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Chapter 1

State-of-the-Art in Bioelectronics

This chapter provides a general background in the eld of bioelectronics. It shall serve
as a basis for the remaining chapters that are comprised of more condensed journal
articles. In a rst part, the fundamentals of conducting polymers are explained and
their impact on the eld of bioelectronics is demonstrated. In particular, the conduct-
ing polymer poly(3,4-ethylenedioxythiophene) doped with polystyrene sulfonate (PE-
DOT:PSS) is introduced as it shall be the focus material of the present manuscript. In
a second part, the organic electrochemical transistor is presented and the fundamental
operation principle as well as the speci c transistor characteristics for PEDOT:PSS
are explained in detail. This is followed by a short introduction to two di erent litho-
graphic fabrication approaches. The third part deals with the core topic of the present
manuscript, i.e. sensor circuits based on the organic electrochemical transistor. In par-
ticular, the so calledvoltage ampli er circuit and the Wheatstone bridgecircuit are
introduced and their working principles are explained. The chapter nishes with a
demonstration of a particular sensor circuit, sensitive to pressure changes in uidic
channels.

1.1 Conducting Polymers and Their Applications

Since the discovery and development of conducting polymers in 1977 by H. Shirakawa,
A. Heeger and A. MacDiarmid [Chiang, 1977], for which they received the Nobel prize
in chemistry in the year 2000, the eld of organic electronics has been steadily growing
with an expected market value of more thar$ 75 billion by 2020, according to market
research companies [Chavan, 2014; Singh, 2014]. In comparison, the global semicon-
ductor industry reached a value ofs 335billion in 2015, but the silicon based transistor
technology has more than 20 years of advance [Tanenbaum, 1956; Riordan, 2004]. A
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Figure 1.1. Publications per year for selected topics in the eld of organic electronics. The
data has been acquired with Google Scholar's search engine using the search keys indicated
on the right. Patents and citations have been excluded.

literature search for the term organic electronics yields about35 000 publications
until now, of which more than 75 % have been published since 2010. This indicates an
increased attention to the eld that can be explained by steady improvement of the
material stability, as well as maturation of key technologies already entering the mar-
ket, such as exible displays, organic solar cells and sensors [Jin Jang, 2002; Wiel, 2014;
Mori, 2013]. In Figure 1.1 are shown the scienti ¢ publications per year over the last
20 years for these key technologies. It can be seen that the scienti ¢ output is steadily
increasing with the most advanced eld of organic light emitting diodes (OLED) reach-
ing a value of over 1000 publications per year. Most interestingly, a saturation can be
noted starting from the year 2005 for almost all elds expect for bioelectronics, where
the eld is still blooming and gaining increased momentum over the last few years.

Bioelectronics, dating back to the early days of Galvani's experiments on frog limbs
[Galvani, 1791; Piccolino, 1997], is the study of biology by electronic means, through
both sensing, in order to understand and interpret biological signals and pathways,
as well as actuation, to actively control biological activity. Galvani demonstrated,
that muscle tissue is responding to electrical signals, by connecting an electrode to
the exposed crural nerves of a prepared frog leg and hanging this electrode out on his
balcony on a stormy day. The atmospheric electric elds, generated by lightning, were
su cient to stimulate muscle contraction in the frog's leg. In a later experiment, that

is considered to be the birth of electrophysiology, Galvani could demonstrate that such
muscle contraction could even be achieved by directly connecting a section of the sciatic
nerve of one frog leg to the healthy nerve of another frog leg, without the need of any
external voltage source [Galvani, 1797]. Due to political reasons, however, this work on
the so calledanimal electricity has not received the attention it deserved and it took
about three decades until other scientists picked up Galvani's work [Matteucci, 1838].

Today we have advanced bioelectronic stimulation devices that rely on the work of
these pioneers. One popular example would be the arti cial cardiac pacemaker (see
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Figure 1.2a), an implant that can be as small a8:8 cn?® [Ritter, 2015] (see Figure 1.2b),
which allows for regulation of the heartbeat by stimulating the heart's muscle with de-
ned electrical pulses. Another bioelectronic application, that can be found in every
hospital, is the use of electrodes to record the electrical activity of the heart, electro-
cardiogram (ECG), or the brain, electroencephalogram (EEG). Here, the cutaneous
contact of metal electrodes with the skin is su cient to record a local eld potential of
the order of a fewmV, generated by a large population of nerve or muscle cells. With
this method, abnormalities in the corresponding organ can be detected to allow for an
e cient diagnosis of the underlying condition. Recently, a trend towards monitoring of
tness parameters in sports activity has introduced such technologies to non-medical
applications, and beat rate monitors can be purchased in any sports shop (see Fig-
ure 1.2d). But not only electrical activity is of interest in the eld of bioelectronics,
also metabolite levels [Wang, 2011], antibodies [Tan, 1989], DNA detection [Shin, 2013]
can lead to improved health care monitoring and appropriate sensor devices have been
developed over the past few decades.

However, most bioelectronic devices to date are based on rigid materials. The advan-
tages of mechanical robustness, device stability and advanced signal processing with
integrated circuit technology are often outweighed by the poor implementation of such
devices within the biological environment. For example, deep brain stimulation elec-
trodes currently used as FDA approved treatment for essential tremor in Parkinson's
disease or for obsessive-compulsive disorder [Kringelbach, 2007] are comprised of metal-
lic wires embedded in semi exible polyurethane insulation (see Figure 1.2¢), that upon
implantation can cause injuries, in ammation and tissue scaring around the implanta-
tion site [Polikov, 2005; McConnell, 2009].

This is where a signi cant progress can be achieved by implementing conducting poly-
mers into such devices. Due to the chemical tunability of their mechanical, optical
and electrical properties [Patil, 1988; McCullough, 1993], such materials can have an
immediate impact on the coupling of electronic devices to biological environments [Riv-
nay, 2014]. For instance, it has been found that platinum-iridium microelectrodes show
superior performance foin vivo deep brain stimulation applications with a charge in-
jection limit 15 times higher when coated with a popular conducting polymer, poly(3,4-
ethylenedioxythiophene) or PEDOT [Venkatraman, 2011]. In the same year, the re-
search group of Prof. David Martin has successfully demonstrated amvivo polymeri-
sation of PEDOT inside the brain (see Figure 1.2f) [Ouyang, 2011], eliminating the
need for electrode implantation with possible glial scar encapsulation. The exible na-
ture of thin Im processed conducting polymer devices have led to ultra-conformable
sensor arrays for electrocorticography (ECoG) recordings, where the sensor array is
placed on the surface of the brain [Khodagholy, 2013a]. The conducting polymer de-
vices have outperformed standard iridium penetrating electrodes, demonstrating their
enhanced signal recording capabilities with less invasive approaches. Most recently, a
device capable of both chemical stimulation and electrical sensing at the same site has
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(@) (b)
(©) (d)
(e) (f)

Figure 1.2: Advances in bioelectronic devices. (a) Traditional arti cial cardiac pacemaker
from Medtronic Inc. The generator is placed under the skin in the chest region and the leads
are implanted through the subclavian vein into the heart. (b) Micra Transcatheter Pacing
system from Medtronic Inc. This miniaturized device is implanted directly into the right
ventricle of the heart muscle without the need for leads, substantially lowering the risk for
dislodgement, breakage, venous occlusion, and infection. Images taken from [Ritter, 2015].
(c) First commercially available electrocardiograph developed by Willem Einthoven and man-
ufactured by the Cambridge Scienti ¢ Instrument Company of London in 1911. Image taken
from [Zywietz, 2003]. (d) Various modern ECG recording systems. Cardioleaf FIT Shirt
from Clearbridge VitalSigns (left), Kardia Band for the Apple Watch from AliveCor (middle)
and a simple electrode for longterm ECG recordings comprised of a conducting polymer on
textile (right, image taken from [Takamatsu, 2015]). () Commercially available deep brain
stimulation electrode lead from Medtronic Inc. The four electrodes of aboutl:5 mm size are
implanted in the brain to allow for neural stimulation through electric pulses. (f) Conducting
polymer electrode locally polymerized in a living rat cortex. In the optical micrograph, a de-
ned cloud of PEDOT:PSS can be seen (black) and no in ammation or scaring reaction can
be observed around the material. Such arn vivo deployment of highly conductive electrodes
could be the next step towards more biocompatible deep brain stimulation devices. Images
taken from [Ouyang, 2011].

been demonstrated by Jonsson et al., again using a conducting polymer as essential
part of the device [Jonsson, 2016]. Using a rat brain slice, they were able to locally
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deliver an inhibitory neurotransmitter, -aminobutyric acid (GABA), via an organic
electronic ionpump and observe the correlating decrease in induced epileptiform activ-
ity with an organic electrode. Such devices, when designed in an implantable form,
could be very useful for feedback loop controlled local drug delivery, bypassing the
blood-brain barrier that is the main limiting factor for drug e ciency in neurodegener-
ative diseases such as Alzheimer's, Parkinson's or Huntington's disease, to name only
a few [Pardridge, 2005].

However, there are reasons, why such futuristic devices have not been successfully
commercialized yet. One key issue with conducting polymers is the long-term stability
of the material. For example, mostin vivo animal experiments are done in an acute
setup, meaning the device will be implanted and immediately measured to show the
desired functionality. At most, long-term experiments are conducted over a period of
several days or weeks [Ludwig, 2006]. But, in order to compete with existing inorganic
technologies, implantable devices would have to last inside the body and function
properly for several years [SaremAslani, 2011]. For example, Cui et al. showed that
PEDOT coatings of platinum electrodes delaminate after only eight days [Cui, 2007].
Similar ndings have been reported by Venkatraman et al. and an improved stability
could be achieved for PEDOT coatings of platinum iridium electrodes [Venkatraman,
2011]. This means, that mechanical stability of the conducting polymer is substrate
dependant and needs to be explored in more detail [Green, 2012]. Another limiting
factor for long-term stability is bio Im formation at the sensor site, leading to an
encapsulation of the device reducing its e ectiveness towards the targeted tissue. For
active devices, such as the electrolyte gated organic electrochemical transistor (see
Section 1.2), electrochemical stability is a parameter that still needs to be improved,
as the current output of the device is not stable and temperature drift, electrolyte
evaporation or particular oxidizable compounds present in the electrolyte can lead to
a signi cant drift of the signal. To this end, the scienti c community has advertised
organic electronics as a disposable, one-time use technology, focussing on short-term
biosensing applications.

Nonetheless, a stable improvement of the device stability and capability can be
observed over the years. For example, the addition of a chemical cross-linker, 3-
glycidoxypropyltrimethoxysilane (GOPS), to a PEDOT solution leads to an increased
mechanical stability for thin- Im applications with less delamination problems occur-
ring [Zhang, 2015]. Also, the implementation of such devices into more sophisticated
di erential sensor circuit layouts can reduce device failure and enhance signal quality
[Svensson, 2008]. Many questions remain unsolved in the eld of organic bioelectronics,
which makes it very interesting to dig deeper into the matter and try to understand
the complex interplay between the electronic devices and the biological environment.
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() (b)

Figure 1.3: (a) Schematic depiction of di erent bond types for s and p orbitals. (b) Molecular

orbital diagram of dicarbon. The 2p bonding MO is lled with one electron even though the

corresponding energy level lies above th@p bonding MO. The energy gain due to electron
delocalisation favours this con guration as it is bigger than the energy di erence of the two
molecular orbitals.

1.1.1 Charge Transport in Conducting Polymers

Organic chemistry, as one of the two main branches of chemistry, deals with a vast
variety of chemical compounds, all of which are based on carbon atoms. Carbon is
the basic building block of our organic life and its chemical and physical properties
are essential for our existence. The atomic number of carbon is 6 and its ground state
electron con guration is 1s?2s?2p?>. When two carbon atoms are brought into close
vicinity the valence electrons will start to interact and form a chemical bond. The
resulting molecule, dicarbon, can be described by the method lofear combination of
atomic orbitals (LCAO).

The LCAO method uses the superposition principle to obtain the molecular orbital
(MO) from the quantum mechanically derived atomic orbitals (see Figure 1.3). For
instance, the two sphericak orbitals will form two molecular orbitals which maintain
the rotational symmetry with respect to the internuclear axis. They are denoted
MO. For the directional dumbbell-shaped?p orbitals one can distinguish between two
types of bonds. The rst one, thep molecular orbital again keeps the rotational
symmetry with respect to the internuclear axis and occurs when the twp atomic
orbitals are aligned. The second type, the so callggd molecular orbital breaks the
rotational symmetry and forms when the2p atomic orbitals are parallel to each other.
Generally, the bonds are stronger than bonds, as there is an overlap of the atomic
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Figure 1.4: (a) Structural formulas of some common organic semiconductors. (b) Geometric
shape ofsp, sp? and sp® hybrid orbitals.

orbitals involved in the bond. The corresponding energy diagram of the molecular
orbital of a dicarbon molecule is shown in Figure 1.3b. One can see that the molecular
orbitals split up into a bonding, i.e. an energetically lower, and an anti bonding, i.e. an
energetically higher level with respect to the original atomic orbitals. The anti bonding
MOs are asterisked. The energy levels are then lled with the valence electrons of the
single atoms, where thehighest occupied molecular orbita(HOMO) and the lowest
unoccupied molecular orbitalLUMO) are of special interest. In the case of dicarbon,
the HOMO is, contrary to what one would expect from Hund's rules, th€p bonding
MO, that lies energetically slightly higher than the2p bonding MO. This can be
explained with the fact that the energy that is required to pair electrons is higher than
the actual di erence of the energy levels of the two MOs, due to the repulsive nature
of the electrostatic force between the two electrons.

However, the organic materials that are interesting for electronic applications consist of
far more than just two carbon atoms. Some of the most common conducting polymers
are shown in Figure 1.4a. In such materials carbon will most likely be found in a
hybridised state, which means that one of th@s electrons is promoted to the remaining
free 2p orbital and new hybrid orbitals are formed to obtain a con guration with
four unpaired valence electrons. This way, the octet rule, that is essential for stable
molecules, can be satis ed more easily. Depending on the speci ¢ binding site in a
molecule, the carbon atoms can be found in three di erent hybridised statesp, sp?
and sp® (see Figure 1.4b). Insp hybridised atoms the2s and one of the2p orbitals will
form two orbitals that are aligned on one axis, whereas the remaining tw&p orbitals
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are oriented orthogonal to this axis. In a molecule, this leads to the formation of a
triple bond with one  bond and two bonds on the one side and a single bond
on the other side of the atom. In contrast,sp? hybridised atoms will form planar
structures, as the three hybrid orbitals are aligned in a plane with an angle @20 and
the remaining 2p orbital is oriented perpendicular to this plane. In such structures,
one will nd alternating single and double bonds, where the single bond is of type
and the double bond consists of one and one bond. Finally, the sp® hybridised
atoms show a tetrahedral structure and they can only form single bonds with their
surrounding neighbours.

For the eld of organic semiconductors, the most important case is actually thep?
hybridisation. As one can see in Figure 1.4a, the structures all consist of alternating
single and double bonds. On the one hand, the basic structure is formed by rigid
and stable bonds between thesp? hybrid orbitals, holding the atoms at a xed
position. On the other hand, the2p orbitals allow for a delocalisation of the remaining
electrons across the whole structure. Such a system is callecc@njugated system
One of the most exciting representatives of this group igraphene an in nitely long
hexagonal grid ofsp? hybridised carbon atoms. The outstanding physical properties of
graphene, in which charge carriers can travel practically undisturbed with a mobility of
up to 15000cmV s ! at charge carrier densities of the order df0*3cm 2 [Novoselov,
2005] have led to one of the quickest attributions of the Nobel prize to A. Geim and
K. Novoselov, for groundbreaking experiments regarding the two-dimensional material
graphene inthe year 2010. As animmediate response, rst applications of this material
to the eld of bioelectronics have been introduced quickly after [Hess, 2011; Park, 2012;
Hess, 2013], showing its great potential for biosensing devices.

Going back to traditional organic semiconductors, one can distinguish between
two types, namely semiconducting small moleculesuch as for example pentacene or
rubrene, and polymeric organic semiconductorslike poly(3-hexylthiophene-2,5-dyil)
(P3HT) or poly(3,4-ethylenedioxythiophene) (PEDOT). Due to a poor solubility, semi-
conducting small molecules generally have to be processed via thermal sublimation
techniques or organic vapour phase deposition, in order to obtain functional devices.
These rather harsh processing techniques require high temperatures which makes such
materials unsuitable for e.g. applications based on exible substrates. However, semi-
conducting small molecules are still the best performing organic semiconductors to
date. They exhibit a high crystallinity, which in turn results in high carrier mobilities

of the order of6¢cn?V !s 1 in the case of pentacene for example [Tan, 2009]. How-
ever, the great advantage of organic semiconductors over their inorganic counterparts,
such as silicon with easily achievable electron mobilities A600cm?V s 1, is their
applicability to new elds, such as exible devices [Werkmeister, 2013; Khodagholy,
2013b]. Therefore, conducting polymers have gained much interest in the past few
decades. Conducting polymers stand out due to a rather easy processability. Their
high solubility enable low temperature processing techniques, such as spin coating
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Figure 1.5: Development of the band structure of polythiophene from energy levels of
monomer through hexamer of thiophene. The number of energy levels doubles with each
additional thiophene-ring until they form continuous bands. The bandgap of polythiophene
is 2eV. This gure is copied from [Salzner, 1998].

[Janssen, 2007], spray deposition [Abdellah, 2010], embossing [Kafka, 2010], inkjet
printing [Sirringhaus, 2000] and roll-to-roll processing [Krebs, 2009]. This potential
for large scale manufacturing has led researchers to optimize the properties of such
materials and mobilities of up to 1:7cn?V 's ! could be achieved in a transistor
device based on polythiophenes [Wei, 2013].

Polythiophenes are comprised of a long polymer chain with a su ciently large number
of aromatic pentagon rings. Experiments have shown a band gap of abadzeV in
such materials [Bundgaard, 2007]. The semiconducting properties arise again from the
conjugated electron system. If one looks at monomer thiophene, i.e. a single pentagon
ring, one would detect ve energy levels for the ve electrons. For dimer thiophene,
the number of energy levels has doubled. Similar to the description of dicarbon (see
Figure 1.3) the energy levels split into a level above and a level below the original one
of monomer thiophene. With increasing number of aromatic rings, the discrete energy
levels develop into a continuous band like spectrum. This can be seen in Figure 1.5,
where the evolution of the energy spectrum is shown with respect to the number of
aromatic rings in polythiophene. Naively, one would expect a metallic behaviour for
an in nitely long polymer, as there are as many electrons as atomic sites leading to
half lled bands. For example, in a simple one dimensional chain with equal distances
a between the atomic sites and one electron per atomic site, the dispersion relation
reveals band gaps in the reciprocal space ata due to the periodicity of the system.
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The Fermi level in this system lies in the middle of the band and a perfect metallic
conductor is to be expected. However, a simple thought experiment of Peierls shows
that, if every other atom in the chain is displaced by a small distance, the e ective
periodicity would double to 2a and the band gaps in reciprocal space appear aba.
Hence, a new band gap occurs around the Fermi level and the system is now an insulator
or semiconductor, depending on the size of the band gap. This is called the Peierls
distortion [Waser, 2012, p. 141]. Exactly the same happens in the polymeric chains.
Due to the alternation of single and double bonds in the conjugated system, which can
be seen as a quasi one dimensional system, the distance between the atoms is not equal
throughout the molecule. Thus the e ective periodicity is larger and more gaps appear
in the energy spectrum. The HOMO-LUMO gap in most polymers is typically only a
few eV, which makes them perfect for semiconducting applications.

Unfortunately, this is as far as one can go with the analogies between organic and inor-
ganic semiconductors. In contrast to inorganic semiconductors, with their almost per-
fect crystallinity over the whole structure, organic semiconductors are made of nitely
long one dimensional chains. Due to weak van-der-Waals interaction, the molecules
align more or less ordered, to form a Im. This, inevitably, leads to the introduction

of traps and defects at the intermolecular boundaries. The charge carrier transport
can be described by two processes, the intramolecular crystal-like transport, which is
generally very fast [Northrup, 2007], versus the intermolecular transport, governed by
quantum tunnelling and thermally assisted hopping processes. The second transport
mechanism is, in fact, the limiting factor in such materials and leads to considerably
lower mobilities. The charge carriers need to e ciently overcome the energetic bar-
riers that are generated at the boundaries of two adjacent molecules. This leads to
a totally di erent behaviour of the mobility with temperature compared to inorganic
semiconductors [Bassler, 1993]. In inorganic semiconductors, a higher temperature
leads to more vibrational modes in the crystal and hence more potential scatterers for
the charge carriers. As a result, the mobility decreases with increasing temperature. In
organic semiconductors, on the other hand, the charge carriers need a certain amount of
energy to overcome the transboundary barriers. This is favoured by the thermal energy
at higher temperatures. Thus, the mobility increases with increasing temperature. As
such a hopping transport mechanism is strongly in uenced by the microscopic structure
of the speci ¢ material at hand, i.e. the orientation of the molecules, the intermolecular
spacing, as well as the defects and trap states, a complete model to describe the general
behaviour of organic semiconductors is still missing. Instead, several di erent models
have been developed, all of which aim to account for the low mobilities [Coropceanu,
2007].

The rst category of transport theories are thepolaron models, in which the coupling of

charge carriers to the lattice vibrational degrees of freedom is considered to be the main
contribution. This combination of electrons, respectively holes and phonons gives rise
to quasiparticles called polarons, which act as charge carriers in the molecular system.
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The hopping rate of these polarons then determines the mobility. Silinsh et al. have

successfully implemented a polaron e ective mass approach [Silinsh, 1995] in which
they used quantum chemical calculations to evaluate the polaron formation energies
and charge transfer (i.e. hopping) integrals. A more direct approach is based on the
rst principle one dimensional Holstein molecular model [Holstein, 1959] which starts

from the basic Hamiltonian of the system. In a classical case, where the phonon energy
is much less than the thermal energy, the mobility is of the form
ed #% Ep0|

/ .
keT~ 2EpokaT 0 2kgT

wherea is the spacing between adjacent sites arffl,, is the polaron binding energy.
This represents the experimentally observed behaviour of increasing mobility with in-
creasing temperature. However, such models neglect the presence of chemical and
physical defects.

(1.1)

Speci c disorder models have been developed to account for defects and trap states
in particular. They all phenomenologically introduce localized energy states in the
delocalized bands to account for trapping of charge carriers. H. Béassler considered a
Gaussian distribution of localized states and Miller-Abrahams type hopping rates for
a Monte Carlo simulation [Bassler, 1993]. He found a temperature dependence of the
mobility of the form

| exp (1.2)

e
where is the Gaussian width of the distribution of localized states. Additionally he
could account for a eld dependence that obeys a Poole-Frenkel behaviour [Hill, 1971]

| exp — ; (1.3)

whereE is the electrical eld and Ej is a characteristic parameter. This Poole-Frenkel
behaviour is generally observed in experiments for elds lower thad 1FVcm ?
[Bolognesi, 2002]. However, the model of Bassler could only validate this behaviour for
elds above 10/Vcem to 1°Vem L.

For highly ordered organic semiconductors, such as small molecules like pentacene,
the multiple trapping and releasanodel has been successfully applied by G. Horowitz
[Horowitz, 1998]. Initially developed for hydrogenated amorphous silicon [Le Comber,
1970], this model assumes a high concentration of localized trap levels in a narrow
delocalized band. Charge carriers in the vicinity of such traps are instantaneously
captured upon their arrival. This leads to a situation where almost all charge carriers
are trapped. They are only released by thermal activation. The resulting mobility is
then of the form

I exp k?l’ ; (1.4)
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where is the ratio of the e ective density of states at the delocalized band edge to
the concentration of traps andE; is the di erence between trap level and delocalized
band edge. With this model, Horowitz could explain the transport behaviour of eld

e ect transistors based on sexithiophene by assuming an exponential distribution of
trap states. A continuation of this model is given by the so callechobility edgemodel
[Salleo, 2004], where one de nes an energy which separates delocalized states from
localized states. By thermal activation, charge carriers trapped in a localized state can
access a delocalized state and become temporarily mobile. This combines the hopping
process with the intermolecular drift process.

For polymeric semiconductors, such as P3HT or PEDOT, a hole transport model has
been developed that correlates the mobility to the charge carrier density

. P o=t
o (To=r)*sin( T=r,) ° oo 1

e 2 )®B.

; (1.5)

where g is a prefactor for the conductivity, ? is the e ective overlap parameter be-
tween localized states], re ects the width of the exponential density of states andB. is

a critical number for the onset of percolation. This so calledopping percolation model
depends again on a Gaussian distribution of localized states and could accurately de-
scribe the di erence between experimentally derived mobilities of eld e ect transistors
and light-emitting diodes [Tanase, 2003] and has recently been applied to PEDOT:PSS
based organic electrochemical transistors to improve the transconductance b0 %
[Friedlein, 2015].

