pathogen, was tested in this work. The OECTs were
fabricated on glass substrates, PEDOT: PSS conducting films were patterned on the
Cr/Au (10 nm/100 nm) source and drain electrodes. Before the immobilization of the
antibodies on the surface of active layer, PEDOT:PSS active layers were firstly
treated with oxygen plasma and 3-glycidoxypropyl- trimethoxysilane (GPMS)
toluene solution. The transfer curves of the OECT were shifted to higher gate voltage
after the immobilization of E. coli O157:H7. This result could be explained by the
fact that a higher gate voltage was needed to compensate the influence of negative
charge from the surface of bacteria, similar to the electrostatic interaction between

the cells and OECTs reported previously. Furthermore, they explicated the influence
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of ionic strength of KCI on the transfer characteristics of bacteria devices. Larger

transfer curve shifts were observed in the low concentrations of KCI, while no
voltage shift could be observed in 10 mM KCI solutions. The device could detect
bacteria concentrations down to 10° cfu mL™ in the optimized condition. In summary,
this pioneering work opens the door for extending OECTs based sensors’ application

to the bacterial detection area.
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Figure 2.16 Relative gate voltage shifts of an OECT vs. bacteria concentrations [71].

2.3.3.6. Dopamine Sensors
As one kind of neurotransmitter, dopamine is of utmost importance in the whole
body system. Notorious example of so-called neurodegenerative disorders is the

Parkinson's disease, which is predominately caused by the dys-function of the
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dopaminergic neuron process. Based on the fact that OECT devices could be

operated in aqueous solutions with a high stability and a low voltage, YAN et al. [72]
described an OECT based sensors for the detection of dopamine in solution for the
first time. Different gate electrodes, including graphite, Au and Pt electrode, etc,
were adopted for the PEDOT: PSS based OECTSs. They clearly demonstrated that the
gate electrode materials have a huge impact on the responses of the device to
dopamine. The devices characterized at 0.6 V gate voltage using the pure Pt gate
electrode showed the highest sensitivity. The detection limit of OECT sensor devices
to dopamine was lower than 5 nM, as shown in Figure 2.17. Due to the electro-
oxidation occurred at gate electrode upon the addition of dopamine, the effective
gate voltage shifted to a higher value. Compared with the conventional
electrochemical method using a similar working electrode, the detection limit was
improved about two orders of magnitude. Therefore, dopamine sensors based on

OECE is a viable tool for the rapid determination of dopamine in clinical studies.

2.3.3.7. Other Sensors

Lactate is an essential element for the anaerobic metabolism. Khodagholy, et al.
[73]demonstrated that OECT device using the room temperature ionic liquids
(RTILSs) as a solid-state electrolyte able to detect the lactate. More importantly, this
type sensor could be fabricated on the flexible substrates. The sensing mechanism of
the PEDOT:PSS based OECTs was similar to that of previously reported OECT-

based glucose sensors. The device showed an effective response to lactate in the
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range of 10-100 mM, covering the normal physiological ranges of lactate presented

in human body fluids.

Liposome-based structures plays an important role in the drug delivery areas [74].
Real-time monitoring of liposome provides great amount of information on the drug
delivery process. Tarabella et al. [75] reported an OECT device was sensitive enough
to detect liposome-based nanoparticles down to 10 'mg/ml. When a positive gate
voltage was applied, channel current of devices could be effectively modulated upon
the addition of liposome-based nanoparticles. The devices integrated in microfluidics
system provide a viable solution to the cost-effective study of drug-delivery

mechanisms in the pharmaceutical industry.
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Figure 2.17 The change of the effective gate voltage (AVgeff) of the OECT vs. the

concentrations of dopamine [Cgopamine] [72].

LIAO Caizhi 43



Qob THE HONG KONG POLYTECHNIC UNIVERSITY Chapter 2

N2

2.4 Summary

Due to its synthetic versatility, tunable electronic property, excellent
biocompatibility and solution processable fabrication methods, organic
semiconductors hold great potential for OTFT based sensors. Typically, polyaniline,
PEDOT: PSS, poly(3-methylthiophene) and polypyrrole are the most common ones
for the OTFT based sensing application. OTFTs, particularly the OECTSs, have been
exhaustible investigated for the applications both in chemical and biological sensing.
It is worthwhile to note that OECT based sensors able to show a stable performance
in agueous environments, making it suitable for the real in-situ detection.
Promisingly, a large number of high performance sensors, such as ion, pH, DNA,

glucose and dopamine sensors, etc, have already been explored and demonstrated.

In the last few decades, various novel types of semiconducting polymers with high
carrier mobility and excellent stability have been reported and used in the sensing
applications. To better realize the practical sensing applications, two basic strategies
are proposed. The first one is to optimize the existed OECT sensors. The
performance of sensor device, typically including sensitivity, selectivity, and
stability, could be significantly improved by manipulating the physical geometric
features of the devices or just adopting novel organic semiconductors/techniques in
device fabrications. The second strategy is to develop new type of OTFT based
sensors. Due to its versatility, OTFTs is a viable platform for various kinds of
sensors. Surface modification and interfacial engineering methods are usually used

to functionalize the device to meet specific requirements. Overall, OTFT-based
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sensors have emerged as a candidate platform for the sensing both academic study as

well as daily practical applications.
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Chapter 3 Highly Selective and Sensitive
Glucose Sensors Based on Organic
Electrochemical Transistors with
Graphene-modified Gate Electrodes

This chapter systematically study the organic electrochemical transistor (OECT)
based glucose sensor. The sensitivity of the OECT sensor could be significantly
increased by co-modifying the gate electrode with graphene materials(graphene or
reduced graphene oxide (rGO)) and glucose oxidase. The functionalized device was
sensitive enough to detect glucose level down to 10 nM, which was two orders of
magnitude better than that of device without graphene modification. The optimized
device shows a linear response to a wide range glucose concentration from 10 nM to
1 mM, covering the physiological glucose range in human saliva. The selectivity of
device was systematically studied for the first time. The sensitivity of the OECTs
glucose sensor could be dramatically improved by modifying the gate electrode with
biocompatible polymers, including chitosan and Nafion. The interfering effect from
uric acid and L-ascorbic acid was mostly blocked. High performance OECT-based
glucose sensors could be realized by modifying the gate electrodes. Therefore, the
OECTs devices are the promising platform for the low-cost, flexible and disposable

sensing applications.
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3.1 Introduction

Accurate and rapid detection of glucose level in biological environments is of critical
importance to the health conditions, particular for the clinical diagnosis of diabetes
mellitus [76, 77]. Therefore, the area of glucose detection has been intensively
investigated in the last few decades. Due to it high sensitivity, flexibility, low-cost
and easy fabrication methods, organic thin film transistors (OTFTs) have become the
viable platform for chemical and biological sensing applications. As an important
family of OTFTs, organic electrochemical transistors (OECTS) have emerged as a
versatile candidates for the state of art sensor platforms [7, 9, 78] The very first
OECTs device was fabricated by the conjugated polymer polypyrrole in 1984 [79]
which shapes the direction in the development of OTFTs. Owing to its high
conductivity and stability, poly(3,4-ethylenedioxythiophene): poly(styrenesulfonate)
(PEDOT:PSS), a highly doped p-type organic semiconductor, has been widely used
in organic electronics [80]. Importantly, PEDOT:PSS based OECTs have
demonstrated extensive applications in chemical and biological sensors, ranging
from pH [81], bacteria [71], ions [45], and glucose [50, 56, 57], to dopamine [72],

DNA [67], lactate [73], proteins [69], and cells [59], etc.

Recently, glucose sensors based on OECTs have been reported by many groups.
Zhu et al. [50] reported the OECT-based glucose sensors for the first time. The

device able to detect glucose level down to several mM, which was sensitive enough
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to measure the normal range of glucose levels in human saliva. Then our group

demonstrated that the sensitivity of OECT glucose sensors could be remarkably
improved by modifying the gate electrodes with nanomaterials (multi-wall carbon
nanotubes or Pt nanoparticles), chitosan (CHIT) and the enzyme glucose oxidase
(GOx) [57]. The low detection limit of sensor could be extended to 5 nM when the
gate electrode was electrochemical deposited with Pt nanoparticles. Therefore,
optimized gate modification could enhance the sensitivity. However, the OECTs
device had low selectivity toward specific glucose detection, which may become a

drawback for real applications.

Graphene flakes have been used to the sensitivities in electrochemical glucose
sensors [82]. Kang et al. fabricated the high performance electrochemical glucose
sensors by modifying the electrode with CHIT—graphene and GOx [83]. Owing to
the high conductivity and large surface area to volume ratio of graphene, the
sensitivity was greatly improved. The excellent biocompatibility of CHIT guarantees

the success immobilization of enzyme on the electrode.

Wou et al. reported that device with CHIT—graphene/Pt nanoparticle composite films
show good reproducibility as well as long-term stability and could detect glucose
level down to 0.6 uM [84]. Shan et al. fabricated the glucose sensors using the
CHIT—graphene/Au nanoparticle composite films [85]. Due to the synergy effect of
graphene and Au nanoparticles, the device exhibited good amperometric response to

glucose in the linear range of 2-10 mM. Zhou et al.investigated the glucose sensing
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of Nafion—graphene/Au nanoparticle composite films with a detection limit of 5 mM

[86]. Graphene oxide (GO) also play an important role in electrode modification
process because of its unique chemical and electronic and features [87, 88].
Compared with Pt nanoparticles and graphene flakes, GO is easier to access and
cheaper. To our best acknowledge, graphene-based materials have not been used in
the modification of OECT based devices, and are expected to show pronounced

effects on improving the performance.

Equally important as the sensitivity, selectivity of device is also a key parameter for
the real sensing applications. However, to our best knowledge, no systematic work
has been done before on the selectivity of OECT-based glucose sensors, which
prohibits the development of this promising technology. Electro-active interference
compounds [89], such as L-ascorbic acid (AA) and uric acid (UA), are commonly
co-exist in physiological samples, which may cause errors in the accurate detection
of glucose. Due to the electrochemical reaction of glucose at gate electrode, the
effective gate voltage applied on OECTs could be shifted. Interestingly, the
selectivity feature of device is similar to that of conventional electrochemical
glucose sensor using a similar electrode. The selectivity of electrochemical glucose
sensors can be improved by modifying the electrodes with biocompatible polymers,
such as Nafion and CHIT [90-92]. Owing to its desirable properties, including
excellent biocompatibility and film-forming ability, CHIT has been widely used to
immobilize the functional biological molecules on electrode [82, 85]. Similarly,

Nafion, a commercial available sulfonated copolymer firstly discovered by DuPont,
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has become a candidate material for enzyme immobilization [90]. Therefore, the

selectivity of OECT-based glucose sensor is expected to be improved by modifying

the gate electrode with CHIT or Nafion.

W~ Chitosan or Nafion

& GOx @ GrapheneorrGO

D-Glucono-
1,5-lactone

D-Glucose +H,0, 0,

“”  PEDOT:PSS layer

‘ Pt/Ti electrode

Figure 3.1 Schematic diagram of an OECT-based glucose sensor modified with GOX,
CHIT (Nafion) and graphene (rGO) flakes.

In this chapter, we demonstrate the high-performance OECT-based glucose sensors
prepared by a facile solution process. To simultaneously improve the sensitivity and
selectivity of OECT glucose sensor, the gate electrode of OECTs was co-modified
with a biocompatible polymer (Chitosan/Nafion), graphene materials(graphene
flakes/reduced graphene oxide (rGO)), and enzyme GOX, as shown in Figure 3.1
The device with the CHIT, graphene and GOx modified gate electrode showed the

best performance among all fabricated devices. This type OECT sensor was sensitive
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enough to detect glucose level down to 10 nM and showed a broad linear response
range from 10 nM to 1 mM. Therefore, the OECTSs are promising transducers for

high sensitive, specific, low-cost and disposable glucose sensors.

3.2 Fabrication and Electrical Measurements of

OECTs

3.2.1. Materials

PEDOT:PSS aqueous solution were purchased from Sigma-Aldrich Co. and stored at
4°C. Phosphate buffered saline (PBS) solution (pH 7.4) and Nafion were also
purchased from Sigma-Aldrich Co. CHIT was purchased from Advanced
Technology & Industrial Co., Ltd and used as received. Glucose oxidase (GOx) (50
kU g*) was obtained from Aladdin Reagent Database Inc. and stored at-20 ‘C. AA
and UA power were also purchased from Sigma-Aldrich Co. Micrometers-sized
graphene flakes were prepared by ultrasonic exfoliation from graphite in chemical
solutions [93]. rGO was produced by the in situ reduction of graphite with the aid of
sodium dodecylbenzene sulfonate as the stabilizing agent [94, 95]. Solution-based
graphene and rGO dispersions were store in room-temperature environment for the
future use. Figure 3.2a and b demonstrate atomic force microscopy (AFM) images of

the graphene and rGO flakes on SiO,/Si substrates.
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Figure 3.2 AFM images of (a) graphene and (b) reduced graphene oxide rGO.

