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IX. Abstract

At the moment, breast cancer is one of the most dominant forms of cancer globally,
diagnosing 2.3 million people in 2020 alone, according to the World Health Organization.
While current treatments exhibit some encouraging outcomes, the associated side effects
are profound and severe. The aim of this project is the creation of an ‘on demand’ drug
delivery system, tackling one of the most formidable issues in modern society. The drug
delivery system is based on the use of biocompatible, multifunctional, electronically
conducting polymers so as to enable more effective therapy for cancer patients, whilst
reducing common side effects. Based on the redox switching of conducting polymers, a
drug delivery system was created using poly(3,4-ethylenedioxythiophene) as the drug
release vehicle, having the ability to load and release materials upon oxidation and
reduction. The second part of the project focuses on the fundamentals of ‘wirefree’ or
bipolar electrochemistry. The main focus of this work is to challenge current theories in
the field, to provide a thorough, in-depth understanding of the technique. In combining
the work presented in this thesis, a thorough understanding of conducting polymer drug
delivery and wireless electrochemistry has been established. Further building on this
work could see the development of a wirelessly triggered conducting polymer-based drug
delivery system that could be used as a minimally or non-invasive method for delivering

therapeutics to patients.

Keywords: Poly(3,4-ethylenedioxythiophene), electrochemical quartz crystal

microbalance, breast cancer, drug delivery, bipolar electrochemistry.
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1. Introduction

The overarching aim of this thesis is to develop a wirelessly stimulated drug delivery
system through the use of the well-known redox characteristics of conducting polymers
and ‘wirefree’ electrochemistry. The purpose of this work includes the wireless delivery
of therapeutics in a safe, controlled, and targeted manner, minimising the cytotoxic
effects of many drugs.! By using conducting polymers, particularly poly(3,4-
ethylenedioxythiophene), therapeutics are doped and de-doped upon the application of a
potential, resulting in an ‘on-demand’ ‘on/oft” switch like behaviour. The innovation
behind this work is the implementation of ‘wirefree’ electrochemistry which allows the
application of a potential without any physical wiring to the working electrode. This
‘wirefree’ electrochemical stimulation would then result in the wireless release of
therapeutics from conducting polymer films as shown in Figure 1.1 and discussed in

Chapter 7.
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Figure 1. 1. Schematic representation of the wirelessly stimulated drug release from

conducting polymers.

1.1. Breast Cancer

At this moment, after skin cancer, breast cancer is the most dominant form of cancer
globally, diagnosing 2.3 million people in 2020 alone, according to the World Health
Organization.? Since the 1980s, breast cancer mortality rates have decreased with the
implementation of routine breast check screening, which has only improved with
advances in healthcare and technology.** Mammography has become an established
screening method for breast cancer, with a sensitivity level of 75 to 95% and an accuracy

of 80 to 95%.° The introduction of screening has greatly improved breast cancer survival



rates, especially in reoccurring breast cancer patients. After five years post cancer
treatment, patients are considered cancer free.® However, according to the publication by
Norgaard Pedersen et al. the risk of breast cancer reoccurrence can range from 13 to 41%

between 5 and 20 years, subject to the status of the initial tumour.”
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Figure 1. 2. A diagram of the structure of the female breast including the two most
common breast diseases, ductal carcinoma in situ and invasive ductal carcinoma. This

illustration is extracted from Song et al.®

1.2. Classification of Anti-Cancer Drugs

(i) Alkylating Agents
Alkylating agents operate by obtaining an alkyl group (R-CH>") which interacts with
nucleic acids and proteins by inhibiting DNA transcription and replication.” Examples

include Cytoxan, Platinol, Neosar, and Platinol-AQ.!°

(ii) Antimicrotubular Agents

Antimicrotubular agents work by inhibiting topoisomerase II, which in turn prevents
DNA replication and RNA synthesis, resulting in cell death.” Anthracyclines are a
subdivision of anticancer drugs which are extracted from Streptomyces bacterium and
used to treat a variety of cancers.!! They are used in the treatment of breast, stomach,
ovarian, uterine, bladder, lung, leukemia and lymphoma cancers. Anthracyclines are one
of the most effective forms of cancer drugs, operating by intercalating with cell DNA
which gives rise to DNA metabolism and RNA production impairments.!? The drugs
efficiently target the topoisomerase II cleavage complex (Top2cc), consequently breaking

12,13

the DNA in proliferating cells. The structure of anthracyclines include an



anthraquinone backbone to a tetracyclic molecule, connected to a sugar group. The
structure of anthracycline derivatives has a direct affect to their level of cytotoxicity.!'
Taxanes are another class of anticancer drugs known as diterpenes.!> They originate from
the Taxus brevifolia yew.!> Taxanes demonstrate their anticancer effects by hindering the
mitotic spindle during cell division. They do so by binding to the microtubules, inhibiting
the depolymerisation of the microtubules which results in the apoptosis of proliferating

cells.!¢ Taxanes are used in solid tumours such as lung, breast and ovarian cancers.

(iii) Anti-Metabolites

Antimetabolites function by destroying nucleotides which results in DNA being incapable
of replication.!” Its interactions with nucleic acids can also cause structural deformations
which can also lead to cell death.!” Antimetabolites are subdivided into four categories:

Cytidine analogs, folate antagonists, purine analogs and pyrimidine analogs.’

(iv) Antibiotics
Antibiotics are used in chemotherapy for inhibiting DNA and DNA synthesis. Examples

of these drugs include daunomycin, bleomycin and actinomycin.’



Table 1.1. List of Taxane and Anthracycline Drugs used for Cancer Treatment.

Group Name

Taxane  Taxol
Taxotere
Abraxane
Anthra- Adriamycin
cycline
Ellence
Mitoxantrone

Drug

Paclitaxel

Docetaxel

nab-

paclitaxel

Doxorubicin

Epirubicin

Novantrone

Water
Soluble

0.1
pg/ml

Readily

Yes

Readily
2.59
mg/ml

Soluble in

Castor oil,
ethanol

Methanol,
acetone,
acetonitrile

Ethanol,
DMSO

Dosage

175mg/m?
v

75mg/m?

60-
75mg/m?

100-120
mg/m?

14mg/m?

Usage

Used following
anthracycline and
cyclophosphamide
therapy,  metastatic
treatment

Used following
anthracycline
treatment, used for
advanced or

metastatic cancer

For metastatic breast
cancer patients who
have failed first-line
treatment for
metastatic cancer

Metastatic cancer in
patients  with  an
increased cardiac risk

Monotherapy

Metastatic breast
cancer



1.3. Conducting Polymers

The first recording of conducting polymers dates back to 1862, where Henry Letheby
oxidised aniline, forming a ‘thick layer of bluish-green pigment’ on the surface of a
platinum electrode.!'® Initially, polymers were recognised as insulating materials before
the work of Shirakawa, MacDiarmid, and Heeger in 1977. Their work transformed the
use of polymers to electrically conducting materials, which resulted in the award of the
Nobel Prize in Chemistry in 2000.!° In recent years, conducting polymers are being used
in the fabrication of sensors, photovoltaic cells, energy storage devices, and drug delivery

systems (Figure 1.3).20-24
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Figure 1. 3. [llustration of the various applications of conducting polymers extracted from

Namsheer et al.?!

