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Abstract

Organic electrochemical transistors (OECTs) have gained great attention in various
chemical and biological sensing applications due to its intrinsic signal amplification
function combined with highly efficient interfacing with ionic fluxes in biological
environments. Besides, the freedom of synthesis, facile solution processing, superior
biocompatibility and mechanical matching of organic materials offer OECTs a whole
range of imaginative possibilities for investigation from fundamental device physics

to biosensing related healthcare and wearable applications.

In this thesis, the microfabrication technique, electrical characterization, and sensing
applications of rigid and flexible OECTs based on a series of semiconducting
polymers were systematically investigated. These polymers included highly
conductive poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS)
for device operated in depletion mode, thiophene, thiadiazole or diketopyrrolo-pyrrole

based p-type conjugated polymers for device operated in accumulation mode.

A simple and convenient photolithographic microfabrication process was established
for miniaturization of OECTs into micrometre resolution, which was the
fundamental technique for fabrication of the OECTs discussed over this whole thesis.
Through miniaturization of channel area, the device response time could be
dramatically reduced to 107 s, which opened up the possibility to introduce AC
measurements into electrochemical sensing applications. Then ion strength sensing,
dopamine sensing and monitoring of cell activity were successfully demonstrated for
PEDOT:PSS based OECTs. The precisely extracted transconductance signal
indicated that the AC measurements could be a high reliable and anti-noise sensing

method for investigation into multifunctional organic bioelectronic systems.
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Then a series of high mobility p-type conjugated polymers were integrated into
OECTs. Their electrical performance when operated in aqueous electrolyte was
investigated. Process optimization, impedance analysis and ionic response behavior
were carried out for better understanding of the working mechanism for OECTs
employing these polymers. Through the analysis of the structure-property
relationship, the mechanism of ionic penetration process and its interaction with
polymer film would be promising to be clarified, and the results may shed light on
further design and synthesis of novel conjugated polymers for the requirements of

bioelectronic applications.

At last, OECT based on a recently reported semiconducting polymer, p(g2T-TT),
was successfully exploited as flexible, label-free RNA sensor. The device showed
stable performance in accumulation mode operation and high sensitivity to RNA
biomarkers in physiological environment, with the detection limit down to 1012 M.
The capacitance modulated sensing mechanism was investigated through variation of
channel thickness and impedance analysis. The interaction of RNA molecules and
polymer backbone was further investigated by characterization of electrolyte size
effect on the p(g2T-TT) based OECTs. The successful demonstration of this sensor
platform for detecting IL-8 mRNA, one biomarker for early detection of oral
squamous cell carcinoma, indicates the possibility to employ this sensor in

noninvasive cancer diagnosis applications.

In summary, the microfabrication technique by photolithography was established for
design and fabrication of OECT in micrometer dimensions. The device physics and
operation mechanism of OECT based on different types of organic materials were
comprehensively investigated. Through carefully device optimization and
functionalization strategies, the OECT could serve as a universal platform for

various kinds of in vitro and in vivo sensing applications.
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Chapter 1  Introduction

1.1 Background

Organic electronics, as one of the most exciting and promising information technology
nowadays, has drawn extensive research interests in the past decades.? One
remarkable milestone is the discovery and synthesis of the first semiconducting
polymer, polyacetylene, which led to the phenomenal growth of this field. It was back
in 1970s, that Hideki Shirakawa, Alan Heeger, and Alan MacDiarmid first reported
the high electrical conductivity of this polymer upon doping,’ who were then awarded
the Nobel Prize in Chemistry in 2000.* Ever since then, considering for the intrinsic
advantages of organic materials, such as convenient solution processing, freedom of
synthesis, mechanical flexibility and excellent biocompatibility,” a variety of organic
semiconducting materials, including small molecules and conjugated polymers, have
been developed to be integrated into numerous electronic devices, such as organic

6,7

solar cells,*” organic light emitting diode®® and organic thin film transistors

(OTFTs),!*'2 opening the door for this emerging field.

Typically, transistors are semiconducting devices widely used in integrated circuits
for amplification or switch of electronic signals.!* Small molecule organic materials
and semiconducting polymers were successfully demonstrated to be integrated in
transistors, demonstrating the concept of OTFTs, separately at 1964 and 1986.!%13
From then on, OTFTs have been employed in various electrical applications, due to
its desirable features in cost-efficiency and large area solution processability.'® An
OTFT consists of source and drain electrodes, which are connected by an organic

semiconducting thin film. The current flow is modulated by the voltage applied from
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an external gate electrode. Based on the difference in working mechanism, OTFTs

generally fall into two categories, organic field effect transistors (OFETs) and

organic electrochemical transistors (OECTs).

(a) OFET (b) Electrolyte-gated OFET

Gate electrode Electrolyte

Dielectric

(c) OECT (d) Typical OECT structure

Figure 1.1. Schematic diagram of working mechanism for (a) OFET, (b)
Electrolyte-gated OFET and (c) OECT; (d) the typical OECT structure, with the
symbol S, D, G represent source, drain and gate electrode respectively, d represents
the thickness of channel layer.!”

In a classical OFET structure, a thin insulating layer is inserted between channel and
gate electrode, forming a capacitor under gate voltage applied, therefore the
electronic charges accumulated near the interface of channel/dielectric layer is
modulated through field effect doping. (Figure 1.1(a)) For an extreme case of OFET,
when the channel area directly exposed to aqueous electrolyte without separated by a

dielectric layer, the so-called electrolyte-gated OFET (EGOFET), an electrical
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double layer capacitor is formed near the interface, as illustrated in Figure 1.1(b).
Since the electrical double layer is formed of ionic species in the aqueous electrolyte,
the thickness is only a few angstroms, much thinner than the traditional dielectric
layer, resulting in a much higher capacitance and lower operation voltage.!®2? The
remarkable features that electrolyte-gated OFET could present stable performance in
aqueous electrolyte with extremely low gating voltage (< 1 V) make it an ideal
candidate for label-free, highly sensitive and selective sensing applications.**2°
However, due to the intrinsic feature of the semiconducting channel material used
here, the ions could not penetrate into the bulk of film, leading to a drawback that we
could not take the advantage of ion/electron mixed conducting properties of

semiconducting polymers for biosensing applications, as there will be no direct ion

fluctuation between the biological tissues and the polymer backbone.

The other category of OTFTs is the organic electrochemical transistor, which is the
major focus of this thesis. As can be seen from Figure 1.1(c), the channel current of
an OECT is modulated by electrochemical doping of ions penetrating inside the bulk
of the semiconducting layer. This volumetric capacitance could be several orders of
magnitude larger than those parallel plate capacitors formed in OFETs, which could
contribute to higher sensitivity and amplification capability for OECTs.?”8
Therefore, since the first demonstration of the principle of OECT by Wrighton and
coworkers in 1984,%° the whole field started to take off. Beside the advantages in low
operation voltage and stable performance in aqueous environment, which have been
discussed in electrolyte-gated OFET, another significant strength of OECT comes
from its electrochemical doping mechanism.>*3* The need for high efficient
electrochemical doping requires the semiconducting layer to be either loose and

porous structured, or perform excellent swelling capability, both with the same

objective, to enhance the efficiency of ionic/electronic exchange.®* This unique

WANG Naixiang 3



THE HONG KONG POLYTECHNIC UNIVERSITY Chapter 1

feature makes OECT especially suitable for direct “talk” with the complex biological
molecules and activities, more accurate and convenient than employing the

electrolyte-gated OFET, which is impermeable to ions.*

Seen from the typical OECT structure in Figure 1.1(d), the source (S) and drain (D)
electrodes are normally made of metal or conductive polymers, simply for electron
transport; the gate (G) electrodes could be metal, glassy carbon or Ag/AgCl, aiming
to control the potential profile through the device or carry on catalytic sensing
applications.*®*” Therefore, what matters most to the device performance would be

the channel layer, made up of the replaceable semiconducting materials.

0/_\0
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Figure 1.2. Chemical structures of conjugated polymers employed in OECTs: (a)
polypyrrole; (b) polyaniline; (c) PEDOT:PSS; (d) PEDOT-S; (e) PTHS; (f)
p(g2T-TT); (g) p(NDI-g2T).**

In the early stage of the development of OECT, the selection range for channel
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materials was quite narrow. Conjugated polymers with simple repeating units, such
as polypyrrole and polyaniline (Figure 1.2(a), (b)) were frequently employed, even
though these materials were not stable during operation.*>*® PEDOT:PSS, the

4142 conjugated polyelectrolytes,

predominately materials currently used in OECTs,
such as PEDOT-S* and PTHS*, and some high mobility conjugated backbone with
nonionic polar side chain functionalized, p(g2T-TT)* and p(NDI-g2T)*, (Figure
1.2(c)-(g)) were continuously developed by synthetic chemists, putting efforts in
fabrication of high performance OECTs. For highly doped PEDOT:PSS, the intrinsic
ON state might lead to high power consumption phenomenon due to the high current,
which might not be suitable for logic circuits applications. Most of other materials
are fabricated into OECT operated in accumulation mode, which means that at zero
gate voltage, the channel has very few mobile holes and the transistor is in OFF state.
After the gate voltage is applied, holes accumulate on the conjugated backbone of
polymers to compensate the injected ions and the transistor is turned on, leading to a
significant modulation of current output. Benefiting from the rapid growing of
available semiconducting materials, OECTs have been demonstrated to be a

promising and high efficient platform for various bioelectronic applications, such as

high sensitive biomolecule detection,*’? tissue activity monitoring,>>° logic

60-65 66-69

circuits for pixel drivers, and memory/neuromorphic devices.

1.2 Objectives of Research

The in-depth investigation into OECTs requires a cross disciplinary research covered
several fields, such as electrical engineering, electro and synthetic chemistry,
condensed matter physics and biological science. Though more than thirty years
have passed since the first prototype of OECT was reported, better understanding of

the working mechanism and device optimization are still in urgent need for various
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application requirements. The major motivation of this thesis is to improve the
performance of OECT and proceed device functionalization for fabricating novel
chemical and biological sensors. The general objective here is to provide a
comprehensive understanding of device operation, both for the accumulation and
depletion mode OECTs, through varying processing technology, characterization
methods, channel material design strategies and development of novel sensing

mechanism for high sensitive biosensors.

Specifically, the first objective of this thesis is to decrease the response time for
operation of OECT by device miniaturization through microfabrication technique.
Then it is possible to employ transient (AC) characterization to enhance the sensing
performance of OECT to ions and biomolecules. The second objective is to explore
the possibility to employ conventional high mobility conjugated polymers in OECT
operation. Through the analysis of the structure-property relationship, the results
would shed light on the guideline for material design strategies of high performance
OECTs. The last objective is to employ a novel accumulation mode OECT for RNA
sensing applications. The in-depth investigation of sensing mechanism would lead to
better understanding of interactions between conjugated polymers and biomolecules,
and subsequently the ionic/electronic exchange in the operating mechanism of

OECTs.

1.3 OQOutline of Thesis

The organization of this thesis is shown as follows:

Chapter 1: Introduction. In this part, the historical background and the evolution from
organic electronics to the specific OECTs are introduced, followed by discussion of

device classification and semiconducting materials. The objectives and outline of this
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thesis are presented.

Chapter 2: Literature review. First the general working mechanism of OECTs is
introduced, followed by an overview of recent efforts on functionalization of OECTs
for bioelectronic applications. The design strategies are summarized majorly in three

aspects, the channel, electrolyte, and gate functionalization.

Chapter 3: AC measurements for accurate sensing applications of OECTs. In this
chapter, the microfabrication technique using photolithography is introduced for
miniaturization of OECTs. Then a novel method for electrochemical sensing is
developed, by recording both the transconductance and phase of the AC channel

current in OECTs.

Chapter 4: High mobility p-type conjugated polymers for applications in OECTs. In
this chapter, several thiadiazole and diketopyrrolo-pyrrole based conjugated polymer
are characterized in OECT platform. Then for the PFT-100 based OECT, which
demonstrated superior electrical performance compared to other polymers, further
process optimization and ionic properties are investigated for comprehensive
understanding of the doping/dedoping process and ionic penetration into the

conjugated polymer film.

Chapter 5: Label free RNA sensors based on capacitance modulated OECTs. In this
chapter, a flexible, label free RNA sensor based on a p-type accumulation mode OECT
is developed, with the detection limit down to 107'? M in physiological environment.
The sensing mechanism is further investigated through studying the interaction

between semiconducting polymers and various ionic species in aqueous electrolytes.

Chapter 6: Conclusions and Perspectives. In this chapter, the summary of the work in

this thesis is presented and further challenges and opportunities are proposed.
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Chapter 2  Literature Review

2.1 Introduction

The rising field of bioelectronics efficiently bridges semiconductor based electronic
devices with biological environment. It solves the difficulty to soften the boundary
between the mechanically hard, static microelectronic world with the soft, dynamic
cell and tissue activities.”” Therefore, bioelectronic devices have attracted much
interests in the field of diagnosis and therapy.”'”® Organic electrochemical
transistors, owing to its intrinsic amplification capability of received signals, have
emerged as one of the most advanced and modern sensing platforms for biosensors.”*
The advantages in synthetic freedom, low temperature solution processing and
mechanical property matching, make OECTs easier to be integrated into wearable

electronics, e-skin and implantable devices.

One of the major challenge in design and development of biosensors is the rapid,
efficient signal capture and extraction of the biological recognition events. While
OECTs are qualified to transduce the presence or change of target analytes into
electrical signals, they are also possible to detect and amplify the interfering
component in the complex biological systems. In order to enhance the sensitivity and
specificity of these sensors, along with other analytical figure of merits, such as
reproducibility, calibration range and linearity, accuracy and quantification, OECT
sensors need to be proper functionalized through chemical or biological

modifications.

In this chapter, we will first review the working mechanism of OECTs, both in

depletion and accumulation modes. Then the functionalization strategies aiming to
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fabricate high performance OECT sensors are presented, focusing on channel

materials, electrolyte systems and gate electrodes in sequence. Various modification

methods and sensing mechanisms are discussed in detail.

2.2  Working Mechanism of OECTs

. i
CC.
Electrolyte R X
S Channel D —T C,,

; lonic circuit Potential (V)

Electronic circuit

Figure 2.1. Electronic and ionic circuits illustrated in Bernards Model. The right
graph shows the profile of potential drop in ionic circuit, under two different
conditions, that whether channel capacitance (Ccn) is larger than gate capacitance (Cg)
or not (Ccu > Cg or Ccn < Cg). V7

Typically, an OECT consists of source, drain and gate electrodes. A source drain
voltage (Vp) and source gate voltage (V) are applied during operation, as shown in
Figure 1.1(d). A most widely accepted operation mechanism is elaborated by the
Bernards Model, which was proposed in 2007.7° In this model, the OECT is
regarded as a combination of two circuits, the ionic circuit and electronic circuit, as
shown in Figure 2.1. In the electronic circuit, the semiconducting channel layer is
regarded as a resistor, whose resistance is variable due to the gating effect. The ionic
circuit includes three parts, capacitors corresponding to gate (Cg), channel (Ccn) and
a resistor (Rg) represents the resistance of aqueous electrolytes environment between

channel and gate. As the capacitors are connected in series, the applied Vg drops
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majorly on smaller capacitors, as illustrated in the right graph of Figure 2.1. This
implies a notable guideline for device design, which is, for utilizing OECT as an ion
to electron converter, the channel area should be much smaller than gate electrode, to
confirm the necessary gating efficiency.’®’® Other alternatives besides increasing
gate electrode area are either using a thick conducting polymer film coated electrode
(leading to larger Cg) or employing nonpolarizable electrode, such as Ag/AgCl for
gating. However, for OECT operated as electrochemical sensor (with the reaction
occurs on gate electrode), the Cg should be decreased compared to Ccn to present

higher sensitivity.
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Figure 2.2. (a) Chemical structure of PEDOT:PSS, the holes generated on the

conjugated backbone (red) is compensated by the sulfonate ions (blue) from PSS”;”” (b)
Schematic diagram of the PEDOT:PSS morphology model for cation dedoping

process;’® (c) Typical transfer characterization and associated transconductance (gm)

for PEDOT:PSS based OECT.”’