3.2.2 Device Fabrication

Figure 3.1 demonstrates the schematic diagram of OECT-based glucose sensor
fabricated on a glass substrate. Firstly, Ti/Pt source, drain and gate electrodes were
patterned through a shadow mask on glass substrates by rf magnetron sputtering. The
thin layer of Ti (thickness: ~10 nm) serves as a adhesion layer for Pt thin film
(thickness: ~100 nm). The length and width of channel on the OECT devices were
0.2 mm and 6.0 mm, respectively. In device preparation, the surfaces of samples
were firstly treated with 5 mins oxygen plasma, PEDOT:PSS solution was spin-
coated (3500 rpm) onto the channel area. Then the devices were transferred into a
glove box filled with high purity N, and annealed at 200 C for 1 h [95]. To
functionalize the device, the gate electrodes of OECTs were co-modified with
biocompatible polymers, graphene and enzyme. In the preparation of CHIT/GOx/ Pt
based gate electrodes, 10 mL GOx PBS solution was firstly drop coated on the

surfaces of Pt gate electrodes and stored in 4 °C. Then 10 mL CHIT acetic acid
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solution (CHIT 5mg/mL) was dropped on the surface of the GOx/Pt modified
electrodes to immobilize the GOx molecules. When the CHIT film was solidified,
the enzyme electrodes were immersed in PBS solution and stored at 4 °C for future
testing. Similarly, in the preparation of CHIT—graphene/GOXx/Pt gate electrodes,
CHIT—graphene uniform mixture was obtained by mixing together equal amount
volume of these two type solutions. The mixture solution was dropped onto the
surface of GOx/Pt gate electrodes to immobilize the enzyme. The rest types of
enzyme electrodes, including CHIT-rGO/GOXx/Pt gate electrodes, Nafion (0.5%,
1.0%, 2.5%)/GOx/Pt gate electrodes, Nafion (0.5%, 1.0%, 2.5%)—graphene/GOXx/Pt
gate electrodes and Nafion(0.5%, 1.0%, 2.5%)-rGO/GOx/Pt gate electrodes were
fabricated using the same method mentioned above. Figure 3.3a and b show SEM
images of the gate electrodes modified with CHIT/GOx and Nafion/GOx composite,

respectively.

Figure 3.3 SEM images of (a) CHIT/GOx film and (b) Nafion/GOx film on Pt
electrode.
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3.2.3 Device Characterization

Modified gate electrodes were thoroughly rinsed with PBS solution to remove
undesired residue left on the electrodes before characterization. The testing
environment was performed with a beaker filled with 10 mL PBS solution. Then
designed amount of glucose solution was consecutively added into PBS solution to
obtain different glucose levels. The source, drain and gate electrodes of OECT

device were connected to two combined Keithley source meters (Keithley 2400).

The gate voltages (V) and source—drain voltages (Vps) were controlled by a
Labview program in a computer. For transfer characteristics, the channel current (Ips)
between source and drain was measured as a function of Vs with a fixed Vps (= 0.05
V). For the real-time investigation of glucose level, V¢ (=0.4 V) and Vps (= 0.05 V)

were set at a constant value.

3.2.4 Working Principle of OECT-based Glucose Sensors

The sensing mechanism of the OECT-based glucose sensor is based on the
enzymatic reaction involved with the elecro-oxidation of glucose, producing D-
glucono-1,5-lactone and H,O,. Then, H,0, is oxidized at the gate electrode and
induce electron transfer (Faradic current) to the gate electrode, which in turn modify
the effective gate voltage applied on the transistor and thus the conductivity of
channel [39]. The immobilized enzyme GOx makes the bio-reaction particularly
sensitive and selective to glucose.

D —Glucose—E2™€%) b glucono—1,5-lactone + H,0,

2H,0,—2 0, +2H,0
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The channel current of OECT could be given by:

tw iV ¢
s = ST, TN, (e <<,
p
V, =apit/c, 3.1

V" =V, +V s
where q is electron charge; m and po are the hole mobility and the initial hole density,
respectively; t is the thickness of the organic semiconducting layer, Vp and V" are
the pinch-off voltage and the effective gate voltage, respectively; Vosiset IS an offset
voltage at interfaces; W and L are the width and length of the OECT glucose sensor,
respectively; c; is the per unit area effective gate capacitance of transistor. The
oxidation reaction of H,O, at gate voltage can change the offset voltage

Vaitset Which in turn modify the effective gate voltage Vg " of transistor given by
[39, 40]:

Vo =V, + (L ;/);—-; In[H,0,]+ constant 3.2

in which g is the capacitances ratio between the electrolyte/channel interface and the
electrolyte/gate interface; k is Boltzmann’s constant; T is the temperature and [H20,]
represents the concentration of produced H,O,. As the concentration of H,O, was
increased, the transfer curve (Ips vs V) of transistor shifted to a lower gate voltage.
Therefore, when the device was characterized with fixed gate and source-drain
voltages, the channel current would decrease with the increase of [H,O]. Since the
H,O, concentration increases proportionally with the increase of glucose
concentration before reaching the saturation regime, the changes in channel current

would unveil the information on the added glucose concentration.
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The effective gate voltage of OECT in determined by the glucose level as follows:

V" = ag,, IN[Glu]+ constant (3.3)

where [Glu] is the concentration of glucose. However, the produced H,O; level is

greatly influence by the electrocatalytic activity of gate electrode. In order to

improve electrocatalytic ability of the device and the performance of OECT-based

glucose sensors, it is critical to perform the surface modification (e.g.enzyme,

polymers and nanomaterials,etc,) on the gate electrode. By optimizing the

modification techniques, the detection limit and selectivity could be simultaneously

enhanced.

The responses of OECT toward UA and AA addition could be attributed to the direct

electro-oxidation of UA(AA) on the surface of Pt gate electrode and induces a

sensing response similar to that of glucose sensor:

V" = a,, In[AA]+constant (3.4

V" =, In[UA] + constant 35)

where aaa and aya are the constant values representing the responsibility of the

device to AA and UA, respectively.

3.3 High Performance of OECT-based Glucose

Sensors

3.3.1 OECTs with Pt Gate Electrodes
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Figure 3.4 shows the current response of unmodified device to the additions of

glucose. Due to the non-enzymatic electrochemical reaction of glucose near Pt gate
electrode, the OECT device still show observable channel current response to the
glucose addition even when no was modified on the gate electrode. According to the
direct electro-oxidation reaction of glucose, the sole product of D-glucono-1,5-
lactone was produced near Pt gate electrode [96]. Based on the similar sensing
mechanism, AA or UA molecules could also been electro-oxidized at Pt gate
electrode and subsequently change the channel current, which is determined by the

changes in the effective gate voltage given by eqgn (3.1), as shown in Figure 3.5 and

Figure 3.6..
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Figure 3.4 Channel current response of an OECT with a Pt gate to additions of
glucose in PBS solution. From a—e, the concentrations of glucose are 1, 5, 10, 50 and
100 pM, respectively. Inset: transfer curve (Ips vs. V) of the OECT.
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Figure 3.5 Response of the OECT to additions of AA. From a—f, the concentrations

of AAare0.1,1,5, 10, 50 and 100 uM, respectively.
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Figure 3.6 Response of the device to additions of UA. From a—e, the concentrations
of UA are 1, 5, 10, 20 and 50 pM, respectively.
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The relationship between effective voltage and different channel currents can be
obtained from the transfer curve (Ips vs. V) of the OECT shown in the inset of
Figure 3.1. Normally, the change of effective gate voltage is defined as the
difference between the gate voltages before and after addition of analyte ) [72].
Therefore, the response of OECT sensors to analytes can be wirtten as changes of
Vet as functions of concentrations. Figure 3.7 shows the changes of Vo of
unmodified device to three analytes, among which glucose shows the lowest
sensitivity. The glucose sensor exhibits low sensitivity and poor selectivity due to the
lack of immobilized GOX. R is the correlation coefficient for linear fitting. Table 1

shows the detection limit and responsibility of all fabricated OECT glucose sensor.
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Figure 3.7 The changes of the effective gate voltage of device as functions of analyte
concentrations. R is the correlation coefficient for the linear fitting with a dashed line.
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3.3.2 OECTs with GOx and CHIT /Nafion

To simultaneously improve the sensitivity and selectivity of device to glucose, the
pure Pt gate electrode was modified with CHIT and GOx. Analytes can easily pass
through these holes(hole diameter ranging from 100 to 200 nm) to reach reactive
sites on the surface of Pt electrode and induce corresponding responses. In practical
application, detection limit is usually used as an important parameter for the
assessment of device performance. The low detection limit of a device is defined as
the minimum amount of analytes needed to produce a stable and reproducible
response with the corresponding signal to noise ratio (S/N) larger than 3. Figure 3.8
shows the response of device to different glucose concentrations. The detection limit
is about 100 nM, which is one order of magnitude lower than that of device without
any modification on the gate electrode. More significantly, the selectivity of OECT
glucose sensor was dramatically improved by modification. Figure 3.9 and Figure
3.10 demonstrate the responses of device to AA and UA addition, respectively. The
device shows no observable response until 10mM AA was added, which is two
orders of magnitude higher than that to glucose addition. The device shows no
response to UA even when high concentration(100 mM) of UA is used. Regarding
the much lower levels of these interfering substances (e.g. UA ~ 0.02 mM, AA~
0.1mM in blood) in the normal human body fluids, this type of OECT glucose (e.g.
3.6-7.5mM in blood) sensor would show excellent selectivity for practical sensing
applications. Figure 3.11 shows the changes of effective voltages as functions of
concentrations of the added analytes. The gate voltage change of device shifted

about 327 mV when the glucose is changed for one decade, which is much larger
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than that of the device with pure Pt gate electrode(41.0 mV per decade). More

importantly, the CHIT —GOx modified device shows much lower sensitivity to
AA(58mM/decade), which could be attributed to the desirable properties of CHIT
material. Owing to its excellent film-forming ability and biocompatibility, CHIT has
been widely used as an immobilization material for the electrode modification. The
GOx can be effectively immobilized on the surface of Pt electrode by CHIT
primarily due to the electrostatic effects [97]. When the CHIT-GOx/Pt modified gate
electrode is immersed in PBS solution (pH 7.4) for the glucose detection, CHIT is
negatively charged, which act as the effective block layer to repel the negatively
charged interference species, e.g. AA and UA. Therefore, the selectivity of OECT

glucose is remarkably improved.
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Figure 3.8 Channel current response of an OECT with the CHIT/GOx/Pt gate
electrode to additions of glucose in PBS solution. From a-h, the concentrations of
glucose are 10, 50, 100, 500 nM, 1, 5, 10 and 50 uM, respectively. Inset: transfer
curve (Ips vs. V) of the OECT.
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Figure 3.9 Response of the OECT to additions of AA. From a—f, the concentrations
of AAare 0.1, 1,5, 10, 50 and 100 uM, respectively.

256
‘WF
| [}
252 l b y T T |
< ¢ d © f
S
v 248 -
~—
244 -
240 . , - T - T - T
0 1000 2000 3000 4000
Time (s)

Figure 3.10 Response of the OECT to additions of UA. From a-f, the concentrations
of UAare 0.1, 1, 5, 10, 50 and 100 pM, respectively.