Polymers can be categorised as conjugated or saturated. These polymers are composed of
different electronic configurations. Saturated polymers were investigated by Ziegler,
Natta, Staudinger and Flory and are insulators due to the four carbon valence electrons

being used in covalent bonding, such as polyethylene in Figure 1.4 (b).?? For conjugated



polymers there is an unpaired electron, n-electron, for each carbon atom. Carbon orbitals
of sp?p. configuration, overlap along the backbone of the polymer, resulting in electron
delocalisation along the polymer backbone, promoting charge mobility.?? This shows that
the electrical conductivity of conducting polymers is dictated by the type and number of

t'22

atoms in a repeating unit.>* The presence of m-electrons enable the polymer to store or

carry charge, resulting in their semi-conductive, metallic like behaviour.??

Poly(3,4-ethylenedioxythiophene) Polyethylene
Conjugated Polymer Saturated Polymer

Figure 1. 4. Chemical structures of (a) Poly(3,4-ethylenedioxythiophene) (PEDOT) (b)
Polyethylene.

1.3.1. Doping

Polymers can increase their levels of conductivity through a process called doping.
Doping occurs through the movement of charged species into the polymer backbone.?*
Doping can occur in a variety of ways, the most common being electrochemical doping,
followed by chemical doping, photodoping and acid-based doping. In chemical doping,
charge-transfer redox chemistry is used to (a) oxidise (p-type doping) or (b) reduce (n-
type doping) the polymer.! This process is simple to conduct, however, it is difficult to
control the reaction. Electrochemical doping operates by providing the conducting
polymer with the redox charge via the electrode. The level of doping can be controlled by
the potential generated at the electrode. This process causes ions to transfer in or out of
the polymer film from the electrolyte in order to compensate charge.?? Additionally, the

type of dopant can alter film properties such as homogeneity, porosity and volume. In



addition, these processes are reversible allowing the polymer to return back to its neutral

form via reduction or oxidation depending on its doping type.
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Figure 1. 5. Graphical representation of electronic band gap and oxidation process of

polypyrrole extracted from Le et al.?

Figure 1.5 provides a graphical representation of p-type doping in pyrrole from Le et al.
The oxidation and reduction processes results in the creation of charge carriers known as
polarons which are radical ions and bipolarons which are dications or dianions.?> These
charge carriers result in the movement of electrons along the polymer chain, resulting in
conductivity. In Figure 1.5 (a), polypyrrole is in its undoped form, which is shown by the
large band gap of 3.16 eV. Oxidation of polypyrrole causes a m-electron to be removed
from the polymer backbone, causing the benzenoid structure to change to a quinoid
structure, with the formation of a polaron.?®?’ The outcome is two localised electronic
levels in the band gap (Figure 1.5 (b)). Further oxidation results in the removal of a second
electron forming a double charged bipolaron. As oxidation continues, bipolarons overlap
resulting in a decrease in band gap energy as a result of the bipolaronic bands (Figure 1.5

(d)).25’26



1.3.2. Electrical Characteristics

Indeed, the conductivity of the conducting polymer is essential in determining the
application. In conjugated polymers, m-electrons have a considerable role to partake,
determining the conductivity of the system as a result of polarisation and delocalisation.?’
As described in Section 1.3.1, polymer doping assists in the generation of a
semiconducting, metallic like state. The doping process reduces the morphological and
structural disorder of the polymer, enhancing conductivity. PEDOT has shown

conductivity levels of 0.1 S/cm in the undoped state, to 5400 S/cm in the doped state.?®?*
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Figure 1. 6. Schematic of the conductivity levels of doped and undoped conjugated

polymers. Extracted from Le et al.?®

1.3.3. Poly(3,4-ethylenedioxythiophene)

PEDOT is the conducting polymer used throughout this project. It is renowned for its
conductivity, flexibility and stability, making it ideal for use in sensors, photovoltaic cells,
and drug delivery systems. PEDOT is derived from the conducting polymer

polythiophene, having an additional dioxane group.
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Figure 1. 7. (a) Possible mechanism for the electropolymerisation of EDOT. Extracted
from Ramalingam et al. 3 (b) Oxidation and doping processes of PEDOT. Extracted

from Cameron et al.’!

PEDOT is commonly electrochemically polymerised by applying a constant potential to
the electrode surface. Upon oxidation, an electron is removed, leading to the formation
of a cation radical (Figure 1.7 (a)).3? Cation radicals can undergo radical-radical coupling
or they can interact with neutral monomers, dimers and oligomers, resulting in the
formation of the polymer chain.!® During the oxidation process, anions from the solution
enter the polymer chain to achieve charge neutrality (doping)(Figure 1.7 (b)).>* Similarly
to the mechanism described for polypyrrole in Section 1.3.1, polarons and bipolarons are
responsible for the electrical conductivity. Examples of PEDOT being used in drug
delivery systems can be seen in work performed by Krukiewicz et al.*3* In this work the
inflammatory drug Naproxen is used as the dopant in the PEDOT film. Krukiewicz et al.,
uses chronoamperometry to apply a set potential, allowing the drug to be doped and de-
doped depending on the positive or negative potential used. This work is promising in the

use of polymers for targeted and controlled drug delivery.
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1.4. Drug Delivery

1.4.1. Conventional Drug Delivery System Classification

Drug delivery systems (DDS) aim to control the release of Active Pharmaceutical
Ingredients (APIs) in a targeted manner. Currently drug delivery includes the use of
tablets, syrups, capsules and many more, as shown in Figure 1.8.3°These systems lack
target specificity, drug bioavailability and are incapable of maintaining a constant release
rate.>> Controlled drug delivery systems are being implemented to eliminate the issues
with conventional drug delivery. It does so by delivering the drug at a specific rate to a
target site, optimising the drug’s ability and preventing toxicity.>> This section will
investigate the use of nanomaterials as drug delivery systems and their ability to target

specific sites.
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Figure 1. 8. Classification of conventional drug delivery systems. Extracted from
Adpeu et al.?
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1.4.2. Pharmacokinetics of Drug Delivery Systems

Pharmacokinetics is the study and understanding of the movement of a drug through the
body, how it is absorbed, distributed, metabolised, and excreted. The success of drug
delivery systems are reliant on the behaviour of the carrier within the body.*¢ This section
emphasises the importance of specific DDS functions to achieve optimal therapeutic
effect.

(1) Absorption

(i1) Distribution

(ii1) Metabolism

(iv) Elimination

Figure 1. 9. Adapted from the National Institute of Diabetes, Digestive and Kidney

Diseases, National Institutes of Health.’

(i) Absorption

Drug absorption is the migration of the drug into the bloodstream after administration.
The rate and quantity of the absorption of a drug is reliant on the administration method,
drug formulation and the physicochemical characteristics of the drug.3>*® Bioavailability
refers to the quantity of drug that reaches the target site. Oral doses tend to have

substandard bioavailability as a result of poor absorption and drug metabolism in the

12



liver.% Intravenous drug administration presents full bioavailability as it is administered
directly into the bloodstream.3’

(a) Passive transport is the migration of a drug through the cell membrane. The movement
occurs from high drug concentration to low drug concentration. Example: From the
gastrointestinal tract to the bloodstream.* This process does not require energy.

(b) Active transport involves the transportation of molecules, using energy, withstanding

a concentration gradient which takes place in the small intestine.®

(ii) Distribution

Distribution refers to the reversible transfer of drug molecules into the blood and tissues.
This is a crucial role as it determines the efficacy of the treatment while also dictating
toxicity.>® The circulation of the drugs are dependent on the blood flow, the size of the
drug molecules, the drug’s binding affinity with plasma proteins, as well as lipophilicity.*>
There are also anatomical barriers such as the blood-brain barrier which inhibits the
movement of certain drugs into the brain tissue. Only low molecular weight, small size

and high lipophilicity drugs can move through the blood-brain barrier.*

(iii) Metabolism

Drugs are metabolised in the liver and the wall of the gut. This process reduces the
concentration of the drug, especially oral administered drugs, before moving into the
blood.*® The liver enzyme cytochrome P450 is responsible for the metabolism of

approximately 70 to 80% of drug molecules.