For OECT operated in depletion mode, the representative semiconducting polymer is
the PEDOT:PSS, which is short for poly(3,4-ethyl-enedioxy thiophene):poly(styrene
sulfonate). The PEDOT backbone is degenerately doped by PSS, resulting in high
conductivities, which determine the initial ON state current of OECT. (Figure 2.2(a))
The morphology schematic shown in Figure 2.2(b) further indicates that crystallite

PEDOT-rich grains dominate the hole conductivity, while the PSS-rich grains
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contribute to ionic transport. When cations are driven into the PEDOT:PSS film
under positive Vg applied, the dedoping process occurs, which could be described as

the reversible redox reaction as follows,”

n(PEDOT*:PSS™) + M™ + ne™ & nPEDOT® + M™"*:nPSS~ (2.1)

where M™ represents the cations in the electrolyte, ¢ is the electron provided from
source electrode. The doping of cations results in the reduction of PEDOT and a
decreasing hole concentration. Therefore, the channel current decreases with
increasing Vg, as observed in the transfer characterization in Figure 2.2(c).

According to Bernards model, the channel current at saturation region is given by,
w . 2
ID=Z'.U'd'C *(Ven — Vo) (2.2)

where L and W are the length and width of channel, p is the hole mobility, d is the
channel thickness, C" is the volumetric capacitance, Vi is the threshold voltage. This
equation clearly indicates the contribution of device geometry and material property
to the current modulation of OECTs. The product of mobility and volumetric
capacitance, uC" is extracted as the figure of merit of material to benchmark and

evaluate the OECT performance.>*

The transconductance (gm), another figure of merit, which was frequently cited to
evaluate the amplification efficiency of OECT, could be simply derived from the first

derivative of the above equation with respect to Vg,

2o =T € (Vi — Vo) (2.3)

m T ave L

However, this equation could not well explain the non-monotonic dependence of gm

on gate voltage, as can be seen from the transconductance curve in Figure 2.2(c).
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Lussem and coworkers claimed that the bell-shaped transconductance could be
derived from the contact resistance (poor electrical contact between electrodes and
channel materials),*® especially for highly doped OECT. Friedlein and coworkers
recently investigated the behavior of both depletion and accumulation mode OECT,
concluding that this phenomenon arises from the disordered state of materials, which
affects the electronic transport in channel.®! This is an intrinsic property of device,

that would exist even without contact resistance.

For OECTs operated in accumulation mode, the device is initially in the OFF state as
the semiconducting polymer is undoped, which means the small amount of mobile
holes is not sufficient for channel current flow. Upon anion injection under negative
Vg bias (for p-type semiconducting polymer), the electrochemical doping of channel
materials leads to accumulation of holes, switching the device to ON state. The
equation 2.2 could also be applied to the accumulation mode OECT (with the voltage

terms reversed), considering for the similar electrochemical doping mechanism.

2.3 Chemical Functionalization of OECTs for

Bioelectronic Applications

2.3.1 Channel Functionalization

According to the working mechanism of device operation discussed above, the
applied gate voltage modulates the channel current through the electrolyte (either
from field effect or electrochemical doping), it is obvious that the functionalization
on the surface of the channel area would provide a direct and efficient influence on
the device response for the target analyte. Various strategies focused on the

engineering of channel/electrolyte interface will be discussed as following.
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2.3.1.1 Chemical immobilization

From a synthetic point of view, the introduction of bioactive groups or
biorecognition sites onto the backbone of organic semiconductor materials, would
definitely make the synthesis routes more complex and the processes more critical.
Therefore, the chemical immobilization on the surface of the semiconducting layer,
has been demonstrated as a facile strategy widely used for the channel
functionalization of OTFTs. In 2012, our group first reported the capture and
detection of E. coli O157:H7 bacteria by channel functionalized OECT (Figure
2.3(a)).#? The active channel material PEDOT:PSS was chemically modified with
amino end groups for further covalently bonded with anti-E. coli antibodies, a
biorecognition element for specific capture of this bacteria. The electrostatic
interaction between the negative charged bacteria and PEDOT:PSS leads to the
sensitive changes in the gate potential drop near the electrolyte/channel interface
(Figure 2.3(b)), resulting in the quantitative detection of the bacteria concentration
down to 10° cfurmL™. Similar approaches employing the high affinity binding
interactions between antibody and antigen were extensively investigated for OTFT
based immunosensors, due to its high sensitivity and selectivity.®*3* Nanomaterials
such as gold nanoparticles were also integrated in the modification process, aiming
to improve the sensitivity and dynamic range, considering for its important role in

signal amplification (Figure 2.3(c)).®

Beside the antibody/antigen interaction, enzymes, the macromolecular biological
catalyst, were frequently employed for the detection of biological molecules based
on the specific acceleration of chemical reactions with analytes. As shown in Figure
2.3(d), the enzyme penicillinase was immobilized on the surface of a-sexithiophene
channel by chemical bonding and used for specific detection for penicillin.*® Figure

2.3(e) illustrates the molecular antenna on the surface of the OTFT for the detection
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of adenosine triphosphate (ATP).!” The hydrolytic enzyme, apyrase, was linked to
the channel surface by a plasma-assisted interfacial grafting method, which resulted
in a low detection limit down to 10'® M for ATP. The influence of power and
exposure time of the oxygen plasma treatment was carefully investigated for the

mobility changes of the channel materials, demonstrating this is a micro-damage

grafting approach.
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Figure 2.3. Chemical immobilization strategies for channel functionalization of
OTFT sensors: (a) The device structure of an OECT sensor for capture of E. coli.
bacteria; (b) the potential drops in the electric double layers in the OECT before and
after capture of the bacteria on the PEDOT:PSS surface.®? (¢) OECT immunosensor
for detection of prostate specific antigen/al-antichymotrypsin complex, with the
signal amplified by linked gold nanoparticles.®> (d) The structure of biofunctional
EGOFET with covalent bonded enzymes on the surface of a-sexithiophene thin
film.%¢ (e) Schematic of the plasma assisted interfacial grafting of the tailored
molecular antenna into the OTFT sensor, compared to a biological antenna of a
butterfly.?’

Above all, the chemical immobilization method efficiently functionalizes OTFT
sensors with lower limit of detection and high specificity to certain analyte. However,
cautions should be taken to evaluate whether and to what extend this kind of

immobilization process may affect the intrinsic charge transport ability of
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semiconducting channel layer. This is also one reason why enzymes and antibodies

are more commonly employed in the gate functionalization processes, which will be
discussed later. Therefore, more mild and high efficient routes still need to be
explored for chemical immobilization of bioactive and biorecognition elements on

the semiconducting layer.
2.3.1.2 Membrane Assembly

(a) (b)

PEDOT:PSS , PLL , PSS Covalent Attachment scheme of phospholipid BIOEGOFET fabrication
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Figure 2.4. Surface functionalization by membrane assembly. (a) Chemical structure
of PEDOT:PSS with two other polyelectrolytes, and layer-by-layer assembly of these
polyelectrolytes at the surface of channel material PEDOT:PSS, initially either by
covalent attachment or physical adsorption.®® (b) Scheme of phospholipid bilayers
coating on the surface of EGOFET channel area.?’ (¢) EGOFET immobilized with a
bio-receptor layer with varying distances from the channel surface.®” (d) Comparison
of the transconductance-frequency curves of OECT alone (black squares), OECT
coated with vesicles and PLs (filled circles), and the same device with addition of

Alpha-hemolysin protein (open circles).”
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To avoid or reduce the potential damage induced by direct immobilization process on
the channel layer, weak interactions, such as electrostatic force or amphiphilic
self-assembly are introduced for surface membrane functionalization of channel area.
As illustrated in Figure 2.4(a), a layer-by-layer assembly technique of
polyelectrolytes was utilized for PEDOT:PSS based OECTs.%® The initial layer could
be deposited either by covalent bonded or via electrostatic adsorption, depending on
the specific need of applications. After that the further addition of layers
(poly-L-lysine and polystyrene sulfonate) were formed by the -electrostatic
interaction between the oppositely charged polyelectrolytes. This mild modification
at the interface was expected to modulate the charge injection into the channel,
which could provide an alternative efficient strategy for biosensing, such as RNA
sensing in physiologically relevant electrolyte concentration. Phospholipid bilayers
were also chosen to be modified on the surface of OTFT channel considering their
advantages as versatile bio-systems. The basic procedures for functionalization of
phospholipid bilayers (PLs) were drawn in Figure 2.4(b), using a conventional
EDC/sulfo-NHS chemistry strategy.>> The self-assembly of hydrophilic outer layers
(the PL head) with a non-polar inner part (the PL tails) reduced the ion diffusion
through the membrane, and therefore affect the device response. Another remarkable
advantage is that the biotinylated PLs provided the binding sites for streptavidin or
avidin labeled analytes, demonstrating the possibility for antibodies and proteins
immobilized to fluid PLs coated at the channel area without altering the properties of
the membranes. Based on this strategy, the bio-EGOFET sensor was successfully
adopted for monitoring the protein binding event beyond Debye’s length (Figure
2.4(c)).¥ This was mainly ascribed to the Donnan’s equilibria within the protein
acting as an additional capacitor to the electrolyte circuits. The capacitive tuning,
instead of charges effect, could efficiently break through the Debye’s screening and

allow the sensors to be operated in high concentrated solutions like physiological
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environment. From the perspective of bionics, the integration of functional
transmembrane proteins into the supported PLs would open a wider border to set up
new platforms for biosensing. Alpha-hemolysin was taken as an example to be
inserted and detected by a PEDOT:PSS based OECT with surface coated PLs.
Considering that this protein would form ion pores when inserted into the PLs,
which opened an ionic channel for cations to pass through, the effect was clearly
noticeable by the transconductance-frequency spectroscopy, where the cut-off shifted
to higher frequencies with the existence of the protein, as more cations entered the
channel (Figure 2.4(d)).”® Further development of modeling on this system would
allow extraction of more parameters for quantitative evaluation of the functions of
these transmembrane proteins performed in the PLs, which would lead to a better

understanding of trans-PL biological activities in actual organisms.
2.3.1.3 Biocompatibility Modification

Besides the improvements carried out for high sensitive and selective biological
analytes detection, the applications of OTFTs in cell-based sensors are also emerging
and attract great interests, as most of the semiconducting materials used in OTFTs
are biocompatible and the cells or tissues could be in-situ cultivated and monitored
on the devices.>!™ Our group demonstrated the realization of cell-based
biosensors by OECT with PEDOT:PSS as active layer, as shown in Figure 2.5(a).”
The attach and detach processes of a human esophageal squamous epithelial cancer
cell line were recorded by the transfer characterization, due to the effect of
morphology change and surface charges redistribution of the attached cells on the
channel area. As the culture condition for cancer cell lines is not very critical, only
an ultraviolet radiation for 8 hours was presented for the sterilization of the OTFT
sensing platform. More strategies should be taken into consideration for enhancing

the biocompeatibility, reducing the chances of infection and promoting the normal cell
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culture on the OTFTs, while make minimum effects or degradation on the electrical
performance of transistors.”®*®® The autoclave sterilization was systematically
investigated on PEDOT:PSS microelectrodes and transistors, confirming that this
frequently used clinical technique is efficient to get rid of the E. coli bacteria
previously inoculated on the devices, while the morphology and the electrical
characteristics did not alter or degrade significantly (Figure 2.5(b)).”” Therefore, the
autoclave was promising as a viable sterilization method for further introducing the

OTFT sensors into clinical applications.

@ | ‘ (®)

T R S

a‘B_efore treatme Ty

- "’ﬂyé N

B < 4
S < 20010
LY

——— before trypsin treatment
after rypsin treatment

before AC

0.0 it
0.00 025 050 075 100 125 1.50
v, (Volt)

Figure 2.5. Biocompatibility modification for cell-based applications. (a) Optical
images and transfer characterization of cancer cells cultured on channel area, before
and after treatment of trypsin.” (b) Optical and scanning electron microscope images
of the PEDOT:PSS films before and after autoclave (AC).” (c) Optical images of
cardiomyocytes cultured on OECT array, and the profile of a single action potential
recorded by the OECT on day 5.!% (d) Fluorescence imaging of live (green) and
dead (red) PC12 neuron cells cultured on the functionalized PEDOT:PSS pattern for

5 days.!'%!

The culture for cells with specific functions needs more attention and the
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pre-treatment process is more complicated. The recording and mapping of cardiac
action potential generated from cardiomyocytes was demonstrated by a 16-channel
OECT,'® in which the cardiomyocytes were directly cultured on the surface of the
PEDOT:PSS channel (Figure 2.5(c)). The devices were sterilized by the previously
mentioned UV exposure and a subsequently immersion in 70% ethanol for a certain
time. Then the fibronectin/phosphate-buffered solution was added to the device for
surface coating, which played an important role in the adhesion of various types of
cells onto the channel surface. The protein coating pretreatment is an effective
technique to improve the biocompatibility of devices and guide the cell adhesion
process. A facile biofunctionalization route was introduced by chemically coating a
layer of extracellular matrix components on PEDOT:PSS.!”! The neuron cell line
PC12 were seeded for observation of neuronal differentiation. As can be seen from
Figure 2.5(d), the PC12 cells were perfectly confined to grow and differentiate only
on top of the protein coated PEDOT:PSS pattern regions. The possibility to control
cell adhesion and migration by simply carrying out surface coating of
semiconducting polymer, indicates a great potential for tight integration of living
cells with OTFT devices for further applications, such as stimulation and monitoring
of specific cell functions, growth of designed neuron patterns for investigation of

artificial neuronal networks.®”-10%193

2.3.2 FElectrolyte Functionalization

With continuously growing demand for disposable and wearable electronics,'*1%7

planar structure design of OTFT combined with solid state electrolyte provides an
alternative to get rid of the complex liquid handling in most of the non-laboratory
detecting cases. In order to enhance the capability for specific detection, bioactive

sites such as enzymes or mediators are incorporated into the electrolyte, for directly
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facing the sensing interfaces. A fully solid state flexible OECT based lactate sensor
was first reported by incorporating a lactate oxidase enzyme into the room
temperature ionic liquid electrolyte (Figure 2.6(a)).!%® Several featured properties,
such as wide electrochemical window, high stability and ionic conductivity, make
this kind of solid electrolytes especially suitable for operation of electrochemical
transistors.!” 2 The cross-linking technique to immobilize enzymes into the solid
electrolyte could avoid considering for the poor solubilities of some catalytic
mediators in aqueous solutions, and at the same time serves as a protective covering
for the enzymes. The device was evaluated as a bandage-type sensor, which could
detect the concentration of lactate in the sweat when it diffused into the solid
electrolyte, demonstrating the possibility to be adopted in wearable electronics for
health monitoring. Based on the same principle mentioned above, the screen printing
technique was further introduced for the fabrication of the OECT sensor, as shown in
Figure 2.6(b).!"® The metabolites such as glucose and lactate were detected on real
human sweat samples, with the optimized detection limit suitable for the epidermal
applications. Another possible way to take the advantage of the all-solid-state sensor
is to employ it as a gas sensor. A disposal breathalyzer for alcohol sensing was
realized on a paper based OECT, in which the electrolyte was made up of a
collagen-based gel embeded with the enzyme alcohol dehydrogenase and its
cofactor.!'* As illustrated in Figure 2.6(c), when simply breathing occurred on the
surface of the breathalyzer, the ethanol contained in the breath caused a significant
decrease in the drain current by the enzymatic catalyzed reaction in the electrolyte. It
demonstrated that the inkjet-printed paper based OECT could serve as a reliable
breathalyzer to evaluate the blood alcohol content in human subjects and its highly
competitive features compared to the current commercialized products, such as low

cost, disposable and environmental friendly nature of the devices.
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Figure 2.6. (a) Chemical structure of components of the ionic gel electrolyte and the
schematic description of the mixture in the solid electrolyte layer of the OECT.!%® (b)
Photograph of the screen printed all-solid-state OECT on flexible substrate.!’® (c)
The breathing on the enzyme embeded paper based OECT, associated with the
mechanism and the drain current response of the device towards exposure to
ethanol.!!* (d) The schematic structure of the EGOFET integrated with an ion
selective membrane.?
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Besides the various attempts to employ solid electrolyte into the OTFT sensors, there
are other efforts focusing on functionalization of the aqueous electrolytes, which is
the typical solution discussed through this chapter. As seen from Figure 2.6(d), an
ion selective membrane was inserted into the liquid electrolyte, separating it into two
components, the analyte region and the inner filling solution.?® The integration of
this functional membrane provides the capability for the P3HT based
electrolyte-gated OFET to carry out selective and reversible multiple ion detection. It
is worth noting that since no direct modification or binding occurred on the

semiconducting layer, the device performed higher stability and the reversible
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detection could be much easier to realize by a simply flushing process. Furthermore,

the detection of different ions by the same device could be achieved by replacing an

appropriate ion selective membrane, which significantly expands the application

fields.