LIAO Caizhi 62



THE HONG KONG POLYTECHNIC UNIVERSITY Chapter 3

&

1000
Glu
800 -
<
= R=0.9927
= 600
S’
;‘: 400 -
<
200 - e
58 m‘“d?.?afd— - -
Paatt o AA
0 - R=0.9918
-8 k- & 6 5 -4 3
Log(C)

Figure 3.11 The changes of the effective gate voltage (AVe®™) as functions of
analyte concentrations.
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Figure 3.12 Channel current response of an OECT with the Nafion/GOx/Pt gate
electrode to additions of glucose in PBS solution. From a—f, the concentrations of
glucose are 50, 100, 500 nM, 1, 5 and 10uM, respectively. Inset: transfer curve (Ips
vs. Vi) of the OECT.
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Figure 3.13 The changes of effective gate voltage (AVs®™) as functions of analyte
concentrations.
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Figure 3.14 Channel current response of an OECT with the CHIT—graphene/GOXx/Pt
gate electrode to additions of glucose in PBS solution. From a-h, the concentrations
of glucose are 10, 50, 100, 500 nM, 1, 5, 10 and 50uM, respectively. Inset: transfer
curve (Ips vs. V) of the OECT.
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Nafion, a sulfonated tetrafluoroethylene based polymer, has attracted considerable

attention for its demonstration in ionselectivity and biocompatibility. Similarly,
Nafion could be used as the modification material for enzyme to improve the
sensitivity and selectivity of device. Figure 3.12 and Figure 3.13 show the responses
of the modified device to glucose, AA and UA. The detection limit to glucose of
device is about 0.5 mM, which is not as sensitive as that of CHIT/GOx/Pt gate
electrode. Compared with the change of effective gate voltage of device to glucose,
the responses to AA and UA are smaller, which indicates the good selectivity for
glucose sensor. Owing to its attractive properties, Nafion has been widely used to
modify electrodes for both biological and chemical sensing applications [90]. Since
Nafion is negatively charged in PBS solution, the interference from interfering
substances in negatively charged states is effectively eliminated because of
electrostatic interaction. Therefore, the Nafion modified devices exhibit enhanced
selectivity. The concentration of Nafion solution could greatly affect the
performance of device. In the work, three different concentrations (2.5%,1.0%, 0.5%)
Nafion solutions are used in the experiments and the device modified with 2.5%

Nafion solution demonstrated the best performance ( Table 3.1).

3.3.3 OECTs with GOx, CHIT and Graphene/rGO

It has been reported that nano-scaled materials modification of working electrodes
could improve the electrochemical activity and thus the sensitivity of corresponded
devices [72]. In this work, we modified the gate electrode with chemical prepared

graphene flakes, which is much cheaper than our previously used Pt nanoparticles.
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Figure 3.14 shows the response of an OECT sensor with the CHIT—graphene/GOx/Pt

modified electrode to additions of glucose. The detection limit to glucose is 10 nM,
which is similar to that of the OECT glucose sensor based on the modified electrode
with Pt nanoparticles. Figure 3.15 shows the changes of the effective gate voltage of
device induced by the three type analytes. The device changed 370 mV per decade to
glucose addition, which is the highest value in all the fabricated types of glucose
sensors in this work. In addition, the sensor shows a good linearity (correlation
coefficient (R)=0.99742) in a wide range of glucose concentration. It is notable that
the linearity of modified glucose sensor is much better than that with Pt
nanoparticles modified reported by our group before. Owing to its desirable
properties, such as the large surface area to volume ratio of modifying composite
film that can increase the load of enzyme and the high conductivity of graphene that
can facilitate charge transfer during the reaction, the sensitivity of the graphene
modified OECT glucose sensor is significantly improved. The device show no
current response until 1 mM AA or 10 mM UA s added into PBS solution.
Compared with the device with CHIT/GOXx/Pt electrode, the effective gate voltage
changes caused by AA(237 mV per decade) and UA (120 mV per decade)are
increased. Since graphene is electrocatalytically active, UA or AA molecules could
directly react on the surfaces of the graphene flake and correspondingly increase the
response to UA or AA .On the other hand, CHIT sometimes cannot cover the
graphene flakes completely, AA and UA may react on the surface of graphene
directly without passing through the CHIT layer to the reactive sites. Nevertheless,

the device shows a much higher sensitivity to glucose than that to UA and AA,
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which holds great potential for real applications. Since all fabricated device could be

used for more than 3 times with a similar performance, the OECT based sensor
platform is promising for disposable applications. The linear response of OECT
sensor to glucose level ranged from 10 nM to 1 mM, which is wide enough for

sensing the normal and abnormal glucose levels in human body fluid and blood.
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Figure 3.15 The changes of effective gate voltage (AVs®™) as functions of analyte
concentrations.

To characterize the glucose level, the sample (body fluid or blood) is necessary to be
diluted. For instance, the normal human saliva glucose level is between 3 mM and
210 mM [98], saliva needs to be diluted to the concentration of about 1% by adding
PBS solution and mixed throughoutly before testing. Therefore the OECT sensor can
be used to detect all the possible glucose levels in saliva. It has been reported that

proteins mixed with graphene oxide (GO) can still retain their biological activity,
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indicating the promising applications of GO in the electrode modification for the
biosensors. Since plentiful reactive sites(typical oxygen-containing groups) are
provided by the GO sheets, GO has become a candidate material for enzyme
immobilization [99]. The device modified with rGO is characterized using the same
conditions. Figure 3.16 shows the responses of device to glucose, AA and UA. The
device shows no response until 100 nm glucose is added, which is not as sensitivity
as the device with graphene flakes modified. The reduced sensitivity to glucose
could be explained by the decreased conductivity of rGO sheets. However, the
selectivity of device to glucose is good and the interference effects from UA and AA

are negligible for practical applications.

Figure 3.16 The changes of effective gate voltage (AV¢®™) of the OECT with the
CHIT-rGO/GOx/Pt gate electrode corresponding to different analytes.
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3.3.4 OECTs with GOx, Nafion and Graphene/rGO

We systematically investigate the performance of device with Nafion (2.5%, 1.0%,
0.5%), graphene and GOx co-modified electrodes. The concentration of Nafion
solution is critical for the performance of device. Figure 3.17 show the responses of
an OECT sensor with Nafion (1.0%)-graphene/GOx/Pt electrode to glucose, AA and
UA, respectively. The detection limit of device for glucose is as low as 50 nM,
which is more sensitive in comparison with that of device with Nafion and GOx co-
modified device. The change of the effective gate voltage of device to glucose
addition is about 272 mV per decade. Therefore, the graphene flakes could be used

to obviously increase the sensitivity of OECT-based glucose sensor.
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Figure 3.17 The changes of effective gate voltage (AV&®™) as functions of analyte
concentrations.
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The performances of OECT devices are strongly dependent on the Nafion
concentration in the electrode modification. Table 3.1 demonstrates the performance
of all devices with different Nafion concentrations. It is clearly that the device with
Nafion (1.0%)—graphene/GOx/Pt modified gate electrode exhibits the best selectivity
in the Nafion modified device, which could be explained by the different film
thickness of the modified Nafion layer. On one hand, if the Nafion concentration is
too low, the Nafion film on the electrode is too thin and can not serve as the block
layer to eliminate the interference effects from other electro-active biomolecules. On
the other hand, if the Nafion concentration is too much high, the formed Nafion film
would be too thick, making it difficult for charge transfer process. Therefore, the
concentration of Nafion should be optimized to improve the performance of glucose

Sensor.

Table 3.1 Detection limit and change of effective gate voltage (o) of the OECT

glucose Sensors.

Glucose AA UA

Detection o Detection o Detection o
Gate electrodes limit (nM) (mV per decade) limit (nM) (mV per decade) limit (nM) (mV per decade)
Pt 1000 41.0 100 200 1000 286
CHIT/GOx/Pt 100 327 10* 38.0 Nil Nil
CHIT-graphene/GOx/Pt 10 370 1000 237.0 10° 120
CHIT-GO/GOx/Pt 100 320 1000 163 1000 144
Nafion (2.5%)-GOx/Pt 500 220 10* 128 Nil Nil
Nafion (1.0%)-GOx/Pt 1000 204 10 172 1000 284
Nafion(0.5%)-GOx/Pt 500 111 10° 98.6 Nil Nil
Nafion (2.5%)-graphene/GOx/Pt 100 314 1000 215 5 10 Nil
Nafion (1.0%)-graphene/GOx/Pt 50 272 1000 122 Nil Nil
Nafion (0.5%)-graphene/GOx/Pt 50 363 1000 264 5 % 10° 209
Nafion (2.5%)-GO/GOx/Pt 30 224 500 120 1000 131
Nafion (1.0%)-GO/GOx/Pt 30 343 1000 170 5 % 10 110
Nafion (0.5%)-GO/GOx/Pt 300 331 1000 302 5 % 10° 211
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Together with Nafion and GOx, rGO is used to modify the gate electrodes of OECTSs.
As shown in Figure 3.18, the addition of rGO onto gate electrode can improve the
sensitivity and extend the detection limit to glucose down to 50 nM. However, the
device with rGO becomes more sensitive to AA and UA, which probably can be
attributed to the high electrocatalytic activity of rGO for the reactions involved with
AA (UA) molecules. Therefore, the selectivity of device could not be improved by

rGO modification.

600

Figure 3.18 The changes of effective gate voltage of the OECT with the Nafion—
rGO/GOx/Pt gate electrode to different analytes.
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3.4 Summary

In conclusion, OECTSs with gate electrodes co-modified with enzyme (GOXx),
biocompatible polymers (CHIT or Nafion) and graphene nano materials (graphene or
rGO flakes) demonstrate excellent performance in glucose sensing and hold great
potential for the real applications. CHIT and Nafion can be used to immobilized the
enzyme GOXx on the gate electrode and improve the selectivity of device. Graphene
and rGO can improve the sensitivity of device because of their high conductivity and
large the surface to volume ratio. Therefore, the sensitivity and selectivity of devices
are simultaneously enhanced when the Pt gate electrodes are co-modified with these
materials. The optimized device with the CHIT—graphene/ GOx/Pt modified gate
electrode shows a detection limit down to 10 nM and a change of effective gate
voltage of 370 mV per decade in the linear region from 10 nM to 1 mM. Compared
with the reported OECT-based glucose sensors, the performance is significantly
improved. It can be concluded that graphene based nanomaterials are very effective
in improving the performance of transistor-based biosensors. Owing to its high
performance, low-cost and ease of fabrication, the OECT-based glucose sensors are

very promising for the disposable, flexible and high-performance future applications.
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Chapter 4 Organic Electrochemical
Transistors with Graphene-modified Gate
Electrodes for Highly Sensitive and
Selective Dopamine Sensors

In this chapter, organic electrochemical transistors (OECTSs) were successfully
fabricated as highly sensitive and selective dopamine sensors. The selectivity of
OECT-based dopamine sensors was significantly improved by coating biocompatible
polymer Nafion or Chitosan on the surface of gate electrodes. The interference
induced by uric acid and ascorbic acid was effectively eliminated. In addition, the
sensitivity of devices was improved by graphene flakes co-modified on gate
electrodes. The detection limit of devices to dopamine was down to 5 nM, which was

much lower than that of conventional electrochemical methods.

4.1 Introduction

As an important neurotransmitter mediating the transportation of messages within
the nervous system [100], dopamine (DA) is a good biomarker for the neurological
illnesses associated with abnormal metabolism, such as Parkinson’s, Alzheimer’s
and Schizophrenia diseases [101-103]. However, the clinical level of DA in human

body fluids is extremely low, e.g., nM level in plasma and mM level in urine [104,
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105]. To effectively diagnose the nervous diseases resulting from the dysfunctional

dopaminergic neurotransmission, quantitative determination with high sensitivity
and selectivity is of critical importance [106]. Several characterization methods,
including capillary electrophoresis [107], liquid chromatography [108],
chemiluminescence [109], ultraviolet-visible spectroscopy [110] and electrochemical
methods [111], have been reported for the dopamine detection, among which the
electrochemical based methods are the most outstanding ones for the convenient
determination of DA in clinical analysis [112]. In the last few years, organic thin
film transistors (OTFTs) have attracted increasing attention for the high performance
sensing applications [6, 9, 113]. OTFTs demonstrate many desirable properties in
comparison with their inorganic counterparts, such as low cost ,ease of fabrication,
and flexibility, are thus promising for disposable sensors devices [45, 114, 115]. As
an important type of OTFTs, organic electrochemical transistors (OECTS) have been
emerged as a viable platform for various sensing applications, such as H,O, [40],
ions [45], glucose [39, 57], cell [59, 60, 64], bacterial [71], DNA [67] and antigen—
antibody sensors [66, 69]. For example, Tang et al. [72] firstly demonstrated the
highly sensitive DA biosensors based on OECTSs device. The highly doped p-type
organic semiconductor, poly(3,4-ethylenedi-oxythiophene): poly(styrene-sulfonate)
(PEDOT:PSS) [14], was spin-coated as the active layer of OECT sensors. The
performance of device with different gate electrodes, including graphite, Au and Pt
electrodes, were systematically investigated. They found that the device with pure Pt
gate electrode showed the highest sensitivity and could detect dopamine down to 5

nM, which was two orders of magnitude lower than that of conventional
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electrochemical measurements using the similar electrode. However, since the

device with pure Pt gate electrode could also effectively catalyze the electrochemical
reaction of many analytes in human body especially the main interferents including
ascorbic acid (AA) and uric acid (UA)[116], the selectivity of device to DA was very

poor and is not suitable for the real sensing applications.