All of these models aim to explain the behaviour of the mobility in organic semiconduc-
tors, that is so di erent compared to mono crystalline materials. The lack of periodicity,
the complex microstructure, the interaction between charge carriers and molecules
all of these are factors that make it di cult to accurately describe such systems. Of
course, this is only a small excerpt and there are many more transport theories that are
more or less sophisticated. This is just to show that the charge transport mechanism
in organic semiconductors is to date still open for debate.

1.1.2 PEDOT:PSS

PEDOT:PSS, short for poly(3,4-ethylenedioxythiophene) doped with polystyrene sul-
fonate, is one of the most commonly used organic semiconductors in the scienti c
community due to its outstanding properties. An optical absorbance in the visible
spectrum with a peak absorption at around550 nmmakes the polymer appear bluish.
When deposited su ciently thin, the material is transparent and the opacity can be
tuned electricochemically via oxidation or reduction. Organic electrochromic windows
are based on this operation principle [Heuer, 2002; Andersson, 2007] and could be used
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(a) (b)
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Figure 1.6: (a) Schematic illustration of charge carrier injection in organic semiconductors.
The metal work function y lies su eciently close to the HOMO band edgeEnomo Ssuch
that holes can easily be injected into the HOMO but electrons cannot overcome the energetic
barrier g to the LUMO. (b) Doping mechanism in PEDOT:PSS. The negative sulfonate
group of the PSS chain induces a chemical change in the bond structure of the PEDOT
molecule, which in turn leads to a mobile positive charge carrier along the backbone of the
polymer.

as self-darkening rear-view mirrors in automobiles. The electrical conductivity of PE-
DOT:PSS can be boosted up t4400 S cm?, rendering it very attractive as electrode in

organic solar cells [Kim, 2011]. With an intrinscally high work function, PEDOT:PSS
is used as an e cient hole injection layer in organic light emitting diodes [Kok, 2004].

All of these capabilities combined in one material has led to some outstanding all-
organic sensor systems. For example, Berggren et al. demonstrated a full system printed
on a regular paper sheet, incorporating a push-button input device with three buttons
that upon pressing would lead to correct output on an adjacent display on the sheet
based on transistor logic powered by built-in batteries. All of these components are
comprised of PEDOT:PSS and such a system could be useful as authentication sticker
or packaging security sensor [Berggren, 2007a].

As already stated, PEDOT:PSS is a hole conducting conjugated polymer. In principle,
organic semiconductors can intrinsically conduct both holes and electrons due to the
delocalized orbitals. However, the Fermi level of such systems is set by the work func-
tion \ of the metal that is used to electrically contact the polymer (see Figure 1.6a).
And it is a caprice of nature that the metals traditionally used for such applications
(for example gold) have a work function that is energetically close to the HOMO level
of most organic semiconductors, therefore allowing facile injection of positive charge
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carriers [Coropceanu, 2007]. This makes that practically all conducting polymers are
used as p-type semiconductors. However, e ort is expended to improve materials that
allow for e ective electron conduction to render them useful for p-n junctions or com-

plementary circuits for high-performance or ultralow-power applications [Sakamoto,

2004; Klauk, 2007].

But for the purpose of the present dissertation, PEDOT:PSS as a p-type organic semi-
conductor is su cient. In close analogy to the inorganic counterpart silicon, where
impurities with an extra vacancy, such as boron or aluminium, are introduced into the
perfect crystal structure to bind one free electron from the surrounding silicon atoms
and therefore generating a positive charge carrier, the PSS chain with negatively
charged sulfonate groups introduces lattice distortions along the PEDOT backbone
that upon oxidation lead to the formation of a positive polaron (see Figure 1.6b). This
polaron, as an e ective positive charge carrier can thus contribute to the overall charge
transport. In general, the content of the dopant is of the order of 1:2 to 1:3 (PEDOT to
PSS) which leads to a highly oxidized and degenerately doped material [Rivhay, 2016].
The lattice distortions lead to additional energy splitting according to Peierl's theorem
and at such elevated doping levels new energy bands appear inside the band gap of
the polymer due to the overlap of several polaron states. These additionally available
small energy gaps lead to an increased absorption of light in the visible or near infrared
range and therefore the polymer appears darker when doped.

Additionally, the high PSS content stabilizes the material in an aqueous environment
and leads to the formation of colloidal gel particles with PEDOT-rich domains in-
corporated in a PSS-rich matrix [Rivnay, 2016]. Whereas the PEDOT-rich domains
are essential for the electronoic charge transport, the PSS-rich matrix facilitates ionic
charge transport with ion mobilities as high as in bulk water [Stavrinidou, 2013]. It is
this unique feature of mixed ionic and electronic conductivity that renders PEDOT:PSS
so useful for bioelectronic applications. Since biological signals are mostly expressed in
ionic currents (depolarization and repolarization in neurons, signal transduction in cells,
pacemaking in cardiomyocytes), this material can directly communicate through an
uptake of ions leading to oxidation/reduction of the polymer and therefore to a mea-
surable change in both optical and electrical properties.

Electrochemical polymerization has been the initial method of choice for scientists
synthesizing PEDOT:PSS. Here, either a constant current (galvanostatic) or constant
voltage (potentiostatic) is applied to an EDOT monomer solution in a PSS electrolyte.
The electrostatic energy is su cient to oxidize the monomer and produce a radical
cation. The free electron is then likely to pair with another free electron of a second
radical to form a dimer. Upon continuation a long polymer chain can be formed. The
PSS acts then as counterion to balance the oxidative reaction and stabilizes as well as
dopes the PEDOT polymer:

PEDOT + PSS :Na" $ PEDOT": PSS + Na® +e (1.6)
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With this method, very pure Ims of PEDOT:PSS can be deposited on virtually any
electrode surface. The surface morphology can be tuned by the electrostatic parameters
(i.e. deposition speed, current amplitude or voltage amplitude) [Cui, 2003] and the Im
thickness is roughly proportional to the total charge transferred to the Im, where the
exact empirical relationship is subject of ongoing research by Martin et al.

Nowadays, there exist commercially available aqueous dispersions of PEDOT:PSS
(Baytron P from Bayer or Clevios PH1000 from Heraeus) for solution processable
low-temperature fabrication techniques such as spin-casting or inkjet printing. For
all projects that are presented in this dissertation, we chose to work with Clevios
PH1000 with an o -the-shelf specic conductivity of 850 Scm? after addition of a
co-solvent 6% v=v dimethyl sulfoxide or 5% v=v ethylene glycol) and a viscosity of
15 mPa sto 60 mPa s(for reference, the viscosity of water a0 C is about1 mPa sand
that of honey is about 10000 mPa¥ The addition of the co-solvent rearranges and
enlarges the PEDOT-rich domains allowing for a better pathway for electronic charge
transport [Pathak, 2015]. In the same way, it diminishes the ion charge transport as
the PSS-rich matrix gets partially washed out and for example a reduction of the ion
mobility from 2:2cn?V s to 1:7cn?V s ! for 5% v=v of ethylene glycol (EG)
and1:3cn?V s ! for 50 % v can be observed [Rivnay, 2016]. The best compromise
between ionic and electronic conductivity has been evaluated ®% v=v addition of
ethylene glycol.

To allow for a better Im formation, a surfactant such as dodecylbenzenesulfonic acid
(DBSA) is widely used. This also a ects the conductivity in a positive way but induces a
phase separation in the mixture for concentrations higher tha@5 % v=v [Zhang, 2015].
As already stated above, the addition of a silane, 3-glycidoxypropyltrimethoxysilane
(GOPS), can reduce Im delamination as it acts as a cross-linker to oxygen plasma
induced hydroxyl groups at the substrate surface. The chemical reaction happening
is twofold: (1) during hydrolysis, the alkoxylsilane groups are converted to reactive
silanols and (2) during condensation, the silanols form siloxane bonds with hydroxyl
groups from neighbouring molecules as well as the substrate:

o
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PEDOT:PSS (Clevios PH1000) 19mL (199
EG (Sigma Aldrich) 1mL (1119
DBSA (Acros Organics) 50uL (0:0539

sonicate for roughly 20 min
GOPS (Sigma Aldrich) 188puL (0:20119

sonicate for another5 min

Table 1.1: Formula for about 20 mL of spincast processable PEDOT:PSS with good Im
formation and best compromise between ionic and electronic conductivity used at the de-
partment of bioelectronics in Gardanne.

The hydrolysis step is very quick and already starts at room temperature [Xue, 1987].
Therefore, it is best practise to add this component at the very last step. The con-
densation step highly depends on the curing temperature and has been reported to be
reversible in the presence of water [Pavlovic, 2011]. For thin Ims, curing temperatures
from 90 C to 250 C provide a stable cross-linked Im.

A general solution preparation is shown in Table 1.1. The PEDOT:PSS together with
co-solvent and surfactant is sonicated for abo®0 minto break up PEDOT:PSS aggre-
gates and thoroughly mix the components. After an exchange of the sonication bath
to make sure that the temperature in the bath is kept low, the silane is added and
the solution sonicated for anothers min. Meanwhile, the substrate is treated with a
mild oxygen plasma B0sccm Q, 100W, 2min). The ready solution is then ltered
and spincast onto the substrate where the thickness is proportional to the spin speed.
After, the Im is cured at 125 C for about 1 h to cross-link the silane and evaporate
all solvents. In order to achieve a stable and highly conductive Im, the PEDOT:PSS
needs to swell in DI water. This also removes potential low-molecular weight particles
that may remain from the solution and puri es the polymer.

1.1.3 Electrodes

The word electrode is a composition ofelectron and hodos(adis greek forpath, way,
road) and could be translated withthe path of the electron It is the most essential
medical device when it comes to interfacing with electrical signals of biological origin
and in essence is comprised of an electron conductor in contact with an electrolyte
(see Figure 1.7). This can be modelled as an equivalent electronic circuit, where the
electrolyte is represented as a resistance in series with the electrodes. The resistivity
of the electrolyte is a function of the concentration of ions present in the solution (i.e.
the ionic strength). The more ions there are, the more conductive the electrolyte will
be. Moreover, the resistance in the equivalent circuit is also depending on the area
of the electrode. One can distinguish between two types of electrodes, namely ideally
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(@) (b) (©)

Figure 1.7. Schematic representation of an electrode circuit with ideally polarizable elec-
trodes. The electrodes are depicted as yellow squares, the electrolyte as ionic spheres with
positive and negative charge. (a) lonic distribution in the absence of an external voltage.
The charge distribution inside the electrolyte is neutral and the resistivity is given by the
ionic strength. (b) When applying a voltage, the electrodes are getting charged and ions of
opposite charge are accumulating at the electrode-electrolyte interface, leading to two capac-
itances in series with the electrolyte resistance. (c) If one electrode of the circuit is much
bigger than the other electrode, the contribution of that capacitance to the electronic circuit
can be neglected.

polarizable and ideally non-polarizable electrodes that are de ned by their property to
allow electronic current across the electrode-electrolyte interface (non-polarizable) or
not (polarizable).

For ideally polarizable electrodes, electrons that accumulate at the electrode-electrolyte
interface will a ect the ionic distribution inside the electrolyte through electrostatic
forces (see Figure 1.7b). The charge accumulation leads to a capacitive contribution
of the electrodes to the electronic circuit, due to the formation of a so callexectrical
double layer(EDL). Any voltage that is applied to the circuit will partially drop across
the EDL and across the electrolyte:

Vapplied =2 Ve + Vg =2 |I(|3 +1 R ; (1.7)
wherel is the current, C the electrode capacitanceR the electrolyte resistance and
the angular frequency of the applied voltage signatppies. NoOte the imaginary uniti in
the equation, meaning that the capacitance shows a transient behftviour. To get the am-
plitude, one would need to calculate the absolute value (af® = Re(z)?2+ Im(z2)3?).
It can be seen that the voltage drop across the electrodes is inversely proportional to
the capacitance. As the capacitance scales with area, medical devices are usually com-
prised of one big so calledeference electrodehat does not contribute and is merely
there to close the electronic circuit, and oneensing electrodavhere all the interface
e ects are taking place (see Figure 1.7c). A perturbation inside the electrolyte that
might be at the origin of a biological signal of interest, will then only be picked up
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Figure 1.8: Impedance spectra for di erent resistance and capacitance values. (a) A lower
electrolyte resistance leads to an improved impedance at high frequencies. The resistance
values are typical for a sodium chloride solution ofl mm (10k ) and 100mm (1k ). (b) A
higher capacitance leads to an improved impedance at low frequencies. The capacitance
values are typical for a gold electrode of500um by 500um (100nF) and a PEDOT:PSS
electrode 500pum by 500um by 350 nm (3:5uF).

by the sensing electrode and the resulting measurable current is dominated by that
interface capacitance. One gure of merit, as to how good an electrode can pick up a
signal, is the impedanc& de ned as

_@v_ _ i . 1
"@ R ¢ ' 14E Rring

In Figure 1.8 are shown typical impedance spectra for varying parameters. It can be
seen, that a change in the electrolyte resistance does merely a ect the high frequency
domain, whereas a change in the electrode capacitance a ects the low frequency range.
As biological signals originate in rather low frequencies (one of the fastest signals in
the human body, a neural ring event, has a typical width ofl ms i.e. 1 kHz [Buzsaki,
2012)]), it can be seen how a lower electrode capacitance can immediately improve the
signal quality.

Z

(1.8)

There are several ways to obtain a lower capacitance, all of which aim to increase the
e ective surface area of the electrode. One simple way is to increase the electrode size
[Abdurrahman, 2007]. However, this is not often applicable due to the demand for high
spatial resolution for example in EEG recordings. Another way is to use annealing and
etching techniques to increase the surface roughness [Kerner, 1998]. With the advances
in microstructuring technigues, an increase in surface area can be achieved by using
three dimensional micro-shapes on the electrode surface [Meng, 2015].

Most recently, it has been shown that a PEDOT:PSS coating of electrodes can greatly
improve the impedance and speci ¢ EEG patterns could be captured that cannot be
well resolved with metal electrodes [Leleux, 2014]. In Figure 1.8b is shown a theo-
retical comparison of a gold electrode in contact with 400 mm NacCl solution and

a PEDOT:PSS electrode of same size with a coating thickness of old$0nm The
impedance is improved by almost two orders of magnitude. Recent studies have at-
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() (b)

Figure 1.9: (a) EDL formation in a planar metal electrode. The ions accumulate along the
planar surface. (b) EDL formation in PEDOT:PSS. The ions can penetrate into the material
and accumulate along the PSS polymer chains. Images taken from [Proctor, 2016].

tributed this e ect to a so called volumetric capacitance of the polymer [Proctor, 2016].
Unlike for metal electrodes, ions can penetrate into the conducting polymer. They will
accumulate along the PSS backbone and compensate the negative charge of the sul-
fonate ion. This, in turn, extracts holes from the PEDOT, one for each cation, which
contribute to a net electric current. Proctor et al. have modelled this as a stack of
parallel plate capacitors spaced by a distance that is proportional to the number of
sulfonate anion/hole pairs present in the polymer. With reasonable assumptions, they
could calculate a volumetric capacitance @ Fcm 2 to 57 Fcm 8 that is in accordance
with experimentally measured values. When comparing these values of the typical EDL
capacitance of aboutlpyFcm 2 to 10uFcm 2, one can immediately see that thin Im
coatings of PEDOT:PSS can increase the electrode capacitance by several orders of
magnitude.

However, a PEDOT:PSS electrode cannot be fully described by only using a resistance
and a capacitance in series as an equivalent circuit model. Earlier, we made the as-
sumption that the electrode would be ideally polarizable, meaning that in equilibrium
ions will perfectly compensate for the accumulated charge at the electrode-electrolyte
interface. In real life, however, there is always a non-negligible Faradaic current due to
redox reactions happening at the electrode. A good example of an almost ideally non-
polarizable electrode would be a Ag/AgCl electrode. The chemical reaction happening
at the interface with the electrolyte in the presence of an external voltage,

AgCl(s) + e Ag(s) + ClI ; (1.9)

leads to a net charge ow from the electrode into the electrolyte. Such a system is widely
used as reference electrode, where one wants to eliminate an additional potential drop
due to the interface capacitance, as for example important in pH meters or ECG and
EEG recording systems. In PEDOT:PSS electrodes, only a fraction of total current can
be attributed to Faradaic currents. To take this e ect into consideration, the simple RC
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equivalent circuit model is modi ed into an R(RC) model, with an additional resistance
in parallel to the interface capacitance. This will a ect the impedance spectrum only
in the very low frequency range, belovl Hz

1.2 Organic Electrochemical Transistor

Electrodes as medical recording device of electrical signals originating from the body
are to date still state-of-the-art. For example, the most pure recording of a neural ring
event can be achieved with the so callepgatch clamptechnique in a whole cell con g-
uration. Here, a single neuron cell is approached with a micron sized glass capillary
lled with electrolyte and a tiny suction leads to a rupture in the cell membrane to
make a physical contact with the intracellular medium. An electrode inside the glass
capillary allows then for measuring the microscopic currents upon a ring event [Ko-
dandaramaiah, 2012]. AG seal between the capillary and the cell membrane ensures
that no ions can reach the electrode other than from the inside of the cell and thus
the intracellular potential can be extracted. The ionic currents are small, in the range
of nA and need to be ampli ed through di erential ampli er systems. This inevitably
leads to noise pick-up that also gets ampli ed together with the signal. Electrical noise
is by de nition any signal that is not part of the biological event. A common example
would be the50 Hz noise generated from our electricity grid. The energy generated in
power plants is distributed to the end-user with an AC frequency &0 Hzand electro-
magnetic radiation from nearby devices plugged into the general electricity grid will be
picked up by the electrode and superimpose with the biological signal. If the signal of
interest is of much smaller amplitude than the noise, i.e. a small signal-to-noise ratio
(SNR), it becomes hard to analyze the data. Post-processing the data with particular
Iters can help improve the signal quality, but it is always better to record with a high
signal-to-noise ratio. For instance, there are noise sources that span over the whole
frequency range, such as thermal noise or shot noise. The SNR for electrodes can be

written as
S

SNRelectrode = N + N, ; (1.10)
ine

where is the ampli cation factor, S is the signhal amplitudeN is the noise at the
recording site andN,,e is the noise along the electrical leads to the amplier. For
practical reasons, usually theoot mean square(RMS) is taken as a measure of the
amplitude of the signal.

Since the recording in patch-clamp measurements takes place directly at the biological
origin, the signal can be well resolved and high signal-to-noise ratios can be achieved
with this technique. However, it is not always possible to get as close as needed to
the biological event and the further away one has to record, the more the signal will

be altered and attenuated. The signal needs to pass through di erent layers of tissue



21 1.2 Organic Electrochemical Transistor

with di erent conductivity. For example, the brain-to-skull conductivity ratio has been
estimated to 187, meaning that the skull is almost 19 times less conductive than the
brain tissue [Zhang, 2006]. With such numbers, it becomes evident that a high signal-
to-noise ratio is essential.

Therefore, in the past few years e ort has been expended to improve the signal-to-noise
ratio (SNR) and one solution is the use of active transducing ampli ers as recording
element. In that case, the SNR will be increased due to the preampli cation of the
signal

S

SNRyansistor = N + N,
ine

(1.11)

When comparing this with the SNR of an electrode, one can see that the SNR of a
transistor recording device will in theory always be higher for as long as the pream-
pli cation factor is greater than one. This has been demonstrated by Khodagholy
et al., where they compared brain activity recordings with electrodes and transistors
on the surface of a rat brain [Khodagholy, 2013a]. Both devices were comprised of
PEDOT:PSS, and in direct comparison, the transistor device showed a SNR 26 dB

to 32dB more than the electrode. Given the logarithmic nature of theB unit, this
corresponds to an amplitude ratio oR0to 40 and utterly shows the superior recording
capabilities when amplifying the signal close to their biological origin.

1.2.1 Operation Principle

But how exactly does an organic transistor for biological applications work? Just
like a standard metal-oxide eld-e ect transistor (MOSFET) (see Figure 1.10a) it is a
three terminal device, with a source, drain and gate electrode. The source and drain
contacts are connected through an active material (the semiconductor) which provides
a constant current ow from the source to the drain electrode upon the application
of a source-drain bias/ps. This current is denoted thedrain current Ip. The charge
carriers depend on the nature of the material (n-type for electron conductors and p-type
for hole conductors). The gate contact is physically separated from the semiconductor
by a dielectric and is used to modulate the current ow inside the semiconductor via
application of a gate biasVgs. Depending on the operation mode of the transistor,
charge carriers are either accumulated or depleted with the application of a gate bias.
In traditional MOSFET structures one talks about inversion layer when the conducting
channel is created at the semiconductor-dielectric interface, as the energy levels of the
semiconductor are deformed up until the conduction band for p-type semiconductors
(valence band for n-type semiconductors) lies below (above) the Fermi level and the
energy states can thus be lled with minority charge carriers that can then be extracted
at the source-drain contacts.
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Figure 1.10: (a) Silicon MOSFET. Upon application of a gate-voltage the energy bands are
getting deformed until the conduction band lies below the Fermi level and an inversion layer
is created. (b) Electrolyte gated organic eld e ect transistor with organic semiconductor not
permeable to ions. The ions accumulated at the electrolyte-semiconductor interface facilitate
charge transport of holes in the organic semiconductor. (c) Organic electrochemical transistor
with organic semiconductor permeable to ions. The intrinsically doped material gets dedoped
upon application of a gate voltage, where positive ions penetrate into the semiconductor and
compensate for one dopant anion, e ectively reducing the number of mobile holes.

There is one fundamental di erence between transistors used for biological applications
and silicon MOSFETSs used in CMOS technology and this is the use of an electrolyte as
dielectric (see Figure 1.10). As the e ectiveness of the gate, de ned as transconductance

@b

o= Pu (1.12)
is limited by the capacitance of the dielectric, hence the thickness of the dielectric
layer, an electrolyte gated transistor can achieve a much higher transconductance at
lower operation voltages due to the formation of electrical double layers with a high
capacitance. In electrolyte gated transistors, the operation voltages are typically of less
than 1V which is bene cial for biological applications in order to avoid electrocution
of living tissue.

Another aspect that is important for biological applications is the biocompatibility of

the device. Often, medical devices need to be implanted to allow for proper function and
the body must not reject the foreign object. But also for less invasive approaches, such
as epidermal applications, skin irritation and in ammation may be an issue. There
have been recent demonstrations as to make silicon based devices biocompatible or
even bioresorbable, meaning the device will physically degrade inside the living body
after having done its purpose, without leaving a trace [Hwang, 2012]. This can be
achieved by grinding the materials down to a thickness of less thd®0 nm turning the
once brittle silicon single crystal into a exible membrane that dissolves in deionized
water. With such a technique, sophisticated wireless sensor devices based on CMOS
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technology can be used as transient bioelectronic devices for example for post-surgical
monitoring. On the other hand, the intrinsic organic nature of conducting polymers
makes them ideal candidates for biological applications and many such materials have
been tested for their biocompatibility [Berggren, 2007b; Scarpa, 2010a; Bhatt, 2016].
Some people even go as far as to eat their transistors, built with perylene dimide as
semiconductor, adenine and guanine as gate dielectric, and gelatine as substrate, all of
which are natural or nature-inspired materials [IrimiaVladu, 2010]. Straight forward
and facile processability together with low cost fabrication methods renders conducting
polymers an alternative route to silicon based devices.

As far as organic transistor devices are concerned, one can distinguish between two
types depending on the permeability of the conducting polymer to cations and anions.
In electrolyte gate organic eld e ect transistors (EGOFET), ions cannot penetrate
into the active material and will thus accumulate at the electrolyte-semiconductor
interface upon application of a gate bias (see Figure 1.10b). Due to the electric eld
generated at the dielectric, in that case the electrical double layer, the electrical current
inside the conducting polymer can be modulated. The operation principle is in close
analogy to MOSFET devices but one does not speak of inversion layer since the charge
carriers in the active material are set by the injection barrier of the source and drain
contacts (see Figure 1.6). Common organic semiconductors for OFET applications
are P3HT or pentacene [Cramer, 2012; Magliulo, 2013]. While these kind of devices
are useful in various sensing applications that rely on interface reactions such as ion
selectivity or DNA recognition [Scarpa, 2010b; Kergoat, 2012] they generally have a
rather low transconductance (arounddOuSfor a P3HT EGOFET) compared to organic
electrochemical transistors (OECT) [Khodagholy, 2013b].

