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ABSTRACT

Master of Science

DEVELOPMENT OF SYNTHETIC NERVE ENDINGS FOR AXO-AXONAL
TRANSPORT AND TESTING AS ACETYLCHOLINE ION PUMP

Nazrin ABDULLAYEVA

TOBB University of Economics and Technology
Institute of Natural and Applied Sciences
Micro and Nanotechnology Science Programme

Supervisor: Assoc. Prof. Mehmet SANKIR

Date: APRIL 2017

Currently, more than 450 million people are globally suffering from some types of
neurological diseases that can hardly be treated. These diseases are caused by distorted
electrical and neurochemical signaling in the nervous system. The awareness of this
worldwide problem is not brought in yet and definitive treatment has not been
introduced so far. Most of therapies associated with neurological disorders are based on
medical treatment such as medical therapy or electric stimulation. However, results are
temporary and ineffective. The major effect obtained so far, was to conceal the disease
and this was just not enough. In our study, by taking into consideration this problem we
are presenting a biomimetic system that duplicates the function of a neural cell and
helps to reinstitute the defective electrochemical transport of nervous system. Nerve
impulses are communicated across synapses by diffusible molecules called
neurotransmitters, of which one is acetylcholine. Acetylcholine molecules are contained
in the axon foot inside vesicles. After the release of acetylcholine into the synaptic cleft,

it binds to the cholinergic receptors located on the postsynaptic neuron and mediate
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excitation or inhibition on postsynaptic cells and thus causing the transportation of
neural signal. The system developed by our group resembles a two electrode structure
with PEDOT:PSS deposited on them and a tiny 2 mm overoxidized region that cuts off
electrical conductivity thus allowing only ionic transport. By using an easy and effective
method of depositing conjugated polymers (PEDOT:PSS) on flexible substrates, a new
design for organic bioelectronic devices has been developed. FTIR and Raman
measurements have demonstrated that electrochemical overoxidation region which
separates the PEDOT:PSS electrodes and allows ionic conduction has been achieved
successfully. The influence of both electrical and ionic conductivities on organic
electronic ion pump (OEIP) performances has been studied. The highest equilibrium
current density, which corresponds to 4.81x10'" number of ions of acetylcholine was
about 41 pA cm™ observed for the OEIP with the electrical conductivities of 54 Scm™.
The OEIP performances were not changed much beyond this threshold electrical
conductivity. Once Nafion™ has been applied for enhancing the ionic conductivity, the
equilibrium current density increased about ten times and reached up to 408 pAcm™.
Therefore, it has been demonstrated that the OEIP performance mainly scales with the
ionic conductivity. A straightforward method of producing organic bioelectronics is
proposed here giving rise to their effortless mass production in the near future.

Keywords: lon pump; Electrically conductive polymers; PEDOT:PSS; lonomers



OZET

Yiiksek Lisans Tezi

AKSO-AKSONAL ILETIM ICIN SENTETIK SINIR UCLARI GELISTIRILMESI VE

ASETILKOLIN IYON POMPASI OLARAK TEST EDILMESI

Nazrin ABDULLAYEVA

TOBB Ekonomi ve Teknoloji Universitesi
Fen Bilimleri Enstitiisii
Mikro ve Nanoteknoloji Anabilim Dali

Danigman: Dog¢. Dr. Mehmet SANKIR

Tarih: NISAN 2017

Gilniimiizde 450 milyondan fazla insan, tedavi edilemeyen ndrolojik hastaliklardan
kiiresel olarak muzdarip. Bu hastaliklar, sinir sisteminde bozulmus elektriksel ve
norokimyasal sinyallerden kaynaklanir. Diinya ¢apinda bu sorunun farkindaligi heniiz
kazandirilamad: ve bugiine kadar kesin bir tedavi yontemi bulunamadi. Norolojik
bozukluklarla iliskili tedavilerin ¢ogu tibbi terapi veya elektrik stimiilasyonu gibi tedavi
yontemleridir. Bu tedavi yontemlerinden elde edilen sonuglar ise maalesef gecici
stireligine etkilidir. Calismamizda, bu problemi g6z Oniine alarak, bir sinir hiicresinin
islevini ¢ogaltan ve sinir sisteminin kusurlu elektrokimyasal iletiminin tamir edilmesine
yardimci olan bir biyomimetik sistemi sunmaktayiz. Sinir uyarilari, sinapslar boyunca
sinir iletici olarak adlandirilan asetilkolin molekiilleri tarafindan iletilir. Asetilkolin
molekiilleri, vezikiillerin akson ayaginda bulunur. Asetilkolin'in sinaptik yarik igine

salinmasindan sonra, postsinaptik ndron {izerinde bulunan kolinerjik reseptorlere
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baglanir ve postsinaptik hiicreler {izerinde uyarilma veya inhibisyona aracilik eder ve bu
sekilde sinir sinyalinin taginmasina neden olur.

Grubumuz tarafindan gelistirilen sistem, tizerinde PEDOT:PSS bulunan iki elektrot ve
yalitilmis, sadece iyonik taginmaya izin veren 2 mm'lik asir1 okside boélgeye sahiptir .
Esnek yiizeyler tizerinde konjuge polimerlerin (PEDOT:PSS) kaplanmasinin kolay ve
etkili bir yontemi kullanilarak, organik biyoelektronik cihazlar i¢in yeni bir tasarim
gelistirilmistir. FTIR ve Raman 6l¢timleri, PEDOT:PSS elektrotlarin1 ayiran ve iyonik
iletime izin veren elektrokimyasal asir1 oksidasyon bolgesinin basariyla elde edildigini
gostermistir. Asetilkolin iyonlarinin 4.81x10*" kadarina tekabiil eden en yiiksek akim
yogunlugunun 54 Scm™ elektriksel iletkenligi olarak gdzlemlenen yaklasik 41 pAcm™
idi. Organik elektronik iyon pompasi performanslari bu denge iletkenlik degerinin ¢ok
Otesinde degismedi. Nafion ™, iyonik iletkenligi arttirmak i¢in uygulandiginda ise,
denge akim yogunlugu yaklasik on kat artmis ve 408 pAcmye ulasmistir. Bu nedenle,
OEIP performansinin esas olarak iyonik iletkenlik ile dl¢ceklendigi gosterilmistir. Yakin
gelecekte zahmetsizce seri liretim yapmalarini saglamak i¢in, organik biyoelektronik

liretimi basit bir yontem Onerilmistir.

Anahtar Kelimeler: lyon pompasi, Elektrisel iletken polimerler, PEDOT:PSS,

lyonomerler
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1. INTRODUCTION

1.1 Aim of the study

Taking into account the continuously developing neurological diseases and
disorders, the following study aims to develop a certain way of curing it by using
bioelectrical applications. By transfering the working principle of neuronal
transport via neurotransmitter motion to laboratory scale, our self-developed
system mimicks the same process by using a simple ion pump structure. We are
also aiming to obtain maximum current and ion transfer with lowest applied

driving force.