(iv) Elimination

Elimination involves the excretion of any drug that is unchanged from the body.*! The
predominant methods of elimination include the liver, lungs, bone marrow and spleen.
The phagocytic cells present in these tissues remove foreign bodies from circulating.*¢

Other forms of excretion include bile, sweat, urine, saliva, and stool.?®
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1.4.3. Polymers in Drug Delivery Systems

Nanomedicine has been used to revolutionise how patients can and will be treated in the
future. The use of nanocarriers as drug delivery devices is becoming increasingly
sophisticated, using their size, solubility, and high specificity to create an innovative drug
release profile.*> Polymeric nanoparticles are of particular interest due to their adaptable
characteristics, allowing some polymeric nanoparticles to possess biocompatible and
biodegradable properties as well as having the ability to be modified for personalised
therapy. Polymeric nanocarriers are ideal carriers of multiple cytotoxic compounds,
providing long circulation half-lives, reducing drug toxicity, and improving drug efficacy.
These nanoparticles have the potential to be adapted with ligands such as proteins and
antibodies which enhances target selectivity. Nanocarriers also exhibit superior
permeability and retention (EPR effect) as a result of their accumulation within cancer
cells.** Another advantage of using nanocarriers as drug delivery systems, is the drug
encapsulation mechanism. Drug encapsulation in nanocarriers improves transport within
the body, substantially enhancing biodistribution as well as decreasing biodegradation.*’
Additionally, these nanocarriers present an improved circulation half-life of the
therapeutics, therefore promoting drug efficacy resulting in lower dosages.*** The
polymeric nanoparticle drug release is more efficient, producing minimal side effects in
comparison to traditional chemotherapy.*’

The objective of drug delivery systems is to transfer a therapeutic agent to a
specific target site and to release the drug. In recent times, these schemes have become
more advanced, focusing on preserving the efficacy of the drug, specifically targeting the
malignant cells and controlling the release of the drug.*® The variety of combinations
allows for a vast range of possibilities for personalising the delivery methods. These
treatments are specifically targeted and designed to obstruct biological pathways and
cancer proteins contributing to tumour progression.*’ Biocompatibility, biodegradability,
and stability are vital components necessary for the assembly of an effective drug delivery
system. Recently, polymers such as polyglycolic acid (PGA), polyethylene glycol (PEG),
polylactic acid (PLA), and polylactic-co-glycolic acid (PLGA) demonstrate good
biocompatible and biodegradable characteristics.*® In 2018, as stated by Ferrari et al, there

were four polymer based drug formulations on the market which are stated in Table 1.2.%
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Table 1.2. Polymeric nanoparticle formulations that are currently on the market. Adapted

from Ferrari et al.*°

Name Company Polymer Drug Indication Approval
Genexol- Samyang PEG-poly(d,l-lactide) Paclitaxel Breast Cancer 2007 South
PM Pharmaceuticals NSCLC Korea

Transdrug BioAlliance Poly(isohexylcyanoacry =~ Doxorubicin Hepatocarcinoma 2005 USA

Pharma late)
Zinostatin Astellas Poly(styrene-co-maleic ~ Neocarzinosta Hepatocellular 1994 Japan
stimalamer Pharma, Inc. acid) tin Carcinoma
Paclical Osmia Poly(glutamic acid) Paclitaxel Ovarian Cancer 2015
Pharmaceutical Russian

Federation

Natural polymers such as alginate, hyaluronic acid, chitosan and cellulose have acquired
more attraction for their biocompatible and biodegradable properties.*® They are also
renowned for their antibacterial aspects as well as their low immunogenicity.*®
Nonetheless, synthetic polymers are proven to be more diverse, having the ability to
adjust the polymer’s morphology to cater to the patients’ needs.*® Using nanoparticle drug
delivery has the potential to overwrite current treatments being used. In traditional
treatments, the drug only has the ability to act outside the cell as the cell membrane
prevents admission to the cell.*® Therefore, the drug’s activity is not long lasting, leading
to regular higher concentrations of the drug.*® In terms of bacterial infections, another
advantage to the nanosized drug delivery systems is the inability of resistant bacteria to
form due to the drugs nanostructure, which in turn increases the longevity of the drug.*®
Castro et al. discusses the possibilities for these polymeric nanoparticles, having the
ability to be modified for specific stimulus-responsive activity for drug delivery in normal

and extreme environments, e.g. temperature and pH.*®

1.4.4. Conducting Polymers in Drug Delivery Systems

Conducting polymers have been investigated for their electrical properties for their
application in a multiple of disciplines, including drug delivery.”® Poly(3,4-
ethylenedioxythiophene) (PEDOT), polypyrrole (PPy), polyaniline (PANI) and
polythiophene (PT), are some of the most researched conducting polymers in the field of
‘smart biomaterials’.>® The first developed controlled drug delivery system was reported

in the 1980s by Miller et al., using cyclic voltammetry to release dopamine, glutamate
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and ferrocyanide with PPy.>%%0 The doping and de-doping characteristics of conducting
polymers allows for materials, referred to as ‘dopants’ to enter and leave the polymer
upon the application of a specific potential. The dopant moves in and out of the film by
ion exchange processes as explained in Section 1.3.1. For example, a polymer exhibiting
p-type doping will encourage the incorporation of a negatively charged drug upon
oxidation (Figure 1.7 (b)). An interesting observation is that therapeutics are commonly
being incorporated after the polymer formation, with the removal of the primary doping
agent first, followed by the incorporation of the drug.5? Previously, polymers such as
polypyrrole were investigated as potential drug delivery systems, possibly due to the
extensive level of research; however, compared to newer synthetic polymers, polypyrrole
can lack in biocompatibility, exhibiting cytotoxicity at high concentrations.5*** Some
examples of PPy based DDSs include electrochemically triggered release of
dexamethasone, naproxen, and nerve growth factor.®>-*¢ Another commonly used polymer
with potential in drug delivery systems is PEDOT. PEDOT has shown biocompatibility,
being used in applications for medical devices; however, the degradability of this material

within the body is not extensively researched. ¢7:636
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1.5. Wireless Electrochemistry

Bipolar electrochemistry is being investigated as a contactless method by converting the
conventional electrostimulation system to a wireless process called bipolar
electrostimulation (BPES).”® This system has been known for years with Fleischmann et
al. recording the ‘electrical conduction of spherical particles fluidised by electrolyte flow’
in the late 1960s.”! BPES operates by depositing an electrical conducting bipolar
electrode in an electric field. The electric field is a result of driving electrodes, also
referred to as feeder electrodes, which have no direct contact to the bipolar

electrode.”®’>7® These wireless bipolar electrodes undergo anodic and cathodic reactions.

Driving
Electrodes

T~

f

Electrolyte
Solution Bipolar

Electrode

Figure 1. 10. Schematic of bipolar electrolysis extracted from Crooks.”