In an OECT, the active material is permeable to ions (see Figure 1.10c), and as already
stated above (see Figure 1.9) this leads to a signi cant increase in the e ective capaci-
tance of the device. The presence of dopant ions inside the conducting polymer leads
to a chemical redox reaction upon application of a gate bias, which in turn modulates
the available charge carriers and thus the drain current. Put in a simple picture, one
dopant anion in the conducting polymer generates a mobile hole in order to ensure
charge neutrality. If a cation from the electrolyte is pushed into the conducting poly-
mer by application of a positive gate bias, this cation will neutralize the dopant anion,
which is thus no longer able to generate the mobile hole. This one-to-one ratio of hole
versus cation together with the bulk e ect of the volumetric capacitance makes for large
transconductance values in the range ohS. The rst OECT has been demonstrated

by the group of Mark Wrighton in the 80s, for which they used polypyrrole as conduct-
ing polymer [Kittlesen, 1984]. However, intensive research over the past few decades
have employed other materials such as PEDOT:PSS for depletion mode transistors or
more exotically triethylene glycol chains grafted onto 2,2'-bithiophene and copolymer-
ized with thiophene (simply g2T-T) for accumulation mode transistors [Nielsen, 2016].
As far as stability and performance are concerned, however, PEDOT:PSS is still the
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champion material and is thus the most studied conducting polymer for these kind of
applications.

1.2.2 Transistor Characteristics of PEDOT:PSS based OECTs

Typical electrical characteristics of a PEDOT:PSS OECT are shown in Figure 1.11.
The output curve shows how the transistor behaves when keeping the gate voltage
constant and sweeping the drain voltage. In this graph, one can distinguish between
two operation regimes of the device. Thdinear regime is speci ed for lower drain
voltages, where the drain currents scales linearly with the drain voltage. Tisaturation
regime is at the other end of the scale, at high drain voltages, and denotes the part
where the drain current is independent of the drain voltage. The derivative of the
output curve, the so calleddrain conductancegy can give a quick overview of the two
operation regimes and is of more importance when the drain voltage cannot be kept at
a xed value (see Section 1.3).

But usually, for sensing applications the drain voltage is held constant and the gate
voltage is swept from negative to positive values as seen in ttransfer curve Here,
one can immediately see how the drain current gets modulated upon the application
of a gate bias, that leads to an almost complete dedoping of the PEDOT:PSS channel
at high positive gate voltages. The derivative of the transfer curve gives the transcon-
ductance, the gure of merit of any transistor and a measure of the sensitivity of the
device to changes in the gate voltage. In contrast to the transconductance of silicon
MOSFETSs, that is monotonically increasing, in OECTs the transconductance has a
bell-shape characteristic with a peak transconductance at one particular gate voltage.
This particularity can be explained with the disordered nature of the charge carrier
mobility in conducting polymers [Friedlein, 2015]. The mobility is expected to be de-
pending on the density of states, which in such materials shows a Gaussian distribution.
When the energy levels are lled up with charge carriers up to the tail in the density of
states, the states at the Fermi level are physically or energetically to far apart to allow
for an e ective displacement and thus the charge carriers get trapped. Therefore, the
drain current at high negative gate voltages tends to saturate and the transconductance
diminishes.

It can be seen that both output and transfer curves are depending on the geometry of
the device. As theory predicts, the drain current scales linearly with the aspect ratio

of the channel W
Ip/ N : (1.13)

Furthermore, the peak transconductance is also increasing, but at the same time shift-
ing towards more positive gate voltages for highe¥=.. Therefore, the design of the
OECT can be a useful means to optimize the operation point of the device [Rivhay,
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Figure 1.11: Typical characteristic curves for PEDOT:PSS OECTs with di erent aspect
ratio of the channel - (@) W = 10um, L = 10 ym and (b) W = 100um, L = 10 um. The
output curve and corresponding derivative are shown in blue, the gate voltages from top to
bottomare Vgs = 0:4V to Vgs =0:4V insteps of Vgs =100mV. The curve atVgs =0V
is highlighted as dashed bold line. The transfer curve and corresponding derivative are shown
in red, the drain voltages from top to bottom are Vps = 0:5V to Vps = 0V in steps of
Vps = 100mV. The curve at Vps = 0:5V is highlighted as dashed bold line. The channel
thickness for both devices is around70 nm.

2013]. For instance, enzymatic reactions of glucose oxidase on platinum nanoparticles,
used in current glucose sensors, are typically happening at voltages of abdye > 0:3V
and an optimized device geometry of the OECT can be used as an e ective transducer
for such a sensor [Strakosas, 2017].

Whereas the steady state behaviour is important for the selection of a proper operation
point and useful for sensing applications where the drain current shows a permanent
shift through the biorecognition event (as for example metabolite detection shown in
Chapter 2), for some sensing and actuation applications, especially in electrophysiology,
the transient behaviour of the device is of uttermost importance. During the depolar-
ization and repolarization of a neuron during a ring event, the electrical eld on a
local scale rst increases, then decreases below its initial level and then regenerates to
the initial level, and this on a time scale of a fewns. In order to capture this event with

an OECT, the device has to be fast enough so that the local gate voltage modulation
can be translated into a drain current change. In order to characterize the transient
behaviour of a transistor, both the current from source to drain (drain current) as well
as from source to gate (gate current) are monitored upon the application of a sinusodial
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Figure 1.12: (@) Transient behaviour of drain current and gate current upon application of

a sinusodial gate voltage. The drain current modulation is high at low frequencies and low at
high frequencies. For the gate current the opposite behaviour can be observed. The device
geometry isW = 250um, L = 10um and d = 70nm. (b) Calculated transconductance,
absolute value of impedance and phase shift from the transient curves in (a) for two di erent
device geometries. The volumetric capacitance of PEDOT:PSS allows for a higher transcon-
ductance at higher channel volumes. On the other hand, the cuto frequency decreases with
volume (dashed lines) and at the same time, the magnitude impedance scales with the area
of the device channel. The channel thickness id = 70 nm.

low voltage gate signal (see Figure 1.12a). While the drain current gives information
about the frequency dependant transconductance of the device (Equation (1.12)), the
gate current can be used to extract the impedance (Equation (1.8)). It can be seen that
the drain current modulation is high at low frequencies, with practically no modulation

at the gate current. In this regime, the ions have enough time equilibrate and form an
EDL inside the polymer at each step of the voltage sweep. At higher frequencies, the
drain current modulation starts to diminish while at the same time the gate current
modulation starts to increase. The ions can no longer follow the applied voltage signal
to a full extend and thus a transient current can be observed at the gate electrode. At
very high frequencies, the drain current modulation is barely noticeable and only the
transient gate current due to the permanent ionic ow in and out of the polymer can be
detected. In this regime, the OECT is basically used as an electrode, much like as if one
would short the source and drain contact. This means that both the transconductance,
as well as the impedance decrease with increasing frequency. Whereas the impedance
decreases linearly on a double logarithmic scale and allows for a better coupling of the
gate electrode to the biological event at high frequencies, the transconductance is stable
up until a certain cuto frequency, after which it decreases rapidly, resulting in a poor
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sensitivity of the OECT at high frequencies (see Figure 1.12b). The cuto frequency
is de ned as a3dB decrease of the steady state transconductance value

q_—

In order to use the OECT for electrophysiological applications, the cuto frequency
needs to be above the expected bandwidth of the signal of interest. One can also think
of using this behaviour as a rst order low pass lIter. The cuto frequency depends on
the device geometry and the design of the OECT can thus be used to tune the transient
characteristics [Rivnay, 2015a]. However, a compromise has to be found between a high
steady state transconductance and a high cuto frequency, as the transconductance is
directly proportional to the volume of the PEDOT:PSS channel and the cuto fre-
guency inversely scales with the volume. Additionally, the impedance scales with the
area of the device. This becomes important for impedance based measurements, such
as barrier integrity, and needs to be considered in the device design as well [Rivnay,
2015b].

1.2.3 Fabrication with Parylene-C Peel-O Method

There are several ways to pattern conducting polymers and amongst the most inter-
esting on an industrial scale are probably inkjet printing, screen printing or spray
coating, due to their compatibility with roll-to-roll processing [Sgndergaard, 2013].
Whereas these techniques pose their own challenges regarding ink formulation, stabil-
ity or miniaturization, for academic purposes focussing on device physics a lithographic
approach is more relevant due to an implementation with existing processing steps and
the possibility for small feature sizes currently not possible with printing techniques.
Any small clean room facility with a decent mask aligner can easily achieve feature
sizes in thelOum range and depending on the equipment, this can go down i® nm

as is the current standard in silicon MOSFET devices according to the International
Technology Roadmap for Semiconductors. A clean room is an environment with con-
trolled humidity, temperature and with a de ned maximum number of particles of a
certain size. The clean room facility available for the work presented in this manuscript
had a minimum level of 100 particles 00:5um per cubic feet (i.e. no more than 3520
particles of 0:5um per cubic metre). The fabrication of an OECT can be broken down
into two stages: rst, the source, drain and gate contact as well as lead lines have to be
de ned, patterning a highly conductive material (see Figure 1.13). For PEDOT:PSS
based devices, gold is the material of choice due to its low resistivity and a work func-
tion that lies slightly above the HOMO level of the conducting polymer. In a second
stage, the conducting polymer will be patterned to bridge the source and drain contact
and form the transistor channel. This can be done either directly (see Section 1.2.4) or
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indirectly with a so called peel-o technique[DeFranco, 2006]. The various processing
steps are as follows:

A rst photolithography step is used to de ne the outline of the lead lines (see Fig-
ure 1.13a). After cleaning the substrate (in this case standard microscope glass slides)
in an ultrasonic bath of an acetone:isopropanol solution (80:20), a photosensitive resist
IS spun cast onto the substrate at a certain angular velocity that de nes the thickness of
the resist coating (in the order of a fewum). A photoresist is comprised of three parts,
the resin that is solid in an undiluted state, asolventthat allows for processability of
the resin in a liquid state and aphotoactive compoundPAC) that inhibits or promotes

the dissolution of the resin in the developer. In order to achieve a homogeneous coating
of photoresist on the substrate, the spin coater chamber is usually saturated with a sol-
vent that will reduce the evaporation speed of the solvent in the photoresist during the
spin coating step. During a subsequent soft bake (e.ymin at 110 C) the solvent can
fully evaporate to leave only the solid resin/PAC mixture on the substrate. Depending
on the exact chemical structure of the PAC one can distinguish betweerpasitive and

a negativephotoresist. In a positive photoresist, the PAC decreases its intrinsic alkaline
solubility by up to two orders of magnitude, meaning it inhibits the dissolution of the
resin in a basic developer. Upon light exposure, the PAC gets converted into an acid
and the exposed parts of the resin can then be dissolved in the developer. In a nega-
tive photoresist, the PAC will induce a cross-linking of the resin upon light exposure
which renders the exposed parts insoluble in the developer. The photoresist used for
the devices presented in this manuscript is called S1813, a positive photoresist with a
basic developer called MF26A. In order to engrave the desired pattern into the pho-
toresist, one uses a so calledask aligner a tool that allows for a micrometer precise
positioning of a photomask over the substrate. The photomask can be made out of
anything that su ciently absorbs light in the ultraviolet part of the spectrum. The in-
dustrial standard uses thin Im chromium evaporated onto amorphous silica substrates,
that allow for sub-um resolution. However, such masks are rather expensive (typically
500e) and for prototyping e orts where resolutions of down to10um are su cient,
exible masks with photographic emulsions are a suitable and a ordable alternative.
Here, a submm thin polymeric Im is coated with a photographic emulsion that after
exposure and development becomes the contrast medium of the mask. After successful
alignment of the mask with the substrate, the photoresist gets exposed to UV light at
precisely the parts that are transparent in the photomask. The exposure dose, de ned
by the intensity of the UV lamp and the exposure time expressed imJcm 2, drives
the chemical reaction in the PAC molecules and depends on the nature of the resist
and its thickness. If the dose is too low, the near-substrate part of the photoresist is
underexposed and will dissolve less, or not at all, in the developer. If it is too high,
UV light will be scattered underneath the regions covered by the photomask, therefore
enlarging the de ned patterns. In order to nd the optimal parameters for both expo-
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Figure 1.13: (a) Photolithography steps with spincoating of positive photoresist, softbaking,
exposure and development (from left to right). On the top is shown the procedure with simply
the photoresist and on the bottom with an additional undercut layer (LOR). The exposure to
UV light alters the chemical structure of the photoresist in a way that the resist gets soluble in
the developer. A photomask de nes the pattern. The undercut layer helps in the subsequent
metal evaporation step. (b) Metal evaporation steps with the evaporation chamber, a lift-
o bath in solvent and the nal pattern (from left to right). In the evaporation chamber,
the metal will be heated up through a resistive circuit until it reaches gaseous phase and
subsequently condense on the substrate to form a uniform coating. The thickness is adjusted
by the evaporation time. A solvent bath will dissolve the unexposed photoresist and remove
the metal that has been evaporated on top. Without the undercut layer, the solvent has more
di culties to attack the resist. The undercut layer creates a gap in between the metal on the
resist and on the substrate. The nal pattern de nes source, drain and gate contact, as well
as the channel lengthL.

sure dose and development time it is recommended to start with an exposure series,
varying those parameters in a controlled manner, at the beginning of the process step.
Once the photoresist has been developed, the substrate can be placed in the metal
evaporation chamber.
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The metal evaporation takes place in a high vacuum chamber (see Figure 1.13b).
This will ensure that the metal particles can travel unhindered from the crucible to
the substrate. With a high current running through the tungsten crucible, the metal
is heated above it's melting temperature and starts evaporating. Following the second
law of thermodynamics, the gaseous metal will make it's way to the substrate that is
mounted upside down above the crucible. Due to the colder surface of the substrate,
the metal will immediately condense and form a homogeneous layer. With low evap-
oration rates of the order of0:1As ! to 2A's 1, the metal can be deposited atomic
layer by atomic layer. It has been found that noble metals, such as pure gold, have a
weak adhesion towards glass substrates, whereas metals with a high a nity towards
oxygen can adhere much better due to the formation of an intermediate oxide layer
[Benjamin, 1961]. Therefore, the rst10nm deposited onto the glass substrate are
made of chromium that shows very good adhesion properties and the remaining thick-
ness of the Im is made of gold (up to150 nm. The metal alloy is coating the whole
substrate, i.e. the photoresist as well as the exposed parts. To remove the excess metal
after the evaporation, the photoresist needs to be dissolved in a solvent bath. Due to
the step-like pro le of the photoresist, the metal alloy will uniformly coat the whole
structure making it di cult for the solvent to reach the encapsulated photoresist
pattern. While with time and mechanical force (ultrasonic bath) it is still possible to
get rid of the photoresist, a much easier solution is the addition of a so calleddercut
layer prior to the photoresist spin coating step. This undercut layer is insensitive to
light and will be protected by the photoresist on top. As the photoresist is exposed and
developed, also the undercut layer gets dissolved and with exact timing, a small un-
dercut in the structure can be achieved (see Figure 1.13a). This thick gap between
the photoresist and the substrate will ensure that the metal layer on the photoresist
is disjoined from the one directly on the substrate. Therefore, the solvent can remove
the bilayer resist more e ciently in a matter of less than an hour, instead of half a
day when no undercut layer is used. As the metal that has been deposited onto the
photoresist will be lifted o with the dissolution of the latter, one uses the termlift-o

for this step. After the lift-0 has been successful, one is left with the substrate and
the patterned source, drain and gate contacts. The channel length of the transistor is
being de ned in this step as the distance between the source and the drain contact.

A vapor phase deposition of parylene-C is used to encapsulate and electrically iso-
late the lead lines and to pattern the conducting polymer (see Figure 1.14). Parylene-C
(PaC), or poly(monochloro-para-xylylene), is a polymer that is traditionally used as
hydrophobic di usion barrier. With a low dielectric constant of around , 3 this
material exhibits low leakage currents, rendering it a good electrical insulator. The
mechanical properties (tensile strength of aboufO MPa and yield strength of about

3 GPa) allow for the use of PaC as ultra exible substrate and various applications
are based on that approach [Sessolo, 2013; Fukuda, 2014; Williamson, 2015]. PaC
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Figure 1.14: (a) Patterning of conducting polymer with sacri cial layer peel-o technique.
From top to bottom: parylene-C deposition of two layers with anti-adhesive layer in between
(1), photolithography with positive thick resist AZ9620 (2), reactive ion etching to create an
opening (well) in the PaC layers (3). A subsequent spin coating step with PEDOT:PSS will
coat the PaC and Il the well (4). A zoom-in emphasizes the scale of the4 um thick double
layer PaC versus100 nmPEDOT:PSS. Upon spinning, most of the PEDOT:PSS solution will
be hurled out of the PaC well (5). Peeling o the outermost sacri cial PaC layer will remove
the excess PEDOT:PSS (6). (b) Final structure of the peeled-o device. The gold lines are
isolated with the remaining PaC layer. After hard baking, the PEDOT:PSS will form a rigid
stable layer. It bridges the source and drain contact to form the transistor channel. Due to
the peel-o technigue, also the gate and the contact pads will be coated with the polymer.

is deposited in a high vacuum chamber at aboutOPato 100Pa A granular dimer
raw material is heated to aboutl75 C, upon which the dimer is vaporized. Running
through a pyrolysis tube at about690 C, the dimer gets cleaved into a monomeric form.
In the deposition chamber, kept at room temperature, the monomer gas deposits on
the substrate as a thin, transparent polymer Im.
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The thickness of the Im is controlled by the amount of raw dimer material loaded into
the deposition machine. To achieve a better stability of the PaC layer, a small amount
of silane A-174 (3-(trimethoxysilyl)propyl methacrylate) is added to the deposition
chamber and will chemically attach to the surface which facilitates the adhesion of
PaC on the glass substrate and the gold contact lines. A rst layer of aboul:5um

will serve as an isolation layer. A second layer of abo@5um is used as a sacri cial
layer, i.e. the layer will be patterned to create openings, coated with PEDOT:PSS
and mechanically removed to peel o the PEDOT:PSS in the unpatterned parts. On a
standard glass substrate, the PaC layer would detach upon soaking in DI water without
any additional treatment. But PaC on PaC is more likely to adhere and therefore an
anti-adhesive layer needs to be used in between the two PaC layers. The material used
as anti-adhesive layer is a detergent (Micro90 soap) and can be spin coated onto the
PaC coated substrate in al % to 2% dilution. After a quick soft bake to evaporate
the water, it will form a thin uniform coating and the sacri cial layer will adhere well
enough to allow for further processing steps, but can be removed mechanically or by
soaking in DI water.

A second lithography step and subsequent dry etching will pattern the PaC dou-

ble layer. The idea is to create openings in the PaC double layer so that a coating
with PEDOT:PSS will allow the conducting polymer to reach the substrate surface
and the gold contacts. Every part, that needs to be accessible in the nal device (i.e.
contact pads, gate electrode and transistor channel) needs to be de ned during this
step. For this, a thick photoresist is needed in order to protect the PaC double layer
in the subsequent dry etching step at the parts that need to stay. AZ9260 is a positive
photoresist suitable for Im thicknesses from5um to 20um and allows for high res-
olution patterning. The patterning procedure is the same as for the rst lithography
step with much longer exposure and development times due to the increased thickness.
After the desired features are successfully transferred to the photoresist, the whole
structure (substrate, gold, double layer PaC, AZ photoresist) is placed into geactive

ion etching chamber. In a high vacuum environment, a plasma is generated by ionizing
a gas mixture of in this caseD, and CHF3 through magnetic induction. This chem-
ically reactive plasma is then accelerated towards the substrate through an electric
eld, where it will physically and chemically remove atomic particles layer by layer.
The plasma will attack both, the photoresist as well as the PaC double layer. As soon
as the PaC is fully removed and the glass substrate and gold contacts are exposed to
the plasma beam, the etching process has to be stopped as an over-etching would also
remove the gold from the substrate. After the etching step, the unexposed photoresist
can be removed in an acetone bath. This step is optional, as the photoresist will also
be removed when peeling o the sacri cial layer, but generally, there is also photoresist
on the edge of the glass substrate that might have an impact on the biocompatibility
of the nal device.
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The PEDOT:PSS coating step is done using a spin-coater. For this, a solution is
produced according to the formula presented in Table 1.1. If PEDOT:PSS is coated
directly after the dry etching step, no additional steps need to be considered, as there
will be already hydroxyl group present on the surface due to the plasma treatment. The
hydroxyl groups will form a chemical bond with the GOPS present in the PEDOT:PSS
solution and therefore improve the adhesion of the conducting polymer layer. Addi-
tionally, the hydroxyl groups alter the surface energy and render the substrate more
hydrophilic which increases the wettability of the substrate and facilitates the spin
coating. If the substrate has been exposed to ambient air conditions for a longer time
(more than 30min to 1h), water will adsorb on the surface removing the hydroxyl
groups. Therefore, a quick oxygen plasma with low power is needed to re-induce those
hydroxyl groups. The thickness of the conducting polymer layer can be controlled to
some extend by adjusting the rotational speed of the spin coating process. However,
this is not comparable with coating a bare substrate, such as a glass slide or silicon
wafer. The PEDOT:PSS solution needs to enter the opening in the PaC double layer,
which can be seen as a well (see Figure 1.14). When the substrate is coated with
PEDOT:PSS, this well will be lled fully. During the spincoating (step 1), part of the
solution will be projected out of the well due to centripetal forces and the remaining
solution will be smeared out inside the well and partly cover also the walls of the well,
resulting in a thin Im coating. A quick soft baking step ensures that the PEDOT:PSS
solution is stable enough for the peel-o process, but not yet fully cross-linked as this
would rupture the Im during the peel-o . It has been found that an initial thin Im

of PEDOT:PSS (3500 rpmfor about 70 nm) and several additional slower spin coatings
(650 rpm) provide a more homogeneous Im than one spin coating step at very slow ro-
tational speeds, when thick PEDOT:PSS coatings are needed. With a scotch tape, the
sacri cial PaC layer can be carefully peeled o (step 2), taking with it the excess PE-
DOT:PSS and leaving a thin Im of the conducting polymer only on the exposed parts
of the substrate and gold contacts. The nal structure needs to be cured at about
120 C for about 1 h to ensure a full cross-linking of the GOPS in the PEDOT:PSS
solution and the device is ready to use.

1.2.4 Direct Lithographic Patterning of Conducting Polymers

The peel-o process described above has been developed because regular photolitho-
graphic patterning would necessitate exposure of the conducting polymer to harsh
chemicals such as photoresists or developers during the process. Instead of rst spin
coating the conducting polymer and then performing all necessary steps (subtractive
patterning), the PaC peel-o process allows the implementation of the conducting poly-
mer at the very last processing step (additive patterning), ensuring that the delicate
material remains functional (see Figure 1.15a). However, despite the ease and utility
of PaC peel-o patterning, this process lacks one fundamental demand for industrial
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Figure 1.15: (a) Dierence between additive and subtractive patterning. For additive pat-
terning, the conducting polymer is spuncast only at the very last step. For subtractive
patterning, the conducting polymer is spincast rst and exposed to both resist, developer
and eventually stripper. (b) Drain current at Vps = 0:6V and Vgs = 0V as an indicator
for device homogeneity of OECTs fabricated with PaC peel-o technique. The device geom-
etryisW =100um, L =10um andd 100nm 24 devices per glass slide, 6 glass slides, all
fabricated during the same batch. (c) Similar data at same bias point for 6 devices per glass
slide, 3 glass slides per batch, two di erent batches, fabricated with Orthogonal Inc. resist.
The device geometry is kept the same. The mean value is indicate as horizontal bar.

application and this is device homogeneity. The very nature of this process, where the
conducting polymer solution has to enter a micron sized opening in the PaC double
layer and be thinned down to aboutl00 nmwith spincoating, is not well de ned. De-
pending on the position of the opening with respect to the spin center, the centripetal
forces vary. The conducting polymer solution gets smeared out on the walls of the
opening and during peel-o might get ruptured as there may not be a separation be-
tween the layer on top of PaC and the layer inside the opening. Depending on how far
the conducting polymer gets smeared out, the device geometry changes.

In Figure 1.15b, one can see a statistical study of the device homogeneity for OECTs
fabricated with the PaC peel-o technique. Here, the drain current at a de ned bias
point is plotted for several devices on the same glass slide and for several glass slides
within the same batch. Even though, this bias point re ects only a tiny portion of
the whole output characteristics of the devices, it can give an estimate about the
homogeneity. For absolutely identical transistors, the drain current should be equal at
equal bias points. It can be seen that even though a good device homogeneity can be
achieved occasionally throughout the same glass slide, the majority of times the devices
show a huge discrepancy in their output characteristics. Furthermore, the mean values
vary from glass slide to glass slide even within the same batch. This can be probably
attributed to di erent channel thickness, as the thickness depends on how much of the
conducting polymer remains inside the openings of the double PaC layer during the
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spincoating step.

This shows the need for a more reliable patterning approach. In Figure 1.15c, one
can see a similar set of data for OECTs fabricated with a subtractive method using
photoresist from Orthogonal Inc. especially designed not to harm organic materials.
Even though this study contains less devices per glass slide and also a di erent pho-
tomask layout has been used, it is evident that the slide to slide and batch to batch
homogeneity is much higher. A more comparative study with equal fabrication layout
for both processes can be found in Chapter 4 and shows similar ndings. As with this
method, the conducting polymer is spuncast onto the full glass slide, very homogeneous
coatings can be achieved, only limited by edge e ects. This allows for devices with the
same channel thickness throughout the whole batch.