1.2 Motivation of the Study

Nerve cells are building blocks of our nervous system. Although they are
classified as cells, their operation mechanism vastly differs from that of others.
Nerve cells or in other words neurons are able to share information in-between
by using electrochemical signals. This intracellular communication process is a
chemical-electrical-chemical process that works due to the motion of ions. This
inner communication induces our thoughts, motions, reactions and reflexes. The
communicating part of the information-delivering cell is called presynaptic
neuron and of the information, receiving cell is postsynaptic neuron. Although
the communication is uninterrupted, the interesting fact is that these two cells
never touch and this is why the messaging is called electro-chemical. The basic
principle that lies behind that is the bunch of sequential chemical processes that
involves motion of tiny macromolecules called neurotransmitters.
Neurotransmitters diffuse across the synaptic cleft, a tiny gap between
presynaptic and postsynaptic neuron, get linked to receptors on postsynaptic
neuron and allows the headway of the information. When the transfer of
neurotransmitters through synaptic cleft is disturbed or interrupted, this gives

rise to some neurological disorders.[1] Diseases such as Alzheimer, epilepsy and



other physical disorders arise from the lack of specific neurotransmitter and their
proper transport is what we are willing to obtain. According to statistical
numbers reported by World Health Organization (WHO), in 2005 neurological
disorders constituted 12% of total deaths globally. These values keep on
constantly increasing and since neurological malfunctioning are such big threats
to our world at the moment, a prevailing method of curing has to be developed.
[1] Our study focuses on developing an effective solution to abnormalities in
neural functioning, by designing a simple but potent structure that mimics the
electro-chemical communication system similar to that of neurons. Here the
main mission is to rehabilitate the transport of neurotransmitters through
synaptic cleft and to further neural activity. Due to the recent advancements in
the area of electrochemical flexible devices, the proposed structure for
mimicking the electrochemical communication of neural cells was decided to be
applied on conjugated polymers. Taking into account the fact that even
conjugated polymers do not provide a very high conductivity, several

precautions have been taken in order to provide proper current values.

1.3 Conductive Polymers and lonomers

It is a known thing that polymers like plastics or rubbers have resistance to
electrical conductivity and act as either dielectric materials or insulators.
However, with the invention of polyacetylene, the very first conductive polymer,
this idea has changed. From now on conductive polymers are receiving a great
significance and interest in scientific and technological fields. Especially in the
area of bioelectronics and polymer-based electronics the huge demand for these
materials grows daily. The properties that make conductive polymers so
attractive is that their electrical conductivity can be tailored with various doping
levels. At the same time, these materials are highly flexible and thermally stable
allowing their utilization in everyday applications. In some very popular fields
like LEDs or supercapacitors, conductive polymers make a significant difference
in performance over conductive metal oxides. The working principle of
electrical charge flow in conductive polymers is generated as a result of
electrical potential. Negatively charged electrons are driven towards the positive

pole and generate current while passing from one atom to another. However, in



comparison to metal electrons, the electrons of polymers are not usually
delocalized and their motion is much harder. While investigating the structure of
most conductive polymers an alternating single-double bond pattern can be seen
in Figure 1.1, which represents a conjugated backbone. [2] Here the double
bonds known as pi bonds, strengthen connection between atoms by allowing the
electron flow as a result of formation of delocalized orbitals. In this situation, the
mobility of electrons can be enhanced via doping process in which number of

electrons in polymer can be altered.

Figure 1.1 General structure representing conjugated conductive polymers

In addition to conductive polymers, there is one other class of polymers known
as ionomers. An ionomer is a type of polymer containing ionic groups in its
structure. In comparison to polyelectrolytes, which contain a large concentration
of ionic groups, ionomers contain both normal repeating units and low
concentration of ions on its backbone. In ionomer structures, nonpolar chains are
gathered together while the polar ionic units have attraction in between. In case
of presence of ionic groups in the backbone of polymer, some of its properties
change seriously. Especially changes in viscosity, elastic modulus and glass

transition temperatures are quite significant under heat application. [3]



1.4 PEDOT :PSS in Bioelectronics

The bioelectrochemical applications of conjugated polymers have increased the
demand for their utilization in several progressive fields such as biosensors [4,5],
actuators [6,7], transistors and flexible electronics. A special interest was
addressed to  poly(3,4-ethylenedioxythiophene)  polystyrene  sulfonate
(PEDOT:PSS), a transparent, conductive polymer, which is suitable for
utilization in flexible electronic devices for their high ductility and fair
conductivity. The molecular structure of PEDOT:PSS can be clearly observed
from Figure 1.2. PEDOT itself is a highly conductive blue colored material,
which in combination with an intrinsically conductive PSS provides good
electrical and ionic conductive properties. PSS which is a sulfonated polystyrene

contains a deprotonated group and carries a negative charge.

Figure 1.2 PEDOT:PSS structure with one deprotonated sulfone group

Thanks to their high conductivity and ductility, their utilization in electronic
devices has grown vastly. Additionaly, in one of the studies conducted in this
area it was proven that PEDOT:PSS provides a suitable environment for cell

culture as well. All together these properties of PEDOT:PSS made this material



and indispensable part of bioelectronics which is why several methods have been
proposed in order to properly incorporate PEDOT:PSS into bioelectrochemical
systems. The main reason of PEDOT:PSS drawing so much attention is because
it combines both ionic and electrical conductivity where PEDOT part serves for
electrical conductivity of conjugated polymer while PSS offers ionic transport.
System consists of selectively deposited PEDOT:PSS electrodes on
poly(ethylene terepthalate) (PET) substrates with a tiny overoxidized region

which serves as electrically insulating but ionically conductive part. [8].

1.5 Tailoring PEDOT:PSS Conductivity

A large amount of investigations and researches are done in the field of
PEDOT:PSS conductivity enhancement for the past few years. With the
improvement in its conductivity, application area of PEDOT:PSS has developed
equally. Although PEDOT:PSS itself has much better physical and electrical
properties in comparison to other conductive polymers it still shows weaker and
lower properties than metals and metal oxides. The enhancement of the
conductivity of this conjugated polymer is reported to be done by organic
compounds knowns as secondary dopants. Most of these organic compounds are
ionic liquids, solvents containing polar groups, salts etc. The time of exposure of
PEDOT:PSS to conductivity reinforcing additive is as important as the type of
selected additive. Most of these additives effect the PEDOT:PSS structure by
eliminating the PSS layer that provides ionic transport rather than electrical
conductivity to the polymer composition. The most effective and highly
powerful additives are N-methylpyroliddone (NMP), dimethylsulfoxide
(DMSO), sorbitol, ethylene glycol (EG), methanol etc. Of course, solvent
treatment is not the only method. Metal dopants such as lithium perchlorate
(LiClOy) also succeed in conductivity enhancement.[9,10] According to most of
studies performed in this area the significant increase values of PEDOT:PSS

electrical conductivity are given in Table 1.1.



Table 1.1 The effect of solvent additives to the conductivity of PEDOT:PSS

Solvent Conductivity (S/cm)
Dimethyl sulfoxide (DMSO) 364
N-methyl-2-pyrrolidone (NMP) 236
Ethanol 384
Ethylene glycol (EG) 240
Lithium perchlorate (LiCIO,) 437

1.6 Flexible Electronic Substrates and Their Patterning Techniques

Flexible substrates also constitute a big part of electronic application in
nowadays technology. Often named as flexible electronics, these devices are
developed in order to assemble electronic systems on their surfaces and facilitate
their utilization. Some of these substrates are well-known polyimide, polyether
ether ketone (PEEK), polyester, polyethyleneterapthalate (PET) type polymers.
These substrates are applicable in several areas where flexibility, easy
production and space saving are the main concern. In addition, some of these
substrates like PET are completely biocompatible and can be used in
bioelectronic devices for human body. Most of recent studies done in this field
utilized PET as substrate for bioelectrical circuits. The deposition of
PEDOT:PSS on flexible substrates is suggested by various methods in literature.
Processes like screen-printing, resist mask printing, UV lithography have been
among the methods developed for PEDOT:PSS deposition on these substrates.
Most of these methods are highly advanced and suitable for complex patterns.
For instance, UV lithography also known as photolithography uses light to
transfer the geometric configuration from the mask to photoresist on substrate.
After a sequence of chemical treatment steps the remaining pattern enables the
deposition of desired ink in relevant shapes. Screen-printing is another
deposition technique, which has a simple application method. System consists of
a mesh used to transfer ink on substrate. A squeegee, blade-like structure, moves
along the screen, as shown in Figure 1.3, in order to fill the empty parts of mesh
with ink and transfer the image to the substrate