Figure 1.10 shows a standard set up for a bipolar electrostimulation system. The setup
includes two driving electrodes which are connected to power. The bipolar electrode is
located between the driving electrodes without any electrical connection. The bipolar
electrode (BPE) is operated by the electric field generated from the driving electrodes.
Therefore, the BPE acts as its own electrochemical cell, undergoing oxidation and
reduction reactions at either poles.” In electrostatic field theory, the surrounding
electrolyte causes a potential gradient between the electrode and the electrolyte. An

important aspect to consider is the concentration of the electrolyte solution. In BP
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systems, if the solution conductivity is high, the double layer of the BPE will be thick,

resulting in a dissipation of the electric field near the feeder electrodes.”
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Figure 1. 11. Schematic of a bipolar electrochemical system, side view. (a) Typical
bipolar setup including the BPE in the centre of the cell located between two feeder
electrodes. (b) Linear potential decay model that occurs across the BPE. Extracted from

Crooks.”*

Ewrefers to the voltage being applied to the driving electrodes causing the electric field.
As a result of the electric field, the bipolar electrode settles at an equilibrium potential,
also known as AE.. (Eqt. 1.1). This potential is dependent on the electrolyte solution and
the BPE location in the electric field.”* There are variations in the interfacial potential
between the solution and the BPE because of the electric field. In Figure 1.11 (b), Crooks
explains that the applied potential and length of the bipolar electrode are the two variables
that alter the magnitude of the overpotentials. Xo is defined as the point of the BPE at
which the overpotential is zero.” The quantity of voltage experienced by the BPE is noted

as AE.., and can be calculated by the following equation (Eqt. 1.1).7677

L Eqt. 1.1
AEelec = Etot <l€—ec) a

channel
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Where lehanner 1s the distance between the driving electrodes, /e is the BPE length, E is
the total applied voltage by the power supply, and AEce. is the change in voltage

experienced across the BPE.

Bipolar electrochemical setups can occur in two difference forms, open and closed
systems. Open Bipolar Electrochemical System: An open BPE system in when current
flows through the electrolyte and the bipolar electrode. Closed Bipolar Electrochemical
System: A closed BPE system consists of two isolated solutions, one containing the anode
and the other containing the cathode. The movement of current between the two solutions

is caused by the bipolar electrode.

(a (b)
Ox - Ox’ Ox g Ox’
Red™ Red’ Red Red’
Ox o= OX’ Ox P Ox’
| E— ¢
Red Red’ Red Red’
Ox = OX, Ox ;,"’—??: OX’
Red Red’ Red = Red’
!

Bipolar electrode Feeder electrodes Bipolar electrode

Figure 1. 12. Schematic of an (a) open and (b) closed bipolar electrochemical system

extracted from Wang et al.”®

1.5.1. Conducting Polymers in Bipolar systems

Conducting polymers are appealing materials as a result of their high conductivity,
flexibility, and stability. These materials have the ability to be altered in terms of redox
potential, conductivity and surface charge.”” When used in conjunction with bipolar
electrochemistry, conducting polymers can be used in applications such as
electroceuticals for the treatment of disease and drug delivery.”®” Advantages of

conducting polymers include their low toxicity levels depending on dopant and chain
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length. Their surface roughness can also play a significant role in cell adhesion, as rough
surfaces promote cell adhesion while smoother surfaces may result in a reduction in cell
adhesion.”

Traditional drug administration is impactful for illnesses requiring an immediate dosage
of drugs (eg. asthma attack, sudden injury). However, for more chronic long-term
diseases such as diabetes and cancers, controlled, targeted and long lasting release
systems are highly desireable.®” Since conducting polymers undergo voltage dependant
oxidation and reduction reactions, these materials have the ability to be doped with active
pharmaceutical ingredients (APIs) and in turn release these materials in the presence of
an applied electric field.®"82 Conducting polymers have also been used in the
electrostimulation of cells. Electrostimulation can affect the differentiation and
proliferation of living cells which has potential for clinical applications such as nerve cell
stimulation for injury repair.’’ The use of wireless systems provides the benefits of

conventional electrochemistry without the need for physically wired connections.

1.6. Techniques

1.6.1. Introduction to Electrochemistry

Electrochemistry is a domain of chemistry that focuses on the correlation of electrical
and chemical effects.®? It concentrates on chemical effects caused by the passing of an
electrical current and the formation of electrical energy as a result of chemical
processes.®* The Nernst equation is the fundamental equation of electrochemistry. This
equation is used to combine information between the concentrations of analytes and
electrode potential. The equation was formulated by German chemist, Walther Nernst and

is as follows (Eqt. 1.2):8%8

RT Eqt. 1.2

Where E is the cell potential (V), E” is the standard cell potential (V), R is the gas constant
(J/mol.K), T is temperature (K), n is number of electrons transferred, F' is Faraday’s

constant (C/mol), and Q is the reaction quotient.
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1.6.2. Electrochemical Setup

A three-electrode set up is common for electrochemical experiments such as cyclic
voltammetry, chronocoulometry and chronoamperometry. It consists of a working
electrode, reference electrode and counter electrode. A three-electrode setup is necessary

to measure and control reactions at the electrode interface.

P T ———— Electrode connections

Holes for degassing

or reagent addition
Teflon cap

Glass solution reservoir

ﬁ' Electrolyte solution

Working electrode

\ \ Reference electrode

N Counter elctrode

JAY
\J

/]

Figure 1. 13. Schematic of a three-electrode electrochemical cell. Extracted from Elgrishi

et al.8

(i) Working Electrode

The working electrode is the location at which the electrochemical reaction occurs. It is
essential that the electrode material is electrochemically inert. The potential of the
working electrode is controlled by the potentiostat throughout the experiements.?* The
working electrode can be comprised of materials such as gold, glassy carbon, and

platinum.

(ii) Reference Electrode

The reference electrode possess a stable potential from which the working electrode
potential is measured.3* If the electrochemical cell did not have a reference electrode the
potential at the working electrode would fluctuate causing inaccurate and unreproducible
measurements. A commonly used reference electrode is a saturated silver silver chloride

electrode (Ag/AgCl).%?
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(iii) Counter Electrode

Current flows between the working and counter electrodes.? It is also made of an inert
material and is typically two and a half times the surface area of the working electrode to
ensure that the reaction at the counter electrode does not inhibit the reaction at the
working electrode. While oxidation occurs at the working electrode, reduction occurs at
the counter electrode. The counter electrode assures that the potential of the working
electrode does not shift due to polarisation effects. Polarisation can occur when reaction

kinetics effects the potential of the working electrode.®

1.6.3. Cyclic Voltammetry

Cyclic voltammetry (CV) is a common electrochemical technique that is used to monitor
the oxidation reduction reaction of a species in solution. It involves the application of a
voltage sweep across the electrochemical cell, resulting in a current response. 3¢ This
technique offers data on the redox potential of species and electron transfer kinetics. In
this thesis, CV is used to electropolymerise EDOT and to understand doping and de-

doping processes.