The Orthogonal Inc. materials are based on hydro uoroether (HFE) solvents that are
orthogonal to non uorinated organic materials. Here, orthogonal means that the or-
ganic material is insoluable and does not swell in HFEs. In addition, most HFEs have
been evaluated as non-toxic and environmentally friendly [Tsai, 2005]. A HFE com-
patible photoresist has been designed by copolymerizing a highly uorinated monomer
with a photolabile monomer, that upon UV irradiation would switch solubility in HFE
solvents [Taylor, 2009]:

h cHsl h CHs | no D cHsl h CH3 |
—CH2 r—CHy - i —CH2 r—CHy
o o " wv A o o "
i | o _ i on
((-“’HZ)Z CH» ((-‘:HZ)Q
((‘3':2)7 NO» (C‘F2)7

CF3 CF3

soluble in HFEs insoluble in HFEs

Such a material, especially designed for acidic organic materials, such as PEDOT:PSS,
has been successfully used for submicron feature sized patterning of various organic
semiconductors. The processing steps are as follows:

The de nition of metal lead lines s identical to the PaC peel-o method described
above, up until after the metal lift-o . Again, about 10 nmchromium and 150 nmgold
are deposited via thermal evaporation.

For the coating of the conducting polymer, the same formula of PEDOT:PSS so-
lution is used as for the PaC peel-o process. The material is again spuncast onto the
substrate and immediately cured atl25 C for about one hour. This ensure a homo-
geneous coating of the Im over the whole substrate. As here, the thickness of the
coating is directly set by the spin speed and not indirectly by the amount of solution
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that remains in the openings, as is the case for the PaC peel-o method, less spin speed
is needed to obtain similar thicknesses. It has been found that a spin speed 500 rpm
yields a Im thickness of about100 nmon standard microscope glass slides as substrate
(compared to 3500 rpmwith PaC peel-o method).

The orthogonal photoresist, used for the second photolithography step, is called
OSCoR 5001 provided by Orthogonal Inc. and has an etch rate of00 nmmin * to
900 nmmin ! under standard RIE conditions. Due to the GOPS crosslinking of the
PEDOT:PSS Im, the etch rate of the later is much lower than the etch rate of the
photoresist. Even though a detailed study for this is missing, a personal estimate would
be that about 90 sare needed to fully remove thelOO nm PEDOT:PSS Im, yielding

an etch rate of about70 nmmin 1. Therefore, in order to protect the organic layer in
the subsequent etching step, a thickness of the photoresist of abdi#00 nmshould be

su cient. This can be achieved with a spinspeed 0200 rpmfor 35s A soft-baking
step at 65 C for 60 sand subsequent exposure to UV light aB65 nmwith a dose of
about 65 mJ cn? de nes the patterns that one wants to transfer to the conducting poly-
mer. As the OSCoR 5001 is a negative photoresist, a post-exposure bake is necessary
to fully drive the acid-initiated chemical reaction that induces the solubility switching.
Without this post-exposure bake 90 C for 609, all the photoresist coating would be
dissolved in the basic developer. After the post-exposure bake, the developer (simply
called Developer 100 by Orthogonal Inc.) can be applied either by dipping the sub-
strate in a bath or, more economically, via @ouble-puddlenethod. Here, the substrate

is place on a spin coater and fully coated with the developer. After a wait time of in
this case25s the developer is spun o the surface at high spin speed. This step is
repeated once to ensure the proper dissolution of the unexposed photoresist. An image
of the developed PEDOT:PSS channel of an OECT can be seen in Figure 1.16a.

The etching process is similar to the PaC peel-o method described above, the dif-
ference being that in this case the conducting polymer is directly removed at the unex-
posed parts. As stated above, an etching time &0 swith an oxygen plasma atl50 W
with O, = 50 sccmand CHF3; = 5sccm has been found optimal for the removal of the
PEDOT:PSS coating. After the etching, the remaining photoresist at the exposed parts
needs to be removed. This is called stripping and the latest iteration of Orthogonal
Inc. for the solvent used in this process is called Stripper 903. It certainly contains
HFEs but the exact formulation is corporate secret. The stripping is done again with a
double-puddle method with a dissolution time o  60s Even though this step seems
trivial, it has been found that residues of photoresist can remain on the conducting
polymer, particularly at the center of the glass slide (see Figure 1.16b). The reason for
this is unclear as the stripper should in principle dissolve all the remaining photoresist.
However, it looks like the stripper only partially dissolves the resist and the centripetal
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Figure 1.16: (a) Microscope images of a PEDOT:PSS channel (square at the center) on
source and drain contacts (bright trapezoids) at di erent processing steps. After the devel-
opment, a rectangular pattern of photoresist can be seen on a homogeneous PEDOT:PSS
layer. After etching, PEDOT:PSS remains only underneath the photoresist and the gold
contacts are exposed to air. A clear outline of the PEDOT:PSS channel can still be seen.
After stripping, the PEDOT:PSS channel is barely visible. The insulation layer protects the
gold contacts from exposure to water and only the PEDOT:PSS channel can be accessed by
the ions. (b) Zoomed microscope images of PEDOT:PSS channel with photoresist residues
after stripping. This happens mainly at the center of the substrate. The channel size is
W =100nm and L = 10 nm.

forces during spin coating of the puddle method mechanically remove the residues. As
the centripetal forces are very small at the center of the glass slide, the photoresist
residues cannot be hurled away at that part of the substrate. Furthermore, this sug-
gested explanation is supported by the fact that a prolonged stripper bath does not
help in getting rid of the residues. It can be, that the resist gets partially altered during
the etching process. Maybe it is thinned down too much. But it may as well be any
other processing step that is not yet optimized. Due to lack of time, this issue could
not be fully resolved. There were even batches, where this problem would not occur at
all. But if it happened, the concerned devices could not be used, as the residues would
act as a barrier for the ions during the gating of the OECT.

For the passivation of the metallic lead lines, another negative orthogonal resist is
used, called OSCoR DE1 (for dielectric). This particular resist allows for low defect
coatings over a range of Im thickness, has been tested for its biocompatibility and
provides an excellent electrical insulation. The resist is patterned in the same way as
OSCoR 5001, i.e. spincasting2000 romfor 609, softbake Q0 C for 609, exposure
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(365 nmat 149 mJcm 2), post-exposure bakeq0 C for 609 and development (Devel-
oper 100, double puddl®2 459. An image of the channel with the passivation layer
can be seen in Figure 1.16a. In order to ensure a proper alignment of the opening in
the passivation layer and the PEDOT:PSS channel, an overlap of aboi®um is used

in the mask design. Whereas this increases the volume of the PEDOT:PSS channel
exposed to an ion uptake, the e ective channel length is still given by the distance
between source and drain contact.

1.3 Sensor Circuits Using OECTs

A Wheatstone bridge is a basic electrical circuit that has been invented by Samuel H.
Christie in 1833. However, it was Sir Charles Wheatstone, who could fully understand
and accurately describe the circuit using Ohms law and therefore, the credit goes to
him and the bridge bares his name [Ekelof, 2001]. This simple and elegant circuit
is comprised of four resistive elements, arranged in a loop with a voltage or current
source between the upper and lower connection points and a voltage probe between
the remaining two points.

When a voltage Vs is applied to the system, a currentls gets divided into the two
branches of the bridge depending on the ratio between the total resistance of each
branch. The voltage building up between the oating voltage pointA and B of each
branch can be calculated using Kirchho 's circuit laws

Ry

(i) Vs=1la (Ri+Ry) (i) A=1a Ry ! A=Vs R+ R, (1.15)
. y R
(i) Vs=1g (Rs+ Ry) (i) B=1lg Rg ! B=Vs Rl +3Rx (1.16)

By adjusting one resistive element (for examplR;), one could tune the oating voltage
points A and B to be identical. At this so calledbalance pointa clear relationship
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between the resistive elements of the bridge can be obtained

Ri_ - _Rs o R R« (1.17)
Ri+ R, Rsz+ Ry Ri Rz .

Therefore, by knowing the values oR; and R3 and adjusting R, to balance the bridge,
one can calculate the value oR, with great precision. The advantage of this so called
null method is that one does not need to know the mode of the source (current or
voltage), the magnitude of the source, the mode of the probe (current or voltage) or
the impedance of the probe. In fact, this method even works with highly unstable
power sources. The only thing one needs to do is accurately detect a zero current in
between the two branches. Therefore, this method has been widely used as calibration
method for resistors.

Basically, the bridge is a reference based circuit, that compares the resistance ratio of
each branch with one another. In many cases, the accurate detection of an unknown
resistance can be used to measure a physical phenomenon. For example, it is known that
the resistivity of a metal conductor depends on temperature. At higher temperatures
the atoms inside the conductor material tend to vibrate more and therefore, electrons
running through the conductor get scattered more often. This leads to a reduction of the
electron mobility and therefore and increase in the resistivity. For small temperature
changes T, this behaviour is linear

= o+ (T To) (1.18)

where ¢ is the resistivity at a de ned temperature T, and is the temperature co-

e cient. Therefore, by accurately measuring the resistance, the Wheatstone bridge
circuit can be used as temperature sensor. Many other physical parameters induce a
change in resistivity of a given material, such as strain, pressure, light or humidity and
therefore many di erent sensors can be build with a Wheatstone bridge circuit.

However, with the null method one would need to constantly readjust one of the re-
sistive elements in order to balance the bridge and be able to calculate the unknown
resistance. This is not only tedious but also very impracticable. In most sensing appli-
cations, one would actually measure the output voltage between the two oating points
and calculate the change in resistance accordingly. Typical sensor layouts are shown in
Figure 1.17. In case one there is only one varying resistive element and it can be seen
that the output voltage depends non-linearly on the change in resistanceR. This
non-linearity can be calculated and gives an end-point linearity error of approximately
0:5% % . For example, for a change in resistance ofR = 0:1 % R the output voltage
would be 0:05%less than if a linear dependency would be assumed

V.
Vou  — 0:1% fl oé05%}) : (1.19)
| —{z

linear part

} non-linear error
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4 R+ R= 2 R+ R= 2

Figure 1.17: Output voltage for Wheatstone bridge circuit with di erent varying elements
and corresponding output voltage.

It can be seen that the output voltage is proportional to one quarter of the supply
voltage. This can be further enhanced by implementing a second identical varying
resistive element at the opposite side of the bridge, as shown in the second case. Here,
the output voltage is twice as sensitive as for a single varying element bridge circuit.
Such a layout is often used for pressure sensors, where two identical strain gages are
mounted with their axes in parallel. However, the end-point linearity error remains
the same. This is obvious as in both cases, the single varying element bridge and the
two-element varying bridge the change in resistivity goes only in one direction. In order
to balance this non-linearity, a resistive element with a change in the opposite direction

is needed, such as shown in the third case. Such an element could be for example a
thermistor with a negative temperature coe cient that actually increases conductivity
with increasing temperature. Also inorganic semiconductors exhibit such a behaviour
where the conductivity depends exponentially on the temperature as more and more
charge carriers get excited into the conduction band. For such a two-element varying
bridge, the output voltage is proportional to one half of the supply voltage, due to
the resistivity change of two of the resistive elements. Moreover, the dependency is
linear with the change in resistivity. Therefore, such sensors can be easily calibrated
and show a high reliability. To increase the sensitivity even further, the branch that
contains the varying elements can be mirrored, as can be seen in the fourth case. The
calculation shows that here the output voltage is directly proportional to the supply
voltage multiplied with a percentage-wise change in resistivity. Such a layout is an
industrial standard for load cells, where four identical strain gages are used to provide

a signal that is directly proportional to the applied force. Recently, also a exible,
inkjet-printed temperature sensor based on organic materials has been demonstrated
using exactly this bridge layout. The sensor showed very good linearity and little
hysteresis within a temperature range 020 C to 70 C [Bali, 2016].
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1.3.1 Series circuit of OECT and resistor

Up until now, only purely resistive elements have been discussed in their various bridge
con gurations. However, the aim of this thesis is to implement the OECT into such
simple circuit layouts. In a simple picture, a transistor can be viewed as a conductor
for which the conductivity can be controlled through a gate voltage. Therefore, the
OECT can also be implemented into a Wheatstone bridge circuit to provide a sensor
element which is now sensitive to changes in the gate voltage, rather than temperature,
pressure or other parameters. Other than a purely resistive element, the conductivity
state of a transistor is not only controlled by a gate voltage but also determined by the
source drain voltage. And here comes the di culty when implementing an OECT (or
any kind of transistor) with other circuit elements: the source drain bias is not xed
anymore but oating. For the simple case of a resistor in series with an OECT, one
can immediately see that e ect.

Ves
J_%T_ Io Vioad
1 Rioad
: Vout VSuppIy

Here, the oating voltage point V,, is both the probe point as well as the e ective
source drain bias of the transistor. This oating voltage depends on the curren
that is running through both the transistor and the resistor (here called drain load)

Vout = VSuppIy Vioad = VSuppIy Ip Rioad (1.20)

And here comes the sensing mechanism: the drain current can be modulated via the
gate voltage andV,, will change accordingly. For example, if a negative voltage is
applied to a PEDOT:PSS based OECT, the conducting polymer gets reduced and the
drain current gets smaller in amplitude. Therefore, the output voltage will increase,
as the voltage drop across the drain load will decrease. This, in turn, will increase
the drain current, as the transistor experiences a higher e ective source drain bias and
therefore, the two counterbalancing e ects will lead to an equilibrium output voltage,
the so calledoperation point, that for a given gate voltage is determined by the supply
voltage, the drain load and the geometry of the transistor.

If an analytical model exists for the transistor, the gate dependency of the output
voltage can be calculated. This will be shown in Chapter 3 in more detail. Otherwise,
the operation point can be extracted graphically (or numerically) by plotting both the
output curve of the transistor and the so calledoad line that can be obtained by solving
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Figure 1.18: (a) Load line diagram for two di erent drain load values. The OECT geometry
isW =50um, L = 25um and d = 90nm. The supply voltage is for both cases set to
Vsupply = 0:4V. The gain of the system is larger for higher drain load values and positive
gate voltages. For negative gate voltages, the gain remains the same. (b) Same graph
but for di erent supply voltages in order to achieve an operation point of Vot = 0:24V at
Ves =0V for both drain load values (Vsyppy = 0:3V, Rjpag =100 and Vgyppy = 0:56V,
Rioad = 500 ). Even though the supply voltage has to be higher, the gain of the system
is much higher at higher drain load values. (c) Output voltage change (left y-axis) for a
small excitation signal of Vgs = 50mV at di erent operation points for increasing drain
load. Here, operation point means the point atVgs = 0V . The dashed lines show the supply
voltage that is needed to achieve the set operation point (right y-axis).

Equation (1.20) for the current

Ip = Vsupply  Vour (1.21)
Rload

into the same graph. The intersection of the two curves gives the operation point.

This can be seen in Figure 1.18a. Note that here the source drain voltage of the
transistor is denoted with V. It can be seen that the operation point depends on the

maghnitude of the drain load, the supply voltage and clearly also on the gate voltage.
When the gate voltage is changed, the output curve of the transistor is altered and the
operation point moves along the load line. For positive gate voltages, the operation
point moves towards higher voltages and for negative gate voltages it moves to lower
voltages. This means that a positive gate signal will increase the output voltage and
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Figure 1.19: (a) Raw data of frequency sweep with a50 mV excitation signal at 1:2Hz
for di erent drain load resistors. The operation point at Vgs = 0V is setto 0:6V. At
higher drain load the output signal shows an asymmetric behaviour with a distorted sinus
curve. (b) Frequency sweep for dierent drain load. Both the transconductance and the
cuto frequency get smaller with higher drain load. (c) Gain versus drain load extracted
from the raw data. The same saturation can be seen at higher drain load as in Figure 1.18b.

vice versa. Furthermore, the slope of the load line depends on the magnitude of the
drain load. The higher the drain load, the weaker the slope. At the same time, the
operation point gets shifted towards lower voltages for higher drain load if the supply
voltage remains the same. It can be seen that the di erence between operation points
at di erent gate voltages, i.e. the gain of the system V= Vgs (which is actually
the sensing output) does not change signi cantly for positive gate voltages. However,
the change at negative gate voltages is much bigger at higher drain load, even though
the absolute value of the operation points are smaller.

The e ect of changing the supply voltage is shown in Figure 1.18b. If the supply voltage
is chosen to provide a particular operation point atVgs = 0V, a direct comparison
between the gate voltage dependency for di erent drain load resistors can be made.
It is evident, that the gain is higher at higher drain load, where again the positive
gate voltages show a more pronounced e ect. The largest gain can be obtained in the
saturation regime of the transistor. In this regime, the output curves at di erent gate
voltages run parallel to each other and therefore, a weaker slope in the load line leads
to operation points that get more and more separated on the x-axis. This however
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comes at the cost of a higher supply voltage that increases linearly with the magnitude
of the drain load resistor

@yupply

@%ad =Ilp : (122)

This can be seen in Figure 1.18c, where the change in output voltage for a small excita-
tion signal of Vgs = 50 mV is plotted against the drain load. An actual ampli cation,
where the output signal changes are bigger than the gate voltage excitation, can only
be obtained for higher operation points. Note that the gain seems to saturate at higher
drain load. This can be explained with the fact that the slope of the load line can at
most be equal to zero and at that point the two adjacent output curves will have a
de ned distance in the linear regime. It can be shown, that in the saturation regime
and for small excitation signals, the gain does not saturate but instead scales linearly
with the drain load. This will be explained in more detail in Section 3.5.

From Figure 1.18a-b, one can already see that the output voltage deviates more and
more from a linear behaviour at large gate voltages. This will become more clear
by looking at the transient behaviour of the transistor plus resistor system (see Fig-
ure 1.19). Here, a sinusoidal excitation signal 80 mV leads to a transient change in the
drain current that can be read out at the output voltage. As can be seen, the amplitude
of the drain current signal shows an asymmetric behaviour for a symmetric excitation
signal. At negative gate voltages, the drain current attens out more pronounced as
for positive gate voltages where the drain current shows a regular sinusodial behaviour.
This is again due to the e ect that at negative gate voltage, the operation point of
the transistor moves back into the linear regime whereas for positive gate voltages the
operation point is moved further into the saturation regime. According to the load line
method, this means that the change in drain current for a change in gate voltage is
less pronounced at negative gate voltages than positive gate voltages. This behaviour
gets translated into the output voltages, which is proportional to the drain current
and the drain load resistor. The transconductance, de ned as the change in amplitude

o= vgs, gets smaller with increasing drain load. Also the cuto frequency shows the
same trend. This shows that care needs to be taken when choosing the appropriate
drain load and supply voltage. Since the source drain bias of the transistor is not xed
anymore, the system is not as straight forward. A more detailed description follows in
Chapter 3.
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1.3.2 OECT implemented in Wheatstone Bridge

VSuppIy

The above ndings can be directly implemented to the Wheatstone bridge circuit, as
this is merely a duplication of the single OECT plus resistor system. The advantage
of using OECTSs as the varying resistive elements in the bridge circuit is that a refer-
ence based sensor system can be achieved. This means that by having two identical
OECTs in both branches of the bridge, the di erence between the two transistors will
be directly re ected in the output voltage. This di erence can either be a simple gate
voltage di erence, or more relevant for biosensing applications, one of the OECTs can
be functionalized and then the other OECT acts as a reference. To facilitate the read-
out, equal drain load resistors will be used for both branches. This ensures an equal
ampli cation for both OECTs. In order to avoid electrical cross-talk between the two
OECTs, separate electrolytes have to be used for each branch. Initially, when both
transistors are gated equally, the output voltage will be zero as the current is split
equally into both branches of the bridge. As soon as the functional transistor picks
up a biological event and therefore changes its conductivity state, the output voltage
will change accordingly. Due to the reference OECT, the baseline of the OECT, i.e.
the drain current at zero gate bias, will be removed and changes in the output voltage
can be directly correlated with changes in the drain current. Additionally, due to this
reference based sensing mechanism, any drift in the drain current will be ltered, as
it occurs at both OECTs. Such a drift is usually seen due to evaporation of the elec-
trolyte or temperature uctuations. But also changes in the electrolyte composition
that do not involve the biorecognition element will be removed if one ensures that both
OECTs are gated through an equal electrolyte. A detailed description of a biosensing
application will be presented in Chapter 4.

Here, the focus lies on the general working principle. This can be demonstrated very
easily by keeping the gate of one OECT stable and varying the gate of the second (see
Figure 1.20). The gate voltage was modi ed stepwise frod@mV to 100 mV in steps
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Figure 1.20: Output voltage of the bridge upon varying the gate of only one OECT. The
OECT channel wasW =100 um, L =10 um and d = 100 nm. The resistance of the channel
at Vgs = 0V was 100 and the drain load resistors where chosen to be als@00 each.
The supply voltage wasVsyppy = 0:6V to provide an operation point of each OECT at
Ves =0V of 0:3V.

of 10mV and it can be seen that the output voltage follows the input almost linearly
up until gate voltages of 70 mV with a factor of Vy= Vgs = 0:5. The attenuation

of the input signal, instead of an ampli cation, has to do with the low drain load
that has been set to be as high as the channel resistance to ensure a linear behaviour.
Nevertheless, it can be seen that the output voltage always jumps back to zero as soon
as both transistors are gated equally. Furthermore, the baseline of the output signal is
very stable due to the reference based measurement.

Such a Wheatstone bridge circuit, using two OECTSs for reference based measurements
has been demonstrated to measure salt concentrations in aqueous salt electrolytes
[Svensson, 2008]. Here, the OECTs were also driven in the so callesistive mode
with a supply voltage of only 0:1V. To be able to capture the di erent salt con-
centrations, Svensson et al. had to make use of the transient behaviour of the OECT.
When operating the OECT with steady-state signals (such as shown in Figure 1.20),
the drain current is independent of the salt concentration as long as there are enough
ions to dope or dedope the channel. However, the complex impedance that re ects the
transient behaviour, depends on the electrolyte resistance (see Equation (1.8)) which in
turn is determined (amongst others) by the ionic strength. Therefore, when gating the
OECT at high frequencies, where the electrolyte resistance dominates the impedance,
but the OECT channel is not yet fully cut o, the Wheatstone bridge circuit gets sen-
sitive to small changes in the electrolyte concentration. So when using two di erent
electrolyte concentrations for both OECTSs, the output voltage can be calibrated to a
change in the ionic strength. This is due to the fact that one OECT exhibits a slower
switching speed (the one with the lower electrolyte concentration) and therefore the
oating voltage point of the corresponding branch in the bridge layout will show a
lower amplitude as the other branch for the same excitation time.
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A similar e ect can be seen with the following experiment (see Figure 1.21a): two
OECTs are connected into a Wheatstone bridge layout as shown above with two sep-
arate wells. The wells are connected with a small plastic tube and are lled up until
the tube is fully lled. One single gate is immersed in one of the two wells and electri-
cally connected to the ground. This means that one OECT is directly gated and the
other OECT is gated through the tube. A sinusoidal signal at the gate with a specic
frequency controls both OECTs at the same time. With the tube open, both OECTs
exhibit the same switching speed. Upon applying pressure to the tube in the form of
a crocodile clip, the diameter of the tube can be changed. This in turn will lead to
a higher electrolyte resistance. Therefore, the OECT that is gated through the tube
will exhibit a slower switching speed. This can be seen in Figure 1.21b, where a single
square pulse is applied to the gate and the drain current of each OECT is monitored
independently. The e ect in this setup is only noticeable for small electrolyte concen-
trations, due to the rather big diameter of the tube and the not well de ned pressure
application using a crocodile clip. Nevertheless, for an electrolyte concentration of
3 mm the e ect can be seen clearly.

In Figure 1.21c is shown a frequency sweep of the transconductance of the OECT that
is gated through the tube for di erent tube diameters. Here, fully closed means that
the clip is mounted to the whole tube but due to the plastic nature of the tube there
will still be a small channel available for ionic transport. Half closed means that only
one half of the tube is clipped and so on. The e ective diameter of the tube is not
directly correlated to the amount of closure but a clear trend can be seen. The more
the tube is closed, the more the cuto frequency is shifted towards smaller frequencies
and the device act slower. It can be seen that for this particular setup, the dynamic
range, i.e. the frequency band that shows the biggest change, lies betw&éHz and
100 Hz

A demonstration of the Wheatstone bridge sensor capability for this setup is shown in
Figure 1.21d, where the output voltage of the bridge shows the peak-to-peak amplitude
for a 20 Hz sinusoidal gate signal. Here, again the two extreme states (fully open tube
until 10sand fully closed tube until 209 show a di erent magnitude of the output
signal. When the tube is closed, the peak-to-peak amplitude is bigger as the drain
current of OECT 2 deviates more from the reference OECT 1 due to the smaller
switching speed. The fact that an output signal can be seen already for a fully open
tube, where the two OECTs are supposed to operate identically, is due to a fabrication
mismatch between the OECTs. Even a small shift in the output characteristics of
the two devices will lead to a di erent operation point atVgs = 0V for each branch.
However, a clear change in the amplitude between unclipped and clipped tube can be
seen. Note that the amplitude of the output voltage goes back to the initial value when
the clip is released and tube is fully open again. The change, that basically re ects the
applied pressure shows a frequency dependency as depicted in Figure 1.21f. It can
be seen that the sensitivity exhibits a maximum, as can already be extracted from the
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frequency dependency of the transconductance.