Figure 1.3 Schematic representation of screen-printing technique

Of course, many innovative and less effortless methods have been developed in
comparison with UV lithography and screen-printing. One of these methods is
line patterning method that we have used in our system for selective
PEDOT:PSS deposition. [11-12]

Line patterning method, developed by MacDiarmid et al., is the most simple and
economically available method of substrate patterning. The method consists of
formation of negative of desired pattern via toner ink and depositing that ink on
substrate by using printer. Method is simple as the formation of pattern is easily
done by using computer-aided software programs. After pattern has been
deposited, polymer solution can be injected on the empty parts of it via simple
dropcast method. When the polymer solution dried on the surface completely,
substrate may be sonicated in either toluene or acetone for approximately 10
seconds in order to get rid of toner ink. However, even in these developed
methods several drawbacks such as tuning the photoresist thickness, time of
exposition and development, reproducibility constantly occur. In some cases
multiple steps of patterning processes hinder the massive production of these
devices. Although this field of study is quite advanced, there are still some
restrictions related to the performance of organic electronic devices for their low
release rates, high voltage demands and limitations in design parameters.
Therefore the preparation procedure of organic electronic ion pump (OEIP) from
PEDOT:PSS for electronic control of ionic groups usually exchanged in

neuronal cells is further improved in our laboratory.



In this study a straightforward but cost effective and time saving method called
line patterning is used to selectively deposit PEDOT:PSS conjugated polymer on
PET substrate at desired shapes required better ion pump performances. The
reason of using line patterning method instead of other more utilized and
recognized methods is that it is time saving and easy. The method is based on
formation of a hydrophobic region leaving the desired shaped gap empty for
further treatment. The toner ink forms homogeneous borders allowing the
dropcasted ink to take the required shape. Several studies in the area of organic
electronic devices have been done. Some of them are mainly based on the
construction of OEIP, a delivery system designed to transfer ions from one
subsystem to another via electrophoretic motion, thus mimicking the synaptic
transfer in neural cells [12]. Schematic representation of OEIP is given in Figure
14.

AChCl 2m KCl

Figure 1.4 Cross sectional image of electrodes | & Il on PET substrate with

liquid electrolyte of acetylcholine chloride and potassium chloride

The very first study performed in this area consisted of a 4 electrode system (A,
B, C, D) from PEDOT:PSS of which 2 (A & D) serve as ion reservoirs and other
(B & C) are serving as ion transfer borders. The middle region, which is
chemically overoxidized, is 2mm wide and allows ion transport only.
Conductivity measurements on system were done by filling the AB side of
PEDOT:PSS electrode with KCI and CD side with CaCl, solution. Under the
application of constant voltage, the ion transport through overoxidized region
was measured. 1V potential difference was applied between A & Band C & D
electrode groups that served as reservoirs for continuous K* ions. Overoxidized
region that resembles the synaptic cleft between two neuron endings provides

ion transport only thus needs to be fully isolated from any electrical transport.



10V of potential is applied between electrodes B and C electrodes for this
reason.

Another study performed in this field was focused on optimizing the previous
configuration of OEIP by decreasing the number of PEDOT:PSS electrodes
from 4 to 3 and narrowing the channelof ion transport. In that study instead of
KCI solution, acetylcholine chloride (AChCI) solution was used. The purpose of
this solution switch is because acetylcholine is the actual neurotransmitter. It is a
macromolecule that is released because of Na* - K* ion exchange that generates
action potential. The generating potential opens the Ca** channels through which
calcium ions enter the neuron and release the ACh™ macromolecules from their
saxes. Released acetylcholine ions electrophoretically transfer through synaptic
cleft and reach the next neuron thus causing an electrochemical signalling. The
new configuration came up with many advantages, such as the increase in
current and ability to transfer macromolecules through a tiny channel. However,
this was still not good enough since the system operated at 10V.

As we know, 10V is an extremely high potential difference, which cannot
generate in human organism. That’s why our aim was to provide a configuration
with better conditions under which ionic transport can occur under low applied
potentials. Pristine PEDOT:PSS itself has a low conductivity that ranges
between 0.38 - 2 S/cm. In some applications under low applied voltages, this
conductivity is fair but not good to generate enough current. That’s why several
other methods have been developed to increase the electrical and proton
conductivity of PEDOT:PSS. It is even proven that proton conductivity of
PEDOT:PSS is a more important parameter that should be considered while
characterizing OEIP. Although no certain study focusing on proton conductivity
of conjugated polymer has been investigated so far, it was decided to consider
this in our study.

To sum up, main difference of our system from the ones used in previous studies
is in some slight alterations done with the number and sizes of electrodes.
Additionally, the whole process of OEIP formation was self made, while other
studies were using prepared PEDOT:PSS deposited PET substrates from
OrgaconTM. In order to achieve a homogeneous film throughout the substrate
glycerol was suggested as an additive to PEDOT:PSS solution. Corona treatment

of substrate also provided a stronger ink deposition. The durability of these films



to aqueous environments was also tested by keeping them in water for 24 hours.
At the end of the test the overall structure remained unchanged with no rupture
or damage on PEDOT:PSS film.
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2. EXPERIMENTAL PROCEDURE

2.1 Materials

As the substrate of OEIP, polyethylene terephthalate (PET) and polyvinyl
chloride (PVC) were selected as the most suitable ones for their being flexible,
biocompatible and electrically insulating. The performance comparison was
done between two of them in order to decide which one suits the operation
conditions the best. PEDOT:PSS in granule form, ethylene glycol (EG),
hydrochloric acid were purchased from Sigma Aldrich. Glycerol (Sigma
Aldrich) was selected as an additive to PEDOT:PSS solution for promoting the
better adhesion on PET substrate. Potassium chloride (KCI), calcium chloride
(CaCl,) and acetylcholine chloride (AChCI) necessary for the potentiostatic
experiments were purchased from Sigma Aldrich as well. As the line patterning
material standard printer toner was used. It is selected as the most appropriate
material for tuning the surface wettability providing a hydrophobic region for
holding off PEDOT:PSS solution. Isopropyl alcohol (IPA) and acetone were
purchased from Sigma Aldrich and used as received.

2.2 Line Patterning and PEDOT:PSS Deposition

Before contouring the desired shapes on the substrate, they passed through one
more step called air plasma treatment. Air plasma treatment or in other words
corona treatment is a special technique used for surface modification by using
corona discharge plasma. Under the application of high voltage, plasma is
generated through the tip of device changing the surface energy of substrate
providing an enhanced bonding during deposition. Without corona treatment,
PEDOT:PSS solution could not cling strong enough on surface that’s why it was
one of the most important steps in OEIP formation. Moreover, the durability of

PEDOT:PSS to water also decreases without corona treatment. The treated PET
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and PVC substrates ready to use were patterned with the printer toner forming
the hydrophobic regions and allowing a determinate space for the ink to be
injected [6,13]. The deposition of PEDOT:PSS (0.25 % w/w) solution on
substrates was done by standard drop cast method on the area of 1.0 cm?. Due to
the presence of hydrophobic phase on substrate, PEDOT:PSS solution diffuses
to the available regions only taking the desired shape of pattern. The solution
was dried on hot plate for 30 minutes at 50 °C and 2 hours at 100 °C as given in

Figure 2.1.