It has been reported that biocompatible polymers, such as chitosan (CHIT) and
Nafion, could be used to modify the gate electrode of OECT device to improve the
selectivity [117, 118]. CHIT is an ideal material for electrode modification, which
could be attributed to its desirable features, including excellent film-forming ability
and good biocompatibility[77]. Nafion, a sulfonated copolymer, has also been
exploited in the biosensors modification process [90]. As the sensing mechanism of
OECT-based DA sensors associated with the electrochemical reaction of DA
occurred near the gate electrodes [72], gate electrode modification with suitable
polymers is expected to improve the selectivity of DA sensors, which will be

systematically investigated in this chapter.

It has been reported that the sensitivity of electrochemical based DA sensors could

be significantly enhanced by modifying the electrodes with graphene based materials.
As the new emerging material, graphene based materials have attracted significant
attentions and been extensively investigated for sensing applications [119]. Wu et al.
[120] fabricated the highly sensitive electrochemical DA sensors using the

porphyrin-functionalized graphene. The synergistic effects of p—p stacking between
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positively charged DA and negatively charged porphyrin-modified graphene and

favourable electrostatic attraction significantly facilitate electron transfer process and
improve the sensitivity. Hou et al. [121] demonstrated the enhanced DA sensors by
modifying the electrode with silanized graphene, which could increase active
catalytic sites for the electro-oxidation of DA molecules. Liu et al. [122] reported the
phenylethynyl ferrocene/graphene nanocomposite for the rapid electrochemical
detection of DA . The device could detect DA as low as 50 nM and a good linearity
response in a wide range DA level. Graphene oxide (GO), an important derivative
material of graphene family, has also been explored in the electrode modifications to
improve the performance electrochemical detection. Bao et al. [123] demonstrated
that electrodes modified with graphene oxide-templated polyaniline (GO-PANI)
microsheets in DA sensors showed an obvious response upon the addition of 1 mM

DA.

In this chapter, high-performance OECT-based DA sensors with functionalized gate
electrodes were studied. The selectivity of devices could be significantly improved
by modifying the gate electrodes with biocompatible polymers (Nafion or CHIT). In
addition, the sensitivity of devices could be further enhanced by the introduction of
graphene nanomaterials including graphene and reduced graphene oxide (rGO). The
OECT DA sensors functionalized with Nafion and graphene materials showed a
detection limit down to 5 nM, a wide linear region from 5 nM to 1 mM, and good
selectivity. Therefore, the OECT-based DA sensors hold great potential for

disposable and low-cost sensing applications.
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4.2 Fabrications and Measurements of OECTs

4.2.1. Materials

PEDOT:PSS aqueous solution, Nafion solution(5%) and phosphate buffered saline
(PBS) solution (pH 7.4) were all purchased from Sigma-Aldrich Co. and stored in
the refrigerator. CHIT power was obtained from Advanced Technology & Industrial
Co., Ltd. Hong Kong and used as received. DA, AA and UA were also

the products of Sigma-Aldrich Co. Freshly analytes solutions were prepared by
dissolve designed amount of analytes into PBS and used throughout testing. Solution
processable graphene flakes were prepared by surfactant assisted exfoliation of
graphite oxide and chemical reduction process. Reduced graphene-oxide (rGO) was
obtained by the in situ chemical reduction with the aid of sodium dodecylbenzene
sulfonate [93, 94]. The purchased Nafion solution (5.0%) was diluted to 2.5%, 1.0%
and 0.5% by 2-propanol for the modification. DA solutions (10° M to 10 M), AA
solutions (10 M to 10™ M) and UA solutions (10 M to 10™ M) were prepared by
adding a designed amount of these analytes into PBS solution. CHIT aqueous
solution (5 mg mL™, pH= 5) was prepared by dissolving CHIT in the acetic acid
solution and stored in room temperature for future use. CHIT/graphene (CHIT/rGO)
hybrid aqueous suspension was prepared by adding 200 mL CHIT solution (5 mg
mL™) into a 0.8 mL graphene (rGO) aqueous suspension, then sonicated for 30 mins.

Nafion/graphene (Nafion/rGO) hybrid aqueous suspension was obtained by mixing
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200 mL Nafion diluents (2.5%, 1.0% and 0.5%) with 0.8 mL graphene (rGO)

aqueous suspension and followed by 30mins sonication.

4.2.2 Device Fabrication

Figure 4.1 demonstrates the schematic diagram of an OECTs based DA sensor.
Firstly, a glass substrate was patterned with Pt (—~100 nm)/Ti (~—~210 nm) source,
drain and gate electrodes through a shadow mask by magnetron sputtering. The thin
layer of Ti was deposited to improve the adhesion of Pt layer onto the glass substrate.
A PEDOT:PSS layer(about 100 nm) was spin-coated(3500 rpm) onto the channel
area of device after the surface of sample has been treated with 5 min O, plasma.

The geometric length and width of the channel area were 0.2 mm and 6.0 mm,
respectively. Then the fabricated devices were moved to the glove box filled with

high purity of N, and annealed for 1 hour at 200°C.

To prepare highly sensitive and selective DA sensors, the Pt gate electrodes of
OECTs were modified with biocompatible polymers (CHIT or Nafion) and
graphene-based nanomaterials. In the fabrication of CHIT/Pt modified electrodes, 10
mL CHIT aqueous solution was drop-coated on the surface of Pt electrode. When the
CHIT film was solidified, PBS solution was used to rinse the modified electrodes
thoroughly to remove the unfixed residues. To improve the stability of device in
electrolyte, the exposed regions of the source, drain and gate electrodes without
PEDOT:PSS coated or modified composite film should be packaged with a layer of

silicone. Other types of functionalized gate electrodes, including CHIT—graphene/Pt
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electrode, CHIT-rGO/Pt electrode, Nafion (0.5%, 1.0%, 2.5%)/Pt gate electrodes,
Nafion (0.5%, 1.0%, 2.5%)—graphene/Pt gate electrodes and Nafion (0.5%, 1.0%,
2.5%)-rGO/Pt gate electrodes were all prepared by a similar procedure mentioned

above.

PBS solution containing the analytes

PEDOT:PSS spin-coated on the channel area CHITor Nafion film

Neutral silicone sealant (o) Graphene or rGO

Figure 4.1 Schematic diagram of an OECT-based dopamine sensor modified with
Nafion (CHIT) and graphene (rGO) flakes on the Pt gate electrode. The electro-
oxidation of dopamine occurs on the surface of the gate (right figure).

4.2.3 Device Characterization

In characterization, the OECT-based sensors were immersed in measurement unit
containing 10ml PBS buffer solution, as shown in Fig. 1. The source, drain and gate

electrodes of devices were connected to two combined Keithley source meters
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(Keithley 2400). The characterization parameters, including gate voltages (Vg) and

drain voltages (Vps), were automatically controlled by a Labview program installed
in a computer. To obtain different concentrations of DA solutions, original prepared
DA solution was diluted by adding design amount of PBS solution. The transfer
characteristic, i.e. channel current as a function of gate voltage V¢ at a fixed Vps (=
0.05 V), was firstly measured. The gate voltage V¢ was changed from 0to 1.0 V
with a sweeping rate of 0.01 V s™.Then for the real-time investigation of DA testing,
the gate voltage and drain voltages were fixed(Vs=0.4 V and Vps= 0.05 V). The
channel current of OECT devices was corresponding shifted when the DA
concentration was changed. Therefore, the relationship between channel current
change and DA concentration can be obtained by performing simple calculation. The
detection limit of device was defined by the observable channel current response

with the condition of signal/noise > 3.

4.2.4 Working Principle of OECT-based DA Sensors

The channel current Ips of an OECT is given by [39]:

s, 2+ eﬁ
IDS = va VDS ) ([\/DS | < ’Vp _VG )
V, =qgpt/c;, (4.1)
V(‘jﬁ :VG +Voffset’

where q is electron charge; m is the hole mobility; po is the initial hole density; t is
the active layer thickness, W and L are the geometrical width and length of the

channel area, respectively; V,, is the pinch-off voltage, Ve is the effective gate
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voltage applied on the electrolyte/active layer interface, Vet IS the offset voltage, c;

Is the effective gate capacitance per unit area.

Figure 4.1 shows the electro-oxidation reaction of DA molecules occurred on the
surface of Pt gate electrode of the OECT sensor, which is a two electron transfer
process with the sole product o-Dopamine quinone. The sensing mechanism of the
OECTs based DA sensor is similar to that of the OECT-based enzymatic sensors
reported before [39]. Owing to the electro-oxidation of DA at the modified gate
electrode, Faradaic current is generated and consequently potential drops at the
electrolyte/gate interface decreased, which in turn increase the effective gate voltage
Ve given by [72]:

VAEVA +(1+7/);—Tln[DA]+A=alg[DA]+B (4.2)
q

in which y =C¢/Cg represent the capacitances ratio between the value of
channel/electrolyte interface (Cc) and gate/electrolyte interface (Cg); k is the
Boltzmann constant; T is the Kelvin temperature; [Cpa] is the molar concentration of
DA in the testing environment; A is constant. Therefore, the change of channel
current by DA addition could be primarily attributed to the change of effective gate
voltage stated by eqn 4.1. According to egn 4.2, when DA concentraton was
increased, V& shifted to a larger value, which would decrease the channel current
of OECT. In the selectivity tests, the current responses caused by the interferents

(AA and UA) can be explained using the similar mechanisms.
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4.3 High Performance of OECT-based DA sensors
4.3.1 OECT with a Pure Pt Gate

The detection limit is a paramount parameter for the assessment of sensor
performance. Typically, the detection limit of an electrochemical sensor is defined as
the minimum amount of target analyte required to induce an observable and
reproducible response with the condition that the corresponding signal to noise ratio
(S/N) is larger than 3. Figure 4.2 shows the real-time current responses of an
unmodified OECT toward the continuous additions of DA. The device begins to
show a current response (signal/noise > 3) when 10 nM DA is added, which is
similar to the previously reported ones [72]. The modulation of channel current of
device increases with the addition of DA solution. Meanwhile, Figure 4.3 and Figure
4.4 show the responses of the OECT to the additions of AA and UA. The detection
limits of OECTs device to AA and UA are 100 nM and 10% nM(see Table 4.1),

respectively.

According to eqgn 4.1, the channel current change is induced by the change of
effective gate voltage involved with the electrochemical reaction of analytes at gate
electrodes. Based on the transfer curve of the device characterized in blank PBS
solution, each different channel current corresponded effective gate voltage can be
obtained by fitting the curve. Figure 4.5 shows the variation of effective gate voltage
(AV &™) as a function of the analyte concentrations, in which the linear slope value
(a) of fitting curve represent the responses of the device toward specific analytes.

The OECTSs device showed a response both to AA (286 mV per decade) and UA
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(200 mV per decade) within the linear response range of DA addition (242 mV per

decade). As the level of AA in human body fluids is much higher than that of DA,
the interference responses from AA could be even larger than that induced by DA
when the device is used to test the real human samples. In similar, UA level is
usually higher than that of DA in human samples, which will cause the same low

selectivity problem for practical applications.
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Figure 4.2 Response of the OECT with a pure Pt gate electrode to additions of
dopamine in PBS solution. From (a)—(f), the concentrations of dopamine are 1, 10,
50, 100, 500 and 1000 nM, respectively. Inset: enlarged view of the device response
to the additions of dopamine at low concentrations.
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Figure 4.3 Response of the OECT to additions of AA. From (a)—(f), the
concentrations of AA are 50 and 100 nM, 1, 5, 10 and 50 uM, respectively. Inset:
transfer curve (Ips vs. V) of the OECT.
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Figure 4.4 Response of the device to additions of UA. From (a)—(e), the
concentrations of UA are 1, 5, 10, 50 and 100 uM, respectively.
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Figure 4.5 The change of effective gate voltage of the device as a function of analyte
concentration. Curves: red for DA, black for AA and green for UA.
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Figure 4.6 Response of the OECT with a Pt/CHIT gate electrode to additions of

dopamine in PBS solution. From (a)—(f), the concentrations of glucose are 1, 10, 50,
100, 500 and 1000 nM, respectively. Inset: transfer curve (Ips vs. V) of the OECT.
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4.3.2 OECTs with CHIT Modified Gate

It has been reported that the selectivity of OECTSs can be significantly improved by
modifying the Pt gate electrode with a thin layer of CHIT. Figure 4.6 shows the
current response of the OECT to DA addition. The detection limit of the modified
device to DA is about 100 nM, with the sensitivity lower than that of device with
pure Pt gate electrode. However, the selectivity of device was much improved, the
device show no response until 10° nM was added and no observable response even
when the concentration of UA was as high as 100 mM. Figure 4.7 demonstrates the
relationships between the changes of effective voltage and the concentrations of
three analytes. Compared with the unmodified ones, the change of effective gate
voltage response of the device to DA detection (146 mV per decade) was largely
decreased. The device also shows a reduced voltage response to AA (130 mV per
decade) addition. Therefore, the sensitivity of OECT-based dopamine sensor was
decreased by modifying the gate electrode with CHIT, which could be attributed to
factor that the CHIT film act as the mass diffusion blocking layer and severely
prohibit the transfer of DA molecules towards the electroactive sites of Pt electrode
[92]. Owing to the electrostatic effects between analytes and modified polymer films,
the selectivity of the device was much improved. Since the isoelectric point (pKa) of
CHIT (pKa =6.4) is lower than the pH value of PBS solution(pH 7.4), CHIT is in the
anionic states within the PBS solution. Similarily, as the pKa values of AA and UA
are 4.2 and 5.4, respectively, these electro-active interference elements would also in

a negatively charged form in PBS solution. Therefore, AA and UA molecules would
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undergo electrostatic repulsion effects near the CHIT film, which largely prohibits

the transfer of AA and UA through the CHIT layer to Pt electrode [124]. Although
the interference effects from UA is almost eliminated, AA could still induce a
significant response of device with the fact that AA concentration is normally 100

times higher than DA concentration in the human samples.
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Figure 4.7 The change of effective gate voltage of the device as a function of analyte
concentration. Curves: red for DA and black for AA.
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4.3.3 OECTs with Nafion Modified Gate

As a perfluorinated ionomer, Nafion has been widely used as the electrode
modification material to improve the performance of the device. The current
responses of the device modified with 2.5% Nafion demonstrates the highest
selectivity feature among the devices we have prepared. Figure 4.8 shows the
response of the device to the addition of DA. The detection limit to DA is 50 nM,
relatively little worse than that of the device with pure Pt electrode. The detection
limit to AA and UA is about 10* nM, which is approximately three orders of
magnitude higher than that of DA. Figure 4.9 shows the gate voltage changes as a
function of three analytes concentration, among which DA addition induce the
highest response. Similar to CHIT modified OECTSs devices, the selectivity of device

could be improved by the electrostatic effects in PBS solutions.