Fe(CN)s> ™ + e~ = Fe(CN)*~

Consider the standard redox probe ferricyanide. When ferricyanide is scanned
cathodically the species becomes reduced, resulting in formation of the ferrocyanide ion
due to the gain of an electron. When reduction occurs and the film is scanned negatively,
the quantity of the ferricyanide ion at the electrode surface depletes.’* The reduction
product, ferrocyanide, continues to increase at the electrode surface, known as the
diffusion layer. This results in a growing cathodic peak current (i,c). As reduction
continues, the cathodic peak current begins to decrease due to the effects of mass transport
from the bulk electrolyte solution. Furthermore, when the scan is reversed and oxidation
occurs, the ferrocyanide ion is oxidised to form ferricyanide. Similarly, as the potential is
swept more positively, more ferricyanide ions are available in the diffusion layer, thus a
current increase is observed (ip«). Electron transfers can be reversible, quasi-reversible or

irreversible. For ideally reversible systems, the peak-to-peak potential (AE)), is 57 mV.%’
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(i) Scan Rate

Scan rate plays a vital role in the speed at which the potential is scanned. When the
potential is scanned at lower scan rates, a reduced peak current will be observed due to
an increased size in the diffusion layer at the electrode solution interface. Conversely, as
potential is swept at higher scan rates, higher peak currents will be observed due to the
decreased diffusion layer.®> The Randles-Sevcik equation can be used to describe the
proportional relationship between square root scan rate and peak current (Eqt. 1.3).888 It
is important to note that the Randles-Sevcik equation is only applicable in reversible

systems.

1
ip = 0.446nFACC ("22°) /2 Eqt. 1.3
p ’ RT

Where ip is the peak current (A), n is the number of electrons transferred, ' is Faraday’s
constant, 4 is the electrode surface area (cm?), C° is the bulk analyte concentration
(mol/cm?), v is the scan rate (V/s), D, is the diffusion coefficient (cm?/s), R is the gas

constant and T is temperature (K).34

(ii) Electrolyte Solution

The electrolyte solution should be of sufficient concentration to ensure solution
conductivity. It should be electrochemically inert within the parameters of the
experimentation.®* Within the bulk solution, three mass transportations can take place;
diffusion, migration and convection. Diffusion involves the movement of the analyte due
to a concentration gradient. Migration is the movement of charged particles through an
electric field and is prevented by using high concentration electrolytes. Convection is due
to mechanical forces such as stirring.®® Ideally, migration and convection should be

prevented to reduce mass transport.

1.6.4. Electrochemical Quartz Crystal Microbalance

Electrochemical Quartz Crystal Microbalance (EQCM) is a technique which is used to
record mass changes that occur as a result of reactions at the working electrode.®® Such

reactions taking place may include ion exchange processes or polymer film deposition.
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EQCM operates by using a quartz crystal oscillator which acts as a working electrode.®
The setup is a conventional three electrode set up.”® Measurements are obtained through
changes to the crystal’s resonant frequency which can then be related to mass by the

Sauerbrey equation (Eqt. 1.4):°!

—2f2 Eqt. 1.4
= o, Am
A(pup) /2

Where A f'is the change in frequency, f is the resonant frequency of the fundamental
mode of the crystal, 4 is the area of the Au disk on the crystal (0.196 cm?), u is the shear
modulus of quartz (2.947 x 10! g/cm s?), p is the density of quartz (2.684 g/cm?) and Am

is the change in mass.

Auxiliary
Electrode

Figure 1. 14. Schematic of an EQCM set up. Extracted from Ji et al.”

The Sauerbrey equation is used in Chapter 2 and Chapter 3 to investigate
electropolymerisation and doping/de-doping procedures. It is important to note that there
are some limitations to the Sauerbrey equation such as the (1) thin, rigid film assumption

(2) film homogeneity and (3) viscoelastic effects.”

1.6.5. Ultraviolet-Visible Spectroscopy

UV-Vis spectroscopy is a technique capable of performing both quantitative and
qualitative analysis through the absorption, reflection, or transmission of UV and visible

light by molecules.”® The ultra-violet wavelength ranges between 200 — 400 nm while the

24



visible region is between 400-700 nm. When molecules absorb the light, they ensure
electronic transitions which involves the movement of electrons from ground states to
excited states.”* UV-Vis spectroscopy is used in Chapter 4 to understand the electronic
states of the bipolar polymerised PEDOT film. The Beer-Lambert law can also be used

to correlate peak absorption with concentration (Eqt. 1.5):%°

A = ebc Eqt. 1.5

Where 4 is the absorbance, ¢ is the molar absorption (L.mol!.cm™), b is the path length

and c is the concentration of the material absorbing.

1.6.6. Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) involves the emission of electrons from a
lanthanum hexaboride or tungsten cathode which are then accelerated by the anode
toward the specimen surface.”® This technique provides information about the
morphology of a specimen. Tungsten is mainly used as the electron gun because of its
low vapour pressure and high melting point.® The electron beam is deflected by spinning
coils of the objective lens, covering the sample surface area.”® The electron beam can
have energy of 100 to 50000 eV which is condensed to a focal spot of 1 to 5 nm.”® The
presence of a high vacuum setting prevents electrons being absorbed by air or being
scattered.”” SEM is a superior optical technique because of its high resolution. SEM
resolution is greater than that of light microscopes due to electron wavelengths being
approximately one hundred thousand time smaller than that of light. In this thesis, SEM
is used to investigate the surface morphologies of different conducting polymer films and
how doping ions can affect the structure of the polymer film. Secondary electrons arise
from the specimen surface, making them important for investigating the surface
morphology. They are low energy electrons, possessing energies of <50 eV and
resolutions of approximately 100 A.” Back scattered electrons are derived from re-
emitted electrons from the samples as a result of elastic scattering by atoms.”® These are

high energy electrons with resolutions of approximately 500 A being achieved.”
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1.6.7. Chronoamperometry

Chronoamperometry is a potentiostatic technique by which the potential of the working
electrode is maintained at a constant voltage while current is recorded as a function of
time.® In this technique the working electrode experiences a square-wave potential.!%
Chronoamperometry involves a potential step from a potential where no reaction is
occurring to a potential where an electrode reaction is taking place.!® The current
obtained corresponds to the diffusion of an analyte toward the surface of the electrode.!®
Double-step chronoamperometry involves a second step where the electrode reaction is
reversed. This method is used for complex electrode reactions where the initial step
results in a product, then the reversal allows for the first product to be examined.®’
Chronoamperometry was used in the one step waveform in Chapter 3 to apply a specific

potential during doping and de-doping procedures.

Figure 1. 15. (a) one step chronoamperometric waveform where analyte O is not
electroactive at E; and is reduced at Es (b) two step chronoamperometric waveform where
analyte O is not electroactive at Ei and is reduced at E;. From time O to 1, the reduced
product builds up near the electrode surface. After t, the oxidised species is available at

the electrode due to the change in potential to E;. Extracted from Bard and Faulkner.®’
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The Cottrell equation describes the relationship between current and time in a potential
controlled experiment. It considers the effects of diffusion and depletion and is described

as (Eqt. 1.6):33

nFACyVD Eqt. 1.6
Vit

i =

Where i is current (A), n is the number of electrons transferred, F' is Faradays constant
(C/mol), A is the electrode area (cm?), Cp is the analyte concentration (mol/cm?®), D is the

diffusion coefficient (cm?/s) and ¢ is time (s).

1.6.8. Chronocoulometry

Chronocoulometry is a similar technique to chronoamperometry however in this case
the current is converted to charge which is recorded as a function of time.!! Charge
versus time is obtained by the integral of current versus time.® Chronocoulometry can
also be performed in a one-step or two-step process as shown in Figure 1.17. In this
work, chronocoulometry was used in Chapter 2 and Chapter 3 to electropolymerise
EDOT. Comparable polymer films could be formed as the polymerisation is based on

charge.