50°C 30 min - 100 °C 2 hours

>

Figure 2.1 Drop casting process of PEDOT:PSS aqueous solution on hot plate.
The heating procedure starts with 50°C for 30 minutes and proceeds with 100°C
for 2 hours

After overall deposition actualizes the electrochemical overoxidation step
proceeds [14]. At this point, PET was selected as the substrate with better
mechanical properties as PVC during the deposition step could not endure 100
°C and melted down. Additional solution was to dry PEDOT:PSS solution under
IR red lamp. However, this also ended up in poor PEDOT:PSS clinging on

substrate surface.

2.3 PEDOT:PSS Overoxidation

Overoxidation of PEDOT:PSS is an essential step in OEIP design. This step
permanently cuts off the electrical conductivity of PEDOT phase making that
part of system conductive to ions only. The region serves as a good ionic
conductor leading to an easy transport of positively charged ions [7,14]. Under
the effect of voltage, ions located on one side of electrochemically overoxidized

region are transported through it to the opposite side.
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PEDOT:PSS overoxidation was done by two methods: chemical and
electrochemical method. For chemical overoxidation diluted sodium
hypochlorite (0.01% NaClO) solution was dropped on the predetermined 2 mm
region of PEDOT:PSS electrodes. This overoxidation step was difficult to
control as the longer NaClO solution was kept on PEDOT:PSS the more it
etched it from the surface. This was an undesired condition, as an undamaged
PSS region should be left in order to provide ion transport. That is why
electrochemical overoxidation method was proposed which is assumed safer,
faster and easily controlled in comparison to chemical overoxidation achieved by
sodium hypochlorite (Figure 2.2) [15-17].

A

Figure 2.2 Overoxidation step of PEDOT:PSS electrodes. A pre-determined 2
mm region is electrochemically overoxidized with 20% KCI solution via applied

voltage

Samples were electrochemically overoxidized with a stainless steel wire as a
counter electrode where approximately 15 V was applied between the KCI
electrolyte solution and counter electrode. Since the overoxidation is done in a
determinate region electrolyte solution is dropped directly to that part of
PEDOT:PSS setting the boundaries with insulating polymers [15,17].
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2.4 Potentiostatic Measurements

After constructing the OEIP properly, electrolyte solutions (KCI vs CaCl, &
AChCI vs. KCI both 0.1M) were dropped on pre-determined opposing regions.
Two trials were performed in these experiments. First tril included KCI and
CaCl2 in order to test if the system works properly. This was not only tested by
current values but also additional pH changes were recorded during experiment.
Secondly, AChCI vs. KCI was tested again on the similar OEIP structure. pH
recording was also performed at this stage. Under the effect of constant voltage
positive ions (K" and ACh™) passed through overoxidized region to the opposite
electrode. As sourcemeter Solartron 1260 & 1278A was used to apply constant
voltage and data were collected via CorrWare computer aided program
(Figure2.3). Several potentials such as 1, 2, 5 and 10 V were applied for the
electrodes I and Il and current vs. time graphs were analyzed. Counter electrode
was connected to K* and working electrode was connected ACh* side and as a

result positive ions were driven through electrochemically overoxidized region.

2.5 Fourier Transform Infrared (FTIR) and Raman Spectroscopy

It was assumed that the electrochemical overoxidation of PEDOT:PSS as a result
lead to cutting off the electrical conductivity of overall conjugated polymer
which would end up in significant changes in its chemical structure [17]. In
order to reassure that overoxidation actually took place several spectroscopic
methods were used. First analyses were performed by the Fourier Transform
Infrared (FTIR) measurements (Perkin Elmer Spectrum 100). The principle of
FTIR is based on measuring how good substance absorbs light at each
wavelength and gives out the response in spectrum form. Based on the peak
intensity and wavenumber the change in structure or possible interaction is
concluded. Another characterization technique for the electrochemical
overoxidized region of PEDOT:PSS was the Raman spectroscopy (Renishaw,
Invia) which was expected to show the main peak shifts prior to and after
electrochemical overoxidation steps [18]. Similar to FTIR, Raman also operates

on the principle of light absorbance. However, Raman is a more specific

14



spectroscopic technique by which the molecule can be identified. Raman

measurements were performed with 532 nm Ar-ion laser.

Solartron 1260 &1278A

(b)

Figure 2.3 (a) Potensiostatic measurement set-up with Solartron 1260&1278A
connected to CorrWare program (b) A closer image of sourcemeter connected to
OEIP system. Working electrode is connected to ACh* (or K* in case of CaCl,

experiment) side since similar poles repel each other
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2.6 AFM and Contact Angle Measurements

Together with structural changes of PEDOT:PSS after overoxidation, some
specific changes in its physical properties were also expected. In order to
understand this two more spectroscopic tests were performed. One of them is
Atomic Force Microscope (AFM), a device where a tiny 10 nm tip scans a
defined area and translates signals to give out the final image of surface. This
method is highly popular and has three main operation modes, which are contact
mode, non-contact mode and tapping mode. For our AFM measurements,
Asylum MFP-3D was used on tapping mode. Another measurement for surface
change identification was selected as contact angle measurement performed on
OneAttension contact angle device. Its working principle is based on recording
the image of water (or any other desired fluid) droplet touching the substrate
surface and measuring its angle of contact with surface. The computer aided

program gives out the immediate result.

2.7 Conductivity Enhancement

Once the standard potentiostatic tests have been performed, several methods
were developed in order to strengthen the electrical and proton conductivity of
PEDOT:PSS. As the first method, EG, NMP, methanol vapor and LiClO,
treatment methods were selected. Dropwise added EG on PEDOT:PSS
electrodes were kept at different time intervals of 2, 6, 12 and 24 hours. After
EG treatment, samples were annealed at 100°C for 1 hour under vacuum in order
to get rid of excess EG left on surface. Similar to EG treatment, NMP and
methanol treatment was also tried. Samples were kept in NMP and Methanol
separately for 2, 6 and 24 hours. Post-annealing was also applied on these
substrates. A different type of conductivity enhancement was done by using
LiClO,4 solid into PEDOT:PSS solution. After stirring the solution overnight
mixture was dropcasted on OEIP structure. An additional technique to
conductivity enhancement was selected as acid treatment. The pH of pristine
PEDOT:PSS solution was measured and found to be 0.38 S/cm. It was assumed
that the decrease in pH value of solution would increase its conductivity. That is
why the pH value of solution was arranged with hydrochloric acid to pH=1.5
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and pH=0.9. Electrical conductivities of OEIPs after above mentioned treatments
were measured by using 4-point probe resistivity measurement device equipped
with Keithley 2400 IV Sourcemeter (Figure 2.4). The working principle of 4-
point probe is based on a fixed applied current between 2 out probes and voltage
that is measured between other 2 inner probes. The obtained resistivity value
must be converted to resistance with following formula. Thus, the 1/Rs gives us

conductivity value.

Ry =P/, =453/ (2.1)

Although enhancing the electrical conductivity was good enough to improve the

current performance of OEIP one other alternative was also suggested.