2.3.3 Gate Functionalization

Though versatile strategies have been employed targeting the semiconducting
channel materials and the electrolytes for enhancing the sensing performance of both
OECT and electrolyte-gated OFET biosensors, the major research interests and
efforts, including from our group, are concentrated on the design of gate electrode
functionalization. Considering that the gate electrodes, either made of metal or
conducting organic materials, are isolated from the channel area, the surface
modification or immobilization process will not affect normal operation and the
device performance. More importantly, due to the basic mechanism of a transistor
that the channel current (output) flowing between source/drain electrodes is
controlled by the gate voltage (input), it has been demonstrated that a small change
in the gate electrode can result in pronounced response of the channel current, which
is beneficial for lower detection limit. Several strategies for gate functionalization,
such as surface potential change, -electrochemical reaction, nanomaterial
modification and biorecognition element induced capacitive control are developed in

recent years and the selected representative works will be discussed in this section.

2.3.3.1 Surface Potential Modification

The detection of intrinsic charges from biological molecules are of great interests to
researchers as this is promising for constructing a direct, label-free, non-destructive

sensing platform. Nucleic acid has been selected as a model molecule for OTFT

WANG Naixiang 22



QQ THE HONG KONG POLYTECHNIC UNIVERSITY Chapter 2

sensor applications not only because of its significant scientific importance in gene
diagnostics, but also due to its low isoelectric point, which presents negative charges

in physiological environment.'!>"!!7
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Figure 2.7. (a) Schematic of the flexible OECT sensor integrated in the microfluidic
system, with the modification of DNA on the surface of gate electrode; (b) potential
drop across the whole OECT device with the effect of immobilization of DNA probe
(red line, Vg’) and targets (green line, Vg”); (¢) transfer characteristics of the OECT
before and after the modification and hybridization of DNA on gold electrode.''® (d)
The scheme of a floating gate connected EGOFET for the detection of DNA; (e)
transfer characteristics of the EGOFET before (red) and after (blue) the hybridization

of complementary DNA. Inset shows the voltage shift of complementary and random
DNA at various probe densities.!"”

Our group reported an OECT based flexible microfluidic system employed for
label-free sensing of DNA molecules, with a limit of detection down to 10! M
through a pulse-enhanced hybridization assistance.!'® As shown in Figure 2.7(a), the
whole microfluidic device was deposited on PET substrate and the thiolated single
stranded DNA probe was first immobilized on Au gate electrode. Then the
complementary target DNA was detected by the modulation of surface potential on

the gate electrode during hybridization process, as illustrated in the potential drop
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diagram in Figure 2.7(b). A higher effective gate voltage was then required to offset
the charge effect introduced by the hybridization of DNA, which resulted in a
horizontal shift of transfer curves (Figure 2.7(c)). Therefore, the concentration of
target DNA sequence could be clearly differentiated and recorded by the shift of gate
voltage. A similar functionalization strategy was adopted by Frisbie’s group for
label-free DNA sensing by a P3HT based EGOFET.!!” The design of a floating gate
physically separated the DNA detection reservoir with the operation of the transistor,
effectively reducing the possibility of contamination or device degradation (Figure
2.7(d)). A horizontal shift to negative gate voltage was observed from the transfer
characterization during the hybridization process, as shown in Figure 2.7(e). The
opposite shift direction to the previously discussed OECT sensors was ascribed to
the different operation mechanism (accumulation mode for EGOFET, compared to
the depletion mode for PEDOT:PSS based OECT devices!”). The sensing mechanism
of floating gate design and origins of the DNA immobilization effect on the
performance of OTFT sensors (surface charges, dipole orientations, potentials) were

detailed discussed in a serial of references, which will not be analyzed here.?>!2%:121

2.3.3.2 Electrochemically Active (Enzyme) Modification

Electrochemical active modification of gate electrode could provide a promising
method to further improve the sensitivity and selectivity of the OECT-based sensors.
The type, amount and activity of the electrochemical active layer could greatly affect
the analysis performance. Therefore, a substantial research effort has been undertaken
to obtain an effective immobilization progress for highly active electrochemical layer
modification on the gate electrode. Horseradish peroxidase (HRP) is one of the most
frequently used electrochemical active enzyme in biosensors.'?> HRP can efficiently
catalyze the electrochemical reaction of H>O», which is often used in electrochemical

signal generation processes for biosensing purposes.
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Figure 2.8. (a) Scheme and working mechanism of OECTs with gate electrode
modified with certain functional proteins or cells; (b) current change of the OECT
when exposed to the different cancer cell biomarker HER2 concentration.!? (c)
Device structure of OECT sensor modified with chitosan/nafion, graphene/rGO and

the enzyme for glucose detection.'® (d) Chiral discrimination of amino acid

enantiomers by OECT modified with molecularly imprinted polymer film.!?°

Recently, our group developed the OECT sensor to detect the specific protein
biomarkers based on an HRP-labeled nanoprobe.'? Figure 2.8(a) illustrates the device
structure employing HRP-modified gate electrodes. In principle, the target cancer
biomarker human epidermal growth factor receptor 2 (HER2) or the breast cancer
cells were first selectively captured on top of gate electrode by the pre-modified
antibody. Then HRP-labeled nanoprobe was specifically linked to the target protein or
cells. Quantitative characterization of the HRP molecules by an electrochemical
reaction of H>O» could be utilized to determine the concentration of target protein or
cells captured on the gate electrodes. As shown in Figure 2.8(b), it could specifically
detect the concentration of HER2 at 10'* g/mL (107! M) level, several orders of
magnitude lower than the value acquired from conventional cyclic voltammetry

methods. This kind of functionalization strategy could serve as a versatile platform for
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highly sensitive sensing and monitoring of different kinds of protein biomarkers in

future applications.

Other kinds of enzymes were also integrated in organic transistors for
electrochemically active sensing processes, such as glucose oxidase,'”* lactate
oxidase, cholesterol oxidase™ and nitrate reductase'?’. Our group reported the
realization of a high sensitive and selective glucose sensor by immobilizing glucose
oxidase on platinum gate electrode, co-modified with biocompatible polymers
(nafion and chitosan) and graphene-based materials (graphene or reduced graphene
oxide flakes) (Figure 2.8(c)).!?* The interferents such as ascorbic acid and uric acid
could be efficiently eliminated from the surface of gate by electrostatic interaction,
and a linear response to glucose detection with the broad range from 10 nM to 1 uM
was established. Besides, molecularly imprinted polymer (MIP) film was introduced
to OECT for the specific chiral recognition of D/L-tryptophan, and D/L-tyrosine
(Figure 2.8(d)).'*® The electrocatalytic activity on the oxidation of these two amino
acids could then be amplified by the transistor feature and a relative low detection

limit of 2 nM could be reached.

As an extensive popular method used in chemical analysis and biological sensing,
enzymic or other kinds of electrochemical active modifications play a very emerging
and remarkable role when combined with organic transistors for sensing applications.
Even a very weak electrochemical reaction generated at the gate area could induce a
significant change of effective gate voltage and therefore, lead to a large current

response for highly sensitive detection.
2.3.3.3 Enhancements from Nanomaterials

Nanomaterials modified gate electrodes could enhance the electrochemical activity
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of the sensing sites and subsequently, the OECT sensitivity. As the “rising star”

Chapter 2

materials, graphene and other carbon-based materials are one of the most extensively

investigated nanomaterials in sensing applications owing to their unique properties

including high conductivity and stability.
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Figure 2.9. (a) Schematic diagram of OECT with an enzyme/polyaniline/nafion-
graphene multilayer modified gate; (b) channel current response of the functionalized
OECT to the addition of H,O> with various concentrations; (c) change of effective
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gate voltage versus concentration of H»O,, ascorbic acid (AA), and dopamine
(DA).'?® (d) Schematic diagram of OECT modified with chitosan and graphene for
dopamine sensing; (e) current response of OECT to the addition of dopamine with
various concentrations; (f) change of effective gate voltage versus concentration of
DA, uric acid (UA) and AA.'%

Our group introduced a universal sensing platform for highly selective detection of
uric acid, cholesterol and glucose.'”® As shown in Figure 2.9(a), the
polyaniline/nafion-graphene bilayer film was modified on gate electrode which only
allowed H>O: to pass through. Other interferences such as ascorbic acid and
dopamine were effectively blocked by the opposite charged layer structure due to
electrostatic interaction. Therefore, the OECT performed both a high sensitivity to
H>0, (Figure 2.9(b)) and a high selectivity to other interferences, indicated by the
plot of changes in effective gate voltage versus the concentration (Figure 2.9(c)).
Based on the good analytical performance, this sensor was further successfully
applied in saliva analysis, which may shed light on non-invasive detection of
biological molecules. Graphene modification on OECTs was also employed for
dopamine sensing, as shown in Figure 2.9(d).!?° The sensitivity was improved to 5
nM (Figure 2.9(e)), much lower than conventional analytical methods, mainly
contributed from the high conductivity of graphene flakes which could enhance the
charge transfer during the electrochemical reaction. The selectivity was also
improved by the co-modification of nafion or chitosan, similar as previous work.
(Figure 2.9(f)) Besides graphene, other kinds of carbon-based nanomaterials such as
single wall or multiwall carbon nanotubes were also considered for enhancing the

30

sensing performance for epinephrine!*® and gallic acid,!*! which indicates the

potential for fabricating low-cost, disposable sensing platforms.

Platinum nanoparticles, due to its outstanding electrocatalytic activity, and large

specific surface area for enzyme immobilization, were also widely used in the
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functionalization of OECT biosensors, aiming for high sensitive detection of

132 and other metabolites.!** In general, various nanomaterials have been

glucose
applied in OECT-based gate electrode modifications. They greatly improve the
detection performance, which holds great potential for noninvasive detection in body

fluids that have a high requirement of sensitivity.
2.3.3.4 Biorecognition Element Modification

Different types of biorecognition elements have been widely introduced into
conventional sensing electrodes in the field of analytical chemistry, due to their high
coupling affinity and specificity. Recently the importance of biorecognition elements
attracted great attention to be integrated into the OECT and EGOFET based sensors,
especially immobilized on the gate electrode. The ultra-sensitive detection of chiral
differential interaction in odorant binding proteins (OBP) was demonstrated by
Torsi’s group, employing a EGOFET modulated by the ligand induced capacitance
change.'* The typical EGOFET structure was illustrated in Figure 2.10(a), while the
gold electrode was immobilized with a monolayer of thiolated porcine OBP. The
ligand S-(+)-carvone and R-(-)-carvone were differentially captured by this OBP, and
therefore, caused a minor change in the series capacitance of this protein layer,
which could effectively modulate the potential drop and the current response of the
EGOFET (Figure 2.10(b)). The detection limit could reach 50 pM for the neutral
ligand detection, which is a remarkable progress especially for the enantiomeric
discrimination. Another example to integrate biorecognition element into OECT is
the label-free detection of sialic acid, by means of the specific interaction between
the sialic acid and phenylboronic acid, as shown in Figure 2.10(c).!* The device was
fabricated with screen-printed carbon electrodes on flexible plastic substrates (Figure
2.10(d)), demonstrated the potential for low-cost, disposable assay applications. Not

only the free molecules, but also the cells with glycan terminal sialic acid presented
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on the membrane surface could be directly captured by the modified gate electrode.
The biosensor developed by this method presented the capacity to distinguish cancer
cells from normal ones (Figure 2.10(e)), without the need of labeling or enzyme
modification, indicating the advantages in simplifying the analysis, reducing the cost
and enhancing the device stability. There are also other strategies to utilize the
biomolecule recognition system, such as streptavidin immobilization for detection of
biotinylated immunoglobulin G,'*® which shines light on the improvement of high
sensitive and specific assay methods for nonspecific binding biomolecules, such as

proteins, lipids, and some metabolites.'*’
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Figure 2.10. (a) Schematic structure of the electrolyte-gated OFET with procine
odorant binding protein (pOBP) immobilized on the Au gate electrode; (b) the double
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layer capacitors formed in series at the corresponding interface of the device and the
associated gate potential drop before (black) and after (red) the ligand capture.'** (c)
Detail procedures for gate surface modification used in detection of sialic acid by
OECT; (d) optical photography of the screen printed carbon electrode of OECT on
flexible substrate; (e) drain current-time response to the addition of human cancer
cells HeLa (black curve) and normal cells HUVEC (red curve) at the same
concentration. Insert: normalized current response (NCR) of the devices to HelLa and
HUVEC cells.'*

With the various strategies for channel, electrolyte and gate functionalization
discussed above, it is clearly indicated that the careful design of modifications at the

channel/electrolyte, gate/electrolyte interfaces and bulk of the electrolyte play an
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important role in enhancing the selectivity, detection limit while at the same time
maintaining the stability (reproducibility) of the device. For most of the OTFT
sensors, the sensing mechanism is frequently related to the change of the potential
drop profile from the gate to channel by different methods, which is, the intrinsic
advantage of OTFT as a signal amplifier. By efficiently combine this amplification
and transducer function with the convenience in interfacing with ions and biological
environment, both the EGOFET and OECT would be inspiring for further promoting

biological applications with proper functionalization.
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Chapter3 AC Measurements for

Accurate Sensing Applications of

Organic Electrochemical Transistors

In this chapter, a novel, convenient approach for microfabrication of OECT through
photolithography technique is presented. Then, AC measurement (by recording both
the transconductance and phase angle of AC channel current) is employed for
electrochemical sensing of OECT, for example for the dopamine sensing (with the
detection limit down to 1 nM). Furthermore, the AC driven devices employed for cell
activity monitoring is demonstrated. By combing the miniaturization of OECT and
signal extraction by lock-in amplifier, the precisely extracted transconductance and
associated phase shift data could be a high reliable and anti-noise characterization

method for further investigation into multifunctional organic bioelectronics systems.

3.1 Introduction

Organic electrochemical transistor (OECT) is one kind of organic thin film transistor
which integrates electrolytes in their device structure. The possibility for OECT to
interface with aqueous electrolytes provides great potential to improve the biological
compatibility with metabolites, living cells and tissues, which mainly exists in
aqueous environments.'*® Therefore, since the demonstration of the first OECT in

1984,% it has been extensively investigated as a promising platform for a wide range

of chemical and biological sensing applications, including ions,*®!3* pH,!4?