Nafion is a strong acid with a stable Teflon backbone and acidic sulfonic groups and
is in a negatively charged form in PBS (pH= 7.4) solution [125], which could largely
eliminate the interference effects from the anionic electro-active substances (AA and
UA) because of the electrostatic repel interactions between the analytes and Nafion
film. More importantly, the Nafion layer could also increase the surface
concentration of DA (pKa=8.87, positively charged in PBS solution) via ion-
exchange effects and electrostatic attraction interactions, both of which consequently
improve the sensitivity and selectivity towards DA detection. The film thickness of

Nafion layer dropped on gate electrode, which could be carefully controlled by the
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concentration of Nafion solution, could strongly influence the performance of the

device.
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Figure 4.8 Response of an OECT with a Nafion (2.5%)/Pt gate electrode to additions
of dopamine in PBS solution. From (a)—(f), the concentrations of dopamine are 1, 10,
50, 100, 500 and 1000 nM, respectively. Inset: transfer curve (Ips vs. V) of the
OECT.
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Figure 4.9 The change of effective gate voltage of the device as a function of analyte
concentration. Curves: red for DA, black for AA and green for UA.

LIAO Caizhi 89



Chapter 4

Qob THE HONG KONG POLYTECHNIC UNIVERSITY

N2

Table 4.1 Detection limit and the change of effective gate voltage (o) of the OECT-

based sensors to the additions of DA, AA and UA

DA AA UA

Detection limit op, MV per Detection limit (tyy MV per Detection limit tty, MV per
Gate electrode (nM) decade (nM) decade (nM) decade
Pt 10 242 100 286 10° 200
CHIT/Pt 100 146 10° 130 Nil Nil
CHIT-graphene/Pt 100 203 10° 131 10* 124
CHIT-rGO/Pt 100 99 10° 74 Nil Nil
Nafion (2.5%)/Pt 50 221 10° 40 10* 36
Nafion (1.0%)/Pt 50 200 10° 82 10* 38
Nafion (0.5%)/Pt 50 150 10° 140 10° 48
Nafion (2.5%)-graphene/Pt 50 211 10° 171 5% 10° 74
Nafion (1.0%)-graphene/Pt 5 281 10° 169 10° 180
Nafion (0.5%)-graphene/Pt 10 251 5% 10° 187 10* 119
Nafion (2.5%)-1GO/Pt 50 64 10° 93 10°* 28
Nafion (1.0%)-rGO/Pt 100 123 500 189 5 % 10 62
Nafion (0.5%)-rGO/Pt 50 74 10° 87 5 % 10° 18

In this work, three different Nafion solution with the concentrations (2.5%, 1.0%,
0.5%) were used to modify the gate electrode and the device with 2.5% Nafion
modified gate electrode exhibited the highest selectivity, as shown in Table 4.1. The
effective gate voltage of 2.5% Nafion modified device changed 221 mV when the
DA level was shifted for one decade, relatively smaller than the device with a pure Pt
gate electrode (242 mV per decade). When the concentration of Nafion solution was
decreased, the voltage change towards DA was reduced down to 150 mV per decade.
In addition, the Nafion-modified devices demonstrated a degraded selectivity when
the gate electrode was modified with a thinner Nafion layer. The 0.5% Nafion
modified device showed a much lower selectivity in comparison with the 2.5%
Nafion modified device. The device with 0.5% Nafion modified might not afford to
provide sufficient electrostatic repulsion force to block the anionic based interference,

inducing a much deteriorated selectivity. Therefore, the selectivity of OECTs devices

LIAO Caizhi 90



Qb THE HONG KONG POLYTECHNIC UNIVERSITY Chapter 4

N2

could be improved by modifying the gate electrode with Nafion or CHIT. However,

the sensitivity of devices would be dramatically degraded because analytes
molecules cannot transport freely through the modified layer to reach the reactive

sites on Pt surface.
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Figure 4.10 Response of the OECT with a CHIT—graphene/Pt gate electrode to
additions of dopamine in PBS solution. From (a)—(f), the concentrations of glucose
are 1, 10, 50, 100, 500 and 1000 nM, respectively. Inset: transfer curve (Ips vs. Vg)
of the OECT.

4.3.4 OECTs with CHIT and Graphene co-modified Gate
It has been reported that graphene material is a candidate material for the electrode
modification to improve the sensitivity of conventional electrochemical sensors.

Therefore, the performance of OECT based DA sensor is expected to be improved
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by modifying the gate electrode with graphene materials. CHIT is an ideal material

for the immobilization of graphene or rGO flakes onto gate electrodes, primarily due
to its excellent film-forming features. Figure 4.10 shows the real-time current
response of CHIT—graphene modified device to the additions of DA. The detection
limit to DA is about 100 nM, which is approximately one order of magnitude higher
than that of pure Pt gate electrode device. Compared with CHIT modified ones, the
voltage response of device to three analytes is greatly improved. The improvement in
voltage response of the device could be attributed the desirable properties of
graphene. More importantly, the chemical prepared graphene flakes are two-
dimensional(2-D) material with maximized size effects [126], which could
significantly enhance the electrochemical reactivity and enlarge the active surface of
electrode. As a result, the electron transfer process is greatly facilitated and the
oxidation of the analytes is corresponding improved. In addition, the introduction of
graphene flakes can improve the selectivity of device, as shown in Figure 4.11
Compared with the CHIT-modified OECT, the sensitivity to AA was reduced.
Figure 4.12 is the SEM image shows the surface morphology of the CHIT—graphene
flake composite film. The dark regions in the SEM image represent the uncovered
parts of graphene flakes exposed to the air. Since the graphene flakes is
electrochemical active and some may not be fully embedded within the CHIT film,
electro-oxidation reaction can be directly catalyzed on the surface of graphene flakes
without passing through the composite film. Different from AA, DA has a phenyl
moiety in its molecular structure, which could help to form the p—p interaction

formed between the 2-D planar hexagonal structure of graphene sheets and the
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phenyl structure of DA. The intermolecular effect guarantees a feasible electron

transfer [127] and thus improves the sensitivity to DA. Additionally, due to the weak
p—p conjugation force with the graphene sheets, AA molecule is relatively inert on
the surface of graphene sheets. rGO is also investigated for its versatility in sensing
applications. Figure 13 shows the change of effective voltage vs. the analyte
concentrations of the CHIT-rGO modified OECT. The response of device to DA is
very low (90 mV per decade) and the selectivity is not improved either. As a result,
the rGO is not as useful as the graphene flakes in the OECT based dopamine sensors,
primarily due to the high electronic resistance of rGO sheets with oxygen-containing

functional groups on the surface[128-130].

Figure 4.11 The change of effective gate voltage of the OECT with a CHIT-
graphene/Pt gate electrode as a function of analyte concentration. Curves: red for DA,
black for AA and green for UA.
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Figure 4.12 SEM image of a CHIT—graphene composite film on a Pt gate electrode.
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Figure 4.13 The change of effective gate voltage of the OECT with a CHIT-rGO/Pt
gate electrode corresponding to different analytes. Curves: red for DA and black for
AA.

LIAO Caizhi 94



Qob THE HONG KONG POLYTECHNIC UNIVERSITY Chapter 4

N2

4.3.5 OECTs with Nafion and Graphene co-modified Gate
Owing to the strong p—p interaction, graphene flakes tend to form irreversible
agglomerates in solution, which could be effectively alleviated by the excellent
dispersion ability of Nafion [131]. The performance of OECT devices modified with
different Nafion (2.5%, 1.0%, 0.5%)—graphene composite film is systematically
investigated. Figure 4.14 shows the response of an OECT modified with Nafion
(1.0%)—graphene to the additions of DA, AA and UA, respectively. The modified
device can detect DA down to 5 nM, which is more sensitive than the device solely
modified with Nafion. The detection limits of AA and UA are 10 mM and 1 mM,
respectively, approximately three orders of magnitude higher than that of DA. The
large difference between the detection limit to DA and its electroactive interference
indicates the high selectivity of graphene—Nafion co-modified device for the
dopamine detection. The effective gate voltage change of device is about 281 mV for
one decade analyte concentration. In addition, the device shows a stable response in
a broad linear region from 5 nM to 1 mM DA. As discussed, the thickness of Nafion
film is a key parameter for the high performance OECT based dopamine sensors.
From table 4.1, Nafion (1.0%)— graphene co-modified devices demonstrated the
highest sensitivity to DA among all fabricated devices. If the Nafion film is too thick,
analytes can not freely pass through the modified layer and the charge transport
process is also hindered, which in turn reduce the sensitivity of device. On the other
hand, an insufficient thickness Nafion film may not be able to fully cover the electro-

active surface of Pt electrode, inducing the enhanced electron-oxidation of
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interferences (UA and AA) on the surface of gate electrode and a worse selectivity of

the device. Nafion—-rGO modified electrode is also investigated. Figure 4.15 shows
the response of the Nafion (1.0%)-rGO modified device to three analytes. The
detection limit to DA is about 50 nM, similar to that of the OECTs solely modified
with Nafion. The voltage change to DA is 123 mV per decade, which is much lower
than that of the device with graphene- modified ones. As the electric conductivity of
rGO sheets is normally lower than that of graphene sheets, the charge transport in
rGO sheets becomes more difficult, inducing a degraded response to the analytes.
The selectivity of the devices is also reduced in comparison with the device modified
with Nafion—graphene film. Therefore, rGO is not the prime candidate material for
the modification of OECT-based DA sensors. The OECT with graphene flakes and
Nafion co- modified shows high sensitivity and sufficient selectivity to dopamine
detection in the real application. It has been reported that conventional
electrochemical based dopamine sensors show the detection limits ranged tens of nM
to several uM [122], which is few orders of magnitude higher than the OECT-based
dopamine sensors. The OECT is actually acting as an amplifier that can significantly
improve the response of signals induced by the reaction of analytes at gate electrode
that is similar to the conventional electrochemical measurement. Because of the
ultra-low dopamine level in human body ( several nM) [132], the highly sensitive
and selective OECT dopamine sensors hold great potential for the practical

applications in future.
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Figure 4.14 The change of effective gate voltage of the OECT with the Nafion
(1.0%)—graphene/Pt gate electrode as a function of analyte concentration. Curves:
red for DA, black for AA and green for UA.