" OFF

-
Usrc:+00.0000 U Cnrl1:105.008 R

A el e 0

Figure 2.4 Four-point probe conductivity measurement connected to Keithley
2400 IV Sourcemeter

Taking into the fact that Acetylcholine molecules transfer through the
overoxidized region by exchanging charges with PSS group of conjugated
polymer, addition of an extra ion-conductive layer was suggested. Nafion™
aqueous solution (5% v/v) was dropcasted on electrochemically overoxidized
region of OEIP and dried under IR lamp until a homogeneous film forms. The
effect of additional Nafion™ layer on OEIP performance was measured with
conductivity cell and standard conductivity measurements via Solartron 1260 &
1278A. Conductivity cell contains 4-electrodes to which the material to be tested
is attached. The main advantage of 4-electorde system is that the resistance is
measured based on charge transport only. All other resistances such as interfacial

or charge transfer are not included in these measurements.
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The system is connected to a computer equipped with Solartron Instruments; a
specific Nyquist plot response appears after the test (Figure 2.5 & 2.6). The
Nyquist plot gives us the information about impedance value thanks to which
we can perform the conductivity calculation. Of course, the dimension of
sample inserted in conductivity cell is also known for further evaluations. All
samples were cut at approximately 1.2cm x 2.4cm dimensions. Thickness of
each material was determined with a micrometer before the conductivity
measurement. After filling a water bath with distilled water conductivity cell,
to which PEDOT:PSS deposited PET substrate sample was inserted, was
plunged in. The device gives out the Nyquist plot with axes Z* vs. Z’. The
point at which curve intercepts x-axis is recorded as a real part of the
impedance response that corresponds to the membrane resistance. By inserting
all the necessary values to the equation 2.2, proton conductivity of
PEDOT:PSS and NafionTM deposited PEDOT:PSS substrates were calculated.

Figure 2.5 Conductivity cell set-up system connected to Solartron 1260&1278A.
OEIP system inserted into conductivity cell is plunged into deionized water bath

for measurement

0 (2.2)
Z'A

O =



Figure 2.6 Inside structure of conductivity cell. L represents the distance

between two side electrodes; W and T are the width and thickness of samples.
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3. RESULTS AND DISCUSSION

3.1 PEDOT:PSS Deposition and Substrate Selection

The comparison between PVC and PET substrates was done according to their
behavior at high temperatures and the degree of PEDOT:PSS clinging. Both
substrates were cleaned with acetone, isopropanol (IPA) and distilled water
before being patterned. PET was selected as the substrate with best

performance and overall analysis of both of materails are given in Table 3.1

Table 3.1 Performance of different substrates on OEIP production step. PET

and PVC were compared for their heat durability and ink clinging degree

SUBSTRATE AMBIENT CONDITIONS RESULTS
MATERIAL

PEDOT:PSS + Glycerol mixture deposited Successfully deposited.

On PET substrate dried at 50°C for 30 min. High quality,
PET

and 100 °C for 3 hours homogeneous film
PEDOT:PSS + Glycerol mixture deposited .
) Film detached from
PVC On PVC substrate dried under IR lamp

Surface. Unsuccessful
for 5 hours

The deposition of PEDOT:PSS on flexible PET substrate at pre-determined
shapes was done by line patterning method followed by drop casting [18]. An
important parameter playing a crucial role at this step is corona treatment that
provides an enhanced adhering of conjugated polymer on substrate by
modifying the surface energy. The images of corona treated versus corona non-
treated PEDOT:PSS deposited on PET substrate are given in Figure 3.1 The
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difference in adhesion is clearly seen between two images. As a result defect
free well-adhered samples were successively achieved after surface treatment
by corona. Overoxidation in this study was successfully achieved

electrochemically.

Figure 3.1 Difference between corona treated vs. non-treated PET substrates
3.2 Characterization of OEIP

Spectra obtained from FTIR measurements were analyzed and significant
differences were observed due to the electrochemical overoxidation. It is
obvious from the Figure 3.2 that prior to overoxidation there is no peak on pure
PEDOT:PSS spectra while a prominent peak occurs after overoxidation. The
peak occurring close to 1720 cm™ corresponds to C=O stretching, while
double-head peaks in 1175 cm™ wavenumber range attributes to sulfonate
group (S=0) stretching. These peaks in FT-IR spectra explain the lowering of
the electrical conductivities of PEDOT:PSS to about 0.06 S cm™. According to
previous studies done in this area, this change corresponds to the formation of
carbonyl groups on thiophene rings that cuts off the conjugation in chain
[18,19]. Remaining chemical structure then becomes electrically insulator, but
ionically conductive due to the polystyrene sulfonate groups (PSS).

Raman spectra of pristine and electrochemically overoxidized PEDOT:PSS are
given in Figure 3.3 There is a visible peak shift at approximately wavenumber
of 1430 cm™ which corresponds to symmetric C=C stretching of thiophene ring
[19-22]. After the electrochemical overoxidation step, this peak shifts slightly
towards 1450 cm™ proving the oxidized state of the PEDOT:PSS. In the
previous studies, this type of change in wavenumber and peak intensity

increase was correlated to the transformation of resonance structure of
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thiophene backbone. Enhanced peaks at 1500 and 1570 cm™ are also reported
as asymmetric stretching vibrations of thiophene ring of PEDOT:PSS in the
middle and at the end of chains.

A significant change in surface topography of PEDOT:PSS was expected after
the electrochemical overoxidation. AFM Imaging was selected as the most
proper method for determining the surface roughness values. The root mean
square (RMS) surface roughness, Rq, of pristine PEDOT:PSS at 500 nm
scaling in AFM were reported in Table 3.2 and shown in Figure 3.4. Pristine
PEDOT:PSS films appear to be highly homogeneous with extremely low
roughness values. Due to the electrochemical overoxidation surface was
resulted with high roughness overall. Together with AFM results, the change in
surface morphology was proven by performing contact angle measurements
[22]. A pristine, overoxidized and ethylene glycol treated PEDOT:PSS by
using simple contact angle method were tested and eventually the change in
surface energy was interpreted. According to contact angle measurements,
hydrophilicity of surface highly increases after electrochemical overoxidation
step. This may correspond to the decrease in surface energy after
electrochemical overoxidizing PEDOT:PSS. Therefore, overoxidized region
becomes more hydrophilic with the lower surface energy enhancing the

aqueous ionic transport from electrode | to 11.

= pristine pedot:pss
100 4 | —— overoxidized pedot:pss

96 -
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800 1000 1200 1400 1600 1800
Wavenumber (cm'l)

(a)
Figure 3.2 (a) FT-IR spectra of pure and overoxidized PEDOT:PSS.
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Figure 3.2 continues The most significant peak shifts represent (b) S=O
stretching at 1175 cm™ and (c) 1720 cm™ C=0 stretching
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Figure 3.3 Raman spectra for pristine and overoxidized PEDOT:PSS. Peaks at
1430 cm™ corresponds to characteristic C=C stretching of thiophene ring, which

shifts and intensifies after overoxidation step.
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(b)

Figure 3.4 (a) 3D AFM images of pristine and overoxidized PEDOT:PSS
substrates. After overoxidation the abraded the surface its roughness has
increased vastly. (b) Contact anlge measurements for electrochemically

overoxidized, pristine and EG treated PEDOT:PSS substrates respectively

25



Table 3.2 Surface roughness and contact angle values for pristine, overoxidized
and EG treated PEDOT:PSS. A significant change in surface roughness and
contact angle is observed between electrochemically overoxidized and pristine

PEDOT:PSS values which is due to change in surface energy.