1.6.9. Chronopotentiometry

Chronopotentiometry is a technique which involves the application of constant current
resulting in a potential change. The potential change is caused by the electroactive
species, ensuring that the supply is sufficient for the applied current.'”? As time passes,
the influx of electroactive material at the electrode surface is incapable of maintaining the
current, causing potential changes due to other species such as electrolyte or solvent.!??
Chronopotentiometry was as another form of electropolymerisation (Chapter 4) where a

specific current was applied to the system and a voltage response was obtained.
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1.6.10. Electrochemical Impedance Spectroscopy

Electrochemical Impedance Spectroscopy (EIS) is a technique used to provide
information on the electrochemical properties of systems. This technique is used in the
study of batteries, capacitors, fuel cells and energy storage devices.!?*!% Impedance is
performed by applying a sinusoidal signal (AC voltage or current) over specific
frequencies.!® These frequencies can range between millihertz to megahertz. It is a
complex quantity and is typically represented in a Nyquist plot with real (Z) and

imaginary (Z”) axis.
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Figure 1. 16. Schematic of a Nyquist plot extracted from Mei et al.!%

Point 0 to Ra displayed in Figure 1.18 is related to the resistance of the bulk electrolyte
solution, known as solution resistance, and the equivalent series resistance (ESR) which
is an accumulation of electrolyte, electrode and contact resistance (between electrode and
current collector).!1% The semi-circle from point Ra to Rp is referred to as charge
transfer resistance. Charge transfer resistance is the resistance caused by the movement
of ions across the electrode-electrolyte interface and settling in the electrodes.!”-1%® Rpc
consists of a non-vertical line and is a result of ion transport limitations in the bulk
electrolyte, or from the electrolyte to the electrode surface.!%* The vertical lines observed

at point Rc is due to the capacitive nature of the double layer at the electrode-electrolyte
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interface.'% In this thesis, AC impedance was used to gain insight into the doping and de-

doping procedures of polymer films at various potentials (Chapter 2).

1.7. Conclusion

As the mortality rates for cancer increase globally, it is ever more evident that research
into safe, effective, and reliable treatments is at the upmost importance for society. The
development of a new method of drug administration is vital to revolutionise treatments,
providing patients with a specific personal treatment plan based on their level of illness.
The following work takes into account the various disadvantages to current treatments
and aims to rectify these problems. The main objective of this work is the development
of a controlled, minimally invasive drug release procedure, focusing specifically on breast
cancer. As seen in current research, drug delivery has been performed using conducting
polymers because of their biocompatible properties and high conductivities, making them
ideal materials for the electrochemical ‘doping’ and ‘de-doping’ of materials. This
procedure would act as a controllable method to load or release a specific drug within
seconds while applying a sufficient voltage, performing similar to that of a switch.
Bipolar electrochemistry is a resurfacing area of electrochemistry, allowing ‘wirefree’
stimulation through a gradient electric field. This method is extremely attractive due to
its low cost of instrumentation and ease of use. BP work has been researched for many
decades, providing a sufficient understanding of the fundamentals. Using the ‘wirefree’
technique in conjunction with the controlled release of therapeutics from conducting
polymers, would allow for a minimally invasive controlled drug release system, with aims
of minimising drug dosage, cytotoxicity, and improving patient outcomes through

targeted release.
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2. Electrochemical and Surface Characterisation of Poly(3,4-

ethylenedioxythiophene) Dodecylbenzenesulfonate Layers

2.1. Introduction

Conducting polymers have been investigated for decades, gaining increasing interest due
to their attractive chemical-physical properties. The first report on conducting polymers
was the electrochemical synthesis of aniline, producing a blue/green layer on a platinum
electrode discovered by Letheby in 1862.!7 Since the 1970s, there has been considerable
research progress, particularly regarding PANI, PPy, PT, and PEDOT.*® These systems,
and in particular, PEDOT, are endowed with various attractive features, such as high
conductivity, flexibility and mechanical stability, which render them attractive platforms

9,10

for the fabrication of sensors, hotovoltaic cells,'! and drug delivery systems.!?
p g ry sy

Polymer-based drug delivery provides a method which can control and target the release
of therapeutics, providing a safer and more effective treatment for patients.'?!* This
phenomenon has been used in electrochemical environments, applying a specific voltage
to release APIs in a matter of seconds.'? The purpose of this work is to replicate drug
doping and de-doping procedures by using a bulky anion as an anionic drug substitute.
This work provides an understanding of the doping and de-doping procedures that occur
at varying potentials and how the size of a drug molecule can affect the electrochemical
loading and release of the therapeutic. PEDOT exhibits p-type semiconducting behaviour
upon oxidation, creating positive polarons and bipolarons which delocalise throughout
the polymer chain, thus, generating electrical conductivity.'*!> The dopant, whose
function involves the withdrawal and replenishment of electrons from the polymer
backbone, can modulate the system's properties.!*!%-!18 Therefore, the presence of a bulky
anion has the ability to change the doping and de-doping processes occuring in the

PEDOT film."

In this work, PEDOT dodecylbenzenesulfonate (DBS) and PEDOT chloride films were
explored to gain insights into the doping and de-doping processes of PEDOT while
examining how the ion dopant size influences these procedures. DBS was selected as the
bulky anion as cation exchange from a PEDOT/DBS film had not been seen in the
literature. Cyclic voltammetry (CV) and Electrochemical Quartz Crystal Microbalance

(EQCM) were employed to characterise the polymer characteristics on the electrode
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surface. EQCM measurements provided quantitative results demonstrating the exchange
of cations rather than the expected anion exchange for p-type doping polymers (this
outcome was attributed to the presence of bulky anions). AC impedance examined the
behaviour and state of the film at different reduction potentials while Scanning Electron
Microscopy (SEM) and Atomic Force Microscopy (AFM) were used to investigate the
film morphologies. Presented here is a viable conducting polymer, showing promising
results for its use as a drug delivery vehicle. This study holds importance as it offers a
comprehensive insight into the doping and de-doping processes of the conducting
polymer PEDOT across various potentials. This chapter is essential for the advancement
of this project, particularly in Chapter Three, where we delve into the examination of

loading and releasing therapeutics from PEDOT.

2.2. Experimental

2.2.1. Chemicals

All chemicals used in this experimentation were of reagent grade and purchased from
Merck and Fisher Scientific. 0.05, 0.3, and 1.0 um alumina powders were purchased from
CH instruments. Purified water was acquired from the ELGA PURELAB milli-Q water
purification system (option Q7), resistivity of 18.2 MQ cm.

2.2.2. Electrochemical Characterisation

The electrochemical setup for cyclic voltammetry contained a three-electrode cell,
including a glassy carbon electrode (GCE) (3 mm diameter), Ag/AgCl reference electrode
(saturated KCl) and a platinum wire counter electrode. The GCE was polished with 0.05,
0.3 and 1.0 um alumina powder. The electrode was rinsed and sonicated in deionised
water after each polishing step and finally dried using nitrogen and capped with an
Eppendorf tube. All solutions were deoxygenated and prepared at room temperature.
PEDOT/DBS films were formed using chronocoulometry in a solution of 10 mM EDOT
and 5 mM SDBS in DI water. PEDOT/CI films were formed using chronocoulometry in
a solution containing 10 mM EDOT and 0.1 M NaCl in DI water at 1.0 V for 10 mC. All
experiments were performed using CHI-440a, CHI-660, and CHI-600 electrochemical
workstations. The CHI-440a was used for electrochemical quartz crystal microbalance
experiments. The AutoLab (Metrohm) systems potentiostat was used to perform the AC

impedance spectroscopy. AC impedance was performed at different applied potentials
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(vs. Ag/AgCl) from 0.01 to 1x 10° Hz in a 1 M KCI solution. Impedance spectra were
analysed by fitting equivalent electrical circuits using electrochemical impedance

spectrum analyser software EISSA-1.