59,95,100 53,144
3

glucose, 321! dopamine,'#>!* bacteria,®? cells, and tissues etc.

The typical operation of OECT for sensing applications is to apply a source-drain
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voltage, and then measure the source-drain current with the application of a gate
voltage, which makes the device working under steady state mode. This raises the
requirement that the channel current needs to be high enough to be distinguishable
from environmental noise or current leakage from the device. At the same time the
device needs to be operated at low voltages, to be compatible with biological species
in aqueous environment. Therefore, DC driven operation might not be favorable for
high precise sensing applications. In 2013, Khodagholy et al.”’ reported an effective
process to fabricate high speed OECT array, and performed a detailed investigation
into the steady-state and transient-state characteristics of the OECT device, indicating
the possibility to operate the device in transient state for sensing applications. Then
in 2015 Rivnay et al.'** developed a new technique to combine OECT drain current
measurement with simultaneous conventional impedance characterization, for in
vitro cell based sensing. Ramuz et al.>® also showed the possibility to use
transconductance frequency spectrum for monitoring of coverage and differentiation
of cells, which indicating the advantage of AC characterization in non-invasive
dynamic assessment of the integrity of cells. More recently, a potential dynamic
approach was introduced into an all-PEDOT OECT sensor used for dopamine

detection by Gualandi et al.,”’

which demonstrated high selectivity to interferences
by separating the redox waves of the transconductance curves for each compound.
However, the possibility to employ transient state operation of OECT devices in

electrochemical sensing applications has not yet been systematically investigated and

developed.

In this chapter, we describe a simple and reproducible approach to miniaturize OECT
device geometry by multilayer photolithography. By miniaturization of the channel
area of OECT to cellular dimensions (5 to 22 pum), the speed of the device response

could be raised up to the order of 10° s, confirmed by the transient behavior

WANG Naixiang 33



THE HONG KONG POLYTECHNIC UNIVERSITY Chapter 3

D)
\(%
characterization with various ionic concentration. Therefore, the newly fabricated
OECT could be operated over a broad range of frequencies in AC mode. The
transconductance, defined as the ratio between modulation in the drain current Alp and
the change in the gate voltage AVg (gm = Alp/AVG), could be adopted on chemical
and biological sensing applications. Compared with conventional sensing methods
which only monitoring the drain current, the transconductance sensing shows several
advantages, such as more information available (gn value in complex number with
associated phase shift), frequency dependent, and high reliable detection from noisy
environment (signal extraction and filtering by lock-in amplifier). Therefore, we apply
this transconductance sensing technique to detect one major kind of neurotransmitter,
dopamine (to the detection limit down to 1 nM, lower than the sensing under DC mode)
and monitor the cell activity under various conditions, showing that the
characterization in transconductance would be promising for further bioelectronic

applications.

3.2 Microfabrication of OECT

3.2.1 Materials

Poly(3,4-ethylenedioxythiophene)—poly(styrene sulfonate) (PEDOT:PSS) (Clevios
PH-500) was received from Heraeus as an aqueous solution. Phosphate buffered saline
(PBS) solution (pH 7.4), dimethyl sulfoxide (DMSO), glycerin, dopamine and
fluorouracil were all purchased from Sigma-Aldrich Co. and stored at 4 °C for further
uses. (3-Glycidyloxypropyl) trimethoxysilane (GOPS) was purchased from
International Laboratory, USA. AZ5214 and SU-8 2002 photoresist was purchased

from Microchemicals GmbH.
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3.2.2 Device Fabrication
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Figure 3.1. Device structure of the OECT. (a) Schematic diagram of an OECT
cross-section and the wiring system for device operation. (b) Optical micrograph of an
individual transistor and the whole OECT array.

The device architecture of the OECT is shown in Figure 3.1(a). A source drain
voltage (Vp) is applied on the PEDOT:PSS channel, while a gate voltage (Vg) is
applied through the electrolyte to modulate the channel current. As seen from the
Figure 3.1(b), the final device was encapsulated with a PDMS well, for the
convenience of aqueous operation. From the inset photo in Figure 3.1(b), a thin

patterned layer of PEDOT:PSS could be observed, which is nearly transparent.

The fabrication process of OECT included the deposition and patterning of metal
electrode, PEDOT:PSS semiconducting layer and photoresist insulating layer in
sequence, as illustrated in Figure 3.2. Glass substrates were surface polished and
cleaned by organic solvents and oxygen plasma methods. AZ5214 photoresist was
spin coated and exposed to UV light using OAI 800 contact aligner and then
developed by AZ400K developer. Then patterned Au (~100 nm)/Cr (~10 nm) source
drain electrodes were deposited on the glass substrate by magnetron sputtering
through a standard lift-off process. The channel length (L) and width (W) of the

devices were 5 pm and 22 pm respectively. For the preparation of PEDOT:PSS film,
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the aqueous dispersion was mixed with DMSO and glycerin (each with a volume ratio
of 5 %) to improve the device stability and film conductivity. In addition, the
cross-linker GOPS was added to the above dispersion with a volume ratio of 1% to
prohibit PEDOT:PSS dissolution. The film was then annealed at 150 °C for 1 hour
before the second lift-off process for patterning PEDOT:PSS film at the channel area.
At last another layer of SU-8 2002 photoresist was spin coated and patterned on the
surface of the PEDOT:PSS film, acting as an insulating layer to protect the Au
electrodes from the aqueous electrolyte. Devices were subsequently immersed in PBS
buffer solution to remove any excess of low molecular weight compounds. At last a
reservoir made of poly(dimethylsiloxane) (PDMS) wall was attached to the substrate
to form the aqueous electrolyte containing cell for characterization and sensing

application of the devices.
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Figure 3.2. Fabrication process of OECT device by photolithography. (a)-(d), Au
electrode deposition and patterning on the glass substrate. (e)-(g), patterning of
PEDOT:PSS film between source and drain electrode. (h)-(i), final package of the
device by SU-8 photoresist as an insulating layer.

Gate electrode of OECT was deposited separately by magnetron sputtering through a
shadow mask, resulting in a 3 mm X 3 mm patterned Ti (~10 nm) / Pt (~100 nm)

electrode. Then the electrode was immersed into the PBS solution in the PDMS well
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for electrical characterization.
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Figure 3.3. Height and phase AFM images of PEDOT:PSS films (a)-(b) before and
(c)-(d) after all of the photolithography lift-off processes in device fabrication.

The atomic force microscopy characterization was carried out for investigation of the
surface morphology of PEDOT:PSS during the photolithography process. As seen
from Figure 3.3, the height and phase graphs of PEDOT:PSS before and after
patterned and washed with acetone showed nearly no differences, with the surface
roughness of both films (RMS value) around 1.7 nm. This indicates that this polymer
film is very stable during the device fabrication, which could tolerate both the

organic solvent erosion and the mechanical lift-off process by ultrasonication.
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3.2.3 Device Characterization

The OECT device was immersed in PBS buffer solution, as shown in Figure 3.1(a).
The optical images of the device and cells were observed by Olympus IX71 inverted
microscope. The output and transfer characteristics of the devices were measured by
two Keithley source meters (Keithley 2400). For the transient behavior measurement,
an Agilent 33220A waveform generator was used to provide the gate voltage pulse,
and the channel current response was recorded by the Tektronix TDS2000C Digital
Storage Oscilloscope. For the small signal transconductance measurement, the
sinusoids gate input (with the amplitude of 50 mV and a certain bias) was applied by
the waveform generator and the drain current was converted by SR570 Low Noise
Current Preamplifier into voltage signal and then collected by the SR830 DSP Lock-in
Amplifier, to get the transconductance, Alp/AVg and the corresponding phase angle
shift. The instruments above were connected and controlled by a customized
LabVIEW program. The dopamine aqueous solution (diluted with PBS) with
designed concentration were added into the PBS solution to measure the sensor

response reflected in transconductance.

3.2.4 Cell Cultivation

Human breast adenocarcinoma cancer cell line (MDA-MB-231) was obtained from
American Type of Culture Collection (ATCC). The cells were maintained routinely
in Dulbecco’s modified eagle medium (DMEM) with 4500 mg/1 glucose (Invitrogen)
as basic medium supplemented with 5% Fetal Bovine Serum (FBS, Invitrogen)
together with penicillin and streptomycin (Invitrogen). The cells were seeded in the
PDMS well of the OECT device and cultured in a humidified incubator at 37 °C with

5% C0O2/95% air for a certain time, before taken out for further optical or electrical
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characterization.

3.3 Electrical Measurements

3.3.1 Steady State Characteristics
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Figure 3.4. (a) Output characteristics showing the drain current Ip, as a function of
drain voltage Vp, with an applied gate voltage Vg varying from 0 V to 0.6 V. (b)
Transfer curve and resulting transconductance at Vp= 0.05 V.

Figure 3.4(a) shows the output characteristics of a typical OECT with negative
sweep bias (0 to -0.6 V) at the drain, under the stepped gate voltage varied from 0 V
to 0.6 V, applied from the Pt gate electrode immersed into PBS solution. The
corresponding transfer curve for Vp= 0.05 V is shown in Figure 3.4(b). The drain
current decreases with the increasing gate voltage, showing the typical low voltage
operation of OECT in the depletion regime. This behavior is consistent with the
model developed by Bernards in 2007 °: the cations from the electrolyte could be
injected into the PEDOT:PSS film to compensate the acceptors (SO3") on the PSS
upon the application of a positive gate voltage. Consequently, the hole mobility and
the channel conductance could be modulated. The transconductance extracted from

the transfer curve reaches a peak value of gn=0.138 mS at Vg =0.41 V.
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Figure 3.5. Leakage current of OECT (between channel and gate electrode) during the
transfer characterization in Figure 3.4.

It is also worth noted that the simultaneously measured gate current (leakage) of the
devices is less than 30 nA throughout the output and transfer characterization.
Especially for the transfer test, the gate current is below InA, (Figure 3.5)

demonstrating the superior insulation performance of the SU-8 photoresist layer.

Then AC method was introduced for device characterization. A small sinusoidal
oscillation signal (vg, 50 mV in amplitude) with the frequency of f'is superimposed
on the constant gate voltage bias V¢, forming the AC channel current of OECT. The
complex AC gate voltage v and the corresponding channel current ip (consists of

DC component /p and AC component iy) are given by,

Vg = VG +Vg = VG + |Vg|ej2nft

ip=1Ip+ig=1Ip+|ig|e/@t+0) (3.1
Then the transconductance is defined as,

Gm = aip| - _ lial je (3.2)

Avg Vb [vgl

Therefore, by superimposing a small sinusoidal signal (with fixed amplitude | v; |) to

the gate voltage, the transconductance gm with corresponding phase shift angle 6
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could be collected simultaneously by the lock-in amplifier.

By simply sweeping the gate bias Vs from 0 V to 0.6 V, the g - Vi relations under
different operation frequencies were obtained, as shown in Figure 3.4(b). It is
reasonable that when operated at relative low frequencies (red line in Figure 3.4(b)),
the transconductance curves are quite similar to the one derived from the transfer
characterization at steady state, approaching a peak value at around Vg = 0.41 V.
With the increase of the operation frequency from 8 Hz to 80 kHz, the peak value
decreases due to the limited rate of ions moving between the aqueous electrolyte and

PEDOT:PSS channel.

3.3.2 Transient Characteristics and Ion Strength Sensing

Though the large scale OECTs (with the length and the width of the channel in the
range of millimeter) have been successfully developed in various kinds of sensing
applications, a major drawback always persists, which is the slow device operation.

77145 it is confirmed that the drain current

According to previous investigations
depends on the number of ions that could be injected into the channel, which in turn
determines the time needed for the device to reach steady state. Here a gate voltage
pulse (Vg = 0.2 V) is applied through the electrolyte with various KCI concentrations,
to investigate the effect of ionic concentration on the transient response time, as
shown in Figure 3.6(a). The Ips channel current is monitored simultaneously with the
applied pulsed V. When the Vg switched from 0 V to 0.2 V, a rapid decrease of Ips
was followed by nearly steady state behavior after a certain time interval. According

175

to the Bernards’ model” and further investigation by Friedlein et al*!,

Ip(t) = Ip(0) + AL [1 - e‘ﬁ] (3.3)
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The ionic RC time constant trc is the key factor limiting the response speed of the
device. Then a first order exponential decay (Ips ~ exp(-t/trc)) is applied on the
fitting of the responding drain current curve, to extract the transient response time T.
The relationship between response time and the KCI concentration is fitted on the
double log axis in Figure 3.6(b). The result indicates that the response time has a
good linear relation with the ion concentration in the electrolyte, under a log-log plot,
thus signifies that the response time of OECT is dominated by the rate of ion
transport between the channel and the electrolyte. As can be seen from Figure 3.6(b),

the response time is shortened from 0.32 s to 5.58x10” s, over four orders of

magnitude, as the result of increasing KCI concentration from 10> M to 107! M.
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Figure 3.6. (a) Time response to a Vg pulse of 0.2 V, with a drain voltage of 0.05 V, for
OECT operated in a series of KCI solutions with increasing concentration from 10> M
to 10" M. Inset: the time response of device operated in 10" M KCl solution, with the
time axis in millisecond range. (b) Extracted single exponential time constant as a
function of KCI concentration. The line is a double-log linear fit.

Another analytical method to investigate the ion transport behavior at the interface
between channel and electrolyte is the frequency dependence of the
transconductance. A 50 mV sinusoidal oscillation is then superimposed on the gate
bias, and the transconductance is determined by the amplitude ratio between the
drain current oscillation and the input sinusoidal signal. Figure 3.7(a) indicates the

tendency that the gm increases with rising KCl concentration, throughout the whole
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frequency range. The range of plateau region for gm also shows a dependence on the
ionic concentration, which is, in consistent with the transient time response as
described in Figure 3.7(a). The corresponding phase angle shift in Figure 3.7(b) also
shows the same trend, while it is worth noted that when the ion concentration is
higher than 107 M, the phase angle keeps at a constant value at low frequency region,

and only the shift of the curves along x-axis could be observed for varying

concentrations.
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Figure 3.7. Frequency dependence of (a) the transconductance value and (b)
corresponding phase angle under various ionic concentration of KCI. The device is
biased with Vp = 0.05 V and Vg = 0.2 V, and an additional 50 mV sinusoidal gate
voltage oscillation is applied to measure the small-signal transconductance.

The decrease of gm with increasing frequency here provides another method to
extract the response time of OECT device. The cut-off frequency is defined at the
point when the gm value decreases to 0.707 of the maximum value (-3 dB).’®%® So
the response time is the reciprocal of the cut-off frequency, and again the relationship
between the response time and the concentration could be fitted into a power
function relationship, which is similar to that obtained from the transient
measurements. Therefore, both the transient and the AC methods can be used to

characterize the response time of an OECT and used to decide the ion concentrations

in electrolytes.
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According to previous investigations by Khodagholy et al.”’, the response time of
OECT is majorly limited by the ion transport in the ionic circuit (between the
aqueous electrolyte and PEDOT:PSS film), considering that the hole transport in the
PEDOT:PSS channel is a much faster step. Therefore, this relationship between the
response time and the ionic concentration could be explained by simplifying the
ionic circuit as a resistor (with the resistance R) and capacitor (with the capacitance
C) in series. According to the definition, the conductance G of the electrolyte

solution is given by:
(3.4)

where « is the electrolyte conductivity, / and 4 are the length and the cross-section
area of the ionic circuit, and Am represents the molar conductivity. Therefore, the
resistance is given by:

l
Am CionA

R =

(3.5)

For the analysis of capacitance in PEDOT:PSS film, recently Proctor et al.?’

built up
a simple model by describing the capacitance in terms of the sites where holes are
replaced by the ions injected from the electrolyte. Hence the volumetric capacitance
C", which is the capacitance per unit volume, is given by:

c* =L (3.6)

a

where C’pL is the conventional double layer capacitance from Helmholtz model and
a is the average distance between sites. The volumetric capacitance could then be

further derived,
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where ¢ and ¢, are the vacuum and relative permittivity, d is the thickness of the

electric double layer, F' the Faradic constant, R the gas constant and T the absolute

temperature. Then the response time is given by the RC time of the circuit: %3

Tor = RC* = l LE | 2Cion LF 2 cciT1/2 (3.8)
RC AmCionA a~RTeoe,  ahmA+|RTege, 10T '

This equation indicates that, under an optimum condition, the time constant zrc is

proportional to cion /2. The experimental results from both the transient and the AC
measurements show the same power function relationship between tzc and cio, with
the exponent of around -0.41. This can be ascribed to the fact that the molar
conductivity Am is also concentration dependent (in diluted solution, Amdecreases
with increasing ionic concentration). For the concentration varying in such a wide

range, deviation from the idealized model may present.