Figure 4.15 The change of effective gate voltage of the OECT with a Nafion (1.0%)—
rGO/Pt gate electrode to different analytes. Curves: red for DA, black for AA and
green for UA.
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4.4 Summary

In summary, the sensitivity and selectivity of OECT-based DA sensors could be
simultaneously improved by modifying the Pt gate electrodes with biocompatible
polymers (CHIT or Nafion) and graphene-based nanomaterials (graphene or rGO
flakes). Modified polymer films can improve the selectivity of device, primarily due
to the different electrostatic interactions between the polymer films and the analytes.
Graphene flakes were used to improve the sensitivity because of the excellent charge
transport properties and high surface to volume ratio of graphene flakes. The devices
modified with Nafion (1.0%)—graphene showed the detection limit down to 5 nM, a
broad linear region from 5 nM to 1 mM and excellent selectivity to DA. The above
results indicate that the OECT-based DA sensors are very promising for point-of-
care medical applications in the future. More importantly, the OECTs devices could
be easily fabricated by the solution processible process, making it particularly

suitable for the disposable sensing applications.
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Chapter 5 Multilayer Functionalized
Enzyme Electrode for High Performance
Uric Acid Sensor Based on Organic
Electrochemical Transistors

In this chapter, organic electrochemical transistors with uricase functionalized gate
electrodes are successfully fabricated and serve as the high-performance uric acid
sensors for the first time. The Pt gate electrodes are modified with enzyme,
semiconducting polymer (polyaniline) and graphene-based materials(graphene sheets
and graphene oxide), which can simultaneously improve the sensitivity and
selectivity of OECT devices. The sensor with UOx-GO /PANI/solution-based
graphene/Pt gate electrode can detect uric acid down to 10 nM, which is
approximately 4 orders of magnitude lower than that of conventional electrochemical
UA sensors using the similar enzyme electrode. The devices show an excellent
linearity in the range of 100 nM to 500 uM, covering the normal uric acid level in
human sample. Error signals from most-common bio-active intereferents(e.g.
glucose, dopamine and ascorbic acic) are largely reduced. The high performance of
the devices can be ascribed to the optimized enzyme immobilization techniques.
Adopting the same principle, the application of organic electrochemical transistors

can be further explored by taking different gate electrode modification techniques.
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5.1 Introduction

Uric acid (2,4,6-trinydroxypurine)is the excreted product of purine metabolism in
human body. Abnormal uric acid level in body fluids is a good biomarker of several
diseases, notably including gout, hyperuricemia, Lesch-Nyhan syndrome, and even
cardiovascular disorder [133-135] . Therefore, fast and accurate determination of
uric acid is of paramount importance in the diagnosis and treatment of diseases
associated with the disordered urine metabolism. Pioneered in the late 19" century
by Offer, uric acid analysis has engaged the full attention of the world. Various
techniques, such as capillary electrophoresis— amperometry [136],
spectrophotometry[137], high performance liquid chromatography (HPLC)[138],
chemiluminescence [139] and fluorescence methods [140], etc., have been reported
for the measurement of uric acid. However, these methods usually suffer from
several drawbacks, including labor-intensive, expensive, time consuming and expert

perform.

As an alternative, electrochemical based sensing methods have emerged as a viable
way for the effective uric acid analysis due to its attracting properties such as
simplicity, sensitivity, specificity, etc[141]. Electrochemical based sensing research
is continually providing new insights into the field of uric acid analysis. For instance,
Arora et al [142] demonstrated an enhanced electrochemical uric acid sensor using

the uricase-immobilized electrodes. Glutaraldehyde acted as cross-linker was used to
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covalently bind the enzyme to electrode. The enzyme electrodes exhibited a long-

term stability and be able to detect uric acid level down to 100 uM. Interferants
including excessive urea, ascorbic acid and cholesterol, displayed negligible effects

on the reliable determination of uric acid.

Being an important type of organic thin film transistors (OTFTSs), organic
electrochemical transistors (OECTSs) have emerged as the state of the art sensing
platform for the realization of more applicable, versatile and robust electrochemical
sensors[3]. Normally, OECTSs is a three-terminal (source, drain and gate electrodes)
device with a thin layer of organic material deposited on the channel area located
between source and drain electrodes[57]. Poly(3,4-ethylenedioxythiophene) :
poly(styrene sulfonate) (PEDOT: PSS) is the most-common material used in OECTSs.
Considering the inherent amplification capability of transistors, OECTSs serve as the
promising candidate used to bridge the gap between bio-chemical reaction and
electronic signals. Potential uses of OECTs-based sensors virtually embrace a broad
range of bio-chemical analytical tasks, ranging from pH through ions[45], lactate
[73], glucose [124] and dopamine[72], to DNA[67], bacteria [71], protein[66], and

cells[59], etc.

Typically, an electrochemical-based biosensor consist of two major elements: (i) an
immobilization matrix, such as conducting polymers, nanomaterials and self-
assembled monolayers(SAMs), etc., used to immobilize the bio-recognition

elements(enzyme, antibody, DNA, etc.) on the working electrodes that enables
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selective response to particular analytes; (ii) a physicochemical transducers used to

deliver the complex biochemical reaction into a readable signal. The redox reaction
occurred at the enzyme-modified electrodes thus can be electrochemically detected
owing to the electrons transfer between the biomolecule redox site and the electrode.
Therefore, enzyme-immobilization plays the critical role in the accurate
measurement of uric acid. Several approaches have been developed to effectively
immobilize the enzyme, including physical absorption, embedding, and covalent
binding, etc,[143, 144]. Conducting polymers are extremely appealing and emerged
as the effective matrix for enzyme immobilization[145]. Among various conducting
polymers, polyanline (PANI) has attracted attention due to its desirable tunability,
high stability and excellent electrochemical property. Kan et al [146]reported a
polyaniline-uricase biosensor prepared with template process. The PANI template
film with moderate cavities could effectively improve the loading of active uricase.
Importantly, the modified PANI film can also improve the selectivity of device in
uric acid detection. Jiang et al [147]fabricated a selective uricase biosensor based on
polyaniline synthesized in ionic liquid at high pH. The results indicated that the well-
known electroactive interferents have negligible effect on the effective current
response. The device demonstrated a good linearity in the range of 1 uM to 1mM

uric acid, and the detection limit to uric acid is as low as 1 uM.

Due to its unique properties, including high surface-to-volume ratio, outstanding
electro-activity, and desirable tunablility, nanomaterial also serve as the promising

candidate matrix material for effective enzyme immobilization. A notable attempt
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was the introduction of graphene oxide (GO) onto the enzyme electrode[98].

Typically, highly efficient enzyme-modified electrode can be directly obtained by
taking advantage of the covalent bonding between carboxyl acid groups of graphene
oxide sheets and amines of enzymes. Therefore, GO is expected to have significant

impacts for enzymatic biosensors.

Graphene, another kind of emerging 2-dimensional material, has engaged increasing
attention recently. It has been reported that graphene holds great potential for
optimized electrode modification in electrochemical sensing applications. Han et al
[117]demonstrated that graphene could largely improve the electrocatalytic
properties of modification layer in UA detection. Sun et al [141]also reported the
significant role of graphene in the electrochemical detection of uric acid. The
electrode co-modified by Pt nanoparticles and graphene demonstrated an excellent

performance in UA analysis with a detection limit as low as 0.054M.

In this work, we integrate cross-linker or graphene-oxide with uricase to improve the
performance of OECT-based UA sensors. Attempt to further enhance the
responsibility of device, we also investigate the role of graphene in electrode
modification. Modified Pt electrodes UOx-GO(cross-linker)/PANI/Pt and UOx-
GO/PANI/Graphene/Pt were prepared and utilized as the gate electrodes of OECTs
UA sensors. We found that these modification techniques could significantly
improve the sensitivity and selectivity of the device. The OECTSs sensors with

optimized functional gate electrodes showed a UA detection limit as low as 10 nM,
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methods using a similar modified electrode. The high sensitivity of OECT-based UA
sensor guarantees a sufficient response to the trace amount of analyte in the highly
diluted biological sample, in which the concentration of most interefering elements

are diluted to a negligible level.

5.2 Fabrications and Measurements of OECTSs

5.2.1. Materials

Uricase(UOXx) (>3U mg™) was purchased from Worthington Biochemical
Corporation and stored at -20<C. Glucose, dopamine, AA and UA were purchased
from Sigma-Aldrich Co. Polyaniline (PANI) (5 wt. %,dispersion in xylene),
Phosphate buffered saline (PBS) solution (pH 7.4), and PEDOT:PSS aqueous
solution were purchased from Sigma-Aldrich Co.and stored at 4 <C. The cross-linker
glutaraldehyde solution (Grade 11, 25% in H,0) from Sigma-Aldrich Co. was used as
received. Graphene and graphene oxide(GO) used as received were prepared by the
chemical methods reported before. For purpose use, polyaniline solution was diluted
to 0.5% by using the xylene, glutaraldehyde solution was diluted to 1% by using the
de-ionized water. UOx solution (~50 U/ml) was prepared by the PBS solution.
Glutaraldehyde-UOx mixed solution was prepared by adding 2 volumes UOXx
solution to 1 volume glutaraldehyde solution and then the mixed solution was
sonicated for 5 mins. GO-UOx mixed solution was prepared by mixing 1 volume GO

with 1 volume UOx solution and followed by 5 mins sonication.
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5.2.2 Device Fabrication

Figure 5.1 shows the schematic structure of the OECT-based uric acid sensor using
PEDOT: PSS as the active layer. Glass slides and flexible polyethylene terephthalate
(PET) substrates were used as the substrates in the fabrication of devices. Patterned
Ti/Pt (thickness: ~10 nm/100nm) source, drain and gate electrodes were deposited
on substrates by RF magnetron sputtering through a shadow mask. The thin Ti layer
was served as the adhesion layer for Pt electrodes. The width to length ration of the
channel was 6.0 mm/0.2mm. For the fabrication of devices, the substrates with
patterned electrodes were rinsed throughoutly with acetone, 2-propanol and DI-water.
Attempt to improve the adhesion of the PEDOT: PSS layer, the substrates were
treated with oxygen plasma for several minutes(5 mins for glass substrates, 3 mins
for PET substrates). Then the thin PEDOT: PSS layer with a thickness
approximately 80 nm was spin-coated on the patterned channel area. Finally, these
devices were moved to the glove box filled with high purity N, for thermal annealing

(200<C, 1h).

For the fabrication of high performance uric acid sensors, the Pt gate electrodes of
OECT devices were modified with PANI, graphene oxide(GO)/cross-linker,
graphene and uricase. In preparation of UOx-Glutaraldehyde /PANI/Pt
functionalized electrodes, 5ul diluted PANI solution was firstly drop casted to fully
cover the Pt electrode and dried at 4<C in refrigerator, then 10ul glutaraldehyde —

UOx mixed solution was dropped on the surface of the dried PANI layer. The
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modified electrode was kept in refrigerator for 12 h to be solidified. UOx-

GO/PANI/Pt and UOx-GO-/PANI/(CVD or solution)graphene/Pt functionalized
electrodes were prepared by the similar approach. Before characterization, the
modified gate electrodes were rinsed with DI-water to remove the unanchored

residues.
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Figure 5.1 Schematic pictures of the OECT-based UA sensor. The electro-oxidation
of uric acid occurs at the surface of the modified enzyme gate electrode.
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5.2.3 Device Characterization

PARSTAT 2273 electrochemical integrated test system (Princeton Applied Research,
USA) was used for the cyclic voltammetry (CV) and amperometric measurements of
OECT devices. Individually modified gate electrodes immersed in the stirred PBS
solution were employed as the working electrodes. In these measurements, an
Ag/AgCI (sat. KCI) electrode and a Pt foil served as the reference electrode and
counter electrode respectively. The amperometric i-t curve was obtained by a
consecutive addition of uric acid solution into bulk PBS solution at fix time. The
electrical measurements of OECT based uric acid sensors were conducted with
Keithley source meters (Keithley 2400). The three electrodes of devices were
connected to two Keithley 2400 meters controlled by a Labview program. For
transfer characteristic, Vps was fixed at 0.05V, channel current (Ips) was measured
as a function of V. In the measurements of response of modified devices to various

analytes in electrolyte, Vps was fixed at 0.05V, V4 was fixed at 0.4V.

5.2.4 Working Principle of OECT-based UA Sensors

PEDOT:PSS is the most-widely used p-type organic semiconductors in OECT-based
sensors[60]. PEDOT:PSS demonstrates a wide range of conductivity due to the
varied doping level of counter ions. Under the effect of a positive gate voltage,
cations in electrolyte can be injected into PEDOT:PSS active layer[45]. The
migration of cations can be regarded as a de-doping process that reduces the density

of hole and thus reduce the electric conductivity of deposited polymer layer. Details
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on the de-doping process can be found using the following electrochemical

reaction[148]:

N(PEDOT*:PSS) + Mn* + ne’ > nPEDOT, + Mn*:nPSS (5.1)

Oxidation
where Mn" represents cation from electrolyte, n is the number of charge of cation, e-
is an electron. The injection of Mn" to the active layer facilitates the reduction of
oxidized PEDOT" to neutral state (PEDOT?), leading to a decreased conductance of

the channel.