Av. Contact
Material Angle Surface(rll?;;Jghness
(Degree)
Overoxidized PEDOT:PSS 9.10 43.5
Pristine PEDOT:PSS 56.53 5.34
Ethylene Glycol Treated PEDOT:PSS 68.39 3.73

3.3 Potentiostatic Measurements and Conductivity Enhancement

Several conductivity measurements were done on PEDOT:PSS electrodes. Most
of them involved the presence of ACh+ ions as the main aim was to provide the
transport of neurotransmitter through the overoxidized region. However, at first
steps in order to test the system KCI vs. CaCl, tests were performed (Figure 3.5).
Afterwards, to understand the effect of additives on electrical conductivity of
system similar potensiostatic measurements were repeated in Solartron
1260&1278A. In order to understand clearly the transfer of molecules through
the overoxidized region current density values are not enough. pH and number
of transported ion measurements were also performed for this reason (Table 3.3).
By applying constant voltage for 1800 seconds, the transfer of K* ions through
overoxidized region is expected to change the pH of CaCl, solution. At the end
of the experiment, solution on side Il of OEIP structure is tested with pH strips.

Same experiment was also performed on systems containing ACh™ vs. K*.
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Table 3.3 Change in pH value of CaCl, solution under various applied potential
values. The more molecules transport through the overoxidized region to the

opposite side the more pH value changes

Applied Potential (V) pH change
1 From 7 to 4
2 From 7to 3
5 From 7 to 2
10 From 7 to 2

Additionally, to understand the number of ions transported to the opposite side
of overoxidized region several calculations have to be done. In order to do that
first we need to obtain charge values from the current density data. As we know,
current (Ampere) is the flow rate of charge (Coulomb). Here current can also be
interpreted as the amount of charges passing through a certain point in a second.
Thus, in order to obtain charge from current values the integration of current
data has to be done. This is performed by a well-known “Cumulative trapezoidal
numerical integration” CUMTRAPZ function in MATLAB2013 computer aided
software. As a result, matlab performs an integration of all current values with
respect to time and gives out the charge values. However, our ultimate purpose
is to obtain number of transported ions and to do this a simple calculation is

performed.

1 mole xCharge C

x 6.02 x 10% (3.1)
96500 C

Number of transported ions =

By instering the value of charge into the formula, the number of transported ions
can be calculated. Calculations were performed on Microsoft Excel 2010 and
MATLAB 2013 softwares. In previous studies performed in the area of the
conductivity enhancement of PEDOT:PSS, several additives and/or thermal
annealing processes have been well investigated [24-28]. Ethylene glycol (EG)
in this study was utilized for the conductivity enhancement experiments as other

additives failed in conductivity enhancement. The period of OEIP exposure to

27



either NMP or methanol did not change the conductivity value or cause any
other significant increase. Similarly, addition of LiCIO4 to the PEDOT:PSS
solution ended up in poor surface adhesion. As a result of heating after
dropcasting, LiCIO, particles came out on the surface in form of white film. No
valuable conductivity change was observed in this method as well. The reason
of failure of these additives in our conductivity strengthening trials was related
to the type of PEDOT:PSS we used. In comparison to other studies where high
conductivity grade PEDOT:PSS viscous solutions were used, in our study
PEDOT:PSS bead-like particles were dissolved in water and mixed with
glycerol. Thus, this may have probably changed the composition and properties
of conjugated polymers. However, a considerable change in conductivity was
observed in EG treatment. Moreover, it was observed that the time of exposure
of PEDOT:PSS films to EG had a prominent effect as well. While a 2 hour
exposure increased the conductivity value by approximately 5 folds, a 6 hour
treatment has changed the conductance values by almost 21 folds. Thus,
exposing the electrodes | and Il to EG solution, the conductivities of the
electrodes were expected to increase, while the electrochemically overoxidized
part was left unaffected. The explanation of increasing the electrical conductivity
of PEDOT:PSS electrodes lies under the fact that EG abolishes the PSS phase
that accounts for ionic transfer thus leaving the polymer film with remaining
electrical conduction [17]. This way, ions could be driven faster towards the
overoxidized region speeding up the overall transfer [30-32]. The conductivities
of EG treated, pristine and electrochemically overoxidized PEDOT:PSS were
measured with 4-point probe resistivity measurement method. After applying a
sweep voltage between -1 and +1V via Keithley 2400 IV Sourcemeter current
vs. voltage data sets were obtained and as a result resistivity values could be
evaluated. The effect of EG treatment time on the conductivities of PEDOT:PSS
electrodes was also tested. For this purpose, PEDOT:PSS electrodes were
exposed to EG for 2, 6, 12 and 24 hours for tailoring the electrical conductivities
of them. A significant increase from 0.38 S/cm to 8 S/cm was noticed under the
exposure of 6 hours while no noticeable change was observed after 2 hours of
ethylene glycol treatment. However, the conductivity increase stabilized after 6

hours of treatment along further 24 h.
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Figure 3.5 Current vs. time graphs for (a) pristine and (c) EG treated
PEDOT:PSS with KCI solution on side | and CaCl2 solution on side Il of
electrodes; Number of transported K+ ions for (b) pristine and (d) EG treated
PEDOT:PSS
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Figure 3.5 continues Current vs. time graphs for (a) pristine and (c) EG treated
PEDOT:PSS with KCI solution on side | and CaCl2 solution on side Il of
electrodes; Number of transported K+ ions for (b) pristine and (d) EG treated
PEDOT:PSS

30



Another additional method for conductivity enhancement of PEDOT:PSS was
selected as pH drop with the hydrochloric acid treatment. Whilst the pristine
PEDOT:PSS solution have a pH value of nearly 4.5, by decreasing this value to
1.5 and lower to 0.9 a significant increase is also seen in the conductivity values
which can be summarized in Table 3.4. As previously mentioned, the
performance of OEIP was tested at various applied potentials between two
electrodes. Therefore, the system was tested at 1V, 2V, 5V and 10V and current
vs. time graphs were obtained (Figure 3.6). Application of OEIP is aimed for
utilization it in bioelectrochemical devices. For this reason, its ability to transfer
of macromolecules such as neurotransmitters gives us a better understanding of
performance of OEIP later in vivo experiments. Under varying voltage values
the amount of current and charge passing through the overoxidized region was
measured. Acetylcholine transport has been monitored by the equilibrium
current density, which indicates the rate for drifting of the acetylcholine ions

from electrode | to electrode Il values at several potentials (Figure 3.6).
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Figure 3.6 Current vs. time measurements at different applied voltages between

two electrodes containing AChCI and KCI solutions oppositely for (a) pristine
(c) 2 hours EG treated (e) 6 hours EG treated (g) pH=1.5 and HCI acid treated (i)
pH=0.9 and HCI acid treated (k) electrochemically overoxidized region
Nafion™ treated PEDOT:PSS electrodes; Number of transported ACh+ ions at
different applied voltages for (b) pristine (d) 2 hours EG treated (f) 6 hours EG
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treated (h) pH=1.5 and HCI acid treated (J) pH=0.9 and HCI acid treated (I)

electrochemically overoxidized region Nafion™ treated PEDOT:PSS electrodes
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Figure 3.6 Current vs. time measurements at different applied voltages between
two electrodes containing AChCI and KCI solutions oppositely for (a) pristine
(c) 2 hours EG treated (e) 6 hours EG treated (g) pH=1.5 and HCI acid treated (i)
pH=0.9 and HCI acid treated (k) electrochemically overoxidized region