3.4 Dopamine Sensors

When the OECT is operated at steady state, the channel current Ip can be modulated
by Vg according to the electrochemical doping of cations from the aqueous
electrolytes.”” A simple device model has been presented and an analytical
expression has been derived by Bernards et al., pointing out that channel current Ip

should be given by the following equation, 7>!46

Ip = 2R (g, — v+ 2y, (when [Vl <« [V, — V)
14
Vo = qpot/ci
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VGeff = VG + Voffset (3.9)

where g is the electron charge, u is the hole mobility, po is the initial hole density
(when Vg =0 V) in the PEDOT:PSS layer with the thickness of t, Vp and Ve are the
pinch-off voltage and the effective gate voltage, respectively, and Voftset 1s the offset

voltage at the interface of the gate or electrolyte; ci is the capacitance per unit area.

The OECT with a Pt gate electrode was then used for dopamine sensing, due to the

electro-oxidation reaction on the surface of the gate electrode, shown as following,
Dopamine — dopamine quinone + 2H* + 2e~ (3.10)

The electro-oxidation of dopamine releases two electrons per dopamine molecule
and generates faradic current when the electrons are withdrawn from the gate
electrode, which could further change the localized potential drop, and hence change

the effective gate voltage V¢ given by,'*?

kT
VT = v, + 23001 + y)zlog[Cdopamine] +4 (3.11)

Where vy is the capacitance ratio, defined as Cc/Cg, in which Cc and Cg are the
channel /electrolyte capacitance and gate/electrolyte capacitance, respectively; k is
the Boltzmann’s constant and T is the temperature; [Caopamine] 1 the concentration of

dopamine, and A is a constant.

Therefore, by combining equation (3.9) and (3.11), the modulation of channel
current Ip is induced by the change of effective gate voltage Vs, which is
dependent on the concentration of dopamine. Therefore, the increase of dopamine
concentration in the electrolyte will increase the Vg, which in turn decrease the

channel current. This is the typical sensing mechanism of the device to dopamine,
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which is similar to those of the OECT based hydrogen peroxide and glucose sensors

reported before. 28132147

Then a small sinusoidal oscillation signal (vg, 50 mV peak-to-peak) is superimposed
on the gate bias Vg, changing the operation of OECT from steady state to transient
state. The transconductance gn with corresponding phase shift angle (0 = Ods - Orer)
could be collected simultaneously by the lock-in amplifier. Based on above
discussions, the gm response could also be modulated by the change of effective gate
voltage V¥, which is further dependent on the concentration of dopamine in the

electrolyte.

For AC characterization, lock-in amplifier is involved to introduce one notable
advantage that the extracted gm signal and phase angle 0 are collected only at the
specific reference frequency settled by the small sinusoidal signal from gate voltage,
which means that the background and noise signals at frequencies other than the
reference frequency are filtered by the phase sensitive detection and subsequently a

low pass filter and do not affect the recorded measurement results.
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Figure 3.8. (a) Channel transconductance (gm) response and (b) associated phase
angle change of the OECT to additions of dopamine with different concentrations. Vp
=0.05V,Vg=02V.

In sensing applications, the Vps = 0.05 V and Vg = 0.2 V with the 50 mV sinusoidal
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oscillation are fixed, the response of the OECT to continuous addition of dopamine
is monitored by measuring the real-time g response. Figure 3.8(a) and (b) shows the
real-time collection of gy and corresponding 6 data during the additions of various
concentrations of dopamine in PBS solution. It is notable that the device starts to
exhibit a signal response to the addition of 1 nM dopamine, and the relative change

of gm and 0 also increase with the increasing of dopamine concentration.
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Figure 3.9. (a) Vs dependence of transconductance (gm vs. Vg, Vb =0.05 V) of an
OECT measured in PBS solution (pH = 7.4) before and after the addition of
dopamine with the concentration of 10 pM. (b) The change of effective gate voltage
(AVG?) as the function of the concentration of dopamine.

The change of gm and 0 can be clarified by the change of AV due to the oxidation
reaction of dopamine at the surface of gate electrode. This will further result in the
horizontal shift of the gm — Vi curve. As indicated in Figure 3.9(a), the curve shows
roughly 150 mV shift to lower Vg region when characterized in 10 uM dopamine
PBS solution compared to the blank PBS solution. The effective gate voltage
corresponding to the transconductance at different dopamine concentrations could
also be read out from the gm — Vg curve of the device characterized in blank PBS
solution. Figure 3.9(b) shows the relationship between the variation of A V¥ and
the concentration of dopamine [Cdopamine]. We can find that A V¢ is proportional to

log[Cdopamine] in the range of 1x1077 M to 1x107 M, across two orders of magnitude,
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which is consistent with equation (3.11). The slope value (45.2 mV/decade) of the
fitting curve (dashed line in Figure 3.9(b)) can indicate the response of the device
towards the target analyst, which could also be used to derive the capacitance ratio y
= 0.53 in equation (3.11). The relatively small value of y can be explained by the

influence of device geometry, according to the definition,

Cchannel — CchXAch (3 12)

'y:

Cgate CgXAg

where cch and cg are the channel and gate capacitance per unit area, and Ach and Ag
are the area of channel and gate electrode, respectively. The capacitance ratio is
tunable and proportional to Acw/Ag. As we patterned the channel area into the
micrometer region by photolithography, the area ratio Acn/Ag 1s significantly reduced,
which then decreases the value of y, and subsequently the slope of the fitting curve in

Figure 3.9(b).
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Figure 3.10. DC channel current response of the OECT during the addition of
dopamine with different concentrations. Vp =0.05V, Vg=0.4 V.

The conventional steady state measurement was also carried out for dopamine
sensing with the same device as a control. As seen in Figure 3.10, The detection limit
could only reach 10 nM, which is a little bit lower than the AC method. Another

notable drawback for DC method is that the time needed for the device to be

WANG Naixiang 49



THE HONG KONG POLYTECHNIC UNIVERSITY Chapter 3

R

Nty
stabilized is relatively longer (more than 600 s), which is much longer than the time
needed for AC characterization, as can be seen from Figure 3.8. The rapid stable
signal collected from AC methods should be ascribed to sensing mechanism. As the
recoded signal is stimulated from the small AC voltage fluctuation (50 mV
sinusoidal wg), it is much easier for the ionic exchange at PEDOT:PSS
channel/electrolyte interface to reach equilibrium, while for conventional DC method,
the ionic exchange equilibrium need to suffer from a sudden change of gate voltage
bias from 0 V to 0.4 V, which leads to longer time for DC drain current to be
stabilized. This feature could shed light on further improvement of OECT operation

for rapid sensing requirements.

3.5 Cell Activity Monitoring

Besides acting as an electrochemical sensor as discussed above, organic electronic
devices, especially the OECT, have also attracted significant attention in the past few
years as a versatile, dynamic method for investigation of biological activities. 4312
Lin et al. reported the monitoring of non-barrier tissue by OECTs in the DC
measurement mode, which can be explained by the electrostatic interaction between
the attached cells and the active layer of OECTs.”> After recent improvements in

miniaturization and high density integration of OECTs,”!3%154

, it is possible to raise
the speed of the device response and then operate the OECT array over a broad range
of frequencies. For example, the OECT has been employed to combine with the
electrochemical impedance spectroscopy to investigate trans-epithelial resistance and
cell layer capacitance information through broadband frequencies.’®!* Recently,
Ramuz reported the monitoring of various types of barrier and non-barrier tissue

cells by combining measurement of transconductance with transepithelial resistance

data.>®> However, these work mostly focus on the monitoring of cell or tissue layers,
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not the activity of the specific single cell. Huerta demonstrated the possibility to
modify the OECT structure with a capillary tube-micropipette tip system in order to

record the activity of the 3D cyst cell cultures, which is rather dependent on the

geometry of the device.®
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Figure 3.11. Monitoring the effect of living cells and drug treatment (5-FU) by (a)
transconductance and (d) corresponding phase angle change. Inset, bright field images
of cells seeded on the channel of device. Each image corresponds to one curve as
indicated.

Here in this section we investigated the possibility to monitor the activity of single or
few cells on the planar structure, due to the advantage of miniaturization of the
OECT channel to cellular dimensions. Before seeding of the cells, the OECT device
was first characterized in transconductance as a function of frequency, as a non-cell
control. Then the human breast adenocarcinoma (MDA-MB-231) were seeded in the
PDMS well of the device, and the cells were grown in the culture incubator before

taken out for characterization.

As shown in Figure 3.11(a), the typical transconductance — frequency spectrum with
a plateau region and an abrupt drop at high frequencies could be recorded for
monitoring cell activities. To numerically compare the different conditions, we
extracted the cut-off frequency, defined at -3 dB of the transconductance value at DC

bias.’® The Fluorouracil (5-FU), a medication which is used in the treatment of
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cancer, was employed to investigate the effect of drug treatment on transconductance
characterization. As seen in Figure 3.11(a) and (b), the characterization of non-cell
control (black line), living cancer cell (red line), dead cell induced by 5-FU treatment
(green line), and the final condition by removing all the cells from the device (blue

line) were carried out.

As shown in Figure 3.11(a), first the cells were seeded and grown on the channel
area of the device as discussed above, and the cut-off frequency decreased from
11905.2 Hz to 1765.9 Hz, indicating the transepithelial resistance effect due to the
cell coverage on the channel area, which could inhibit the ion to electron conversion
occurred at the interface between aqueous electrolyte and PEDOT:PSS active layer.
After addition of proper amount Fluorouracil into the cell culture and incubated for
one day, the cut-off frequency increased to 4937.5 Hz, pointing out the weaken of
impermeable barrier effect for the ion exchange in channel. This could also be
confirmed from the bright field optical images inserted in Figure 3.11(a), the seeded
cells were well adhered to the surface of the substrate, containing some interaction
with neighbored cells. After the treatment of Fluorouracil, it was clearly observed
that the cells changed back to the spherical shape, and the attachment to the substrate
was not tight as the untreated cells, which means that the PEDOT:PSS active layer
could have more possibility to contact with the electrolyte and carry out ion

exchange.

The associated phase angle characterization (Figure 3.11(b)) typically followed the
same trends as discussed in the transconductance — frequency curves. It is worth
noting that, in order to compare the transconductance curves under various
conditions, the intensities needed to be normalized at the DC bias, as the absolute
value could be affected by the seeding and grown of the cancer cells on the device.

However, the characterization of associated phase angle showed a perfect overlap for
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various treatments of cells at low frequency region. This could be explained as the
change of phase angle only depends on the relative difference between the phase of
input sinusoidal gate signal and the responding channel current signal, not the
absolute value of transconductance of the device. Therefore, the discussion of cut-off
frequency changes based on phase angle shift could be more reliable. In addition,
this trend is also consistent with the characterization response to various KCI
concentration in electrolytes, as indicate in Figure 3.7(a) and (b), where with the
continuous reduction of ionic concentration, the transconductance shows a decrease
in absolute value while the shift of cut-off frequency to lower region, however, the
phase angle only shows a horizontal shift of cut off frequency when the ionic
concentration varied from 107 M to 103 M. This phenomenon indicates the
advantage to use the characterization of phase angle shift to monitor and assess the

cell activities on OECT devices.

3.6 Summary

In conclusion, we have demonstrated a novel and convenient approach for
fabrication and miniaturization of OECT arrays. With the raising speed of device
response, the transconductance characterization could be introduced not only as an
electrochemical sensor, for high sensitive and fast detection of dopamine, but also, to
be adopted for monitoring cell coverage and activities on the channel of devices. The
main advantage over conventional electrical methods is the capability to collect high
quality data through a broad frequency range at a relative low gate voltage
modulation. The miniaturized channel area could benefit enhancement of the device
resolution to detect the activity of single or few cells. Therefore, the approach here
could be regarded as a promising method for further applications in biological

system, such as specific drug screening or toxicity testing.
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Chapter 4  High Mobility p-type
Conjugated Polymers for Applications in
Organic Electrochemical Transistors

4.1 Introduction

Conjugated polymers have been extensively investigated for applications in organic
electronic devices during the last several decades, since the first report of conducting
polymer by Shirakawa et al. in 1977.> Numerous types of electronic devices have
been developed with excellent performance and promising commercialized
application prospects. Recently, OTFTs which could present stable and superior
performance when operated in aqueous electrolytes, are emerging in the field of
bioelectronics, due to the intrinsic soft nature and excellent biointerfacing properties

of the conjugated polymers.!>3158

The two categories of OTFTs, which are OFETs and OECTs, have been well
discussed in the introduction chapter previously presented. A comprehensive
investigation has been carried out for understanding the structure-property
relationship of conjugated polymers through the OFET platform over the past half
century, and such kind of devices have been successfully employed in various fields
of current electronic industry, including active matrix displays,®! flexible and

159160 and multifunctional e-skins.'®! In contrast, the research into

stretchable sensors
OECTs is less historical. It was only after Wrighton et al. demonstrated the first
model of OECT with polypyrrole in 1984,% that many research laboratories set out

to focus on the device design and active layer material selection aiming to acquire

high performance OECTs. A remarkable advantage of OECTs, compared to its peer

WANG Naixiang 54



THE HONG KONG POLYTECHNIC UNIVERSITY Chapter 4

D)
\(%
OFETs, is that the channel area (normally conjugated polymers), is directly exposed
to the aqueous electrolyte, and the device is modulated by the electrochemical
doping/dedoping process (through ionic penetration into the film) between the
channel and the electrolyte environment. Therefore, OECTs possess several key
features in the field of biological sensing or signal transduction, such as low working
voltage (less than 1 V), high amplification capability (high transconductance), highly
sensitive to ionic movements or potential changes in the electrolytes, and most

importantly, excellent stability for long-term operation in aqueous environments.

In the past few years, the majority of the OECTs reported relied on the
commercialized highly doped semiconducting polymer, poly(3,4-ethyl-enedioxy
thiophene):poly(styrene sulfonate) (PEDOT:PSS),””*>162 which presents intrinsically
high conductivity and a stable depletion mode operation of OECTs. Considering for
the fact that the PEDOT:PSS aqueous dispersion is very challenging to be
chemically modified or functionalized for specific applications, and the high acidity
liquid limits the available options of processing techniques, synthetic chemists turn
to develop alternative strategies to apply novel conjugated polymers into OECTs.
Conjugated polyelectrolytes, such as PEDOT or polythiophene backbone modified
with an alkyl side chain terminated by either sulfonate or carboxylic acid groups,
were employed in OECTs, benefiting from efficient intrinsic ionic exchange
properties.*#+163-166 Begides, ion-free conjugated polymers with designed polar side
chains (such as ethylene glycol) were successfully demonstrated to fabricate high

45,167

transconductance accumulation mode OECTs, both with p-type and n-type

polymers. #6181 Therefore, further efforts should be focused on better
understanding of the structure-property relationship for synthesis of novel

conjugated polymers integrated in high performance OECTs.