According to eqgn 5.1, the doping level of conducting polymer is quantitatively
determined by applied effective gate voltage. Therefore, the channel current Ips of

active layer in an OECT device can be given [3, 39]:

twW . V .
s = % (Vp_vgﬁ+ TDS )VDS’ (|VDS|<<‘Vp 'ngf )
p
Vp = qut/CI (5'2)

V=V, +V,

off set ?

where q is electronic charge of the carrier, po is the initial hole density in active layer,
u is the mobility of hole, t is the thickness of organic thin film, V  is the pinch-off
voltage, V 4 *M is the applied effective gate voltage, and V ot is an offset voltage
related to analytes, W and L are the width and length of channel, respectively. c; is
the effective capacitance per unit area of the OECT, for simplicity, a constant value

is assumed for c;.
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The underlying operation mechanism of an OECT-based uric acid sensor can be

attributed to the varied interfacial potential drops at the interface of electrolyte/gate
or electrolyte/semiconductor. In measurements, H,0O, is generated by the bio-
catalyzed reaction of uric acid demonstrated in Figure 5.1. H,O, undergo further
oxidation and shuttle two electrons to the gate electrode. The electron flow induces a
Faradaic current at the gate electrode and decreases the potential drop at the
gate/electrolyte interface. Accordingly, the variations of chemical potential (A V) at
the electrolyte/gate interface demonstrate a logarithmic dependence on the

concentration of H,O, and can be described in the Nernst equation form [39]:

kT Ox KT
ENernst :EO +E In [%] = AEGate/EIectroly‘[e = z In [HZOZ ] +constant A (53)

where K is Boltzmann’s constant, e is charge, T is temperature and [H,0, ] is the
concentration of H,0,.Since the measurement is performed in the PBS buffer
solution in the lab atmosphere , the concentration of [H] and [O,] are assumed to be
a constant value. As a result, the constant A in eqn 5.3 represent the integrated result

of the Ep, [H] and [O2] in the Nernst equation.

It has been reported that Vst in egn 5.3 originates from the AV described by
Nernst equation and is multiplied by the factor of (1 + 9 ), 7 is the ratio between the
capacitance of gate and the capacitance of channel. Therefore, V 4 *ff can be

expressed using the form:

] KT
Vi =V +(1+y) e In[H,0,]+constant B (5.4)
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Thus, the changed interfacial potential drops can modulate the effective gate voltage

applied on device. According to the reaction, the concentration of H,O; is
proportional related to the concentration of UA, therefore the above mentioned

equation can be further transformed into following simplified form:

Vi™ =gy, In[UA]+constant C (5.5)

Where [UA] is the concentration of the uric acid, constant ¢, is the slope of the

fitted curve, constant C is related to other factors.
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Figure 5.2 (a) Response of the OECT with pure Pt gate electrode to additions of UA
in PBS solution. From a-f, the concentrations of UA are 10, 100, 500, and 1000nM,
10 and 50uM, respectively. Inset: Enlarged LOD point at d. (b) The change of
effective gate voltage of the device as functions of UA concentrations. Inset: transfer
curve (IDS vs VG ) of the OECT.
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5.3 High Performance of OECT-based UA sensors

5.3.1 High Sensitivity of the OECT-based UA sensors

Optimized enzyme electrodes for UA detection have been extensively investigated.
Various enzyme immobilization approaches, either physically or chemically, have

been used to immobilize the uricase onto the surface of gate electrode. Figure 5.2a
shows the current response of unmodified OECTs device to UA and Figure 5.2b is

the dependence of AV

as a function of UA concentration using pure Pt working
electrode. The device showed no detectable Ips change until 1 pM UA is added. The
variation of effective gate voItage(AVQEff) is about 51mV/decade. As a result, the
unmodified device demonstrated a low sensitivity even poorer than that of the
conventional electrochemical sensors. Since the detection system is free of enzyme,

the modulation of Ips is induced by the oxidation of uric acid catalyzed by the highly

efficient catalytic platinum electrode.

Attempt to improve the performance of UA sensors, the uricase(enzyme) is
immobilized onto the working electrodes. Low detection limit, or low limit of
detection(LOD), as indicated previously that the corresponding signal to noise ratio
should be larger than 3 (S/N > 3), is used to evaluate the sensitivity of sensor
device[72, 149]. The device using the UOx/PANI/Pt gate electrode demonstrates a
low detection limit down to 300 nM and varied 143 mV for one decade, which is
nearly three times larger than that of unmodified devices. The functional electrode
was prepared by immersing the PANI/Pt electrode into the UOx solution for 4h in

4<C. Therefore, the enzyme was physically absorbed onto the surface of PANI layer.
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The improvement in sensitivity can be attributed to the integration of uricase into the

OECT sensors. As shown in Figure 5.1, uricase can lower the activation energy of
UA oxidation and thus significantly accelerate the catalytic reaction. Since the PANI
is in the form of highly conductive emeraldine salt[150], the sandwiched conductive
polymer layer can effective shuttle the electrons between the redox center of enzyme
and Pt gate electrode and induce large Ips changes. Although uricase demonstrate
impressively high sensitivity and selectivity to the UA oxidation reaction, the
improvement in performance of enzyme electrode based on the physically absorption
scheme is quite limited, which can be attributed to the week adhesion force between
the enzyme and PANI layer. The week van der Waals forces occasional with limited
hydrogen bonds in absorption is unable to provide high stability for the long-time

operation in solution.

Interestingly, chemical methods involve with covalent bonding has emerged as the
promising approach for the enhanced enzyme immobilization[151]. Figure 5.3a and
Figure 5.3b demonstrate the UA-dependent responses of the device using UOx-
glutaraldehyde/PANI/Pt functionalized electrodes. This kind device shows a much
improved sensitivity, with a low detection limit down to 30 nM. The 4V g"‘ﬁ shift
per decade is 130mV and is much larger than that of the device using the pure Pt
gate electrode. The significantly improved sensitivity is relied on the optimized
enzyme electrodes. Glutaraldehyde, a small-weight organic compound with
functional groups at both ends, is one of the most-commonly used cross-linker in

chemistry. Highly efficient and stable enzyme-electrode for UA detection can be
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achieved by taking advantage of the covalent bonding between the functional groups

of glutaraldehyde, PANI and protein of enzyme.
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Figure 5.3 (a) Response of the OECT with glutaraldehyde -UOx/PANI/Pt
functionalized electrodes gate electrode to additions of UA in PBS solution. From a-j,
the concentrations of UA are 1,3,10, 30,100,300 and 1000nM, 10 30 and 500uM,
respectively. Inset: Enlarged LOD point at d. (b) The change of effective gate

voltage of the device as functions of UA concentrations. Inset: transfer curve (IDS vs

VG ) of the OECT.

Due to its desirable properties, 2-dimensional nanomaterials have also emerged as

the candidate matrix material for effective enzyme immobilization[152]. OECT-

based UA sensors employing the UOx-GO/PANI/Pt functionalized electrodes

demonstrated high performance in the detection of UA. The device with GO

modified enzyme electrode could used to detect UA down to 10nM, approximately 4

orders of magnitude lower than that of conventional electrochemical UA sensor

using a similar enzyme electrode and 3 orders of magnitude lower than that of

comparative amperometric measurement of the enzyme electrode using the same
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modification technique. The 4V gm shift per decade is increased to 165mV. The

remarkable improved sensitivity can be ascribed to the introduction of GO into the
functional electrodes for the efficient enzyme immobilization. GO is a 2-dimensional
graphene sheet with oxygen-containing functional groups anchored on the surface of
sheet. These functional groups can readily react with the amine groups of protein
enzyme and the reactive moieties of conductive PANI layer, leading to an optimized
enzyme immobilization via the effective chemical covalent bonding. In addition, the
weak physical van der Waals forces between the benzene rings of PANI and GO
sheets can also improve the enzyme anchoring effect on working electrode[153].
Therefore, GO is a high performance material for the enzyme immobilization in UA
detection. Figure 5.4 shows the AV " shifts of the devices using different kinds
enzyme electrodes when 100 uM uric acid is added. Three identical electrodes are
fabricated for each condition. Error bar shows the standard deviation of the AV
shifts for the three kind electrodes. The result indicates that the device using the
UOx-GO/PANI/Pt modified electrodes demonstrate the largest AV (" shifts when
designed amount of UA is added. In sum, GO plays a critical role in enzyme

immobilization for UA detection and demonstrate a much improved performance

even better than that of the commonly-used cross-linker.
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Figure 5.4 Avg,eff shifts of the devices using different kinds enzyme electrodes when
100 uM uric acid was added. 1: UOx/PANI/Pt 2:UOx-Cross linker/PANI/Pt
3:UOx-GO/PANI/PL.
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Figure 5.5 (a) Response of the OECT with UOx-GO /PANI/CVD-based graphene/Pt
functionalized electrodes gate electrode to additions of UA in PBS solution. From a-
h, the concentrations of UA are 10, 30,100,300 and 1000nM, 10, 30 and 500uM,
respectively. Inset: Enlarged LOD point at d. (b) The change of effective gate
voltage of the device as functions of UA concentrations. Inset: transfer curve (Ips vs
Vg ) of the OECT. Inset: transfer curve (IDS vs VG ) of the OECT.

LIAO Caizhi 115



©

loo/iA
gBESLEsY

Qb THE HONG KONG POLYTECHNIC UNIVERSITY Chapter 5

(b)
800 -
w0] —___ O'bb /-'f

1 S @ 5

_ 600 - ) 320 N :é\b %,,9
] > 3% ve=00sv N | A P
1 € 400{ 20 '(\///Q:/

= w0l —
n 7} 00 D,GV‘NIJB 12 »

(U] - ¢ 2
] 3] 200 /

"

i 0 —a

0 1200 2400 3600 4800 6000

Tis Log (C)

Figure 5.6 (a) Response of the OECT with UOx-GO /PANI/solution-based
graphene/Pt functionalized enzyme electrode to additions of UA. From a-j, the
concentrations of UA are 1,3,10, 30, 100 and 1000 nM, 10, 30,100 and 500uM,
respectively. Inset: Enlarged LOD point at c. (b) The change of effective gate
voltage of the device as functions of UA concentrations.

Owing to its attracting properties, graphene has engaged increasing attention and
hold great potential in the electrochemical-based sensing applications. Figure 5.5
demonstrates the performance of the device with UOx-GO /PANI/CVD-based
graphene/Pt modified gate electrode and Figure 5.6 shows the UA-dependent
responses of the device with UOx-GO /PANI/solution-based graphene/Pt modified
gate electrode. The low detection limit of CVD-based graphene modified device is
about 300 nM, which is much poorer than that of device with solution-based
graphene modified gate electrode. The OECT UA sensor with UOx-GO
/PANI/solution-based graphene/Pt modified gate electrode shows an ultra-low UA
detection limit down to 10 nM and a high 4V QEﬁ shift up to 177 mV/decade. More

importantly, this kind device shows an excellent linearity (R=0.99501)ranging from
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100 nM to 500 uM. Since the normal level of uric acid in human body is in the range

of 100 to 450uM, this type OECT-based UA sensor enables the direct measurement
of UA in human sample with a satisfactory response time approximately less than 50
s. In sum, UOx-GO /PANI/solution-based graphene/Pt modified enzyme electrode

shows the best performance among all fabricated enzyme electrodes.
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Figure 5.7 4V ge“ shifts of the devices using different kinds enzyme electrodes
when 100 uM uric acid was added. 1: UOXx-GO/PANI/Pt 2: UOx-GO/PANI/CVD-
graphene/Pt 3:UOx-GO/PANI/solution-graphene/Pt.

The impressive high performance of UOx-GO /PANI/solution-based graphene/Pt
modified enzyme electrode can be ascribed to the unique role of graphene[154, 155].
Graphene sheets have a remarkably electron mobility at room temperate, which can

readily facilitate the transportation of the electrons generated in the oxidation of
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peroxide. In addition, the introduction of solution-based graphene can enhance the

electrocatalytic activity of the modified enzyme electrode and thus improve the rate
of bio-catalyzed reaction. However, CVD-based graphene sheet modified device
shows limited improvements in UA measurements. In the preparation of CVVD-based
graphene modified device, a whole CVD-grown graphene sheet(about 5mm>5mm)
was transferred to fully cover the Pt gate electrode. Therefore, the generated
hydrogen peroxide unable to reach the Pt surface directly and the rate of oxidation
reaction catalyzed by the highly catalytic-active Pt electrode would be significantly
prohibited. Figure 5.7 demonstrates the 100 uM UA induced response of the device
with UOx-GO /PANI/ Pt, UOx-GO /PANI/CVD-based graphene/Pt and UOxX-GO
/PANI/solution-based graphene/Pt modified enzyme electrodes, respectively. The
experiments shows that UOx-GO /PANI/solution-based graphene/Pt enzyme
electrodes demonstrate the largest response ( 4V geff shift~626mV ) among these
three type enzyme electrodes when 100uM UA is added. While CVD based enzyme
electrode shows a performance( 4V geﬁ shift~400mV) even poorer than that of the
enzyme electrode without graphene modification( 4V geﬁ shift=523mV). Therefore,
introduction of solution-based graphene into the modified enzyme electrode can
improve the performance of sensor device while CVD-based graphene can

deteriorate the performance of sensor device in UA measurements.