Nafion™ treated PEDOT:PSS electrodes; Number of transported ACh+ ions at
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different applied voltages for (b) pristine (d) 2 hours EG treated (f) 6 hours EG
treated (h) pH=1.5 and HCI acid treated (J) pH=0.9 and HCI acid treated (I)

electrochemically overoxidized region Nafion™ treated PEDOT:PSS electrodes
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At the highest potential of 10V, nearly 25pA cm™ equilibrium current density
has been observed. As previously mentioned, the influence of EG on
PEDOT:PSS is towards enhancing its electrical conductivity. This provides us
with a better transfer of acetylcholine ions through electrodes | and 11, thus

accumulating larger amount of ions to be transferred through electrochemically
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overoxidized region. Therefore, we have observed that the equilibrium current
density increased from 25 to 38 pA cm™ when the electrical conductivities
varied from 0.38 to 8 S/cm. An additional approach to conductivity increase of
PEDOT:PSS electrodes was acid treatment. By using hydrochloric acid pH value
of pristine PEDOT:PSS solution was dropped to 1.5 and then 0.9 which
significantly increased the conductivity to 34 and 54 S/cm (Table 3.4),
respectively. Corresponding equilibrium current densities were then observed as
about 39 and 41 pA cm? respectively. As a conclusion, it has been
demonstrated that the equilibrium current densities of OEIP reach a threshold
value when the electrical conductivities of the electrodes become 8 S cm™
beyond which the equilibrium current densities remained almost constant at

nearly 40 pA cm™.

Table 3.4 Change in conductivity values for pristine, overoxidized and EG
treated PEDOT:PSS.

. Conductivity
Material (Slcm)
Overoxidized PEDOT:PSS 0.063
Pristine PEDOT:PSS 0.38
Ethylene Glycol Treated PEDOT:PSS 8.0
Hydrochloric Acid Treated PEDOT:PSS 34
(pH=1.5)
Hydrochloric Acid Treated PEDOT:PSS 54
(pH=0.9)

The final treatment of OEIP was applied to the PEDOT:PSS electrodes with the
equilibrium current density performance. This treatment method is based on
enhancing the ionic transport of oxidized region of OEIP structure. Nafion™ is
a well-known ionic conductor and has been studied extensively specifically for

fuel cells and flow batteries [30-32]. In order to observe the influence of the
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ionic conductivity on the OEIP performance, Nafion™ aqueous solution was
added to the oxidized region drop wise and kept for drying till a homogeneous
film forms. As can been seen in Figure 3.7, the equilibrium current density at all
four voltage values have increased enormously leading us to the conclusion that
the effect of ionic conductivity is larger than assumed. The equilibrium current
density of OEIP was increased nearly 10 times and reached up to 408 pA cm™
indicating very fast acetylcholine transport from the electrode I to 1. The effect
of Nafion™ as an ionic conductor to the OEIP structure can be interpreted as
enhancement in proton conductivity of the electrochemically overoxidized
region. As seen in Table 3.5 the proton conductivities of the electrochemically
overoxidized region is highly increased from 0.0035 to 0.13 S/cm. Therefore it
has been stated that the influence of ionic conductivity of the electrochemically
overoxidized region on OEIP performance is much greater than that of electrical

conductivities of the electrodes (Figure 3.8).
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Figure 3.7 Influence of electrical conductivity of electrodes on the number of

acetylcholine transported.
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Table 3.5 Enhancement in proton conductivity of electrochemically
overoxidized region of OEIP.

Type of Electrochemically

Overoxidized Region Proton Conductivity (S/cm)

Nafion™ Deposited 0.13
Pristine PEDOT:PSS 0.0035
500 -
B Pristine Elechtrochemically
Overoxidized PEDOT:PSS

§ 400 - & Nafion(TM) Electrochemically
~ Overoxidized
fd
c
o 300 -
S
=]
&)
S
=2 200
S
2
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IB' 100

0

1 2 5 10
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Figure 3.8 Equilibrium current density values for OEIP with Prisitine and

Nafion™ treated over oxidized regions
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4. CONCLUSIONS

Flexible bioelectronic ion pump based on electrically and ionically conductive
polymers was fabricated using line pattering method and enhancement in their
electrical and ionic properties were performed. A brand new perspective to the
production of bioelectronics was proposed and several novel methods have been
applied for performance enhancement. The characterization and optimization of
overall properties of the OEIP system were done by using FTIR, Raman,
Contact Angle, AFM, Four-point probe and other devices. Due to several surface
modification techniques, the dropcasted conjugated polymer solution was better
adhered on the surface resulting in higher current values and ionic transfer. In
order to increase the conductivity of OEIP, several additives were utilized and
ethylene glycol was selected as the most effective one. Additionally acid
treatments have been applied on the system, as well. The most prominent
increase was observed by decreasing the pH value of PEDOT:PSS solution by
using pure HCI acid. It was also investigated that proton conductivity had a
stronger impact on OEIP performance than that of electrical conductivity leading
to another development in the system. The addition of Nafion™ solution on the
electrochemically overoxidized region assisted the ionstransport. This was
affirmed with an almost 10 fold increase in current values between pristine and
treated OEIP system.

Moreover, the thickness of Nafion™ layer also was influential in current values.
The thicker was the deposited Nafion™ layer the higher were the current values
and number of transported ions respectively. The availability and simplicity of
the production method makes OEIP quite an applicable bioelectronic device.
This promising progress in organic electronic field gave lead to upcoming

advancements in this technological field.

41



REFERENCES

[1] Tanna, S., (2013). Priority Medicines for Europe and the World "A Public
Health Approach to Innovation” Alzheimer Disease and other
Dementias, WHO, 6.11-1 -6.11-74

[2] Lipomi, D.J., Lee, J.A., Vosgueritchian, M., Tee, B.C.-K., Bolander, J.A.,
Bao, Z., (2012). “Electronic Properties of Transparent
Conductive Films of PEDOT:PSS on Stretchable Substrates”,
Chem. Mater., 24(2), 373-382

[3] Spencer, M.W., Wetzel, M.D., Troeltzsch, C., Paul.,, D.R., (2011)
"Effects of Acid Neutralization on the Properties of K and Na

Poly(ethylene-co-methacrylic Acid) lonomers"”, Polymer, 53,

569-80.
[4] Zhu, Z. T., Mabeck, J.T., Zhu. C., Cady, N.C., Batt, C.A. , Malliaras,
G.G. (2004). A simple poly(3,4-ethylene

dioxythiophene)/poly(styrene sulfonic acid) transistor for
glucose sensing at neutral pH, Chem. Commun., 13, 1556-1557.

[5] Mabeck, J.T., Malliaras, G.G., (2006). Chemical and biological sensors
based on organic thin-film transistors, Anal Bioanal Chem., 384,
343-353

[6] Jager, EW. H., Smela, E. , Inganas, O., (2000). Microfabricating
conjugated polymer actuators, Science, 290, 1540-1545

[7] Smela, E., Inganas, O. , Lundstrom, 1., (1995). Controlled folding of
micrometer-size structures, Science, 268, 1735-1738.

[8] Isaksson. J., Kjall,P., Nilsson, D., Robinson, N.D., Berggren, M.,
Richter-Dahlfors, A., (2007). Electronic control of Ca2+
signalling in neuronal cells using an organic electronic ion
pump, Nat. Mater., 6, 673-679

42



[9] Oostra, AJ.van den Bos, K.HW., Blom, PW.M., Michels, J.J.,
(2013). Disruption of the Electrical Conductivity of Highly
Conductive Poly(3,4-ethylenedioxythiophene):Poly(styrene
sulfonate) by Hypochlorite, J. Phys. Chem. A., 117, 10929-
10935

[10] Reyes-Reyes, M., Cruz-Cruz, 1., Lopez-Sandoval, R., (2010).
Enhancement of the Electrical Conductivity in PEDOT:PSS
Films by the Addition of Dimethyl Sulfate, J.Phys.Chem., 114,
20220-20224

[11] Sankir, N.D., Claus, R.O., (2007). An alternative method for selective
metal deposition onto flexible materials, J.Mat. Protec., 196,
155-159

[12] Carmichael, T. B., Vella, S. J. & Afzali, A., (2004). Selective Electroless

Metal Deposition Using Microcontact Printing of Phosphine-
Phosphonic Acid Inks, Langmuir, 20, 5593-5598.