In this work, we systematically investigated the performance of several high mobility
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p-type conjugated polymers (as shown in Figure 4.1) when operated in aqueous
electrolytes, utilizing the OECT platform. These polymers have been reported to
present high performance when fabricated into OFET structure, which were
normally tested under inert gas environment. The OECT characterization was first
carried out for all the polymers. Then for the selected PFT-100 based OECT which
demonstrated superior electrical performance, further optimization with annealing
temperature, electrochemical impedance spectroscopy characterization and device
response to various ionic electrolyte concentration and species were investigated for
a comprehensive understanding of the doping/dedoping process and ionic
penetration into the conjugated polymer film. This would also contribute to clarify
the mechanism of ion/hole transport and interaction inside these conjugated

polymers based OECTs.

4.2 Experimental Section

4.2.1 Materials

Commercialized conjugated polymers: (chemical structures shown in Figure 4.1)
poly[4-(4,4-dihexadecyl-4H-cyclopenta[ 1,2-b:5,4-b’]|dithiophen-2-yl)-alt-4,7-(5-fluo
robenzo[c][1,2,5]thiadiazole) (PFT-100, 75kDa, PDI: 2.5)
poly[4-(4,4-dihexadecyl-4H-cyclopenta[ 1,2-b:5,4-b’]dithiophen-2-yl)-alt-[ 1,2,5]
thiadiazolo[3,4-c]pyridine] (PCDTPT, 76 kDa, PDI: 2.5)
poly[[2,3,5,6-tetrahydro-2,5-bis(2-octyldodecyl)-3,6-dioxopyrrolo[3,4-c]pyrrole-1,4-
diyl]-2,5-thiophenediylthieno[3,2-b]thiophene-2,5-diyl-2,5-thiophenediyl]

(two batches, DPP-DTT: 100 kDa, PDI: 3.0 and PDPP2T-TT-OD: 98 kDa, PDI: 2.5)

were purchased from 1-Material Inc., Canada.
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DPP-DTT copolymerized with DTT(C10H200H) at the monomer ratio of 0.95:0.05
((DPP-DTT)0.05-(TT-TOH)o.05) was customized synthesized. Sodium chloride,
sodium glycolate, 1,2-dichlorobenzene (DCB), 1-methylnaphthalene (1-MNT) and
phosphate buffered saline (PBS) solution were purchased from Sigma Aldrich Co.,
USA. Sodium poly(styrene sulfonate) (Mw 75000, 30% w/v aqueous solution) was
purchased from Alfa Aesar. AZ5214 and SU-8 2002 photoresists were purchased

from Microchemicals GmbH.

DPP-DTT
PDPP2T-TT-OD

(DPP'DTT)o_gs'(TT'TOH)o_os

Figure 4.1. Chemical Structures and abbreviations of the semiconducting polymers
tested in this work.

4.2.2 Device Fabrication

The OECTs were fabricated through a previously reported photolithography
microfabrication process. First, the glass substrates were thoroughly cleaned by
ultrasonication in acetone, deionized water and isopropanol in sequence. Then source
drain electrodes (Cr/Au, 10 nm/100 nm) were deposited and patterned on glass

substrates through magnetron sputtering and a lift-off process. Then the electrodes
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were packaged by an insulating layer of SU-8 2002 photoresist, leaving only the
channel area uncovered. The conjugated polymers were dissolved in organic solvents
(DCB or 1-MNT) at 5 mg/mL and then spin coated on the channel area at 3000 rpm
for 40 s. The devices were then baked under different temperatures for 60 min,
resulting in the well-defined OECT with channel length (L) and width (W) 30 pum

and 60 um respectively.

4.2.3 Device Characterization

PBS solution or other aqueous electrolytes were dropped on the channel area of
OECTs, and then a platinum wire was immersed into the electrolytes, acting as the
gate electrode. The typical output and transfer characteristics of OECT were
measured using two Keithley 2400 sourcemeters with common source configuration,
controlled and data collected by a customized LabVIEW program. The pulsed
voltage signal was applied from an Agilent 33220A waveform generator. The
electrochemical impedance spectroscopy (EIS) measurements were carried out with
Zahner electrochemical workstation and a three-electrode-system, including gold
electrode with defined area (0.09 cm?) coated with thin film of conjugated polymers
(working electrode), and conventional silver/silver chloride reference electrode and
platinum wire counter electrode, all immersed in aqueous electrolyte with defined

ionic species and concentrations.

4.3 Electrical Measurements

The output and transfer characteristics of PFT-100 based OECTs in PBS solution
were illustrated in Figure 4.2(a) and 4.2(b). The output curves were available

through reversed sweeping source drain current Ip versus source drain voltage Vp (0
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V to -0.6 V), with a fixed gate voltage Vg applied, which was increasing by step
from 0 V to -0.5 V. The transfer characteristics were extracted by sweeping the Ip
versus Vg (-0.8 V~0.4 V), under a constant Vp at -0.5 V. It could be clearly observed
in the logarithmic y-axis scale (Figure 4.2(b), black curve) that the Ip of OECT with
PFT-100 as active layer material could be modulated over three orders of magnitude
(10® Ato 10 A) by operating in the low and narrow Vg range. From the linear scale
point of view (Figure 4.2(b), red curve), the threshold voltage Vi, was a little bit high
that a negative Vg < -0.6V needs to be applied to generate the Ip higher than 107 A.
This feature also implies a large transconductance (gm, defined as 0lp/0Vg) over 0.4
mS could be available under negative Vg biased, indicating the remarkable

amplification capability of the OECT.
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Figure 4.2. (a) Output characteristics of PFT-100 based OECT for -0.5 V<V<0 V; (b)
transfer characteristics at Vp =-0.5 V, with Ip shown in linear (red) and logarithmic
(black) scale; (c) the gate leakage Ig of the OECT during transfer measurement; (d)
transient characteristics of Ip (black) in response to a pulsed Vg (blue) switched
between 0.2 V and -0.4 V.

WANG Naixiang 59



THE HONG KONG POLYTECHNIC UNIVERSITY Chapter 4

D)
\(%
As plotted in Figure 4.2(c), the gate leakage current (Ig) was restricted under 107 A
over the whole operation range of Vg, indicating the device was well packaged from
the aqueous electrolytes and the recorded Ip was mostly contributed by the
electrochemical doping enhanced source-drain current, instead of the current flowed
between source and gate electrode. The temporal response of OECT were measured
under a pulsed Vg switched between 0.2 V and -0.4 V. (Figure 4.2(d)) According to
the OECT model presented by Bernards and Malliaras in 2007, the Ip followed an
exponential behavior as the ionic/electronic pathway could be simplified as a RC
circuit. It is obvious that the transient time for switch off was much shorter than that
needed for switch on (tens of seconds), which should be ascribed to ionic penetration

behavior into the polymer film under Vg biases with opposite directions.
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Figure 4.3. Transfer characterization of (a) PCDTPT, (b) DPP-DTT, (c)
PDPP2T-TT-OD and (d) (DPP-DTT)0.95-(TT-TOH)o.05 at Vp =-0.5 V, with Ip shown
in linear (red) and logarithmic (black) scale.

Owing to the high degree of similarity in backbone structure of the conjugated

WANG Naixiang 60



THE HONG KONG POLYTECHNIC UNIVERSITY Chapter 4

D)
\(%
polymers, transfer characteristics of PCDTPT were also similar to that of PFT-100,
as shown in Figure 4.3(a). The only difference is that the maximum current and
transconductance at Vg=-0.8 V are almost one order of magnitude lower than that of
PFT-100 based OECTs. This device performance variance could be ascribed to the
minor structure difference between the fluorobenzo-thiadiazolo unit (PFT-100) and
the thiadiazolo-pyridine unit (PCDTPT). The fluorine atom linked to the carbocyclic
backbone (in PFT-100) was reasonable to perform stronger polarity than the nitrogen
atom embedded in the pyridine ring (in PCDTPT), considering its higher
electronegativity and less affected by steric hindrance of the backbone structure.
Furthermore, this remarkable feature would facilitate the penetration and transport of
negative charges (chloridion from the aqueous electrolyte) into the polymer film,
which would then enhance the efficiency of electrochemical doping and the current
modulation in OECTs. From another point of view, the films with stronger negative
polarity tend to be more favorable for aqueous interaction, due to the dipole-dipole
interaction between fluorine atom and water molecules. In other words, this film
would perform better swelling capability, therefore increase the possibility for ions to
penetrate into the bulk of the film under the negative Vg bias. Considering for the
effects discussed above, it is reasonable that the PFT-100 based OECT showed better

device performance compared to PCDTPT based ones.

Then three polymers based on the well-demonstrated diketopyrrolo-pyrrole-
dithienylthieno-thiophene donor acceptor conjugated system were tested in PBS
solution for OECT performance. As illustrated in Figure 4.3(b), the DPP-DTT based
OECT also performed more than three orders of magnitude modulation of Ip and
very small hysteresis. However, the Vi, shifted to negative Vg direction which means
that a larger Vg needs to be applied to generate a comparable Ip for operation during

applications. The high Vu is a key drawback for OECTs based on this kind of
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structured conjugated polymers, (similar high Vu observed in Figure 4.3(c) and
4.3(d), red curves) which might be explained by the ionization potential level
(related to the HOMO level) of the polymers. The higher ionization potential for the
DPP-DTT based polymers made these polymer backbones more difficult to be
oxidized during ion penetration process, therefore not enough holes could be
generated under low Vg bias, leading to the low channel current. Further
improvements should be focused on tuning of the ionization potential of the
conjugated system, thus the electrochemical doping process could be initiated at a

lower negative Vg bias or even a positive Vg bias.

Besides the high Vi, another drawback of PDPP2T-TT-OD and (DPP-DTT)o.95-
(TT-TOH)o.0s based OECTs were the notable large hysteresis loop between forward
and reverse scan of transfer curves. (Figure 4.3(d)) This might result in the signal
delay for the need of rapid device response in sensing or stimulating applications.
The major reason of such kind of phenomenon should be ascribed to highly
organized crystallinity of the conjugated polymer backbone. The DPP core facilitated
the planarization of the polymer backbone, subsequently performed a strong
aggregating process in both the solution and film state, and at last relative high
degree of crystallinity for charge transport.!’®!”! However, this high crystallinity
structure would hinder the penetration of negative ions into the film, as well as ionic
migration back to the aqueous electrolytes. Therefore, when the Vg bias decreased
(reverse scan), it took the ions embedded in the film longer time to permeate out,

resulting in a delayed on current when the device is switched off.

As can be concluded from the discussion above, the conventional advantages of
conjugated polymers which are suitable for high performance in OFETs, such as
adjusted HOMO level, strong n-m stacking, denser crystalline domain for efficient

hole/electron transport, might be not applicable to OECTs which are characterized in
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aqueous electrolytes. Consequently, further structure design and synthetic strategies
of these conjugated polymers should be focused on facilitation of the ionic/electronic
exchange between the polymer film and the aqueous electrolytes, which means,
stronger polarity, more porous polymer microstructure and lower ionization potential

to enhance the electrochemical doping process.

4.4  Effect of Thermal Annealing
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Figure 4.4. Comparison of transfer curves of PFT-100 based OECT prepared with
different annealing temperature (a) 100 °C, (b) 150 °C, (c) 200 °C, and (d) 300 °C.

Through screening the OECT performance based on the conjugated polymers listed
in Figure 4.1, PFT-100 was demonstrated to be promising for further investigation
considering for its superior performance in OECT compared to other materials.
Hence, we characterized the OECT performance with PFT-100 films under
increasing annealing temperature from 100 °C to 300 °C, as shown in Figure 4.4. As
can be observed from the transfer curves, the hysteresis loop tends to be reduced as
the annealing temperature increased. The Vi, value discussed here was defined to be
extracted from the forward scan of the transfer curve (Vg sweep from 0.3 V to -0.8
V). As shown in Figure 4.4, a significant downward trend of Vi, from 0.683 V at

100 °C to 0.482 V at 300 °C, approximately. Besides, it could also be concluded that
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the reduced hysteresis effect with increasing annealing temperature should be
ascribed to the decrease of Vg in the forward scan of transfer curve. This
phenomenon implies that thermal annealing of the films majorly affects the process
that ion penetration into the film rather than ions migrated back to the solution.
Another point worth to be noted is that, with annealing temperature reached up to
300 °C, the maximum Ip turned to slightly decrease (below 10 A), which might due
to the preferred adjustment in crystallinity of conjugated polymer aggregates under
high temperature annealing. The denser packing of polymer chains would hence
hinder the ion penetration and reduce the electrochemical doping, which directly

leading to a lower channel current.

4.5 Impedance Analysis
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Figure 4.5. Impedance, phase and effective capacitance from EIS for (a-c) gold

electrode and (d-f) PFT-100 film (coated on gold electrode) with the same area at a

bias voltage ranging from 0.6 V to -0.8 V, applied from working electrodes.

The impedance characterization was then carried out to investigate the difference in
capacitive behavior between impenetrable metal electrode surface and the polymer

film. Herein, the impedance and phase graphs for planar gold electrode and PFT-100
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film coated on gold electrodes were plotted in Figure 4.5. For the gold electrode, no
significant change was observed in impedance spectrum with varying voltage bias
applied from 0.6 V to -0.8 V. (Figure 4.5(a), (b)) The effective capacitance was then
extracted from the relationship C = 1/(2xnf*Zim), where f is the frequency and Zin is
the imaginary part of complex impedance. As can be seen from Figure 4.5(c), the
extracted capacitance came to a plateau region at low frequency range, which could
be taken to evaluate the capacitance change for steady state characterization of
OECTs. This not significant changes in capacitance for the gold electrode might be
ascribed to the electrical double layer capacitance formed on the impenetrable

surface, which is not sensitive to the bias variation.

On the contrary, the impedance spectrum for PFT-100 film varied over two orders of
magnitude when the voltage bias changed from 0.6 V to -0.8 V. (Figure 4.5(d)) More
resistive (0° > ¢ > -45°) character was also appeared for negative biased phase
graphs. (Figure 4.5(e)) Evaluated based on the plateau region shown in Figure 4.5(f),
the modulation of effective capacitance with corresponding bias voltage was much
larger than that of the gold electrode. This phenomenon should be correlated with the
amorphous and porous nature of the polymer chains deposited at the surface of metal
electrode, which partially allow ion penetration into or out of the films depending on
the direction of voltage bias applied. Under such circumstance, the electrical double
layer capacitance should be replaced by the volumetric capacitance, the concept
which was brought forward?” and clarified in detail’® recently. This should be a key
feature dominating the performance of conjugated polymer based OECTs, which
apparently needs more consideration for developing novel synthetic strategies for

these conjugated polymers.
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4.6 Effect of Electrolyte Size and Concentration

The effect of electrolyte concentration and species in aqueous environment for the
operation of OECTs were then investigated. As illustrated in Figure 4.6(a), with
decreasing concentration of sodium chloride from 1 M to 10* M, the modulation by
applied gate voltage was less effective, reduced to almost one order of magnitude. As
the off-current is stable around 10 A, the reduced modulation was majorly reflected
on the decrease of the maximum current at Vg = -0.8 V, which was extracted and
plotted versus ionic concentration in Figure 4.6(b). This relationship implies that the
channel current in OECT was dominated by the ions in the aqueous electrolytes,

emphasizing the importance of the mechanism of electrochemical doping.
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Figure 4.6. (a) Transfer characteristics of PFT-100 based OECT operated in sodium
chloride aqueous electrolyte with various concentrations; (b) Drain current Ip value
extracted at Vg = -0.8 V versus the electrolyte concentration; (c) Transfer
characteristics of PFT-100 based OECTs operated in aqueous solution with different
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electrolytes.