The idea was to bring this system into a miniaturized form to be able to implement it
into micro uidic systems. For such systems, it is very di cult to measure the internal
pressure of the micro uidic and commercial pressure sensors have to be applied at
the tubing level, invalidating the idea of a lab-on-a-chip system. By fabricating the
micro uidic channel across an OECT with a gate right next to it and a second OECT
further down the micro uidic channel, one could basically use the Wheatstone bridge
layout to calibrate the output voltage with the internal pressure of the micro uidic
channel. However, the miniaturization proved more di cult and the project did not
pass the stage of the rudimentary prototype shown in Figure 1.21a. Instead, it shall
serve as a demonstration of the working principle of the bridge and more relevant
biosensing approaches will be shown in Chapter 4.
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Figure 1.21: (a) Picture of a rudimentary pressure sensitive Wheatstone bridge sensor with
two PEDOT:PSS based OECTs. The OECTs are patterned on a microscope glass slide. The
wells are made of a cut falcon tube glued to the substrate. The two wells are connected with
a plastic tube used for micro uidic systems. One gate is immersed in one of the wells. The
pressure is controlled with a crocodile clip. (b) Normalized drain current of the single OECTs
to compare the switching speed when using a rectangular pulse. OECT 1 is not a ected by
the pressure applied to the tube. OECT 2 shows a slower switching speed when closing the
tube. The device geometry wasw = 100um, L = 10 um and d = 100 nm, the source drain
bias 0:6V and the electrolyte concentration 3mm. (c) Transconductance versus frequency
of OECT 2 as an indicator of the switching speed. The dynamic range lies betweethQ Hz
and 100Hz (d) Output voltage of the Wheatstone bridge sensor for a20 Hz sinusoidal gate
signal with an amplitude of 20 mV. At around 10§ the tube was clipped to be closed and at
around 20 sit was released again. The di erence in the amplitude provides the sensor signal.
The supply voltage wasVsyppy = 2:5V and the drain load Rjpaq = 500 . The data has
been o set corrected by 4mV. (e) Zoom-in 0o the same data set. (f) Di erence in output
voltage between open and closed tube at di erent frequencies. The dashed line is a guide to
the eye, more data points are needed to nd the maximum sensitivity.
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Chapter 2

Organic Transistor Arrays Integrated with
Finger-Powered Micro uidics for
Multianalyte Saliva Testing

This chapter is based on the publication:

Organic Transistor Arrays Integrated with Finger-Powered Mi-
cro uidics for Multianalyte Saliva Testing

A-M. Pappa, V. F. Curto, M. Braendlein, X. Strakosas, M. J. Donahue, M.
Fiocchi, G. G. Malliaras, R. M. Owens

Advanced Healthcare Materials, Volume 5, Issue 17, DOI:10.1002/
adhm.201600494 (2016).

A compact multianalyte biosensing platform is reported, composed of an organic
electrochemical transistor (OECT) microarray integrated with a pump-less nger-
powered micro uidic, for quantitative screening of glucose, lactate, and cholesterol
levels. A biofunctionalization method is designed, which provides selectivity towards
speci ¢ metabolites as well as minimization of any background interference. In ad-
dition, a simple method is developed to facilitate multi-analyte sensing and avoid
electrical crosstalk between the di erent transistors by electrically isolating the indi-
vidual devices. The resulting biosensing platform, veri ed using human samples, o ers
the possibility to be used in easy-to-obtain bio uids with low abundance metabolites,
such as saliva. Based on our proposed method, other types of enzymatic biosensors
can be integrated into the array to achieve multiplexed, noninvasive, personalized
point-of-care diagnostics.
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2.1 Introduction

Point-of-care testing (POCT) is one of the fastest growing sectors of medical diagnos-
tics. However, e ective POCT methods pose stringent requirements and challenges for
biosensor development [Liu, 2012; Kumar, 2013; Wan, 2013]. Multiplexed and compact
devices for high throughput analysis in a cost-e ective and time-saving manner are ur-
gently required for next generation biosensors, to provide more holistic and accurate
understanding of the system under investigation. Advances in electronics and microfab-
rication have allowed the miniaturization of various optical and electronic transducers
allowing for faster and more sensitive devices for diagnostics [Willner, 2002; Turner,
2000]. Despite these developments, it remains challenging to develop portable, low-cost
biosensing platforms that are able to detect multiple metabolites simultaneously with
high sensitivity and selectivity.

Lactate, glucose, and cholesterol are metabolites of critical importance in healthcare.
Although cellular metabolic pathways are somewhat complex, quanti cation of such
key markers in normal and under di erent conditions, as well as assaying their relative
abundance compared to other metabolites, can provide useful insights for the health
status of an individual. For example, due to the close metabolic relationship between
glucose and lactate, uctuations of their absolute or relative concentrations, along
with cholesterol quanti cation, can be correlated with certain medical conditions such
as heart disease and diabetes [Wang, 2013; Arya, 2008]. Commercialized metabolite
sensor chips rely mainly on nger-stick blood draws. However, the intrusiveness and
inconvenience of such blood-sampling methods as well as the stringent requirements
for continuous real-time sampling and screening (for example in areas as diverse as
critical healthcare units to sports medicine) emphasize the importance of noninvasive
biosensing technologies using alternative bio uids such as saliva [Lee, 2009].

Organic electrochemical transistors (OECTS) represent a very promising class of or-
ganic thin Im transistors (OTFTs) that have recently fueled scienti c interest as es-
pecially performant transducers in sensing applications. OECTs couple the advantages
of OTFTs [Torsi, 2013] (i.e., simple electrical readout, inherent signal ampli cation,
ease of fabrication and straightforward miniaturization), with electrochemically driven
operation in aqueous solutions, thereby establishing a conduit between electronics and
biology [Strakosas, 2015]. OECTSs, unlike the vast majority of OTFTs, comprise an
organic active layer, which is in direct contact with the biological milieu of interest.
The working principle relies on the electrochemical doping/de-doping of the organic
semiconductor upon application of a small gate bias [Khodagholy, 2013; Bernards,
2007]. As amplifying transducers of ionic-to-electronic signals, OECTs can also be in-
tegrated with micro uidic channels toward lab-on-a-chip applications [Mabeck, 2005;
Yang, 2009].

Poly(3,4-ethylene-dioxythiophene):poly(styrene sulfonic acid) (PEDOT:PSS) has e-
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merged as the benchmark material of organic bioelectronics [Lanzani, 2014; Simon,
2009; Sessolo, 2013] and is typically employed as the active layer of OECTs. Such
devices have been used as ionselective sensors [Sessolo, 2014; Lin, 2010], cell-based
sensors [Tria, 2014; Rivnay, 2015] and when coupled with redox enzymes, as biocat-
alytic sensors for the detection of metabolites (i.e., glucose, lactate, etc.) [Bernards,
2008; Khodagholy, 2012; Tang, 2011], the latter showing great potential for POCT
applications. Kergoat et al. recently reported on the use of PEDOT:PSS-based
OECTs for single-analyte detection of critical neurotransmitters such as glutamate
and acetylcholine[Kergoat, 2014], while Liao et al. demonstrated sensitive and selective
single-analyte detection of key metabolites such as glucose and urea in saliva samples,
as a potential POCT system [Liao, 2015]. In those studies, as in most cases of amper-
ometric biosensors using an oxidase type of enzyme, the sensing mechanism relies on
the detection of hydrogen peroxideH,0,), a by-product of the enzymatic reactions.

In practical applications, such approaches su er from several constraints related to the
selectivity of the device mainly due to the existence of electro-active compounds in
complex media. Speci cally, the relatively high potential 0:6 V vs. Ag/ AgCl reference)
required for the oxidation ofH,O, increases signi cantly the level of interference from
endogenous electroactive species (e.g., uric acid, dopamine, and ascorbic acid) that
are present in bodily uids, leading to misinterpretation of the recorded signals. One
possible strategy to reduce or eliminate electrochemical interference of endogenous
species is through the use of permselective membranes such as na on and poly-lysine
for size or charge-based exclusion of the interferents [Liao, 2015].

In the case of multianalyte detection from a single biological sample, di usion 1,0,
between adjacent biosensors may also lead to signal misinterpretation. Notably, two
kinds of cross-talk should be considered, electrical and chemical. The former results
primarily from capacitive coupling and the latter from di usion of H,O, [Wilson, 2005].
Arguably, a more elegant alternative to the detection oH,0, is the use of mediators
as a strategy to improve selectivity and performance of such amperometric biosensors.
Indeed, as we show in this study, by using a novel biofunctionalization scheme incor-
porating an electron mediator (ferrocene), molecular wiring of the enzyme active site
to the electrode is achieved, thus lowering the working potential of the electrodes, and
reducing background signal.

We report here, for the rst time, the development of a compact biosensing plat-
form consisting of multiplexed OECTs for the simultaneous detection of three critical
biomarkers: glucose, lactate, and cholesterol. The real-time detection of a combination
of analytes from human saliva samples is achieved in a noninvasive and label-free man-
ner with high selectivity and sensitivity in the relevant physiological ranges. Addition-
ally, this versatile platform is integrated with a simple pumpless poly(dimethylsiloxane)
(PDMS)-based micro uidic towards the realization of POCT devices.
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Figure 2.1: OECT biofunctionalization and use for enzymatic sensing. (a) Schematic repre-
sentation of the OECT device structure and an illustration of the generic biofunctionalization
scheme at the gate electrode. (b) Cyclic voltammogram of the gate electrode in PBS (scan
rate: 20mV s 1) before gate functionalization (i), after gate functionalization with CS-Fc/GO

x complex (i) and in the presence of10 mm glucose (iii). (c) Schematic illustration of the
general sensing mechanism using an OECT-based sensing con guration.

2.2 Results and Discussion

2.2.1 OECT Biofunctionalization and Use for Enzymatic Sensing

Figure 2.1 shows a schematic illustration of the device structure of a single OECT
fabricated on a glass substrate, as well as the generic biofunctionalization scheme at
the planar gate electrode of each transistor, based on the method of Strakosas et al.
[Strakosas, 2014]. Briey, by blending PEDOT:PSS with polyvinyl alcohol RVA),

we introduce free hydroxyl groups on the surface of the conducting polymer, a func-
tionality subsequently used for covalent attachment of a heterobifunctional silane (3-
glycidoxypropyltrimethoxysilane, GOPS) via a condensation reaction. A di erent pro-
tein was then immobilized on each gate electrode of the four transistors, namely glucose
oxidase GOXx), lactate oxidase (Ox), and cholesterol oxidase@hOx) for the respec-
tive detection of glucose, lactate, and cholesterol. Bovine serum albumin (BSA) was
immobilized on the fourth electrode serving as the control.

The rst generation of enzymatic biosensors, in which the co-substrate for the enzyme
is oxygen, su er from several disadvantages, principally oxygen dependence and inter-
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Figure 2.2: Normalized response of the OECT under di erent gate bias in the presence of
complex media (whole blood) in a diluted (L0 %) and undiluted form.

ference from electro-oxidizable compounds. Indeed, when we used a highly complex
biological matrix, i.e., whole blood, we observed a signi cant decrease in the back-
ground signal when the same device was operated at a low potential\@fs = 0:2V
compared to a higher potential oVgs = 0:4V (Figure 2.2). To circumvent this issue,
other types of redox active molecules have been used as an alternative co-substrate for
the enzyme (known as electrochemical mediators), to reduce the applied potential to
near zero values [Scheiblin, 2015; Shim, 2009].

Among the electron mediators used in biosensing applications, ferrocele)( a stable
organometallic compound, is frequently used due to its favorable intrinsic properties
(i.e., low molecular mass, good electrochemical stability, and reversibility at low po-
tentials and formation of stable redox states) [Fernandez, 2005]. Howeveét, adsorbs
weakly onto metal electrodes due to its small size and low a nity with such surfaces,
leading to leaching ofFc, with subsequent concerns for toxicity. A solution to this issue
is to provide a supporting matrix to improve the stability of the system.

In this work, Fc-branched chitosan (CS) derivatives were prepared [Yang, 2007] to act
as redox active hybrid electrochemical shuttles for the biosensor. CS, a biopolymer
with remarkable physico-chemical properties (i.e., Im forming ability, high per-
meability towards water, good mechanical properties and non-toxicity) [Quignard,
2000], was chosen as an e ective biocompatible support for both the mediator and
the enzyme. We hypothesized that by creating a microenvironment where the en-
zyme and the mediator are con ned to a small volume adjacent to the electrode,
the e ciency of electron transfer would be substantially improved. The enzyme was
attached to the CS-Fc hybrid, by amine coupling of the residual amine groups of CS-
Fc through N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride/sulfo-N-
hydroxysuccinimide (EDC/NHS) chemistry, and immobilized onto the epoxy-modi ed
gate electrode via covalent attachment of the amine groups present in the biocomplex
(Figure 2.1a). Figure 2.1b shows cyclic voltammograms of the pristine gate electrode
() and the CS-Fc/GOx composite modi ed electrode in phosphate bu er solution
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Figure 2.3: Reaction mechanisms at the gate electrode for detection of glucose (i), lactate
(i) and cholesterol (iii) respectively as well as the subsequent reactions at the channel (iv).

(PBS) (ii), as well as that of the modi ed electrode in the presence of glucose (iii).
The well-de ned and symmetric peaks a0:25V and 0:15V of the modi ed electrode

in PBS are characteristic of the immobilized Fc group, whereas the drastic increase
of the current in the presence of glucose in the bu er solution indicates the e ective
immobilization of GOx and the expected enzymatic reaction.

The sensing mechanism of our platform, based on the enzyme/mediator complex func-
tionalized gate electrode is illustrated in Figure 2.1c. Upon addition of a sample con-
taining the substrate of interest, an enzymatic reaction occurs, the enzyme is reduced
and cycles back via the ferrocene/ferricenium (Fc/Fc+) ion couple which mediates elec-
tron transfer between the redox enzyme and the PEDOT:PSS gate electrode, due to
its low oxidation potential. The resulting change in the gating of the channel is pro-
portional to the concentration of the analyte allowing its quanti cation. The reaction
cycles at the gate electrode for each of the three analytes along with the subsequent
reactions at the channel are shown in Figure 2.3.

2.2.2 Characterization of Biofunctionalized OECTs

OECTs have proven to exhibit the highest transconductancegf) among electrolyte-
gated transistors of comparable geometry [Khodagholy, 2013], dened aj =
@b=@¥s. Transconductance is the gure of merit for biosensing applications as
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Figure 2.4. Characterization of the biofunctionalized OECTs. (a) Steady state charac-
teristics of a representative OECT: transfer curve and the corresponding transconductance
(dashed line indicates the working point of the OECTs for signal acquisition), before and
after biofunctionalization. (b-d) Normalized calibration curves derived from the chronoam-
perometric response of the OECTs after successive additions of increasing concentrations of
the analytes glucose, lactate, and cholesterol. The solid lines show the corresponding linear
parts of the calibration curves.

it sensitively quanti es the current owing in the channel (Ip, drain current), in
response to a change\Wts, gate voltage), and is thus a measure of the e ciency

of transduction of a biological event. Rivnay et al. recently demonstrated that the
transconductance of an OECT can be tuned by not only changing the channel geome-
try but also the conducting polymer Im thickness [Rivhay, 2013]. We customized the
channel geometry in order to obtain the highest transconductance value at the applied
gate bias of0:1V to 0:2V, which coincides with the working potential of our enzymatic
sensors Q:2V). Figure 2.4a shows the transfer characteristics of such an OECT before
and after the gate biofunctionalization. These characteristics demonstrate typical
low-voltage operation Vgs; Vbs < j1Vj) in the depletion mode. The corresponding,
exhibits its maximum value of 16 mSat Vgs = 0:15V and Vps = 0:6V. Notably, the
biofunctionalization process does not lead to any signi cant alterations in the device
performance.

For the calculation of sensitivity and linear range, two vital indicators of the sensing
performance of any sensor, chronoamperometric (CA) measurements were performed on
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Figure 2.5: Typical chronoamperometric responses of the three analyte-speci c OECTSs after
successive additions of increasing concentrations of the corresponding analytes.

the di erently functionalized transistors after successive additions of increasing concen-
trations of corresponding analytes. Figure 2.4b-d show the calibration curves, deduced
from the CA measurements after performing each experiment at least three times. In
order to compare the responses of di erent devices, the current outputs were normal-
ized as described in the Experimental Section. The raw data for representative devices
are shown in Figure 2.5.

The logarithmic plot of current response vs. analyte concentration yields a linear be-
havior in the concentration range 0f00:02 mm to 1 mm for glucose,0:01 mm to 2 mm for
lactate and 0:01 mm to 0:7 mm for cholesterol, while all coincide with the correspond-
ing physiological levels in saliva, ranging typically from0:1 mm to 0:5mm, 0:1 mm to
2:5mm and 0:1 mm to 0:45 nm of glucose, lactate, and cholesterol respectively [Malon,
2014]. The OECTs show excellent sensitivities in them range and lower limits of
guanti cation (LOQ) of 10um for glucose,50um for lactate, and 10um for cholesterol
as determined from the calibration curves.

For the bio-sample tested here, we show detection in the relevant physiological range,
however as might be expected, changes in the enzyme loading can be used as a method
to alter the dynamic range [Durso, 1993]. Upon increasing the enzyme loading, we
observed no noticeable change in the biosensors' analytical characteristics, probably
due to limitations in the di usion of the analytes. After a certain threshold of enzyme
concentration, the response of the device became relatively independent of changes
in enzyme activity, an observation that is in accordance with previous studies [Durso,
1993]. We determined the critical enzyme concentrations for the three di erent enzymes
and used it throughout as described in the Experimental Section. Increasing the CS-Fc
concentration in our biocomplex on the other hand resulted in a signi cant shift towards
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Figure 2.6: Comparative calibration curves of glucose with di erent enzyme: mediator ratio.

higher upper limits in the linear range (Figure 2.6). This is attributed to an increase
in the CS Im thickness, which acts as a di usion limiting barrier for the analyte.
However, the increase of the CS Im thickness inevitably extends the response time of
the device. Overall, by ne tuning the enzyme/mediator complex loading we can rather
easily adjust our sensor's analytical characteristic to the needs of a speci c analytical
task.

2.2.3 Selective Multianalyte Detection in Complex Media Using
the OECT Array

In this work an array of analyte speci c OECTs, operated in a common electrolyte,
i.e., the relevant biological sample, was fabricated, therefore electrical crosstalk between
the di erent transistors was typically an issue to troubleshoot. In a common-source
con guration and in the presence of a common electrolyte, the individual transistor
gating will induce changes in each of the separate sensing circuits due to polarization.
To circumvent this issue, we ensured a closed electrical loop for each of the sensors
by isolating the individual grounds (in our case the source) as shown schematically in
Figure 2.7a. The current output of two adjacent transistors in the same electrolyte
after a DC sequential pulsing at the gate electrode of each OECT demonstrated no
evidence of electrical cross-talk between individual OECTs (Figure 2.7b). Figure 2.7c
shows the normalized current response of the three di erently functionalized transistors
operated simultaneously after successive additions of the corresponding analytes in
known concentrations. Each device operates independently and speci cally for the
relevant analyte, without any biological crosstalk. When a mixture containing all
analytes was added on the OECT array, the current-response times of each transistor
di ered. This can be related to the spatial position of each device with respect to the
central addition of the metabolite mixture as well the di erent kinetic properties of
each enzyme (Figure 2.7d).
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Figure 2.7: Selective multianalyte detection in complex media using the OECT array. (a) A
schematic circuit diagram of two OECTs on the array. (b) CA response of the channels of two
OECTs after sequential pulsing of the gates showing the absence of electrical cross-talk. (c-
d) CA response of three di erently functionalized OECTs after successive additions of known
concentrations of the three analytes (c) and addition of a mixture of the three analytes (d).

2.2.4 On-Chip Multianalyte Detection in Saliva Using the OECT
Array

The use of biological samples such as blood and saliva is known to increase background
interference. One strategy used predominantly in in vivo biosensing applications to im-
prove biosensor signal-to-noise ratio (SNR) with respect to electrochemical interference
present in biological media, is the use of a blank electrode. This identical electrode
that lacks the selectivity toward a speci ¢ analyte is utilized in extracting any back-
ground signal related to unspeci c reactions and thus to improve the sensitivity of the
biosensor [Schabmueller, 2006; Weltin, 2014]. To this end, we incorporated an extra
OECT into the microarrays, which was functionalized with a non-speci c protein, BSA.
Interference studies with respect to the detectable analytes were also performed with
our reference transistor to further ensure speci city and sensitivity of our system. The
device showed no response to the presence of these analytes in the medium, further
con rming its non-speci ¢ nature (data not shown).

Furthermore, we integrated a versatile, portable, and easy-to-use human-powered ,
PDMS-based micro uidic in the OECT array. Micro uidics allow for laminar ow,
ultra-small sample volumes, faster analysis, portability, miniaturization, and automa-



71 2.2 Results and Discussion

Figure 2.8: Selective multianalyte detection in complex media using the OECT array.
(a) Schematic illustration of the biosensing multiplatform with the embedded nger-
powered PDMS micro uidic showing the activation button (1), the liquid reservoir (2),

and the punched inlet (3). (b) Photograph of the actual device used for the measurements,
showing a red-colored solution that was pressure-driven from the inlet through the sensing
areas, as indicated by the arrow. (c) Salivary metabolite levels of ve healthy volunteers
as measured with our setup (the grey shaded areas represent the physiological ranges of
concentrations for each analyte). (d) Relative salivary metabolite variations of two healthy
volunteers before and after intense physical exercise.

tion [Nahavandi, 2014]. In our approach, the human nger, serving as the pumping
actuation force, provides the pressure to drive the liquid inside the microchannel [Iwali,
2011]. The micro uidic device consists of a straight channel and two large round ar-
eas (Figure 2.8a). Simply, the larger round area is used as the activation button
for the micro uidics by depressing the PDMS layer. The applied pressure results in a
decrease in the total volume of the microchannel. After pipetting the specimen on top
of the punched inlet, the pressure is released and the liquid starts to ow inside the
microchannel due to re-expansion. Since this process is reversible, the smaller round
region is used as a liquid reservoir (dead volume) to avoid complete emptying of the
microchannel, which can result in faulty operation of the transistors. In our experi-
ence as long as su cient pressure is applied to achieve uid transfer, the exact amount
of pressure applied is not critical. It should be mentioned that physiological solution
(PBS) was owed in all the experiments prior to the detection media in order to obtain
our baseline and thus avoid any possible signal misinterpretation due to contamina-
tion from the previous samples. A photograph of the resulting portable biosensing set
up embedded within the micro uidic is provided in Figure 2.8b. Although the mea-
surement set up utilized herein is a custom, lab-based multivalent measuring system
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(described in the Experimental section), which is not portable, once speci c require-
ments are outlined for electronic acquisition, portable embedded electronics can be
tailored to the application at hand to be compatible with POCT.

It is believed that salivary metabolite levels can re ect the corresponding blood con-
centrations since saliva is an ultra- Itrate of plasma. In particular, most metabolites
can be detected in saliva due to their passive di usion from blood and subsequent se-
cretion from salivary glands [Aguirre, 1993; Kim, 2014]. Figure 2.8c shows the salivary
metabolite levels of ve healthy volunteers as measured by our device. For the calcu-
lation of the analyte concentrations, the current normalized responses of the OECTs
were correlated with the calibration curves for each metabolite, shown in Figure 2.4b-d.
All metabolite levels were found to be within the physiological range (shaded areas in
the graph), indicating the relevance of the measurements. In order to examine the
relative variations of those metabolites under di erent physiological conditions, we col-
lected samples from two healthy volunteers before and after intense physical exercise
and the results are summarized in Figure 2.8d. Monitoring of metabolite levels in
sports medicine has been extensively employed as a means of determining the athlete's
health status during exercise. Lactate is a crucial intermediary in nhumerous cellular,
localized and whole body metabolic processes and the balance of its production and
removal is highly dependent on a multitude of parameters. Lactate is known to be
formed by skeletal muscle when the rate of glycolysis exceeds the metabolic rate of the
citric acid cycle and oxidative phosphorylation (i.e., during intense exercise). However,
given the multivariate mechanisms of energy metabolism that are involved, the levels
of other associated metabolites need to be concurrently measured in order to obtain
a more holistic understanding of the rather complicated bioenergetic pathways. With
our platform we anticipate meeting such requirements that can facilitate simultaneous
identi cation of informative biomarkers in particular healthcare applications.