Surface coverage was calculated using the following equation (Eqt. 2.1):2°

I = Q/nFA Eqt.2.1

Where I is the surface coverage of the modified electrode in mol/cm?, Q is the total
electrode charge in C (obtained through CV integration in a consistent potential window),
n is the number of transferred electrons (assuming 2.25),2!2? F is Faraday’s constant, and

A is the surface area of the electrode in cm?.

The Randles-Sevcik equation was used to calculate the diffusion coefficient for the

PEDOT/DBS film (Eqt. 1.3).23:24

2.2.3. Electrochemical Quartz Crystal Microbalance

The electrochemical quartz crystal microbalance set up included an AT-cut quartz crystal
with a diameter of 13.7 mm, a fundamental frequency of 7.995 MHz and a platinum
working electrode area of 0.196 cm?. An Ag/AgCl reference electrode (saturated KCI)
and a platinum wire counter electrode were used to complete the electrochemical setup.
All films were formed in 10 mM EDOT 5 mM SDBS solution for 15 cycles using cyclic
voltammetry with a potential window from 0 to 1.05 V and a scan rate of 100 mV/s. The
modified electrode was rinsed with DI water between experiments. The Sauerbrey
Equation was used throughout this work to convert the frequency changes to mass

changes (Eqt. 1.4):25-%6

_ __2f8 Eqt.1.4
Af A parte Am

Where Af is the change in frequency, fy is the resonant frequency (7.995 MHz), 4 is the
crystal area (0.196 cm?), p, is the quartz density (2.648 g/cm’®), u, is the quartz shear
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modulus (2.947x10'"!' g cm! s72) and Am is the registered mass change. Based on these
values, 1 Hz corresponds to 1.34 ng.cm? Hz'!. It is important to note that there are

limitations to the Sauerbrey equation which are discussed in Section 1.6.4.
2.2.4. Morphological analysis

PEDOT/DBS and PEDOT/CI films were formed using chronocoulometry as decribed in
Section 2.2.2 on ITO slides for morphology analysis. Field emission-scanning electron
microscopy (FE-SEM) images were recorded using a Zeiss SUPRA 40VP instrument,
operating at a primary beam acceleration voltage of 10 kV and collecting electrons using

an in-lens detector.

Atomic force microscopy (AFM) analyses were carried out in air, using a NT-MDT SPM
Solver P47H-PRO instrument operated in semi-contact mode. After background
subtraction and plane fitting, root-mean-square (RMS) roughness values were obtained
from the height profiles of 5x5 um? images according to the following relation (Eqt.
2.2):27:28

RMS roughness = [2(zi - Z)? / n]'? Eqt.2.2

where z;, Z and n represent the local height, the mean height and the data point number.

2.3. Results and Discussion

2.3.1. Cyclic Voltammetry

Figure 2.1 (a) displays the CV of the chloride doped PEDOT film in 0.1 M KCI. The
resulting CV is scanned cathodically, initiating the reduction of the PEDOT polymer
backbone through injecting electrons. Upon the initial reduction sweep, a sharp cathodic
peak can be seen at -0.8 V, however upon continuous cycling this peak is no longer visible.
It is possible that this peak could be associated with cation exchange as a result of charge

compensation due to reduction, as observed by Toth et al.?

During the second and third
cycles, this peak is not visible, meaning the film returns to its neutral “‘undoped’ state at -
1.0 V. The PEDOT chains become neutral, eliminating the necessity for the presence of
the dopant anion chloride within the polymer matrix. Hence, in order to achieve charge

neutrality, the incorporated chloride is expelled from the PEDOT film.*° This is evident
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by the presence of a subtle, broad reduction peak, E,cat -0.3 V (vs Ag/AgCl). Upon scan
reversal, there is a broad reoxidation wave, E,. at approximately -0.4 V (vs Ag/AgCl)
which involves the injection of chloride anions from the supporting electrolyte for reasons

of charge neutrality as the film is returned to its oxidised or doped conducting state.
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Figure 2. 1. (a) 10 mC PEDOT/CI film cycled in 0.1 M KCI. Scan rate: 50 mV/s. (b) 10
mC PEDOT/DBS film (250 cycles) in 1 M KCI. Scan rate: 100 mV/s.

In contrast, the redox switching of the PEDOT/DBS film, as depicted in Figure 2.1 (b),
shows an initial cathodic wave at a more positive potential, approximately, -0.65 V (vs
Ag/AgCl), compared to the chloride-doped film discussed previously. The observation
that both films undergo redox switching in identical electrolytes (i.e. KCI) but exhibit
cathodic peaks with a close to 350 mV difference (comparing cycle 3), suggests a
distinctly different doping/de-doping mechanisms during polymer redox switching
between the two types of PEDOT films. The well-established understanding is that when
bulky anions, such as DBS, are introduced into conducting polymer films as dopants, the
bulky dopant remains within the film upon redox switching. This results in a process
where cation insertion and expulsion from the supporting electrolyte takes place during

polymer redox switching. 193031

The calculated surface coverage for the PEDOT/DBS film was 3.05x10* mol/cm? from
the final redox cycle of the polymer film using equation (Eqt. 2.1) with an associated
calculated diffusion coefficient of 1.52x10!2 cm? s! assuming a 2.25 electron transfer
(Eqt. 1.3). The surface coverage was calculated by integrating the CV to obtain charge

using a consistent potential window to ensure consistency in comparing data. The
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measured diffusion coefficient relates to the diffusion of ions to and from the polymer
film during oxidation and reduction processes. This value is important for future work to
understand the diffusing of the anionic drug to and from the polymer film. It can be seen
that after 250 redox cycles, there is a decrease in the current which is likely due to the
degradation of the PEDOT polymer at the electrode surface. From this work, we can see
the direct influence that the type of doping ion can have on the redox switching properties
of PEDOT.
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Figure 2.2. Overlay of 10 mC PEDOT/DBS film on GCE cycled in (a) IM LiCl and IM
BaCl; (b) IM LiCl and 1M CsCl. Scan rate 50 mV/s.

Table 2.1. Table of hydrated radii of ions extracted from literature.

Cation Ion radius (nm) Hydrated radius (nm) Ref.
Li* 0.068 0.38 32
Na* 0.095 0.36 32
K* 0.133 0.33 32
Cs* 0.169 0.33 32

Ba** 0.135 0.40 3

Based on work performed by Gruia et al.,** the presence of a bulky anion influences the
doping procedures of the polymer matrix. After incorporating the bulky anion DBS into

the PEDOT film, additional experimentation was conducted to explore the influence of
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DBS on ion exchange. CVs were performed in various electrolytes altering only the
positive ion (eg. NaCl, KCl, CsCl). The reason for this was to ensure that any changes in
the CVs were solely due to the presence of a different cation upon doping and de-doping.
Table 2.1 displays the ion radii and hydrated radii of cations which have been extracted
from the literature. From the CVs shown in Figure 2.2, there are extremely subtle changes
in the cathodic peak potentials (Epc) upon changing the electrolyte. As a result of this, it
is not possible to clearly identify which cation is being incorporated into the film easier
based on size. Performing this experiment using cations with greater variations in sizes
would have resulted in a more conclusive experiment. As a result of the similarities in the
CVs presented in Figure 2.2, EQCM was used to investigate the mass changed that occur

upon changing the doping cation.