More importantly, those modified enzyme electrodes demonstrated high stability in
characterization and storage process. Under the effect of applied gate voltage,

channel current reached a stable constant value within a short time. The high stability
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of device in the liquid electrolyte can be attributed to the attracting properties of the

deposited PEDOT: PSS layer covering the channel. PEDOT: PSS is a degenerately
doped semiconducting material widely used in the organic electronic[149, 156].
Stable solid PEDOT: PSS film can be formed using necessary processing processes
(e.g. drying, annealing and post-annealing, etc.) and demonstrates reliable electronic
properties in liquid solutions. The stability of organic semiconducting layer can be
further enhanced by adding the cross-linker to organic material to optimize the
morphology in film-forming. Therefore, the device can be reused for many times
regarding its high stability. It also interesting to note that after two weeks storage in
refrigerator(4<C ), the device still remain an excellent performance without any

significant degradation.

For comparative study, we also perform the electrochemical characterization of
UOx-GO /PANI/solution-based graphene/Pt enzyme electrodes using the
conventional cyclic voltammograms and amperometric measurements. Figure 5.8
shows the electrochemical performance of UOx-GO /PANI/solution-based
graphene/Pt enzyme electrode in pure PBS solution(Line I) and PBS solution
containing 100 uM UA (Line I1). The functionalized electrode shows no visible
redox in pure PBS solution while demonstrates an obvious redox peak in PBS
solution containing 100 uM UA vs Ag/AgCI. The redox peak of line 11 is located at
0.42V, which is corresponded to the oxidation of hydrogen peroxide generated by
the catalyzed UA reaction[72]. Figure 5.9 is the amperometric response of device

upon the continuous addition of UA. The measurement system demonstrate no
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detectable signal until 3 uM UA is added, which is much poorer than that of OECT-

based UA sensor using the same kind modified enzyme electrode (10 nM). Typically,
OECT-based sensor is consist of a sensor can selectivity detect the target event and
an amplifier that can significantly enhance the induced signals. The variation of
interfacial drops induced by analytes can modulate the effective gate voltage applied
on device and remarkably change the channel current up to several orders of
magnitude. Therefore, transistor-based UA sensors show a much higher sensitivity in

comparison with the conventional electrochemical-based techniques.

0.06
PBS with 100 u\M
uric acid

0.03-

0.00+

«f mA

PBS Solution
-0.03

0.0 0.2 04 06 08 1.0 1.2
E vs Ag/AgClI
Figure 5.8 The cyclic voltammograms of the UOx-GO /PANI/solution-based

graphene/Pt functionalized enzyme electrode in PBS solution(Red Curve ) and in
PBS solution with 100 uM UA.
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Figure 5.9 Amperometric responses of the UOx-GO /PANI/solution-based
graphene/Pt functionalized enzyme electrode in PBS solution to the addition of UA.
a-i: 1, 10, 30, 100 and 1000 nM, 3, 10,100 and 500uM, respectively. Inset: Enlarged
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Figure 5.10 (a) The change of effective gate voltage of the device with pure Pt gate
electrode as functions of three intereferent analytes(AA , DA and glucose). (b)The
change of effective gate voltage of the device with UOx-GO /PANI/solution-based
graphene/Pt functionalized enzyme electrode as functions of three intereferent

analytes(AA , DA and glucose).
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5.3.2 High Selectivity of the OECT-based UA sensors

Selectivity is a key parameter for the sensing applications[149, 157]. Human body
fluids is a complex biological system containing a plethora of interferents, such as
glucose, ascorbic acid(AA) and dopamine, that can cause significant error signals.
Figure 5.10 shows the response of device to three most-common interferents( e.g.
glucose, AA and dopamine). Figure 5.10a demonstrates the performance of the
unmodified device, while Figure 5.10b unveils the result of the device with UOx-GO
/PANI/solution-based graphene/Pt functionalized enzyme electrodes. The
unmodified device shows no obvious response until 1 uM glucose is added and shift
about 47mV per decade(Figure 5.10a), which is similar to that of device with
functionalized electrodes(Figure 5.10b, glucose detection limit 3uM, 41mV/decade ).
The low sensitivity and responsibility of both type devices can be attributed to the
low reaction rate of glucose oxidation. Since no glucose oxidase is added, this
enzyme-canalized reaction is strongly prohibited and induces very limited interfacial
potential drops that can modulate the channel current. Therefore, the interference
signal from glucose is negligible. Curve Il in both Figure 5.10a and Figure 5.10b
demonstrate AA-dependent 4V geﬁ shifts of devices. The device with pure Pt gate
electrode begins to show response to AA at 1 uM and possess a large 4V geﬁ shift
up to 286mV/decade. The modified enzyme electrodes, interestingly, can reduce the
interferencing response from AA. The dropped PANI layer cover the Pt electrode
serve as barrier layer that can prevent the direct interactions between Pt electrode
and AA molecules. Dopamine induced responses are demonstrated in both Figure

5.10a and Figure 5.10b. Device with pure Pt electrode can detect dopamine as low as
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5 nM and changes 242mV for one decade. While the device with UOx-GO

/PANI/solution-based graphene/Pt functionalized gate electrodes show no response
until 50 nM dopamine is added, which is about one order of magnitude higher than
that of device with pure Pt electrode. The much reduced AV ¢ shift value (67
mV/decade) can be explained by the repel interactions between dopamine molecules
and PANI film. PANI film covers the surface of Pt electrode is in H" protonated
emeraldine salt form, which can strongly repel the positively charged dopamine
molecules and thus significantly reduce the chemical-oxidation reaction of dopamine
inducing the error signals. Considering the extremely low concentration of dopamine
(several nM) in human body, the interferents induced by dopamine is very low when
modified enzyme electrodes are adopted in UA measurements. In sum, OECT device
with enzyme/conducting polymer/graphene co-modified enzyme electrodes serve as

the viable platform for high selectivity detection of UA

5.3.3 Device on Flexible Substrate

OECT-based devices can be easily fabricated on flexible substrates, which is
essential for the practical sensing applications in living systems. Figure 5.11a shows
the pictures of flexible device bent up and down. Figure 5.11b demonstrates the
performance of device fabricated on the flexible PET substrate using the UOx-GO
/PANI/solution-based graphene/Pt functionalized gate electrodes. The low detection
limit of flexible sensor to UA is 100 nM, which is about one order of magnitude
higher than that the best-performed device fabricated on glass substrate using the

same functionalized gate electrodes. The slope of curve AV geﬁ shift vs UA
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concentration is reduced to 140mV/decade. The slightly degraded performance of

flexible device can be ascribed to the different fabrication conditions in device
preparation. For glass substrate based device, the annealing condition in PEDOT:
PSS film-forming process is performed at 200 <C in the glove box with high purity
N.. However, for the PET based device, the annealing temperature is 120<C.
Difference in annealing temperature will result in a different morphology of
semiconducting polymer layer and thus a distinct electrical property of organic
semiconductor film. It has been reported that temperature above 160 <C was needed
for the optimized film of PEDOT: PSS[158]. Therefore, flexible PET device
annealed at 120<C demonstrated a relatively reduced performance in comparison
with its counterparts fabricated on glass substrate. However, regarding the high
sensitivity of PET-based UA sensor, flexible OECT device still holds great potential

for the real UA detection in human sample.
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Figure 5.11 (a) Response of the OECT with UOx-GO /PANI/CVD-based
graphene/Pt functionalized electrodes gate electrode based on the flexible PET to
additions of UA in PBS solution. From a-g, the concentrations of dopamine are 10,
50,100,500 and 1000nM, 10 and 100uM, respectively. Inset: Enlarged LOD point at
c(Left), pictures shows the device bent up and down(Right). (b)The change of
effective gate voltage of the device with UOx-GO /PANI/solution-based graphene/Pt
functionalized enzyme electrode as functions of UA concentrations. Inset: transfer
curve (Ips vs Vg ) of the OECT.
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5.4 Summary

In summary, OECTs with functionalized enzyme electrodes demonstrated high
performance in UA detection. The enzyme was successfully immobilized onto the
surface of Pt gate electrodes via the physical or chemical schemes. The device with
UOx-GO /PANI/solution-based graphene/Pt modified electrode changed
177mV/decade and demonstrated a detection limit as low as 10 nM, which was three
orders of magnitude lower than that of amperometric measurement using the same
functionalized enzyme electrodes. The much improved sensitivity of OECT-based
UA sensor was the combined result of the significant inherent signal amplifying
capability and the optimized enzyme immobilization techniques. Therefore, OECT
device with functionalized gate electrodes serve as a viable platform for the high-

performance chemical and biological sensors.
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Chapter 6 Conclusions and Future Outlook

6.1. Conclusions

In summary, the performances of organic electrochemical transistors (OECT) based
glucose sensors were systematically investigated. The sensitivity of OECT sensors
could be significantly increased by co-modifying the gate electrodes with graphene
nano-materials(graphene or reduced graphene oxide (rGO)) and glucose oxidase.
The functionalized devices were sensitive enough to detect glucose level down to 10
nM, which was two orders of magnitude better than that of device without graphene
modification. The optimized device showed a linear response to a wide range
glucose concentration from 10 nM to 1 mM, covering the physiological glucose
range in human saliva. The selectivity of the devices was systematically studied for
the first time. The sensitivity of OECT glucose sensors could be dramatically
improved by modifying the gate electrodes with biocompatible polymers, including
chitosan and Nafion. The interfering effect from uric acid and L-ascorbic acid was
mostly blocked. Therefore, high performance OECT-based glucose sensors can be

realized by modifying the gate electrodes.

Then OECTSs were successfully fabricated as highly sensitive and selective dopamine

sensors. The selectivity of OECT-based dopamine sensors was significantly
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improved by coating biocompatible polymer Nafion or chitosan on the surfaces of

gate electrodes. The interference induced by uric acid and ascorbic acid was
effectively eliminated. In addition, the sensitivity of OECT devices was improved by
graphene flakes co-modified on the gate electrodes. The detection limit of the
devices to dopamine was down to 5 nM, which was much lower than that of

conventional electrochemical methods.

Finally, OECTs with uricase functionalized gate electrodes were successfully
fabricated and served as the high-performance uric acid sensors for the first time.
The Pt gate electrodes were modified with enzyme, semiconducting polymer
(polyaniline) and graphene-based materials(graphene sheets and graphene oxide),
which could simultaneously improve the sensitivity and selectivity of the UA sensors.
The sensor with UOx-GO /PANI/solution-based graphene/Pt gate electrode could
detect uric acid down to 10 nM, which was approximately 4 orders of magnitude
lower than that of the conventional electrochemical UA sensors using the similar
enzyme electrodes. The devices showed an excellent linearity in the range of 100 nM
to 500 uM, covering the normal uric acid level in human sample. Signals from most-
common bio-active intereferents(e.g. glucose, dopamine and ascorbic acic) were
largely reduced. The high performance of the devices could be ascribed to the
optimized enzyme immobilization techniques. Adopting the same principle, the
application of OECTSs could be further explored by taking different gate electrode

modification techniques.
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6.2. Future Outlook

Owing to its versatile synthetic approaches, tunable electronic conductivity, solution
processable fabrication methods, as well as excellent biocompatibility, organic
semiconductors have been extensively used in the transistor-based sensors. Typically,
PEDOT:PSS, poly(3-akylthiophene), pentacene, and polyaniline, etc., are the most
common ones for OTFT sensing application. OTFT, particularly OECT-based
devices, have been intensively investigated for various kinds of applications in

chemical and biological sensors.

In the past few years, research on novel organic semiconducting materials for OTFT-
based sensors have exponentially increased, various kinds of organic semiconducting
materials with high carrier mobility and excellent stability have been synthesized and
exploited in sensing applications. The next big leap will be the further improvement
of these devices for real applications, which could be accomplished via two ways.
The first one to improve the performance of the existing organic bioelectronics is to
optimize the geometric features of devices or adopt new techniques in the devices
fabrication processes. The second one is to explore new type of devices based on
OTFT platform and further expand the biological application scope of these devices.
In sum, from the personal perspective of us, the beautiful marriage between organic
electronics and biology will be further developed to serve as the versatile toolbox for

biological applications.
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