2.3 Conclusions

In this work, key challenges in continuous multi-analyte biosensing such as analyte
speci city and elimination of electrical and biological cross-talk were successfully ad-
dressed. A multiplexed OECT platform integrated with a portable nger-powered
micro uidic was developed, allowing for the detection of several critical biomarkers
simultaneously. Measurements were performed with this prototype device in human
saliva, to detect three clinically relevant biomarkers, glucose, lactate, and cholesterol.
The biosensors achieved excellent analytical performance with detection ranges that
covered the physiological ranges in saliva. This versatile and easy-to-handle platform
enables the implementation of any type of enzymatic biosensors toward accurate, rapid,
non-invasive, and portable next-generation healthcare monitoring. Finally, the solu-
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tion processability of our main material (PEDOT:PSS) and the simple planar fully
integrated design renders the process easily scalable for high throughput production of
disposable sensors.

2.4 Experimental Section

Device Fabrication The devices are fabricated photolithographically using a pary-
lene C lift-o process [Sessolo, 2013]. Patterned gold lines served as source, drain, and
gate electrodes. PEDOT:PSS blended with PVA was employed as the active layer of the
OECT and also deposited on the gate. The overall device architecture consists of four,
pum-sized OECTs, each with a channel of width-to-lengthW=L) of 100=10 (pum=um)
and a planar gate ob00um 500um. The metal contacts and interconnects were pat-
terned using Shipley 1813 photoresist, exposed to UV light with a SUSS MJB4 contact
aligner, developed in MF-26 followed by thermal evaporation of chromiuni@ nm) and
gold (100nm and metal lift-o in acetone/isopropanol. Two, 2um thick parylen C
layers (SCS Coating) separated by an anti-adhesive (industrial cleaner, Micro-90) were
successively deposited using a SCS Labcoater 2. The rst parylene layer was attached to
the substrate using 3 (trimethoxysilyl)propyl methacrylate (A-174 Silane) as an adhe-
sion promoter. For the patterning of the PEDOT:PSS channel, AZ9260 photoresist was
spin casted, exposed, and developed in AZ developer (AZ Electronic Materials) followed
by reactive ion etching byO, plasma (Oxford 80 Plasmalab plus) of the unprotected
layers of parylene. For the deposition of the PEDOT:PSS/PVA Ims, a formulation

of the commercial aqueous dispersion PH-1000 (Heraeus Clevios GmbH), consisting
of 5% v=v ethylene glycol, 0:4 % v=v dodecyl benzene sulfonic acid an@5wt% of
polyvinyl alcohol was sonicated before spin-castin@$00rpm 355 for a thickness of
90 nm). The resulting devices were subsequently baked &0 C for 1 h followed by 2
rinsing/soaking cycles in deionized water to remove any excess of low-molecular-weight
compounds.

Device Functionalization For the gate electrode functionalization, 3 glycidoxy-pro-
pyltrimethoxysilane (GOPS) was deposited by vapor deposition é20 C for 1 h under
vacuum and baked after washing with ethanol15 9, for the formation of the epoxy-
modi ed gate electrode surface. The three enzyme solutions were prepared in PBS
(phosphate bu ered saline) in their optimum concentrations,2mgmL ! for glucose
oxidase (from Aspergillus Niget 100Umg !, Sigma) 10mgmL ! lactate oxidaze
(from Aerococcus viridans 55U mg !, Roche) and5 mgmL ! for cholesterol oxidase
(from Streptomyces sp. 20U mg !, Sigma). Chitosan Ferrocene (CS-FcpmgmL *!
was diluted in a1 % v=v acetic acid aqueous solution. Prior to CS-Fc/enzyme complex
formation, the enzyme solutions were mixed with EDC:NHS (1:1)100 mm in 2-(N-
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morpholino)ethanesulfonic acid (MES) bu ering agent in a 4.1 enzyme:reaction mix-
ture ratio and left for 30 min to react. Subsequently, the CS-Fc/enzyme complex was
formed by mixing the activated enzyme solution with the CS-Fc solution in a 1:1 ratio
and left for 30 min. Following that, the mixture was drop-casted selectively onto the
epoxy-modi ed gate electrodes and left overnight in a humid environment to avoid
evaporation.

Device Characterization All characterization was performed in PBS. The cyclic
voltammograms of the biofunctionalized electrodes were recorded using a potentiostat-
galvanostat (Autolab, PGSTAT128N) with a Ag/AgCl reference electrode and a
platinum counter electrode. The electrical characterization of the OECT (IV curves
and calibration curves) was performed using a Keithley 2612A dual SourceMeter with
customized LabVIEW software. The chronoamperometric measurements were recorded
using a National Instruments PXle-1062Q system. For this, the channel and the gate of
the OECT were biased using an isolated analog output model, NI PXle-4322, with 300
V CAT Il channel to channel isolation. The current output of each OECT was recorded
with a separate digital multimeter card, PXI-4071, mounted in the same chassis. A
customized LabVIEW software was used to address each hardware component.

Chronoamperometric Measurements for Calibration of Metabolites and Multi-

analyte Testing Glucose and lactate were dissolved as stock solutions in PBS, while
cholesterol was dissolved in a 1X PBS solution containirg% v=v Triton X-100, fol-
lowed by gentle heating until a clear solution was obtained. The stock analyte solutions
were subsequently diluted in PBS to perform calibration curves. Each measurement
was conducted by subsequent additions of increasing concentrations of the analyte so-
lutions after baseline (steady current) in PBS was reached on our devices. The readout
signal at zero analyte concentration is determined by the steady current obtained in
PBS solution. The device response for each metabolite concentration was subtracted
after the current output reached steady state and was normalized according to the
following equation:

NR = I conc I conc=0 ; (2.1)
I conc=0

where | sone=0, lconc @re the current outputs in the absence of any analyte (baseline)
and after the addition of a speci c concentration of analyte, respectively. For multi-
analyte measurements in PBS or saliva, the transistors were operated simultaneously
and current outputs of each transistor were recorded individually with a separate dig-
ital multimeter card as described above. In the particular case of saliva samples, our
background signal is given by the readout signal (current output) of the control device
(BSA-functionalized device) in the presence of the saliva.
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Micro uidic Fabrication  The fabrication of the micro uidics master mold was car-
ried out by pasting a50um thick double-sided pressure sensitive adhesive Im, PSA
(AR8890, Adhesives Research, Ireland) onto a plastic petri dish. The desired micro u-
idic pattern was created by cutting the PSA with a cutting plotter (Large Flatbed
plotter FC2250 series). For the formation of the polydimethylsiloxane (PDMS) mi-
cro uidics, PDMS was prepared by mixing PDMS elastomer with the curing agent
from Sylgard 184 kit at a weight ratio of 10:1. After mixing and centrifugation, the
PDMS was poured onto the master mold, and cured in an oven &0 C overnight.
Following curing, the PDMS layer was peeled from the master and the inlet was made
using a metal punch 2 mm in diameter). Finally, the PDMS micro uidics was placed
on top of the OECTs device that were previously fabricated and functionalized on con-
ventional microscope glass slide. Using an optical microscope, successful alignment of
the microchannel and the OECTs was performed.

Saliva Sampling Saliva samples were collected froh5 healthy volunteers and5 of
them were randomly chosen for the experiments. Saliva sampling was performed at
fasting conditions (at least3h) using a direct expectoration method the so called
spitting method. Subjects were asked to collect saliva in their mouths and to spit it
into a sterile plastic tube with a diameter of6 cm for 5 min, based on existing protocol
[Nagler, 2005]. Saliva sampling was done according to ethics principles set out by the
biosafety committee at Ecole des Mines de St. Etienne and consent forms were signed
by all donors.
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Chapter 3

Voltage Ampli er Based on Organic
Electrochemical Transistor

This chapter is based on the publication:

Voltage Ampli er Based on Organic Electrochemical Transistor

M. Braendlein, T. Lonjaret, P. Leleux, J-M. Badier, G. G. Malliaras
Advanced Science, Volume 4, Issue 1, DOI:10.1002/advs.201600247 (20186).

Organic electrochemical transistors (OECTS) are receiving a great deal of attention as
amplifying transducers for electrophysiology. A key limitation of this type of transis-
tors, however, lies in the fact that their output is a current, while most electrophysiology
equipment requires a voltage input. We build and model a simple circuit that uses a
drain resistor to produce a voltage output. We show that operating the OECT in
the saturation regime provides increased sensitivity while maintaining a linear signal
transduction. We demonstrate that this circuit provides high quality recordings of the
human heart using readily available electrophysiology equipment, paving the way for
the use of OECTSs in the clinic.
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3.1 Introduction

Historically, electrophysiological activity has been recorded with ampli ers using cu-
taneous or implanted electrodes to pick up the biological signal and dates back to the
work of Einthoven in 1901 [RiveraRuiz, 2008]The displacement of ionic charge inside bi-
ological tissues during heart or neuronal activity builds up a voltage which can be read
with low impedance electrodes [Buzsaki, 2012]. However, on the way to the ampli er,
this biological information is disturbed by ambient noise such as the characteristic AC
signal from the building's power supply [Webster, 1984]. This can become particularly
challenging in environments such as an operating theater in a hospital where strong
lights, space limitations and sophisticated medical tools provide high electrical noise.
This is compounded by the fact that the amplitude of electrophysiological signals is
typically very low. One way to bypass such problems is to use active transducing am-
pli ers that are in direct contact with the biological medium. This provides a rst
stage ampli cation at the recording site, making the signal less sensitive to further
noise pickup.

A promising candidate for such a transducing ampli er is the electrolyte gated or-
ganic electrochemical transistor (OECT) [Kittlesen, 1984], a three terminal device
with key properties such as low operation voltage [Nilsson, 2002a], high transconduc-
tance [Khodagholy, 2013b] and biocompatibility [Isaksson, 2007]. The use of the con-
ducting polymer poly(3,4-ethylenedioxythiophene) doped with poly(styrene sulfonate)
(PEDOT:PSS) as active material leads to an improved bioelectronic interface [Riv-
nay, 2014] and recent studies have attributed this fact to the mixed ionic and elec-
tronic conduction [Rivnay, 2015] where ions are able to penetrate into the bulk of the
material [Stavrinidou, 2013]. Easy fabrication with low temperature processing tech-
niques, such as photolithography [Sessolo, 2013], screen printing [Andersson, 2002] or
inkjet printing [Basirico, 2012] provide a future perspective for large scale manufactur-
ing of exible, disposable [Nilsson, 2002b] and reasonably priced sensor devices on a
broad range of substrates [Stavrinidou, 2015]. As such, the OECT has proven worthy
in various biosensing scenarios, e.m vitro detection of ions [Sessolo, 2014], specic
metabolites [Tang, 2011] and nucleotides [Lin, 2011], real-time monitoring of barrier
tissue integrity [Ramuz, 2014] andn vivo recordings of electrophysiological activity
[Khodagholy, 2013al].

The OECT in its regular con guration, i.e. a constant source drain bias and a gate that
is connected to the source and immersed in an electrolyte covering the active material,
provides a drain currentlp that is modulated by the gate voltageVgs. Cations in-
jected in the active material upon applying a positive gate voltage compensate sulfonate
anions on the PSS chain, thus reducing the number of holes in the Im by electrochem-
ically dedoping the conducting polymer [Yuen, 2007]. Campana et al. demonstrated
a direct cutaneous implementation of an OECT on resorbable biosca old for tran-
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sient applications in electrocardiographic (ECG) recordings [Campana, 2014]. This
way, the ampli ng transducer is brought directly to the site of interest, reducing the
power-line interference and allowing for an increased signal-to-noise ratio comparable
to regular electrode measurements. In order to maintain high quality recordings for
long-term measurements, as needed for example in sports applications [Coyle, 2010]
or telemedicine situations [Fensli, 2005; Pantelopoulos, 2010], hydrogels or ionic lig-
uid gels [Yi, 2015] are used to establish a better contact of electrophysiology devices
with the skin. This reduces motion artifacts and maintains or lowers the impedance
[Takamatsu, 2015].

To make the OECT compatible with existing voltage recording equipment for elec-
trophysiological measurements, we need to convert the current output into a voltage
signal. In this article, we focus on the integration of the OECT into a simple volt-
age ampli er circuit to provide a voltage-to-voltage transduction, as rst introduced
by Rivnay et al. [Rivnay, 2013]. A detailed investigation of this system allows us to
optimize the ampli cation parameters of the device. We nd an increased performance
when biasing the OECT in the saturation regime with a linear ampli cation of up to
30V=V. To validate our system, we demonstrate recordings of electrocardiographic
signals with a regular medical recording system. This work leads to a better under-
standing of OECT-based circuits and paves the way for their use as active organic
electrodes with traditional electrophysiology instrumentation.

3.2 Results and Discussion

To convert the current provided by the OECT into a readable voltage signaV,,; we
use a load resistoiR,3g On the drain side of the OECT (see Figure 3.1a). This acts
as a voltage divider for the supply voltage/su,py and lets the drain voltageVy, of the
OECT oat, i.e. there is no xed source drain bias anymore. Instead, the bias depends
on the drain current

Vout = Vsupply Rioad b (Ves; Vout) (3.1)

which itself depends on both the gate voltage as well as the source drain bias. Therefore,
a modulation on the gate can be related to a change in the output voltage and a voltage-
to-voltage transduction is achieved. For each gate voltage there is one speci ¢ output
voltage and this so called operation point QP) depends on the drain load as well
as the supply voltage. By solving Equation (3.1) folp and plotting this so called
load line on top of the IV curve one obtains a load line diagram and can immediately
extract the operation point at the intersection of the two curves (see Figure 3.1b).
Since the e ective source drain bias of the device varies linearly with the drain current,
the resulting transconductanceg, = @b=ays is also altered. We distinguish between
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Figure 3.1: (a) Schematic circuit layout of the voltage ampli er system with embedded
OECT. (b) Load line diagram of an OECT with aspect ratio of W= = 2 and thickness of
d =70nm using a drain load resistor ofR|,aq = 500 for saturation regime (blue) and linear
regime (red). A 100 mm solution of sodium chloride is used as electrolyte. The gate voltage is
varied from Vgs = +0 :4V (light green) to  0:4V (dark green) in steps of Vgs =0:1V. The
black line indicates the output at Vgs = 0V and the open circles denote the corresponding
operation point. The dashed lines are a guide to the eye and extend the saturation regime to
the inaccessible data points assuming that the drain currents fully saturates. (c-d) Transfer
curve (dashed line) and transconductance (solid line) of the unloaded (black) versus the
loaded OECT (colored) for linear regime (c) and saturation regime (d). The values of the
drain current are extracted graphically via the intersection of the load line with the output
curve at each value ofVgs.

the linear and the saturation regime of the OECT, the chosen operation points at
Ves =0V areOPj, = 0:2V and OPg, = 0:8V respectively (see Figure 3.1c-d). It
can be seen that in the linear regime, the peak transconductance compared to a device
without drain load is shifted towards a higher positive gate voltage and consequently
the transconductance atVgs = OV drops by more than50% On the other hand,

in the saturation regime the transconductance is identical to an unloaded device for
positive gate voltages and only deviates for negative gate voltages. This is due to
the fact that at negative gate voltages, the drain current increases and in consequence
the source drain bias decreases until the OECT operates back in the linear regime.
Considering the amplitude of regular electrophysiological signals (in the order |@¥ to
mV), we are mainly interested in small changes of the gate voltage arounds =0V.
Hence, operating the device in the saturation regime is favourable as it provides good
transduction.

In analogy to the ndings of Chou et al. [Chou, 1987], we can derive a relationship
between the transconductance of the loaded and the unloaded device, using the di er-



85 3.2 Results and Discussion

Figure 3.2: (a) Voltage gain Veu= vgs for di erent drain load resistors for an input signal

of Vgs =1mV in both the linear regime (red, OP;j, = 0:2V) and the saturation regime
(blue, OPsy: = 0:8V). The channel resistance isRp =213 and Rg =513 for the linear
regime and saturation regime respectively. The solid line shows an analytical model according
to Equation (3.4). The same device is used as in Figure 3.1. (b) Voltage gainVeu= vgs for
di erent aspect ratios for a drain load resistor of Rjsag = 500 in the linear regime (red)
and the saturation regime (blue). The points are calculated according to Equation(3.4)
using experimentally derived IV curves for each geometry. The thickness of the devices is
d = 70nm. The solid lines are a guide to the eye. (c) Output voltage versus gate voltage
for di erent drain load resistors for the same device as in Figure 3.1. The operation point at
Ves =0V issetto 0:6V. The values are extracted graphically via the intersection of the
load line with the output curve at each value of Vgs. Open symbols denote data outside the
experimental limitation of jVgs Voutj < 1V, indicated by the dashed blue line, that allows
for stable operation of the device.

ential form of the drain current

dip = @ dVgs + @ dVoy = g:n dVgs + g& dVour (3.2)

- @Y, @Vt v,

out

whereg), and g, are the intrinsic transconduction and drain conductance respectively
(i.e. with no drain load resistor). Using Equation (3.1) it follows that

1
Rload

dip = AVour (3.3)

and Equation (3.2) can be solved fotVeu=ivgs, i.e. the voltage gainGain of the system

. _ dVou _ Oh .
Gaingg = Nos o + G (3.4)
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From this relation, it becomes clear that in the saturation regime, where the drain
current is independent of the source drain bias (i.g, = 0), the voltage gain is directly
proportional to the transconductance times the drain load resistor, whereas in the
linear regime the voltage gain saturates for higher drain load &sr,..s goes to zero (see
Figure 3.2a). We compare this model to experimental data that have been retrieved
by generating a sinusoidal signal with an amplitude Vgs = 1 mV and a frequency

f = 2Hz at the gate and recording the output voltage over a few cycles. We again
distinguish between the linear and the saturation regime, meaning that we adjuSt;

to obtain the given operation points ( 0:2V and 0:8V) at Vgs =0V for each value of
the drain load resistor. The model shows remarkable agreement with the experimental
data. Only at high drain load the voltage gain is overestimated in the saturation regime.
This can be explained with the fact that at such a high voltage gainx 20V=V), a
small inevitable drift in the drain current that derives for example from evaporation of
the electrolyte also gets ampli ed by the same amount and consequently the operation
point at zero gate bias is shifted towards higher source drain bias.

Using Equation (3.4), we can also check the e ect of device geometry for a given
operation point and drain load resistor by using the intrinsic transconductance and
drain conductance extracted from an IV curve of the plain OECT (see Figure 3.2Db).
It can be seen that again an overall higher gain can be achieved in the saturation
regime. In the linear regime, the maximum gain can be obtained for aspect ratios
of about W= = 5 and in the saturation regime it seems to be at aroun&#=a. = 15.
Rivnay et al. showed that the transconductance aVgs = 0V increases for increasing
aspect ratio until a certain point (for a channel thickness ofl = 140 nm this is up to
W= 10, for d = 25nm it is W= > 10) [Rivnay, 2013]. This explains the ndings in
Figure 3.2b for the saturation regime as in this case the gain is directly proportional
to the transconductance and the drain conductance can be neglected. In the linear
regime, where the drain conductance is linear W=, the peak gain is shifted to lower
aspect ratios as the drain conductance dominates in the denominator.

We emphasize the fact that this analytical derivation does not rely on any model for the
OECT as it needs only the electrical characteristics (i.e. transconductance and drain
conductance) of the plain transistor without any drain load. It is possible to arrive at

an analytical expression and obtain similar ndings using the Bernards model of the
OECT [Bernards, 2007]. However, the agreement with the experimental data is not as
good (see Section 3.5) which can be mainly attributed to the fact that the Bernards
model considers a constant mobility not describing the real physics of the device. For
more complex models, such as the one recently published by Friedlein et al., this system
becomes impossible to solve analytically due to the power dependence of the source
drain bias in the model [Friedlein, 2015].

One aspect that we neglected so far is the requirement of a high supply voltage at higher
drain load to keep the same operation point at zero gate bias (see Equation (3.1)). As
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Figure 3.3: (a) Schematic of the experimental setup for ECG recordings. The output voltage
Vout Can be directly picked up by a regular voltage recording system. The medical electrodes
(blue) are placed below the clavicle to the left and to the right of the heart. The system is
driven by a battery. (b) ECG recordings for di erent drain load in both linear and saturation
regime. Each curve has been recorded consecutively with the same device. The channel
dimensions of the OECT areW=a. = 2 and d = 70nm. The amplitude of the input signal
recorded from the same electrodes was of the order of Vecg  300uV. The recordings have
been taken in a low noise environment.

the PEDOT:PSS-based OECT is a normally-ON device and is shut down upon applying
a positive gate voltage, the drain current is modulated fronh,. to zero. In the same
manner, the e ective source drain bias on the OECT, i.eVyy, will vary from the
set operation point up to Vsppy. This may lead to the unfortunate situation where
the applied bias gets bigger than the electrochemical potential for water hydrolysis,
inevitably destroying the device [Ferree, 2001; Zoulias, 2004]. In Figure 3.2c, the
source drain bias is plotted against the gate voltage for di erent drain load resistors.
The steeper this curve is, the better the ampli cation. But the device gets out of
the stable operation windowjV,,: Vgssj < 1V at far lower gate voltage. In order to
avoid any instability issues it is best to limit the input signal to low amplitudes or use
a negative polarity for the gate signal, bearing in mind that this way the OECT is
pushed back into the linear regime upon gating.

However, as we are interested in recording biological signals such as electrocardiograms
(ECG) or electroencephalograms (EEG), and the amplitude of those signals is generally
in the order of a few hundreds of microvolt, we can safely assume that\ats =0V we

stay within the stable operation window of the OECT [Zywietz, 1990]. As a proof of
concept, we use the OECT based voltage ampli er system for measuring heart activity.
For this, we place two medical electrodes below the clavicle on the left and the right side
of the chest and connect them to the source and the gate of the OECT (see Figure 3.3a)
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[Mason, 1966]. This way, the OECT is operated a¥gs = (0V + ECG) and the heart
activity is doping or dedoping the channel [Leleux, 2015]. The medical electrodes
provide a good contact with the skin and allow for an e ective gating. We note that in
this con guration, the OECT is not in contact with the skin, thus acting solely as an
external preampli er. Using this kind of con guration, we are able to control the value
of the drain load resistor, which would not be possible in an all integrated solution. Due
to the inherent voltage conversion at the drain load resistor, we can directly connect
the output signal to a regular acquisition system for electrophysiology. For comparison,
we record the heart activity with the OECT operated in linear and saturation regime.
Upon varying the drain load resistor, we can modify the ampli cation of the signal (see
Figure 3.3b). It can be seen that operating the OECT in the linear regime does not
give any substantial ampli cation of the input signal. At best there is a one to one
transduction for high drain load. As already stated in Figure 3.2a, the ampli cation
saturates for values oRpag > 5 Rchan. NOnetheless, a clear ECG signal can be seen
with all relevant features of the PQRST complex (characteristic waves of the signal
linked with propagation of muscle activity in the heart) for practically every value of
the drain load resistor [Cliord, 2006]. The same holds when operating the device
in the saturation regime with the di erence being a much higher amplitude of the
output signal and an ampli cation of as much asGaing;; = 30V =V for the highest
recorded drain load resistoR,ag = 10 Rchan. We note that the signal-to-noise ratio
does not seem to change for the di erent recordings (see Section 3.5) which can be
mainly attributed to the fact that the experiment has been conducted in a low-noise
environment, inside a Faraday cage room.

3.3 Conclusion

We have successfully demonstrated the working principle of a voltage ampli er circuit
based on a microfabricated organic electrochemical transistor with high transconduc-
tance using a simple resistor in series. This creates a oating voltage point that linearly
depends on the drain current and can be used to transduce signals picked up by the
OECT. As a proof of concept, we use the OECT-based voltage ampli er externally
in combination with medical electrodes. Characterization measurements show that a
much better performance can be achieved upon driving the transistor in the saturation
regime. In this case, the drain current is independent of the source-drain bias of the
OECT and thus the output voltage depends directly on the input voltage at the gate
of the OECT. We were able to record electrocardiographic signals by using a voltage
recording system utilized for standard tests in a hospital. To our knowledge, this is the
rst time voltage-to-voltage amplifying transduction of electrophysiological activity has
been demonstrated with an OECT, rendering this device directly useful in a clinical
setup. Future work is ongoing to implement a gel electrolyte allowing for long-term
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measurements directly on the skin to provide an active organic electrode that can be
compared to regular electrodes.