The size (volume) effect of ionic species was then investigated by employing three
different anions, chloridion, glycolate, and polystyrene sulfonate with the same
counterion, sodium cation. From the literature reports, the radius of chloridion and
polystyrene sulfonate were around 0.332 nm and 6.55 nm respectively.!’>!”3 This
remarkable change in the volume of the anions would lead to an obvious change in
the device performance. The transfer characteristics of PFT-100 based OECTs
immersed in these electrolytes were then illustrated in Figure 4.6(c). A general trend
could be observed that with the increasing size of negative ions, the hysteresis loop
was notably enlarged. Considering that the forward scans of transfer curves were
almost overlapped, the large hysteresis should originate from the horizontal shift
(along x-axis) of reversed scan in transfer curves. This fact indicates that, the major
barrier of ionic volume for electrochemical doping is in the drift out process, not the
film penetration step. It is reasonable considering that the negative Vg was applied in
an approximate steady state (with the slow scanning rate), under such an electrical
field, all the negative charges were driven to penetrate into the PFT-100, leading to
the indistinguishable forward transfer curves. In contrast, for the reverse scan, anions
with larger volume (such as polystyrene sulfonate) were more difficult to drift out
from the polymer film, as no driving force applied to attract them towards the gate
electrode when Vg decreased from -0.8 V while still in negative range. Hence the
ions were still embedded in the film and participated in the electrochemical doping

process to contribute to the channel current flow.

The device characterization associated with varying ionic species implies the multi
possibility to employ the OECT for the diverse needs of applications. This also threw
light on the device optimization and conjugated polymer design strategies that the

major efforts should be focused on enhancing the ionic/electronic exchange occurred
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could lead to more efficient electrochemical doping and hence better device

performance.

4.7 Summary

In conclusion, several high mobility p-type conjugated polymer were integrated in
OECT platform and characterized in aqueous electrolytes. The device performance
was analyzed with corresponding chemical structures, emphasizing the importance
of facilitating the ionic penetration and transport in the polymer film. PFT-100 was
demonstrated to perform superior performance and further systematically
characterized with increasing thermal annealing temperature, electrochemical
impedance spectroscopy, varying electrolyte concentrations and ionic species with
different sizes. The structure-property relationship and the polymer/ion interaction
were elucidated in detail, which would be beneficial for further design of high

performance accumulation mode OECTs.
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Chapter5 Label Free RNA Sensors

Based on Capacitance Modulated

Organic Electrochemical Transistors

In recent years, the interaction between semiconducting polymers and biomolecules
attracts great attention from academic and industrial communities, which has a
critical impact on integration of bioelectronic devices into biological environment.
However, the nature of this interaction and its influence on device performance has
been rarely investigated and is yet unclear. In this chapter, we developed a flexible,
label-free RNA sensor based on a p-type accumulation mode organic electrochemical
transistor (OECT) with single-strand DNA probe immobilized on the p(g2T-TT)
channel material. The complementary RNA target was successfully detected at the
concentration down to 1012 M in physiological environments, possibly ascribed to
the capacitance change generated from the interaction between the RNA molecules
with the semiconducting polymer chains. The mechanism was further investigated
by characterization of transistor performance and film capacitance with increasing
ionic volume from chloridion to polystyrene sulfonate in the electrolyte medium.
The OECT platform opens a new way for further study of conjugated
polymer-biomolecule interaction, which is also promising for flexible biosensing

applications.

5.1 Introduction

Ribonucleic acid (RNA) is a negative charged polymeric molecule which plays an
essential and indispensable role in various biological processes including gene

expression, cell proliferation and development.'”*!”> Recent progresses have
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indicated that some categories of RNA molecules are closely tied to the generation
and metastasis of cancer cells, which could be employed as a promising cancer
biomarker for early diagnosis and therapy.!’®!”7 Therefore, various strategies have
been developed for sensitive and rapid detection of RNA molecules in biological
environment. The majority of conventional standard sensing techniques are
developed based on quantitative polymerase chain reaction (PCR) and optical
detection, which highly relies on time-consuming precision equipment or
functionalization with fluorescence labels, such as quantum dots, metal nanoparticles
or organic dyes.!”®!” Aiming to improve the simplicity, sensitivity, speed and lower
the limit of detection, electrochemical methods are introduced to RNA molecule
sensing.'®® Typically the detected signal and quantification are based on small
changes in voltage or current in the presence of trace quantities of target RNA
molecules, which could avoid the complex biomolecular labeling procedure and

more direct information could be available conveniently.

Organic electrochemical transistor (OECT) has been widely employed in the
development of highly sensitive biosensors, taking advantage of the intrinsic
amplification function combined with superior biocompatibility raised from unique
ion-to-electron conversion feature during device operation.!”*”* Our group has
demonstrated a label-free DNA sensor by employing OECT integrated in flexible
microfluidic system, based on the sensing mechanism of surface potential change on
gate electrode through DNA hybridization.!'® A floating gate design was reported by
White et al. for DNA sensing with electrolyte gated transistor, which physically
separated the bio-recognition interface with electronic device and circuits.!!%!8!
Recently a layer-by-layer polyelectrolyte assembly strategy was introduced to

PEDOT:PSS based OECT for RNA detection down to 0.1 ng/mL, based on a

nonspecific electrostatic absorption mechanism.®
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In this chapter, we report a novel method for label-free, in-situ detection of RNA
biomarkers by employing the OECT platform integrated with a recently reported

).*> The device is fabricated on

high performance semiconducting polymer p(g2T-TT
flexible substrates, with demonstrated stable electrical performance under different
bending states, indicating that it is capable for wearable healthcare applications.
Then the single-stranded DNA probes are chemically immobilized on the surface of
p(g2T-TT) channel area, which is used to specifically detect the complementary
RNA molecule at concentration down to 1 pM. The sensing mechanism is related to
the interaction between the captured RNA and the p(g2T-TT) channel. We found that
under the negative voltage biased physiological electrolyte environment, the negative
charged RNA strands were driven to penetrate inside the p(g2T-TT) film, which
further hinder the electrochemical doping process of chloridion from electrolyte
during the device operation, resulting in an obvious change in the volumetric
capacitance of channel material and thus leading to a pronounced response in
channel current. Furthermore, the OECT was successfully applied to detect a
selected sequence of interleukin (IL)-8 mRNA, the biomarker for early detection of

oral squamous cell carcinoma, which indicates the possibility for applications in

noninvasive cancer diagnosis.

5.2 Experimental Section

5.2.1 Materials

Phosphate buffered saline (PBS) solution (pH 7.4), chloroform, sodium chloride and
sodium glycolate were purchased from Sigma-Aldrich Co., USA. Sodium poly
(styrene sulfonate) (Mw 75000, 30% w/v aqueous solution) was purchased from Alfa

Aesar. AZ5214 and SU-8 2002 photoresists were purchased from Microchemicals
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GmbH.  (3-Glycidyloxypropyl)trimethoxysilane (GOPS) was purchased from
International Laboratory, USA. Poly(2-(3,3 ' -bis(2-(2-(2-methoxyethoxy)ethoxy)
ethoxy)-[2,2"-bithiophen]-5-yl)thieno [3,2-b]thiophene), p(g2T-TT), was synthesized
by Tain McCulloch’s Group. All the DNA and RNA sequences were ordered from

Sangon Biotech Co., China.

5.2.2 Device Fabrication

The OECT devices were fabricated following a previously reported method.!®?
Briefly, the polyethylene terephthalate (PET) substrate was thoroughly cleaned and
then photo lithographically patterned with Cr/Au (10 nm / 100 nm) electrodes
through magnetron sputtering deposition. The p(g2T-TT) polymer and SU-8 2002
insulating layer were then patterned in sequence, forming the active channel area
with 60 um width and 30 um length. The p(g2T-TT) polymer was spin coated from

chloroform at 2 mg/mL and annealed at 100 °C for 1 h before patterning.

To immobilize DNA probe on the surface of OECTs, the p(g2T-TT) channel area
was exposed to O; plasma treatment (20 W/ 2 min) to generate hydroxyl functional
groups, then the GOPS was deposited by vapor deposition method in a vacuumed
desiccator at 95 °C for 1 h. Subsequently the amino modified DNA probe solution
(adjusted to pH 9) was dropped on the channel for probe immobilization, through the

ring-opening reaction of the epoxy from GOPS with the amino group from DNA.

5.2.3 Device Characterization

A small droplet (10 puL) of aqueous solutions (PBS or other ionic electrolytes) was
dropped on the OECT to connect the channel area with gate electrode. The output

and transfer characteristics of the OECTs were carried out using two Keithley 2400
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sourcemeters with customized LabVIEW program. Electrochemical impedance
spectroscopy (EIS) measurements were performed with Zahner Zennium pro
electrochemical workstation and a three-electrode-system, including Indium tin
oxide (ITO) electrodes (0.2 cm?) coated with thin film of p(g2T-TT) polymer
(working electrode), a platinum wire as counter electrode and Ag/AgCl reference
electrode. Effective capacitance was derived from 1/(2afZinm) and used for
calculation of areal and volumetric capacitance, where f is the frequency and Zin is
the imaginary part of impedance. Atomic Force microscopy (AFM) characterization
was performed with a Bruker Nanoscope 8 microscope in tapping-in-air mode. The
film thickness was recorded by Bruker Dektak XT surface profilometer. Fourier
transform infrared spectroscopy (FT-IR) was introduced for direct characterization
of the polymer film surface using the attenuated total reflectance (ATR) accessory of

Bruker Vertex 70 spectrometer.

5.3 Electrical Measurements

As illustrated in Figure 5.1(a), the flexible OECT with gold electrodes and
poly(2-(3,3'-bis(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)-[2,2’-bithiophen]-5-yl)thieo
[3,2-b] thiophene), p(g2T-TT), the active layer, were integrated on thin polyethylene
terephthalate (PET) substrates through photolithography microfabrication process.
The PET substrate was thin enough (200 um) so that the device could be easily bent
to various status. (Figure 5.1(b)) The typical output and transfer characteristics were
performed in Figure 5.1(c) and 5.1(d), indicating the OECT with p(g2T-TT) as
active layer was operated in p-type accumulation mode. For transfer characteristics,
the drain voltage Vp was fixed at -0.5V, and the Ip vs. Vg sweeping was recorded
under different bending radii, demonstrating the stable device performance under

different bending status, indicating that it is promising for real applications in
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wearable electronics (Figure 5.1(d)).
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Figure 5.1. (a) Optical images of OECT pattern with the molecular structure of
p(g2T-TT); (b) photographs of flexible OECT with different bending statues; (c)
output characteristics (drain current Ip versus drain voltage Vp) under gate voltage
Vi varying from 0.2 to -0.6 V; (d) transfer curves (Ip ~ Vi) with different bending
radii.

5.4 Label-free RNA Sensor Based on OECTs

5.4.1 Effect of Channel Thickness on RNA Sensitivity

The OECT was chemical functionalized (following the procedures in device
fabrication section) to be employed for detection of RNA hybridization. As
illustrated in Figure 5.2(a), the source drain electrodes were well protected by the
coverage of an insulating layer of SU-8 photoresist, leaving only the channel area

exposed to aqueous electrolyte. The single strand DNA sequences were then
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immobilized on the surface of p(g2T-TT) film, acting as a probe for complementary
RNA sequence capture. Under the condition of negative Vg bias, the negative
charged RNA molecules captured at the device surface were forced to partially
penetrate and interact with the p(g2T-TT) chains, affect the volumetric capacitance
of the bulk channel film and then the electrical performance of the OECT. Therefore,

the device is capable to be employed as a RNA sensor.
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Figure 5.2. (a) Schematic of the OECT cross-section for RNA sensing; the change in
transfer curves of the modified OECT with (b) thick p(g2T-TT) film and (c) thin
p(g2T-TT) film upon addition of increasing concentration of mRNA; (d) Normalized
current response of OECT with different channel thickness (thick, ~100 nm; medium,
~50 nm; thin, ~20 nm) to varying RNA concentrations.

The sequence of the amino group modified DNA probe is 5’-NH>-C6-TCA ACA
TCA GTC TGA TAA GCT A-3’. The complementary miRNA-21 single strand with
the sequence 5°’-U AGC UUA UCA GAC UGA UGU UGA-3’ and a random
sequenced RNA 5°-U UGU ACU ACA CAA AAG UAC UG-3’, where G is guanine,
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C is cytosine, A is adenine, T is thymine, were tested following the same procedure.
The devices were characterized in PBS solution before and after the incubation
period for RNA hybridization, to investigate only the influence of RNA molecules

bonded to the surface of the device.

The OECT with thick p(g2T-TT) channel layer (~100 nm) was first taken for RNA
sensing. As can be seen from the transfer curves in Figure 5.2(b), the maximum
current of the device was still maintained at mA level (at Vg = -0.6 V) after O
plasma treatment and chemical functionalization step, indicating that most of the
bulk film was not affected by the surface modification and could still carry out
efficient doping/dedoping process to support hole transport throughout the channel.
In such cases, the addition of complementary RNA molecules could only lead to
small changes in channel current. (around 10 % decrease calculated from maximum
current after 1 uM RNA incubation) In order to enhance the device response and
sensitivity to RNA detection, the p(g2T-TT) layer was spin coated at higher
rotational speed to make the film thinner. When the channel thickness decreased to
~20 nm, the device showed a significant enhanced response to the addition of RNA
molecules. As seen from Figure 5.2(c), the maximum current extracted from the
transfer curves decreased in the percentage of ~31%, indicating that the existence of
RNA strands at the surface performed a more significant impact on the thinner
channel film, compared to the thicker ones. The statistic normalized response of the
device exposed to RNA solution with increasing concentrations (1 pM to 1 uM) was
plotted in Figure 5.2(d), illustrating the effect of channel thickness on the change of

current response.

5.4.2 Capacitance Modulated Sensing Mechanism

The sensing mechanism is sketched out in Figure 5.3(a). Under negative V¢ bias, the
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cations in the electrolyte were forced to drift to accumulate at the gate electrode,
while the anions (mostly chloridion) were driven to penetrate into the p(g2T-TT)
film and generate corresponding holes on the conjugated thiophene backbone of the
polymer chain through the doping process. Therefore, the channel was turned on and
the drain current was dependent on this reversible doping/dedoping process. The

channel current in the saturation regime is given by?®
w . w
Iy =3k C (Vo =Ve)? = 3o d - (Ve = V) (5.

where W and L are the width and length of channel, u is the hole mobility, C" is the
volumetric capacitance, Vi is the threshold voltage, d is the thickness of channel

layer, and C; is the capacitance per unit area.

(b)
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Figure 5.3. (a) Schematic of the sensing mechanism illustrating the interaction
between RNA and polymer in the channel area of OECT; (b) Capacitance of p(g2T-TT)
film corresponding to the film thickness d.

Considering that the RNA molecules possesses large amount of phosphate groups,
which means a relatively low isoelectric point (~ 2),'3 they are expected to perform
like polyanions in the neutral PBS solution environment (pH = 7.4). Therefore, the
RNA molecules captured at the surface of device were also driven to inject into the
bulk of p(g2T-TT) film, which performs good swelling property due to the existence

of glycolated side chain. The polyanionic RNA molecules covered on the p(g2T-TT)

WANG Naixiang 77



THE HONG KONG POLYTECHNIC UNIVERSITY Chapter 5

D)
\(%
chains reduces the effective surface area for electrochemical doping, which in turn
decreases the volumetric capacitance C~ in equation 5.1, subsequently reduces the
channel current Ip. Another possible explanation is that considering the electrostatic
interaction of like charged ionic species, chloridion are largely repulsed from the
region surrounding the RNA chains, which are negatively charged. In this situation,
the electrochemical doping by the penetration of chloridion was greatly influenced.
As shown in Figure 5.3(b), the areal capacitance of the p(g2T-TT) film extracted at
Vbias = -0.6 V was characterized under different film thickness, fitting linearly over
two orders of magnitude, which indicates that the negative charged ions interact with
the polymer backbones in p(g2T-TT) film uniformly and with the same possibility
(without source drain voltage applied). This is also in consistent with the volumetric
capacitance model previously reported for PEDOT:PSS.?” Therefore, with the
decrease of channel thickness, a lower channel current Ip was observed, as seen from
Figure 5.2. Meanwhile, the reduction of channel volume enhanced the influence of
RNA molecules at the channel/electrolyte interface, resulting in a larger device

response for thinner film OECTs.