[13] Cheng, K., Yang, M.-H., Chiu, W. W. W., Huang, C.Y., Chang, J.,
Ying, T.F., Yang, Y., (2005). Ink-Jet Printing, Self-Assembled
Polyelectrolytes, and Electroless Plating: Low Cost Fabrication
of Circuits on a Flexible Substrate at Room Temperature,
Macromol. Rapid Commun., 26, 247-264.

[14] Porter, L.A., Choi, H.C., Schmeltzer,J.M., Ribbe, A.E., Buriak, J.M.,
(2003). New pairs of inks and papers for photolithography,
microcontact printing and scanning probe nanolithography,
Materials Research Society Symposium, 737, 341-346

[15] Tybrandt, K., Larsson, K.C., Kurup, S., Simon, D.T., Kjall, P.,
Isaksson, J., Sandberg, M., Jager, E.W.H., Richter-Dahlfors,
A., Berggren, M., (2009). Translating Electronic Currents to
Precise Acetylcholine—Induced Neuronal Signaling Using an
Organic Electrophoretic Delivery Device, Adv. Mater., 21,
4444-4446.

[16] Simon, D.T., Larsson, K.C., Nilsson,D., Bustrom, G., Galter, D.,
Berggren, M., Richter-Dahlfors, A., (2015). An organic
electronic  biomimetic  neuron  enables  auto-regulated

neuromodulation, Biosens. Bioelectrons., 71, 359-364

43



[17] Sankir, N.D., (2008). Selective deposition of PEDOT/PSS on to flexible
substrates and tailoring the electrical resistivity by post
treatment, Circuit World, 34, 32-37

[18] Tehrani, P., Robinson, N.D., Kugler, T., Remonen, T., Hennerdal, L.O.,
Hall, J., Malmstrom, A., Leenders, L., Berggren, M., (2005).
Patterning polythiophene fims using electrochemical over-
oxidation, Smart Mater. Struct., 14, N21-N25

[19] Tehrani, P., Kanciurzewska, A., Crispin, X., Robinson, N.D., Fahlman,
M., Berggren, M., (2007). The effect of pH on the
electrochemical overo-oxidation in PEDOT:PSS, Solid State
lon., 177, 3521-3527

[20] Marzocchi, M., Gualandi, I., Calienni, M., Zironi, |., Scavetta, E.,
Castellani, G., Fraboni, B., (2015). Physical and
Electrochemical Properties of PEDOT:PSS as a Tool for
Controlling Cell Growth, ACS Appl. Mater. Interfaces, 7,
17993-18003

[21] Ahonen, H.J., Lukkari, J., Kankare, J., (2000). n- and p-Doped Poly(3,4-
ethylenedioxythiophene): Two Electronically Conducting States
of the Polymer, Macromolecules, 33, 6787-6793

[22] Goutham Raj, P., Sandhya Rani, V., Kanwat, A., Jang, J., (2016).
Enhanced organic photovoltaic properties via structural
modifications in PEDOT:PSS due to grapheme oxide doping,
Mater. Res. Bull., 74, 346-352.

[23] Garreau, S., Louarn, G., Buisson, J. P., Froyer, G., Lefrant, S, (1999).
In Situ Spectroelectrochemical Raman Studies of Poly(3,4-
ethylenedioxythiophene) (PEDT), Macromolecules, 32, 6807—
6812.

[24] Chiu, W. W., Travas-Sejdic, J., Cooney, R. P., Bowmaker, G., (2005).
Spectroscopic and conductivity studies of doping in chemically
synthesized poly(3,4-ethylenedioxythiophene, A.Synth. Met.,
155, 80-88.

44



[25] Chiu, W. W., Travas-Sejdic, J., Cooney, R. P., Bowmaker, G., (2006).
Studies of dopant effects in poly(3,4-ethylenedi-oxythiophene)
using Raman spectroscopy, A.J. Raman Spectrosc., 37, 1354

1361.
[26] Hejda, F., Solar, P., Kousal, J., (2010). Surface Free Energy
Determination by Contact Angle Measurements — A

Comparison of Various Approaches, WDS'10 Proceedings of
Contributed Papers, PART Il1, 25-30

[27] Jikei, M., Yamaya, T., Uramoto, S., Matsumoto, K., (2014).
Conductivity Enhancement of PEDOT/PSS Filmsby Solvent
Vapor Treatment, Int. J. Soc. Mater. Eng. Resour., 20, 158-162

[28] Hwang, S.J., Oh, T.H., Kim, S.H., Han, S.S., Lee, S.J., Lee, S.G., Lee,
Y.J., Jang, S.S., (2015). Effect of solvent on electrical
conductivity and gas sensitivity of PEDOT:PSS polymer
composite films, J. APPL. POLYM. SCI., 132, 1-6

[29] Zhu, Z., Liu, C., Xu, J., Jiang, Q., Shi, H., Liu, E., (2015). Improving the
Electrical Conductivity of PEDOT:PSS Films by Binary
Secondary Doping, Electron. Mater. Lett., 12, 54-58

[30] Yang, L., Tang, B., Wu, P., (2015). Metal organic framework-Graphene
Oxide Composites: a facile method to highly improve the proton
conductivity of PEM operated under low humidity, J. Mater.
Chem., 3, 15838-15842

[31] Lee, D.C,, Yang, H.N., Park, S.H., Kim, W.J. (2014). Nafion/graphene
oxide composite membranes for low humidifying polymer
electrolyte membrane fuel cell, J. Membr. Sci., 452,20-28

45



RESUME

Name-Surname : Nazrin ABDULLAYEVA
Nationality : Azerbaijani

Place & Date of Birth : Baku, Azerbaijan 31.01.1995
Email : nazrin.abdullayeva@yahoo.com
EDUCATION:

Bachelor Degree: 2015, Hacettepe University, Faculty of
Engineering, Chemical Engineering
Master Degree: 2017, TOBB Univeristy of Economics and Technology,

Faculty of Natural and Applied Sciences, Micro and Nanotechnology

WORK EXPERIENCE:

Year Place Position
2015-2017 TOBB ETU Stipendiary Student

2014 Ermetal Group/ PLASMOT Intern

2013 BASF The Chemical Company R&D Intern

FOREIGN LANGUAGES: English, Russian, French

PUBLICATIONS:

% Akay, T.E., Abdullayeva, N., Sankir,M., Sankir, N.D. (2016,
September) On-Board Hydrogen Powered Proton Exchange Membrane
Fuel Cells, ECS Transactions, 75(14), 511-513

+« Abdullayeva, N., Seckin, D.N., Sankir, M., Sankir, N.D., Seckin, H.
(2016, October) Synthetic Nerve Endings for Restoring the Axo-Axonal
Transport. Oral Presentation at the ECS PRIME 2016 Fall Meeting,

Honolulu, Hawaii

46



¢ Abdullayeva, N., Sankir, M. (2017) Influence of Electrical and lonic
Conductivities of Organic Electronic lon Pump on Acetylcholine

Exchange Performance, Materials Submitted.

47