3.4 Experimental Section

Device Fabrication The devices were fabricated according to the parylene lift-o
method reported previously [Sessolo, 2013]. Standard microscope glass slides were
cleaned via sonication in an aceton & isopropyl alcohol solution and dried with nitro-
gen. Connection pads and interconnects were deposited through a lift-o process using
photolithographic patterning of positive photoresist (S1813) with a SUSS MJB4 broad
band UV light mask aligner and MF-26A developer. A subsequent metal deposition
via evaporation of chromium @0 nm) and of gold (120 nm) and metal lift-o using ace-
tone de nes the gold lines. A rst layer of parylene C 2um), deposited via a SCS
Labcoater 2 together with a small amount of 3-(trimethoxysilyl)propyl-methacrylate
(A-174 Silane) to enhance adhesion, acts as an insulator to prevent disturbing capaci-
tive e ects at the metal liquid interface. Subsequently, an anti-adhesive layer was spin
coated using a dilution of industrial cleaner 2%, Micro-90) and a second parylene C
sacri cial layer (2um) is deposited. To de ne the contact pads and the channel of the
OECT, a second photolithographic patterning step using a thick positive photoresist
(5um, AZ9260) and AZ developer is used to protect the parylene C layers from a
subsequent plasma reactive ion etching step via an Oxford 80 Plasmalab pld®@W,

O, = 50sccm CHF3; = 5scecm, 8 min), at the point where no PEDOT:PSS is supposed
to stay. The PEDOT:PSS solution was prepared mixing an aqueous dispersid®(mL,
Clevios PH-1000 from Heraeus Holding GmbH) with ethylene glycol (nL) and dode-
cyl benzene sulfonic acid90pL), to improve conductivity and enhance Im formation
and sonicating for40 min, then adding (3-glycidyloxypropyl) trimethoxysilane (1 wt%),

to prevent delamination of the Im and sonicating for another5 min. This dispersion
was spincoated for a target thickness of abo@0 nm (3000 rpm 909 and baked @0 C,
909. The PEDOT:PSS thus covers the whole glass slide and lIs the wells de ned
in the second photolithographic patterning step. Peeling of the sacri cial layer and
hard-baking the device {25 C, 1h) thus de nes the channel width, the distance be-
tween source and drain contact de nes the channel length. Immersing the devices in
deionized water over night removes excess low molecular weight compounds.

Device Characterization All experiments were done using a NaCl solution.Q0 nm)

as electrolyte and a Ag/AgCI pellet (Warner Instruments) as gate electrode. The
IV curves were recorded using a Keithley 2612A dual SourceMeter with customized
LabVIEW software. For the pre-characterization experiments with the drain load a
Voltcraft R-BOX 01 decade resistor box was connected to the OECT and a Keith-
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ley 2612A dual SourceMeter was used for the supply voltage, the output voltage was
recorded using a National Instruments USB-6251 BNC data acquisition system and
customized LabVIEW software. The ECG recordings were done in a low noise room
at the hospital La Timone in Marseille, France. Ambu sensor N medical Ag/AgCI
electrodes with0:95 cmdiameter gel-assisted contact area were used as standard ECG
electrodes to make contact with the skin. A battery was used for the supply voltage
to reduce the noise coming from building ground and the output voltage was recorded
using a Braintronics voltage recording system with Brainbox EEG-1166 ampli ers. The
data were treated subsequently using49 Hz 51 Hzband block fast Fourier transform
(FFT) lter, a 100Hzlow pass FFT lter and a 0:05Hzhigh pass FFT lter.

3.5 Supporting Information

Bernards model [Bernards, 2007]

Here we present a derivation of an analytical expression for the gain of the OECT based
voltage ampli er.
Linear regime
In the linear regime Vout > Vags Vp), the drain current is given by
V, 05 V,
=G 1 % Vo (3.5)
P

whereG = q poWT=L and Vp = gpT=g. Using the load line equation

|D — Vsupply Vout ; (3.6)
Ricad  Rioad

the drain current can be eliminated and a quadratic equation iV,,; can be obtained
(for ease of reading we denote the drain load resistBiy,g Simply with R from now on)

[05 GR] V2 +[GRVp GRVes+ Vel Vou +[ VeVas]=0 :  (3.7)

This can be solved folV,:

q
(GRV, GRVgs + Vp) (GRVe  GRVgs + Vp)° + 2GRVpVsypply

GR

Vout =

(3.8)
Note that the negative square root in Equation (3.8) can be neglected @8]
1Vsupply] Which holds only for the positive square root. The gain is thus given by the
derivative

@V
=1
@Y¥s

i Vo + GR (Ve Vgs)
q
(Vb + GR(Vp  Vas))? + 2GRVp Vayppy

Gain"n = (39)
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Figure 3.4: Voltage gain Vou= vgg for di erent drain load resistors for an input signal of

Ves = 1 mV in both the linear regime (red, OP;, = 0:2V) and the saturation regime
(blue, OPsyt = 0:8V). The channel resistance isRp =213 and Rg =513 for the linear
regime and saturation regime respectively. The dashed curve shows a t using the Bernards
model (see Equation(3.10) and Equation (3.14)). The t parameters are G = 5:8 mS and
Vp =0:53V.

Note that the gain is smaller than one, meaning that no ampli cation of the signal is
possible in the linear regime. AtVgs = 0 this simpli es to

. Ve (GR+1
Gainj, = 1 ¢ P (2 ) X (3.10)

Saturation regime
In the saturation regime Voi: Ves Vp), the drain current is given by

G (Ves Vp)°
Ip = ; A1
: >, , (3.11)
and the output voltage can be derived to
GR 1
Vout = o V& GR Vos+ =GRVp + Vgyppy (3.12)
2Vp 2
This leads to a gain of
. @Vt Ves
G = =GR —= 1 ; 3.13
AiNsat = o Vo (3.13)

which scales linearly with the drain load. AtVgs = 0 the gain is directly proportional
to the product of the conductance and the drain load

Gaingg =] GRj (3.14)
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Figure 3.5: Comparison of ECG signal recorded for two di erent values of the drain load
resistor, (a) Rigag =5:13k and (b) Ripcag =513 . The OECT is operated in the saturation

regime ( 0:8V). The Fourier transform shows the same frequency content and the signal-to-
noise ratio does not di er between the two measurements. The presented data is un ltered.

Signal-to-noise analysis

As can be seen in Figure 3.5, the signal-to-noise ratio does not show any substantial
dependency on the drain load resistor. The Fourier transform shows the same frequency
content for a small drain load Rag=Ro = 1) and a big drain load Rcaq=Ro = 10).
Apart from the overall increased amplitude of the signal at higher drain load due to the
larger ampli cation, we can assume that changing the drain load does not increase the
sensitivity of the device. This might be attributed to the fact that the drain load resistor

is an external resistor box with long lead lines that might pick up all relevant noise
content before entering the di erential ampli er. A more sophisticated solution with

an all integrated device layout, where the drain load resistor is in close proximity to the
transistor, would be bene cial in that case. With such an all integrated active organic
electrode , one would not be able to modify the value of the drain load resistor on-the-
y and therefore could not study the di erent operation regimes, as is the purpose of
this study.
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Chapter I

Lactate Detection in Tumor Cell Cultures
Using Organic Transistor Circuits

This chapter is based on the publication:

Lactate Detection in Tumor Cell Cultures Using Organic Transis-
tor Circuits

M. Braendlein, A-M. Pappa, M. Ferro, A. Lopresti, C. Acquaviva, E.
Mamessier, G. G. Malliaras, R. M. Owens
Advanced Materials online, DOI:10.1002/adma.201605744 (2017).

Lactate has drawn increasing attention over the last years as a biomarker for cancer
staging, due to enhanced metabolic activity associated with highly proliferative aggres-
sive cell growth (Warburg e ect). However, there are many issues related to sensing
metabolites such as lactate under real conditions due to background signals aris-
ing from temperature drift, evaporation of the electrolyte and oxidizable compounds
present in complex electrolytes such as blood. In the present work, we implement two
organic electrochemical transistors into a Wheatstone bridge con guration, one act-
ing as a reference sensor and the other functionalized to be speci c to lactate. With
this reference based sensor we show the ability to detect from as few as several 10s
of cells, extremely important for cancer diagnostics where obtaining large numbers of
cells can be problematic and invasive. This enabled us to sensitively detect lactate con-
centrations from patient derived samples. By comparing samples derived from cancer
patients with healthy controls, we indeed nd an elevated lactate concentration as pre-
dicted by the Warburg e ect. This non-invasive highly speci ¢ and sensitive diagnostic
has enormous potential for prediction of metastatic potential.
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4.1 Introduction

Rapid and early diagnosis of disease is known to be a signi cant factor in treatment
and improved prognosis, notably in cancer. From the rst commercialized device based
on the enzyme electrode , introduced by Clark and Lyons, able to measure accurately
glucose concentrations in whole blood samples [Clark, 1962; Updike, 1967], to research
prototypes of miniaturized epidermal sensor chips able to measure real-time multiple
analytes [Gao, 2016], biosensors have evolved signi cantly and become invaluable tools
for diagnosis of many pathologies from infections to heart disease. Remarkably, little
of the progress in the eld of biosensing has translated to improved diagnosis of cancer
[Liu, 2012].

Use of biosensors in diagnostic applications requires identi cation of a biomarker (to
confer speci city) while the sensitivity is mostly related to the intimate coupling of a
reaction involving the biomarker, with a transducer. In cancer diagnostics, clinicians
are highly dependent on the identi cation of biomarkers that will reliably predict oc-
currence and recurrence of cancerous cell populations, however such reliable biomarkers
are few and far between, perhaps explaining the dearth of cancer biosensing devices
[Henry, 2012; Kalia, 2015]. One marked feature of cancer however, is the increased
glycolytic activity associated with highly proliferative aggressive cell growth [Walenta,
2000]. In recent years, increased metabolic activity has been suggested as a biomarker
for cancer. This idea is not new, having been introduced over 60 years ago by War-
burg, who predicted enhanced uptake and usage of glucose and thus production of
lactate [Warburg, 1956]. Lactate has proven to be a prognostic indicator of the degree
of malignancy in primary tumors as well as of the probability of metastasis [Walenta,
2002].

Electrical, label-free biosensing of metabolites such as glucose and lactate is known
to be advantageous with regards to speed and sensitivity, and indeed the integration
of biosensors with microelectronic devices has brought about multiplexed capabilities
as well as enabling miniaturization and automation [Pappa, 2016; La eur, 2016; Luka,
2015]. However, some key issues still impede their practical implementation in a clinical
setting. These issues include signal drift due to environmental changes (e.g. electrolyte
evaporation, temperature changes, instability of transducer), as well as signal misinter-
pretation due to interference (e.g. charged species or oxidizable compounds in complex
media) [Deng, 2014]. Sensor circuits represent an elegant alternative solution, depart-
ing from a single sensor and focusing on a more complete system that can be readily
intercepted with simple acquisition tools, as demonstrated by Svensson et al. [Svensson,
2008].

Recently, the organic electrochemical transistor (OECT) has drawn considerable atten-
tion as sensing element [Rivnay, 2014; Liao, 2015; Sessolo, 2014]. In a three terminal
con guration, the active material, being comprised of an organic semiconductor, can
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be electrochemically doped or dedoped through an ionic current from the electrolyte
into the polymer, thereby changing its conductivity [Kittlesen, 1984]. The possibility

for low voltage gating provides devices sensitive to biological signals that may consist
of minute ionic currents [Kergoat, 2012]. OECTs have proven to outperform state-of-
the-art devices such as electrodes [Khodagholy, 2013b], and have been used in a wide
variety of biological applications, including metabolite sensing [Khodagholy, 2013a;
Shim, 2009; Strakosas, 2014].

4.2 Results and Discussion

Bearing in mind the complex issues related to sensitive and speci ¢ detection of metabo-
lites of interest in pathologies such as cancer, in this article, we present an vitro
electronic platform for sensitive and accurate metabolite sensing in highly interfering
samples, such as cell culture media. In particular, we developed a reference-based sensor
circuit, by integrating two di erently functionalized OECTs, comprised of the well-
known organic p-type semiconductor poly(3,4-ethylenedioxythiophene):poly(styrene
sulfonate) (PEDOT:PSS) [Rivnay, 2015], into a Wheatstone bridge layout. The planar
all-PEDOT:PSS con guration of the channel and the gate (Figure 4.1a) facilitates
the device biofunctionalization [Strakosas, 2014] and also allows for future integration
with micro uidics. For the device fabrication, a new lithographic approach based on
a uorinated photoresist, that allows for direct patterning of spun-cast PEDOT:PSS,
was employed in this work. Starting from a homogeneously coated PEDOT:PSS Im
and ablatively patterning the active areas [Taylor, 2009; Zhang, 2016], a greater device
homogeneity can be achieved (Figure 4.1b and Figure 4.2c) contrary to the conven-
tional Parylene-C peel-o technique [Sessolo, 2013]. According to the output and
transfer characteristics of the OECTs (Figure 4.2a-b), the maximum transconductance
[Rivhay, 2013]g, = 'o= ves Of 6:4mSis obtained at Vgs = 200 mV, which coincides
with the sensor's working potential, to ensure maximum sensitivity. By adding a drain
load resistor in series with the OECT, a oating voltage pointV,y is created which
depends on the drain currenlp and is set by the supply voltageVsuppiy ,

Voat = Vsupply Ricad Ip (Ves; Voar) (4.1)

To a rst order, Vo5 depends linearly on the applied gate bias and can thus be used as
a reference to the signal of interest. By connecting two such branches in parallel, a full
Wheatstone bridge is provided (Figure 4.1c), where one OECT is used as a reference
and the other can be functionalized, to respond speci cally to a given target analyte.
The di erence between the two oating voltage points, the output voltageV,,, gives an
intrinsically background subtracted response to any change in the gating of the sensing
OECT. In addition, the response starts at low amplitudes and increases with the gate
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Figure 4.1: (a) Depiction of a planar OECT (blue: PEDOT:PSS, pink: electrolyte). The
voltage supplies for the gate {gs) and the source-drain bias {/ps) are depicted as white
spheroids connected to the gold leads. (b) Comparison of channel resistance s = 0V
and Vps = 0:1V of 32 devices fabricated with orthogonal resist (green) agains32 devices
with Parylene-C peel-o method (red). The bin size is 0:1k . The bold lines show a Gaus-
sian t. The distribution is much narrower for the orthogonal method, indicating a much
better device to device homogeneity. The device geometry i%=. = 0:6 and d = 100 nm.
(c) Schematic circuit layout of the Wheatstone bridge sensor circuit. The load resistors are
on the drain side of the OECT. The electrolyte of the two OECTs is physically separated,
ensuring a disjoined gating. The two branches of the bridge are highlighted in blue and red.
(d) Chronopotentiometric recording upon pulsing the gate of each OECT for di erent values
of the drain load resistor (gray triangles: Ripaq = 70 and Vgsyppy = 1:5V; black squares:
Ricad = 190 and Vsyppy = 2:7V). The pulse pattern is shown in the upper graph for
the left (blue) and the right (red) branch of the Wheatstone bridge. The results have been
o set corrected, Vour  Vout (t =0). (e) Chronopotentiometric recording upon changing the
electrolyte. The upper graph shows the oating voltage point of each branch of the Wheat-
stone bridge circuit. The lower graph shows the output voltage, i.e. the voltage di erence
between the two oating points. The electrolyte is changed from 1X PBS (white) to DMEM
cell culture media supplemented with FBS (pink) and then consecutively washed again with
1X PBS (three times). The spikes in the curves are due to pipetting e ects. The supply
voltage is Vsypply = 2:5V for load resistors of Ripag = 190 . The gate voltage is kept
constant at Vgs =200 mV.

voltage. This so called signal-ON response is generally easier to detect with simple data
acquisition tools. The magnitude of the drain load resistor sets the inherent gain of the
device Voeu= vgs and shifts the transconductance depending on the operation regime
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Figure 4.2: (a) Output characteristics of the OECTs used in the Wheatstone bridge sensor.
The aspect ratio of the channel isW=. = 10 and thickness isd = 100 nm. The gate voltage
Vs is varied from 0:5V (red curve) to 0:5V (blue curve) in steps of 100mV. The drain
voltage is ramped fromQV to a maximum voltage di erence between source to drain and gate
to drain of no more than 0:8V to avoid water electrolysis. The output curve at Vgs =0V

is highlighted (black). (b) Transfer characteristics of the same OECT at Vps = 0:3V. The
maximum transconductance is atVgs = 0:2V (dashed blue line). (c) Consecutive IV curves
for the OECTs of the left and the right branch in the Wheatstone bridge con guration for
one selected device. The gate voltages from top to bottom ar&/cs = [ 0:5V;0V;0:5V].
The OECTs have been measured as is after nishing the fabrication process. It can be seen
that the output characteristics are fairly stable with consecutive cycling, indicating good
device stability. Also, the drain current is almost identical for both OECTs over the whole
voltage ramp, showing a good device homogeneity. (d) Comparison of channel resistance at
Ves =0V and Vps = 0:1V of 32 devices fabricated with orthogonal resist (green) against
32 devices with Parylene-C peel-o method (red). The bin size isO:1k . The bold lines show

a Gaussian t. The distribution is much narrower for the orthogonal method, indicating a
much better device to device homogeneity.

[Braendlein, 2016]. Specically, the gain scales linearly when operating the device
in the saturation regime. We thus herein set the operation point of both OECTs to
OP = 0:6V. This voltage value is not su cient to reach full saturation in our device,
but gives a good compromise between linearity in the gain and a su cient dynamic
range for the sensing mechanism to avoid electrolysis in the water based electrolyte
[Zoulias, 2004].

We demonstrate the working principle of our Wheatstone bridge platform upon the
application of a voltage pulse at both gates (Figure 4.1d). The electrolyte of the
reference OECT is physically separated from the sensing OECT. As expectad,;
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Figure 4.3: (a) Schematic depiction of the biofunctionalization approach using lactate ox-
idase. Ferrocene is attached to a polymeric supporting matrix, chitosan. The chitosan-
ferrocene/lactate oxidase complex is immobilized on the sensing OECT using epoxy termi-
nated self-assembled monolayers. On the reference OECT the same complex is used, where
the speci c enzyme is substituted by a non-speci c protein BSA to ensure equality in the
two devices. (b) Calibration curve of the Wheatstone bridge lactate sensor for three di erent
devices. The data points are extracted upon consecutive addition of 1X PBS containing in-
creasing lactate concentrations. The normalized response SR = Vou= Voumax. The supply
voltage is Vsypply = 2:3V for load resistors ofRjpag = 180 . The gate voltage is kept con-
stant at Vgs = 200mV. (c) Titration curve of one selected Wheatstone bridge lactate sensor
after successive addition of media collected from cells cultured at di erent concentrations for
24 hours (from 10! to 10° PBMC, the point at corresponds to fresh culture media). The
inset shows the a zoom in of the same data to highlight the onset of lactate detection.

remains zero when equal voltages are applied to both gates, after a certain stabilization
time. The observed di erence in the response time for the di erent drain load values
is related to their respective aspect ratioW=. = 5 for Rigsg = 70 vs. W= = 1:7
for Rpag = 190 ). The changing voltage drop across the resistor and the resulting
change in the current needs to equilibrate accordingly. The gain can be extracted
as Vou= vgs = 0:4 for Rigag = 70  and Veu= vgs = 0:5 for Ripaqg = 190 . For our
enzymatic sensing approach, higher sensitivity (i.e. higher gain) is more important than
high speed, thus we chose the higher drain load for the remainder of this study.

One key advantage of the Wheatstone bridge sensor circuit is the inherent background
subtraction. When working with low volume samples, evaporation of the liquid results
in a drift in 1. Additionally, electro-oxidizable compounds present in the sample,
as in the case of cell culture media, can induce changesl g due to direct electron
transfer at the gate thus leading to an e ective dedoping of the PEDOT:PSS material
[Strakosas, 2016]. When changing the sample from a phosphate-bu ered saline solution
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Figure 4.4: (a) Raw data for one selected calibration curve. The addition of the di erent
lactate concentrations is indicated with arrows. After washing with PBS, the initial value

of the output voltage is almost retrieved. (b) Linear interpolation of the calibration curve.
The adjusted R-squared value indicates a clear linear regression. This is used to calculate the
lactate concentration from the normalized response of the Wheatstone bridge sensor.

(PBS) to cell culture media, the response of the single OECTs in our device is in the
range of 100 mV (corresponding to a change of I  0:5mA), whereas the baseline
of the bridge remains fairly constant (Figure 4.1e). The observed spikes are due to
electrolyte perturbation as a result of consecutive pipetting of the two wells. After
rinsing with PBS, the original operation point of each individual OECT is retrieved.
Note also the stability in V,y, while the single OECTs have not reached steady state
operation yet (Osto 509.

Figure 4.3a shows a depiction of our Wheatstone bridge lactate sensor. The dashed line
indicates the reference (left) and the sensing (right) branch of the bridge. To render our
sensor speci ¢ to lactate, we employed a biofunctionalization scheme at the gate of the
sensing OECT based on our previous work [Pappa, 2016], by using an oxidase type en-
zyme (lactate oxidase) along with an electrochemical mediator. The enzyme/mediator
complex is immobilized at the gate electrode of the OECT. An identical biofunction-
alization scheme is applied to the gate electrode of the reference OECT by replacing
the speci ¢ oxidase with a non-speci c protein (bovine serum albumin), thus ensuring

a similar surface environment and response time.

A calibration curve of lactate in bu er (1X PBS) is derived from the chronopotentio-
metric response of the Wheatstone bridge sensor after successive additions of increasing
concentrations into the wells of both OECTs (Figure 4.3b). For ease of comparison be-
tween di erent devices, we normalize our response as the changeé/ig, divided by the
maximum possible change, i.e., wheh, drops to zero and all potential would drop

on the OECT. Since ourVsyy is generally much higher than the operation point of
the OECT, the normalized response tends to have small values. The calibration curve
shows a linear behavior in the range &0um to 300um and a detection limit of down to
10um can be extracted. The raw data for one representative calibration measurement
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Figure 4.5: Estimation of the lactate concentration present in media for peripheral blood
mononuclear cells. The lactate concentration is extracted from the normalized response via
a linear interpolation of the calibration curve (see Figure 4.5).

is shown in Figure 4.4.

To demonstrate the sensitivity of our device, we performed a titration curve (Fig-
ure 4.3c), assessing the response of the device to an accumulation of lactate in cell
media, collected after incubation with increasing numbers of peripheral blood mononu-
clear cells (PBMC) for24 h. As baseline, fresh cell culture media is used. In one chro-
nopotentiometric measurement, we successively add samples harvested from a di erent
number of cells, starting from the lowest concentration. The titration curve shows an
onset of response from medium incubated with betwedi® to 100cells. From this, we
can estimate a detection limit of lactate produced by a fe(® of cells (estimated to

be 10um from the calibration curve). The background concentration of lactate in
fresh media is estimated to be abousOum (Figure 4.5) but this is not perceptible in
the measurements due to the reference based sensing mechanism of our circuit.

Figure 4.6a represents a typical chronopotentiometric recording in cell-derived samples.
On the top is shown the individual response of each branch of the bridge and on the
bottom the subtraction of those signals. Due to the two separate wells, a short delay
between the exchanges of the sample electrolyte in both wells is observed, which leads
to atemporary rise inV,y;. This does not re ect any biological activity. As each cell line
requires speci ¢ culture media that contains di erent nutrients (including lactate) in
various concentrations, for each measurement we use the corresponding culture media
as a baseline. The di erence in the baseline of the media vs. the sample gives a direct
measure of the lactate produced by the cells. Note tha¥,, returns to its initial
value, once the device is rinsed with PBS, indicating that the device operation is not

a ected by the addition of complex media and the sensor can be reused for several
measurements.