5.4.3 Impedance Analysis on RNA Sensing

The immobilization process of RNA on the surface of p(g2T-TT) film could be
further characterized with EIS. Figure 5.4(a) and 5.4(b) shows the effective
capacitance (per unit area) and the phase response of p(g2T-TT) film (processing the
same chemical functionalization as for the OECT sensor) after incubation with
increasing concentration of RNA solutions. The EIS was carried out under a constant
voltage bias of -0.6 V, which was comparable to the situation for transfer
characterization. From the phase response in the impedance spectrum, it was clearly

observed that the p(g2T-TT) film performed more resistive character (0° > ¢ > -45°)
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at high frequency range (10° Hz to 10° Hz), while was dominated by more capacitive
character (-45° > ¢ > -90°) at low frequency range (< 10?> Hz). This could be
explained by the fact that the reversible penetration behavior of anions between the
p(g2T-TT) film and the aqueous electrolyte has a limited rate, which could not
respond fast enough to high frequency voltage driven, in consistent with the typical
AC characterization of PEDOT:PSS based OECT devices.!®? From another point of
view, with the increasing RNA concentration, the peak of phase curves located
between 10° to 10* Hz showed a slightly shift to lower frequency, which is closely
related to the dielectric relaxation process during the characterization, also
demonstrated the influence of surface captured RNA molecules on the ion

penetration process into the p(g2T-TT) film.
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Figure 5.4. (a) Effective areal capacitance and (b) phase from EIS for p(g2T-TT) film
coated on ITO substrate and modified with increasing RNA concentrations; (c)
normalized capacitance response as a function of RNA concentration.
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The change of capacitance to the addition of RNA at low frequency was extracted
and plotted in Figure 5.4(c). A normalized capacitance response up to 30% was
observed when the RNA concentration increased to uM range, which is consistent
with the OECT sensor response. A controlled experiment was carried out for
incubation of non-complementary RNA molecules on p(g2T-TT) film, in which
there was only slight physical absorption and no hybridization process occurred. The
less than 4 9% capacitance change in control experiment demonstrated that the
response was induced only by the capture of RNA molecules at the surface of

p(g2T-TT) film.
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Figure 5.5. Attenuated total reflection (ATR) Fourier transform infrared spectra of
pure p(g2T-TT) film (black) and films with physical absorbed (red) or chemical
bonded (green) RNA molecules.

The FT-IR spectroscopy with ATR module was further introduced to investigate the
surface modification of RNA molecules on p(g2T-TT) film, as illustrated in Figure
5.5. The ATR crystal was directed contacted to the surface of p(g2T-TT) film.
Considering that the penetration depth of the infrared light into the sample is
typically around several micrometers, the surface modifications could be effectively
monitored by this technique. First, the dominant spectral band centered at 1070 to
1101 cm™ was assigned to the C-O-C stretching vibration from the glycolated side

chain on p(g2T-TT). As can be seen from the spectrum, a shift from 1070 cm™ to
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1043 cm™ and broaden of the absorption band was observed for p(g2T-TT) with
chemical bonded RNA, which should be ascribed to the influence of electronegative
nucleic acid functional groups on the polymer. Besides, the peak shift from 947 cm*
to 906 cm™ might be explained by the P-O stretching vibration from the phosphate
group. A new generated peak within 1750 to 1570 cm™ spectral range was related to
the C=C, C=0 stretching vibration of conjugated ketone and C=0, N-H vibration in
the amide structure from the bases of RNA. Other absorption peaks related to the
intrinsic p(g2T-TT) structure were not changed after RNA modification,

demonstrating the stable background control for spectrum analysis.

5.4.4 Oral Cancer Biomarker Sensing
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Figure 5.6. (a) The change of transfer curves of DNA probe modified OECT upon
addition of increasing concentration of oral cancer biomarker IL-8 mRNA; (b)
normalized current response of the device response to complementary RNA
sequence and 4-base mismatched RNA sequence.

To meet the growing demand for rapid and non-invasive disease diagnosis,
molecular analysis of body fluids, such as saliva,'?%1?® sweat!®® or skin interstitial
fluid,’®* has attracted more and more research interests.!% Recent researches have
demonstrated that certain cell-free RNA species could present in saliva sample at the

level sufficient for oral cancer diagnosis.'® Therefore, developing rapid, highly
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sensitive and selective sensors for detecting salivary RNA biomarkers could bring
new insight for early and efficient disease identification through non-invasive
methods.

Here we tried to employ the p(g2T-TT) based OECT sensor platform for detection of
interleukin (IL)-8 mRNA, which has been confirmed to present at a higher level in
saliva sample for patients with oral squamous cell carcinoma.!'®® The amino
functional group modified complementary DNA probe, with the sequence of
5’-NH2-C6-GAG GGT TGT GGA GAA GTT TTT GAA GAG GGC TGA G-3°, was
first immobilized on the channel area of OECT sensor following the same procedure
as previously described. Then the target IL-8 RNA characteristic sequence 5°-C UCA
GCC CUC UUC AAA AAC UUC UCC ACA ACC CUC-3’ and a 4-base
mismatched RNA sequence 5°-C UCA ACC CUC GUC AAA GAC UUC UCC CCA
ACC CUC-3" were measured under the same condition. The transfer response and
the corresponding normalized response to RNA concentration were illustrated in
Figure 5.6. The sensing of target RNA molecule by the functionalized OECT showed
a limit of detection down to 1 pM, and the normalized current response was higher
than 30 % when the RNA concentration raised up to uM level. Meanwhile, the
4-base mismatched RNA molecules lead to a device response below 5 %,

demonstrating the high selectivity and specificity of the label-free OECT sensors.

5.5 Size Effect on Polymer/Ion Interaction

5.5.1 Effect on Operation of OECTs

To further investigate the effect of ionic doping for the p(g2T-TT) film and the
OECT performance, three monovalent anions with the same counterion (sodium

cation) and different hydration volume, chloridion, glycolate and polystyrene
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sulfonate were chosen as the electrolyte in aqueous environment. The radius of these
monovalent anions was estimated by the molecular weight and a simple spherical

model,

M 4
Vanion = = =—nr3
Na'Psolution 3

(5.2)

where Vanion 1s the volume of the anion, My is the molecular weight, Na is the
Avogadro constant, psowtion 1S the density of the electrolyte solution, and r is the

radius of the anion. Then the radius could be derived as,

3 3My,

p=t M (5.3)

41N A Psolution

The molar mass and calculated radius of these anions were plotted in Figure 5.7(a),
which indicates a monotonic increase relationship. The estimated radius was fitted
quite well in the range reference value from literature,'’>!”* which could be taken for

further comparison and analysis.
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Figure 5.7. (a) The calculated radius of three monovalent anions versus the
corresponding molar mass; (b) transfer characteristics of OECT with different
electrolyte anions at the same concentrations of 1 M (with the same sodium
counterion).

The p(g2T-TT) based OECT was then operated with these anions as electrolyte (at a
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fixed concentration of 1 M) instead of PBS solution. The corresponding transfer
curves were illustrated in Figure 5.7(b). It could be clearly observed that with the
increasing of the anion radius, the maximum drain current significantly reduced to
lower than one half of the original current as measured in chloridion. Besides, the
hysteresis loop was clearly enlarged, especially when the device was characterized in
polystyrene sulfonate electrolyte environment, indicating that anions with larger
volume were more difficult to penetrate into the interspaces of p(g2T-TT) film under
negative Vg biased, and to drift back into the aqueous solution when Vg turned into
positive. According to equation 5.1, such remarkable drop in Ip should be correlated
to the change in volumetric capacitance of the p(g2T-TT) film. Therefore, the EIS
characterization was further carried out for investigation of the effect of different

anions.

5.5.2 Impedance Analysis
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Figure 5.8. (a) Effective capacitance, (b) phase and (c) Nyquist plot from EIS for
p(g2T-TT) film characterized in different electrolytes. (d) Comparison of the

effective capacitance of p(g2T-TT) film and ITO electrode at varying bias voltage
Vbias 1n different electrolytes.

The effective areal capacitance and the phase angle versus frequency were plotted in
Figure 5.8(a) and 5.8(b). Generally, the impedance behavior of p(g2T-TT) film under
different ionic solutions were similar compared to the spectrum collected in PBS
solution previously. A decrease in the effective capacitance at low frequency range (1
Hz) was observed when polystyrene sulfonate was taken as the anion for doping of
p(g2T-TT) backbone instead of chloridion, which is again in consistent with the
downward percentage of the maximum drain current from transfer characterizations.
The Nyquist plot, as shown in Figure 5.8(c), presented another way to compare the
difference of these anion electrolytes. The Nyquist plot obtained in polystyrene
sulfonate solution, are further away from the imaginary impedance axis, compared to
the one obtained from chloridion solution, which suggests that the negative charged
polystyrene sulfonate chains, are more likely to be hindered from injecting into the
p(g2T-TT) film."®” Furthermore, the effective capacitance for p(g2T-TT) film
(coated on ITO substrate) and pure ITO electrode, immersed in these three kinds of
electrolyte solutions, were characterized and extracted under different voltage bias
(-0.6 V to 0.8 V), as illustrated in Figure 5.8(d). The sign of bias voltage here is
defined by the three-electrode-system in the EIS (applied from the working
electrode), which is opposite to the sign of the Vg applied during the operation of
OECT. Therefore, when the bias increased in the positive direction, which means
that more anions are attracted to the p(g2T-TT) film (or ITO), the capacitance of
p(g2T-TT) came through an increase to almost two orders of magnitude, due to the
electrochemical doping process. However, for ITO electrode, there was no upward
trend when the bias voltage increased, which should be ascribed to the formation of

double layer capacitance for such kind of impenetrable planar metal surface. The
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effective capacitance of ITO at the negative biased range overlaps with those for the
p(g2T-TT) film, indicating that when there is no electrochemical doping occurred,

(anions are driven towards the counter electrode) the p(g2T-TT) film also performs

like a double layer capacitor.

5.6 Summary

As a short conclusion, p-type accumulation mode OECT with p(g2T-TT) as active
layer has demonstrated remarkable sensing capability for label free detection of RNA
biomarkers in physiological environment with a limit of detection down to pM level.
The OECT biosensor was fabricated on flexible substrates, with stable performance
under different bending status, which is promising for wearable healthcare
applications. The sensing mechanism is based on the capacitance change of
p(g2T-TT) film modulated by the interaction with the RNA biomarkers hybridized at
the surface of the channel film. The effect of anion volume in the aqueous
electrolytes was systematically investigated on p(g2T-TT) film and OECT devices,
throwing light on further understanding of volumetric capacitance and

doping/dedoping process of p(g2T-TT) film with different negative charged species.
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Chapter 6  Conclusions and Perspectives

6.1 Conclusions

In this thesis, the OECT platform was systematically investigated from several
aspects, such as device fabrication, operating mechanism and sensing applications.
The strategies for functionalization of OECTs for chemical and biological sensing
applications were overviewed, including channel material, electrolyte and gate
modification, which indicates the promising future for integrating OECT platform

into healthcare and wearable applications.

First, a novel, convenient and universal technique for miniaturization of OECT was
developed through multilayer photolithography process. By miniaturizing the
channel length and width of OECTs to micrometre range, the response time of device
could be shorted to 107 s, opening up the possibility to introduce AC measurements
into electrochemical sensing applications. The ion strength sensing, dopamine
sensing (with detection limit down to 1 nM) and cell activity monitoring were
successfully demonstrated with PEDOT: PSS based OECTs, illustrating a promising

analytical method for further bioelectronic applications.

Several high mobility p-type conjugated polymers (with thiadiazole or diketo
pyrrolo-pyrrole backbone repeating units) were utilized as the active layer of OECT
and characterized to screen the suitability of these polymers for OECT operation in
aqueous electrolytes. Then for the selected polymer which demonstrated superior
electrical performance, further process optimization, impedance characterization and
ionic response were carried out for comprehensive understanding of the

doping/dedoping process and ionic penetration behavior in the conjugated polymer
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film. The analysis of structure-property relationship would further shed light on

design strategies of semiconducting materials for high performance OECTs

employed in bioelectronic applications.

Another p-type semiconducting polymer p(g2T-TT), with the glycolated side chain
grafted on thiophene backbone, was integrated in OECT device and the electrical
performance was thoroughly characterized. Based on its distinct characteristics in
high transconductance and fast switching speed for OECT working in accumulation
mode, p(g2T-TT) based OECT was utilized for label-free, high sensitive RNA
sensing application. Single strand mRNA with a concentration down to 1072 M
could be detected by the OECT previously immobilized with complementary single
strand DNA probe on the channel area. The capacitance modulated sensing

mechanism and polymer/electrolyte interaction was discussed in detail.

6.2 Perspectives

As discussed in this thesis, the fabrication process, operating mechanism,
semiconducting materials and device functionalization all played important roles in
the performance of OECT and its application as chemical and biological sensors.
Although several models have been proposed to elaborate the device physics of
OECTs, the ionic/electronic interaction inside the polymer backbone still needs
further investigation for better understanding of the device operation. Several

8 and charge

advanced techniques, such as electrochemical strain microscopy'®
accumulation spectroscopy'®’, have been employed for characterization of local ionic
transport at the organic semiconductor-liquid interface or inside the polymer film.

However, the behavior of ion injection and its relationship with generated electronic

charges (electrochemical doping/dedoping process) on a micro level is still not yet
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clearly clarified, due to lack to suitable analytical methods. Therefore, this would be
an opportunity for physicists and instrumentation engineers to collaborate on
exploring the possibilities to employ more suitable instruments for in-situ analysis,
which would better benefit the understanding of operating mechanism and device

design of OECTs.

Design and synthesis of new p-type and n-type semiconductors, both polymers and
small molecules, is another promising direction for development of high
performance OECTs with specific functions. As emphasized in this thesis, the
structure-property relationship reveals the critical guideline which needs to be
comprehensively investigated to synthesize materials which could present stable and
superior performance during operation in aqueous electrolytes. The synthetic
freedom, the key feature for organic devices, could be well utilized for design and

fabrication of OECT with specific applications.

Taking the advantage of efficient control of channel electrical state in OECT by ion
motions, different categories of neuromorphic and memory devices can further be
developed. The structure and function of certain nervous system could be mimicked
by specific design and operation of OECT devices. The investigation in simulation of
short-term and long-term memory would better contribute to the development of

neuromorphic computation and memory industry.

Through improvements in fabrication processes and techniques, high-throughput,
low-cost, flexible OECT sensors could be available for integration into large area
display applications and other consumer markets. The unique features, such as
superior stability for operation in aqueous electrolyte, high transconductance for
signal amplification, and convenient functionalization with biomolecules, are

promising to be integrated into smart and wearable electronic devices for healthcare
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or diagnosis applications.

With the rapid development of fabrication techniques and functionalization strategies,
OECTs have been successfully exploited in tremendous cutting-edge applications. It
is no doubt that continuous progress would be reached in this emerging
interdisciplinary field. From a greater point of view, both efforts in fundamental
mechanism investigation and explorations in applications, would efficiently expedite
the maturity of this technology and its commercialization in the not-too-distant

future.
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