As already mentioned, a common feature of cancer cells is the enhanced rate of gly-
colysis, where glucose gets converted into pyruvate, and is aerobically fermented into
lactic acid even under normoxia [Doherty, 2013; Liberti, 2016]. Indeed, Brand et al.
recently showed that human melanoma metastases were found to exhibit a Warburg
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Figure 4.6: (@) Typical chronopotentiometric recording for lactate analysis with the Wheat-
stone bridge sensor. The addition of media before incubation (light pink) and after incubation
with cells of interest (dark pink) and the washing with 1X PBS solution is indicated in the
center of the graph. The di erence between the baseline of bare media and the response due
to the sample re ects the lactate amount produced by the cells. The red (blue) line shows
the operation point of the sensing (reference) OECT. (b) Comparison of lactate production
from peripheral blood mononuclear cells versus unstimulated and stimulated primary non-
Hodgkin's lymphoma cells (left to right). The left bar corresponds to media before incubation
with cells and the right bar to media in which cells grew for 24 hours. The supply voltage
Vsupply = 2:3V for load resistors ofRjpag = 180

phenotype with high lactate measured both intracellularly and extracellularly [Brand,
2016]. This reinforces our hypothesis that electronic detection methods may be used
in the future for cancer diagnostics, for example for predicting metastatic potential.
The advantage of our reference based sensor circuit is in providing higher sensitivity for
such kind ofin vitro applications, while allowing for a more accurate lactate production
analysis, even in the harsh sensing milieu that is provided by complex cell media. We
thus used our platform to investigate the lactate produced by cancer cells and normal
cells grown under similar conditions. Figure 4.6b shows the measured lactate, pro-
duced from malignant samples, speci cally samples from a non-Hodgkin's lymphoma
(NHL) patient. These are composed of lymphocytes, notably malignant B lympho-
cytes known to secrete a high amount of lactate in comparison to normal PBMCs
[Jurizi¢, 2004]. For the analysis, we use culture media incubated with a population of
10* cells for 24 hours. We compare both the unstimulated as well as the stimulated
samples, where the stimulus promotes lymphocyte proliferation. The reference is a
non-cancerous PBMC culture, mainly composed of lymphocytes, under similar condi-
tions (10* cells, 24 h). The normalized response for the PBMC isNR = 0:02, which
from a linear interpolation of the calibration curve in Figure 4.3b (Figure 4.4) can be
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Figure 4.7. Normalized response for medium from unstimulated (NS) and stimulated (S)
non Hodgkin's lymphoma samples recorded at a lower operation point QP = 0:35V).
The left column shows the lactate concentration of fresh medium and the right column the
lactate concentration of the sample. The overall response is much lower due to the decreased
ampli cation at the lower operation point. However, the percentage-wise increased lactate
production of sample versus reference media are comparable to the data recorded at higher
operation point (extracted from 4.6b).

estimated to a lactate concentration OCcaee  140um. The unstimulated lymphoma
cells show a normalized response NfR = 0:05, hence more than twice the lactate con-
centration Cacate  370um. Finally, the stimulated lymphoma cells showNR = 0:14,
which correlates with a lactate concentration ot ctate 1 mm (the raw data of this
measurement is shown in Figure 4.6a). We note, however, that this lies beyond the
measured range of the calibration curve and saturation of our enzyme based sensor
device is to be expected. Nonetheless, this value lies signi cantly above the unstimu-
lated lymphoma cells, which can be explained by the fact that the stimulation process
signi cantly enhanced cell proliferation and thus metabolic activity. We also measured
more samples with the Wheatstone bridge sensor set at a lower operation point and we
could see a similar trend for the unstimulated and stimulated samples, even though the
absolute values of the device recordings are much lower (Figure 4.7). This emphasizes
the fact that an optimized operation point of the device can result in the enhanced
ampli cation.

4.3 Conclusion

In conclusion, the sensitivity of the device presented in this paper allows fex vivode-
tection of a broad range of lactate concentrations, from as lithe 4€° of non-malignant
cells in resting conditions, i.e. cells with basal metabolic activity, to cells with strong
metabolic activity, here stimulated tumor cells. The OECT has proven to provide
highly sensitive metabolite detection due to its high current modulation in response
to a change in the gate bias while the Wheatstone bridge sensor circuit provides an
inherent background subtraction, thus ensuring elimination of any interference arising
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from other factors (i.e., electro-oxidizable compounds, electrolyte evaporation etc). As
a proof-of-concept, the lactate produced from cultures of healthy PBMC and malignant
non-Hodgkin's lymphomas was compared. An elevated lactate production was indeed
monitored in the cancer cells, con rming their intrinsic enhanced glycolytic metabolic
activity, even in unstimulated conditions. To our knowledge, this is the rst time that
such a miniaturized sensor circuit has been applied to clinically relevant testing pro-
tocols that are important to follow tumor evolution or treatment e ciency in cancer
patients [Lee, 2013].

4.4 Experimental Section

Device Fabrication (a) The Parylene-C devices in Figure 1b are fabricated according
to reference [Sessolo, 2013]. (b) For the Wheatstone bridge sensor, a lift-0 process
using photolithographic patterning (plastic mask, Selba S.A.) of negative photoresist
(51813,3500rpm 355 softbake 110 C, 605 SUSS MJB4 i-line65mJcm ?; MF-26
developer,309 and metal evaporation of chromium {0nm) and gold (160 nnm) de-
nes the connection pads and interconnects. PEDOT:PSS solutionl9 mL Clevios
PH-1000, Heraeus Holding GmbH]1 mL ethylene glycol, Sigma Aldrich;50uL dodecyl
benzene sulfonic acid, Acros Organicg;wt% (3-glycidyloxypropyl) trimethoxysilane,
Sigma Aldrich) is spuncast {500 rpm 309 and hardbaked (25 C, 60 min) to generate

a homogeneous Im 00nm). PEDOT:PSS was patterned using a uorinated nega-
tive photoresist (OSCoR 5001, Orthogonal Inc.) that does not degrade the polymer
during fabrication. We spuncast the photoresistI mL per glass slide1200rpm 359,
softbaked 65 C, 609, exposed (i-line63 mJ cm ?), post-exposure bakedq0 C, 609
and developed (Developer 100, Orthogonal Inc., double puddles 259. Dry etching
(150 W, O, 50 sccm CHF3 5sccm 909 and stripping (Stripper 903, Orthogonal Inc.,
double puddle2s 609 de nes channel and drain load resistors. An insulator (DE1
Orthogonal Inc.) is patterned via spincasting 2000 rpm 60 9, softbaking (90 C, 609,
exposing (i-line149 mJ cm 2), post-exposure bakeq0 C, 609 and develop (developer
100, Orthogonal Inc., double puddle2s 459. The dierent fabrication steps are
schematically represented in Figure 4.8.

Device characterization IV curves were recorded using a Keithley 2612A dual
SourceMeter. All other recordings were done with a National Instruments PXle-
1062Q system ab0 Hz sampling rate (isolated analog output NI PXle-4322 for supply
and gate voltage, digital multimeter NI PXI-4071 for measuring output voltage).

Biofunctionalization =~ We used a protocol of enzyme/mediator (lactate oxidase/chito-
san-ferrocene) immobilization on the PEDOT:PSS gate as shown in an earlier publica-
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Figure 4.8: Fabrication layout for photolithography of the Wheatstone bridge sensor. The
di erent colors indicate UV exposure for the di erent lithography steps. The rst lithography
step de nes the lead lines with a lift-o process of a positive photoresist (Shipley S1813). The
second lithography step de nes the PEDOT:PSS active area via dry etching while protecting
the gate, the channel and the drain load resistor with a negative uorinated photoresist
(Orthogonal OSCOR 5001). The red arrows indicate the two OECT channels (top) and
drain load resistors (bottom). The third lithography step patterns the insulator to open the
gate, the channel, the drain load resistor and contact pads (Orthogonal Negl). The zoomed
images depict the planar con guration of the OECT as well as the geometry of the active area.
The channel of the OECT is de ned asW=. = 100pm=1oym with an overlap of 20um between
gold and PEDOT:PSS. The insulator window, that de nes the area of the PEDOT:PSS in
contact with electrolyte, has a dimension of120um? 30um? to allow for good alignment
during fabrication. The whole device is covered with a5 mm layer of polydimethylsiloxane
(PDMS), within which we introduced two wells for the two OECTs. This allows for separate
gating of both OECTs, and encapsulation of the drain load resistors.

tion [Pappa, 2016]. The enzyme-mediator complex is covalently attached to the gate via
epoxy terminated self-assembled monolayers ((3-glycidyloxypropyl)trimethoxysilane)
on top of the oxygen plasma treated PEDOT:PSS surface. In the presence of the ana-
lyte (lactate), catalysis at the enzyme (lactate oxidase) results in the generation of an
electron and a further dedoping of the PEDOT:PSS channel (Figure 4.9).

Lactate measurements We apply Vgs = 200 mV on both OECT gates and a constant
supply voltage for a target operation point ofOP = 600 mV. 30uL 1X PBS solution

is added into each well and when the output signal is stable, PBS is substituted by an
equal amount of cell culture media (this sets the baseline of the measurement). After
signal stabilization (1 minute), the solution is substituted with the sample of interest.
Finally, the device is rinsed by consecutively exchanging the liquid in each well with
30puL of fresh 1X PBS until the device reaches the initial operation point.
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Figure 4.9: Reaction cycles at the enzyme/mediator functionalized gate electrode, in the
presence of the analyte (lactate) and the subsequent reaction at the channel.

Sample preparation PBMCs were obtained from volunteers and anonymous donors
of Etablissement Frangais du SangPeripheral leukocytes were isolated by Ficoll den-
sity gradient centrifugation (Axis-Shield PoC AS, Norway). The mononuclear cells
were washed twice, counted and conserved in RPMI 1640 (GIBCO, InvitroGen) sup-
plemented with 10 %heat-inactivated fetal calf serum (Lonza, Belgium) at a concentra-
tion of 1:1 1P cellsmL *. Lymph node biopsies, from B-NHL patients, were mechan-
ically disrupted and passed through a@00um nylon Iter (BD Bioscience) to obtain

a suspension of mononuclear cells. Cells were washed twice, counted and conserved
in RPMI1640 supplemented with10 % heat-inactivated fetal calf serum at a concen-
tration of 1:1 1C0°cellsmL . Cells suspension (PBMC or B-NHL cells) were used
in culture experiments in RPMI 10% FCS with or without Polylg mix (2pgmL 1)
and CpG (L:25ugmL 1) stimuli. The supernatants were harvested after incubation
of 24hat 37 Cin 5% CO,. Supernatants were brie y spun & 20000 Q then ltered
through a 0:2pum mesh. All samples have been diluted 1:1 in 1X PBS. The study was
approved by the ethical board of the Paoli-Calmettes institute (Comité d'Orientation
Stratégique, Marseille, France). Patients provided informed consent in accordance with
the Declaration of Helsinki.
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Chapter

Conclusion and Outlook

The present work has demonstrated the capabilities of organic electronic materi-
als to improve the biotic-abiotic interface and enhance the sensitivity oin vitro
and in vivo bioelectronic devices. In particular, the conducting polymer poly(3,4-
ethylenedioxythiophene) doped with polystyrene sulfonate has been implemented in a
transistor architecture to provide an electrolyte gated organic electrochemical transis-
tor (OECT) that gives an electrical readout signal to biological changes expressed in
ionic currents. Moreover, the OECT has been implemented into simple sensor circuit
layouts to improve the sensitivity and selectivity even further. A general introduction
to the eld of bioelectronics and the impact of organic materials has been presented in
Chapter 1, along with a detailed explanation of the operation principle and the fabri-
cation methods of the OECT. In particular, a novel approach for direct lithographic
patterning of organic materials with hydro uorether based chemicals has been opposed
to the traditional peel-o method using parylene C. Furthermore, the essential sensor
circuits used in this manuscript have been introduced in this chapter. The remaining
chapters of the manuscript have been based on published journal articles that present
the contribution to the scienti c community. At this point, the author would like to
summarize these chapters and give a short outlook as to what could be improved.

Chapter 2 reported on a noveln vitro platform capable of accurately detecting the
concentration of multiple metabolites simultaneously in one single sample. This so
called multianalyte platform comprised one OECT for each metabolite to be detected.
The OECTs have been functionalized with an enzyme that catalyses the oxidation of the
metabolite and a mediator that shuttles the generated electron to the gate circuit of the
transistor. Due to this functionalization approach, each OECT has to be controlled with
a local gate. To avoid electrical cross talk in between the di erent OECTs in the same
electrolyte and prevent so callegyround loopsthat would result in a loss of selectivity
of each OECT, an inductively decoupled voltage supply unit had to be used to provide
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the source drain and source gate voltage of the transistors. This inductive decoupling
of each channel ensures that the electrons generated due to the enzyme reaction with
the metabolite are only circulating in the gate circuit of the corresponding OECT.

In a rst part, the sensitivity of each funtionalized OECT towards the corresponding
metabolite has been presented. The metabolites of interest were glucose, lactate and
cholesterol chosen for their signi cance in sports but also as indicators for diseases such
as diabetes. As a proof of concept, a nger-powered micro uidic has been used to run
the sample across the transistor array and glucose, lactate and cholesterol levels have
been measured in saliva samples under di erent physiological conditions. This chapter
served as an introduction to enzyme based metabolite detection with OECTs that will
also be used in Chapter 4. As the enzyme based mechanism is reversible, i.e. the drain
current of the OECT will reach its initial level when washing out the metabolite, an
integration of the platform with a micro uidic system to provide a constant ow of the
sample, could allow for realtime online analysis of metabolite levels during sport events.
The capabilities of exible device fabrication are given and have been demonstrated
for other applications. Therefore, the multianalyte platform could be integrated in a
form factor that makes it easy to use.

In Chapter 3, the use of the OECT for electrophysiological recordings has been demon-
strated. The particularity was that by integrating the OECT with a simple resistor

in series (drain load), a voltage readout signal could be achieved as opposed to the
current readout signal provided by the transistor itself. This simple circuit leads to a
voltage ampli er, where the voltage signal picked up at the gate electrode of the OECT
results in a change in the drain current that gets converted to a voltage signal at the
drain load. Therefore, the device can be easily used in an already existing clinical
setup and allows for a comparison with regular medical electrodes. The advantage of
the OECT lies in the active ampli cation at the site of origin of the biological activity.

In a rst part, the voltage ampli er has been characterized thoroughly in a sodium
chloride solution. The e ect of the drain load on the device performance has been
analysed in the two operation regimes of the transistor (linear regime and saturation
regime). An analytical derivation based on transconductance and the drain conduc-
tance of the plain OECT without any drain load could relate the gain of the voltage
ampli er system with the magnitude of the drain load. Depending on the operation
regime of the OECT, a more or less performing ampli cation could be achieved. In
particular, it has been found that the gain scales linearly with the drain load when
operating the OECT in the saturation regime. With this detailed understanding of
the system, in a second part electrocardiographic recordings could be achieved with
an ampli cation of up to 30VV 1. One drawback of this system is that the supply
voltage also scales linearly with the magnitude of the drain load and voltages of up
to 8:8V had to be used to achieve such an ampli cation factor. Another point to
mention is that the device presented in Chapter 3 has been used in an external setup,
meaning that the voltage ampli er was not in direct contact with the skin, but rather
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Figure 5.1: (a) Images of a exible active electrode with OECT and drain load resistor.
A passive electrode of equal size to the OECT channel is also patterned on the device for
comparison. The drain load is encapsulated with PDMS. The magnitude of the drain load
is two times the channel resistance. The supply voltage is around 1V. (b) Global gate
con guration for electrophysiological recordings. The gate current is passing through the
body to modulate the OECT. The reference electrode and the oating point of the organic
voltage ampli er are connected to an external ampli er. The recordings of the active electrode
show a very noisy signal compared to the passive electrode (possib§0 Hz noise). (c) Local
gate con guration. A local gate sets the operation point of the OECT and the local eld
potential modulates the channel. The recordings of the active electrode are almost identical
to the passive electrode. All signals are Itered with a hardware highpass Iter to cut the DC

o set of the signal.
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the gate electrode of the OECT was connected to a medical electrode attached to the
skin. Furthermore, the drain load resistor was not integrated onto the device but rather
connected externally to allow for a quick change of the magnitude of the drain load.
Therefore, a direct comparison to medical electrodes was not possible. As a contin-
uation of the work presented in Chapter 3, e ort has been made to provide a true
so calledactive organic electrodebased on the same principle. With the parylene C
peel-o method, a exible device comprising OECT and drain load fully integrated on

a 25um thin Kapton substrate, as well as a passive PEDOT:PSS electrode of same size
as the OECT channel has been fabricated (see Figure 5.1a). This allows for a direct
comparison of the voltage ampli er system to a passive electrode. The preliminary
results are presented in Figure 5.1b-c for two di erent con gurations. The global gate
con guration refers to the intuitive mounting for simple bipolar electrocardiographic
recordings, i.e. one reference electrode (medical electrode on the right wrist) and one
sensing electrode (OECT channel on the left wrist). In this con guration, the human
body acts as the electrolyte and the physiological activity is modulating the voltage be-
tween gate electrode and OECT channel. However, when connecting the device in this
con guration to the medical voltage recording equipment, a huge noise was introduced
on the signal of the OECT voltage ampli er whereas the passive PEDOT:PSS elec-
trode shows very nice recordings. It can be seen that the signal of the voltage ampli er
re ects the PQRST complex associated with a healthy heart beat in the same way as
the electrode, but it is almost hidden in the50 Hz noise. The origin of this is unclear
and further experiments are needed to gure out what is causing that noise. Maybe the
resistive path of the gate circuit through the human body is picking up environmental
noise that then gets ampli ed by the OECT. But since the recordings with the passive
electrodes where good, this seems unlikely. Maybe the OECT is working at a very
unfavourable operation point due to a potential di erent between the left and right
wrist. At this point, no clear explanation can be given. Only a wrong connection setup
can be excluded as this behaviour persisted for di erent devices recorded at di erent
times. On the other hand, when using a so called local gate con guration, where the
OECT is controlled via a PEDOT:PSS gate next to the OECT channel (Figure 5.1c),
very nice recordings could be achieved. In fact, the recordings are almost identical to
the nearby passive electrode with a slightly better signal-to-noise ratio for the passive
electrode. This con guration corresponds ton vivo measurements done in rat brains,
where a big metallic screw is mounted to the skull acting as reference and the OECT
with a local gate is implanted inside the tissue. In such a con guration, the local gate
is forcing the OECT to be at a xed potential and voltage signals arising from neurons
or in our case the human heart are transiently altering the ion distribution inside the
OECT channel. However, when using a drain load, we assume that the drain contact
of the OECT, that is in contact with the skin and that is a oating voltage point in the
voltage ampli er circuit, acts also as a passive electrode picking up the physiological
signal. This in turn alters the drain current of the OECT as the e ective source drain
bias is changed. And the change in the drain current gets converted to a voltage signal
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at the drain load. Looking at the almost identical signal-to-noise ratio between the
voltage ampli er and the passive electrode, we assume that in this con guration, the
OECT is not used as a voltage ampli er but merely as a passive electrode, where the
voltage gets converted to a current and back to a voltage. Therefore, a true active
organic electrode with an enhanced signal-to-noise ratio that can outperform regular
medical electrodes proves to be more di cult and further e ort is needed to solve the
presented issues. Nevertheless, the ndings of this chapter can be directly applied to
the Wheatstone bridge sensor circuit presented in Chapter 4 and for vitro sensing
applications the mentioned problems do not occur.

Chapter 4 is a combination of the enzyme based metabolite detection scheme presented
in Chapter 2 and the voltage ampli er circuit presented in Chapter 3. In this chapter,
two OECTs are implemented into a Wheatstone bridge circuit, which in essence is a
parallel connection of two OECT voltage ampli ers. By di erently functionalizing the
two OECTs, one OECT can act as a reference (non speci ¢ protein functionalization)
and the other can act as a sensor (in this case lactate oxidase functionalization). By
di erentially measuring both voltage ampli er systems (i.e. with a parallel connection),
the output signal gives a background subtracted highly speci ¢ and accurate measure
of the metabolite concentration in the electrolyte. Due to the reference branch of the
bridge, any e ect due to temperature, electrolyte evaporation, oxidizable compounds
in the electrolyte, is Itered from the output signal and only the change due to the an-
alyte of interest is re ected. This is presented in detail in the rst part of the chapter.
One key element was the use of hydro uoroether based chemicals for the lithographic
patterning of the organic materials. This way, a higher device homogeneity could be
achieved which is essential for this di erential device. If one OECT would perform
di erently than the other, a subtracting method has no meaning. In a second part
of the chapter, the functionalization scheme was presented and the sensitivity of the
sensor circuit towards lactate content in cell culture media was analyzed. Cell culture
media generally has a lot of oxidizable compounds that lead to big interference in the
OECT device performance. It could be shown that using the Wheatstone bridge sensor
circuit, physiologically relevant concentrations of lactate produced from as few as 10s
of cells can be detected. In order to demonstrate the utility of the device as label-free
and cost-e ective clinically relevantin vitro diagnostic tool, the lactate content in cell
culture medium derived from cancer cells has been compared to healthy cells and an
elevated lactate concentration could be found for the cancer cell sample. This is in
accordance with recent ndings that cancer cells show an enhanced rate of glycolysis
due to highly proliferative cell growth. One drawback of this system is the use of two
separate electrolyte reservoirs for the two branches of the Wheatstone bridge sensor
circuit. This induces spikes in the output signal when adding the sample consecutively
in the two wells. In order to circumvent this issue, new materials would have to be used
for the conducting channel of the OECTs. PEDOT:PSS is a p-type depletion mode
semiconductor. This means that the transistor is normally on and a positive gate volt-
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age results in a dedoping of the organic semiconductor and therefore an attenuation of
the drain current. This also means that the enzyme functionalization has to happen
at the gate of the transistor, since the enzymatic oxidation leads to the generation of
an electron that can only enter the electronic circuit at the positively charged gate. In

a simpli ed picture, the voltage applied at the gate electrode has two potential drops,
one at the gate-electrolyte interface and one at the electrolyte-source interface (see
Figure 5.2). Assuming that both interfaces are identical, the e ective gate voltage, i.e.
the voltage that drives ions in and out of the conducting polymer, is exactly half of the
applied gate voltage. When the enzymatic reaction with the metabolite is happening,
an electron is provided to the system and the enzyme is left with a positive charge,
therefore compensating for a negative ion at the gate-electrolyte interface. This means
that the potential drop across the gate-electrolyte interface is smaller and therefore the
e ective gate voltage increases as more potential will drop across the electrolyte-source
interface. If one were to use an accumulation mode material, such as recently synthe-
sised by Nielsen et al. (DOI: 10.1021/jacs.6b05280), the opposite behaviour could be
achieved. Here, the transistor is normally o and a negative gate voltage has to be ap-
plied to dope the material and allow for charge transport in the conducting channel. As
the gate voltage is negative the enzymatic reaction will happen at the source contact.
In a similar picture, the e ective gate voltage will decrease upon enzyme oxidation.
The overall e ect will be the same as for the depletion mode transistor, meaning that
the transistor will switch from a high conductive state to a lower conductive state
(drain current will decrease) upon enzyme oxidation. However, due to the possibility
to functionalize the transistor channel instead of the gate, two di erently functionalized
OECTs can now be controlled through the same gate. This means that implementing
such a material into a Wheatstone bridge sensor circuit layout, a single electrolyte
reservoir can be used along with a single gate. Experiments would be needed to con-
rm that reasoning and could provide an improvement in applicability. With a single
electrolyte reservoir, cutaneous applications become feasible and for example multiple
branches of the bridge (not only two) can be functionalized for di erent metabolites to
provide a reference based multianalyte platform.

In conclusion, the OECT has been implemented into simple circuit layouts to provide
more sensitive and more selective bioelectronic devices. This implementation provides a
challenge to the device fabrication and a promising route has been demonstrated using
hydro uroether solvents. The application of such sensor circuits to real-life biomedi-
cal challenges, such am vitro detection of multiple metabolites,in vivo detection of
electrocardiographic signals om vitro detection of lactate in cancer cell cultures, has
shown the capability of organic electronic devices to extend the range of biomedical
sensors and bring healthcare monitoring to the next level. Due to their cheap produc-
tion costs and their miniaturized form factor, bioelectronic devices based on conducting
polymers can allow for easy self-examination at home and a powerful integration with
information technology devices can assess if medical aid should be consulted. This
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Figure 5.2: Simpli ed potential pro le for enzyme based sensing. As PEDOT:PSS is a p-
type depletion mode material, a positive potential has to be applied at the gate to dedope
the material and attenuate the charge transport. The e ective gate voltage is de ned as the
potential di erence between electrolyte and source contact. This determines the doping state
of the transistor. For a neutral enzyme (black), the potential drop at the gate-electrolyte
interface is equal to the electrolyte-source interface. Upon oxidation of the enzyme (red),
the ion distribution is modi ed, as the enzyme compensates for one anion. This leads to a
higher e ective gate voltage. For g2T-T, a p-type accumulation mode material, a negative
gate voltage has to be applied to dope the material and allow for charge transport. Upon
enzyme oxidation, the magnitude of the e ective gate voltage gets smaller.

home based medical assessment can improve the life quality of our society.
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Abstract:

Due to their outstanding mechanical, electrical and chemical properties, organic elec-
tronic devices based on conducting polymers can bridge the gap between the rigid silicon
based read-out electronics and the soft biological environment and will have a huge
impact on the medical healthcare sector. The recent advances in the eld of organic
semiconductors and microelectronics gave rise to a new discipline termed bioelectronics.
This discipline deals with sensors for diagnostic purposes, ranging from metabolite de-
tection and DNA recognition all the way to single neuronal ring events, and actuators
for therapeutic purposes, through for example active local drug delivery inside the body
or deep brain stimulation to cure neurological disorder. The use of organic materials
such as the conducting polymer poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
(PEDOT:PSS) in the eld of bioelectronics has brought about a variety of outstanding
electronic biomedical devices, such as the organic electrochemical transistor (OECT),
that have been implemented for bothin vitro and in vivo applications. The present
manuscript gives a detailed explanation of the fabrication, functionalization and charac-
terization of OECTs based on PEDOT:PSS. To be able to intercept this sensor element
with traditional biomedical recording systems, the OECT is implemented into simple
circuit layouts such as a voltage ampli er or a Wheatstone bridge. These sensor circuits
are then applied to real-life biomedical challenges, such as electrocardiographic recordings
or metabolite detection in tumor cell cultures, to demonstrate their applicability as well
as their limitations.
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