2.3.2. Electrochemical Quartz Crystal Microbalance Measurement
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Figure 2.3. (a) Electropolymerisation of PEDOT/DBS by cyclic voltammetry in 10 mM
EDOT 5 mM SDBS in aqueous solution on Pt quartz crystal electrode. Scan rate 100
mV/s. (b) Mass changes obtained simultaneously during electropolymerisation of

PEDOT/DBS film using QCM.

EQCM measurements were conducted to delve deeper into the electrodeposition of the
DBS doped PEDOT film and the dynamics of cation insertion and expulsion during the
redox switching of the film between its conducting and insulating states post-formation.

Figure 2.3 (a) depicts the resulting cyclic voltammogram obtained for the
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electrodeposition of the PEDOT/DBS. It is apparent that the current steadily increases
with each cycle, demonstrating the ongoing growth of the conducting polymer film on
the electrode surface.®® The accompanying EQCM data shown in Figure 2.3 (b)
demonstrates a rise in mass on the surface of the electrode as the continuous cycling
progresses, oxidising the monomer. A total mass increase of 3.8 ug/cm? or 2.7x10%®

mol/cm? was calculated using Eqt. 2.1 after the PEDOT DBS formation.
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Figure 2.4. (a) PEDOT/DBS film cycled in 0.1M KCI on Pt quartz crystal electrode (b)
EQCM frequency response of PEDOT/DBS cycled in 0.1 M KCIl (¢) EQCM mass
response of PEDOT/DBS cycled in 0.1 M KCI (d) PEDOT/DBS film cycled in 0.1 M
LiCl, 0.1 M NaCl and 0.1 M KCl (third cycle). Scan rate 50 mV/s.

EQCM was specifically chosen for this study as it enables simultaneous mass
measurements during cyclic voltammetry, providing a means to confirm cation exchange.
Figures 2.4 (a) and (b) show the resulting CV and accompanying EQCM frequency curve
of the PEDOT/DBS film. The EQCM data illustrates that during cathodic scanning of the

deposited film, there is a decrease in frequency, followed by an associated increase in
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frequency during anodic scanning. As described by the Sauerbrey equation (Eqt. 1.4),%
frequency is inversely proportional to mass, thereby a frequency decrease in the film
corresponds to a mass increase at the surface of the modified electrode.’* An increase of
mass occurs within the film during reduction, validating that the DBS ion has changed

the overall net charge of the film, leading to cation exchange.

The frequency changes shown in Figure 2.4 (b) are translated to their corresponding mass
values through the employment of the Sauerbrey equation (Eqt. 1.4), as illustrated in
Figure 2.4 (c). As the reduction scan approaches the switching potential of -0.9 V, there
is a notable mass increase during the initial cycle of the PEDOT DBS film. This
substantiates that the cathodic wave of the CV corresponds to the insertion of cations
from the supporting electrolyte into the polymer film, which is attributed to the hindered
ability of the bulky DBS moiety to be expelled from the polymer film. During redox
cycling the film in an anodic direction (-0.9 V to +0.2 V), a mass decrease is noticeable
during this reoxidation process. This occurs as the incorporated cations are removed from
the film to maintain charge neutrality.?’ For a more in-depth investigation of the impact
of cation exchange, Figure 2.4 (d) illustrates the CVs obtained for the PEDOT/DBS film
in a range of alkali metal chloride electrolytes including LiCl, NaCl and KCI. Only subtle
changes were observed on the polymer’s cathodic wave for Li*, Na*, and K* electrolytes
in Figure 2.4 (d), which was expected as per results in Figure 2.2. As a continuation of
the hydrated radii experimentation, the mass measurements upon cation exchange were
calculated to further delve into the effects of these cations on doping. The mass calculated
at-0.9 V (using Eqt. 1.4) for the first polymeric cycle for lithium ions was 199.39 ng/cm?
or 2.87x10* mol/cm? (obtained by dividing the mass by the molecular weight), 171.39
ng/cm? or 7.46x10” mol/cm? for sodium and 143.92 ng/cm? or 3.68x10" mol/cm? for
potassium. The theoretical apparent molar masses follow: Li* (6.94 g/mol), Na* (22.98
g/mol) and K" (39.07 g/mol). It is important to note that this is not an entirely accurate
measurement of the number of cations migrating to the film as other ions within the
solvent will be drawn into and expelled from the film simultaneously, however for this
calculation only cations were considered.*® From these results it is clear that lithium had
the most moles of material deposited upon cation insertion, with sodium and potassium

following suit with slightly less.
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2.3.3. AC Impedance

In order to get a better understanding of the modified electrode-electrolyte interface
during the reduction of the polymer film, the electrochemical impedance spectrum was
recorded at different potentials where the PEDOT/DBS film went from oxidised to
reduced (Figure 2.5). Several circuit elements are related to the different transport and
capacitive mechanisms involved in polymer oxidation (doping) and polymer reduction
(de-doping). All spectra were fitted using the equivalent circuit shown in insert of Figure
2.5 which consist of a series of resistances for the electrolyte and contact contribution Rs,
a capacitance Cq usually modelled with a constant phase element (CPE) for the double
layer at the electrode-electrolyte interface, a charge transfer resistance Rc, and finally a

diffusion element accounting for the charging of the film.
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Figure 2.5. Nyquist plot of 10 mC PEDOT/DBS film in 1 M KCl on GCE. AC impedance
was performed at different applied potentials (0.1 V, -0.3 V, -0.8 V, -1,0V) (vs. Ag/AgCl)
from 0.01 to 1x 10° Hz.

The solution resistances were similar across all applied potentials. However, when the
potential became more negative, the charge transfer resistance increased, indicating that
the film was likely neutral and non-conductive. The film's charge transfer resistances

were low where it was conductive (oxidation and reduction).’” Moreover, the cation
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migration towards the interface of the electrode compensating the negative charge of the
film will also have an influence on the doping state of the polymer further influencing the
charge transfer.>®3° At mid to low frequency ranges, all potentials show typical capacitive
behaviour that is expected for PEDOT. The Warburg impedance was described as an
open-circuit finite Warburg element with a diffusion resistance (Zw). It is the resistance
caused by the diffusion of doped species (cation) to and from the modified electrode.®
At lower frequencies, the capacitive behaviour is found, and it can be related to the film
charging mechanism. The increase in CPE indicates that more ions are accommodated in

the double layer at higher potentials, most likely due to the higher polarization material.*

Table 2.2. Numerical values of solution resistance (Rs), capacitance (C), charge transfer

resistance (R¢), and Warburg diffusion (Ay). Data obtained by fitting to the circuit in

Figure 2.5.
\4 CPE (uF) R (©2) Rcer (2) W (Q/s17?)
0.1 113 15.2 36.30 32491
-0.3 105 15.9 6.36 149.70
-0.8 240 22.04 31 199.49
-1.0 240 22.04 6998.20 266.25
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2.3.4. Characterisation of PEDOT/CI and PEDOT/DBS Films

5.0
5.0
150

4.0
40 50
4,0

um
20 30
nm
um
30
50 100
nm

10

0 1.0 20 3.0 4.0 5.0

Hm am

Figure 2.6. Representative FE-SEM images of specimens (a) PEDOT/DBS and (b)
PEDOT/CI. AFM micrographs of samples (¢c) PEDOT/DBS and (d) PEDOT/CL

The system morphology was investigated by the combined use of AFM and FE-SEM.
Figures 2.6 (a) and (b) display selected FE-SEM images of samples PEDOT/DBS and
PEDOT/CI, respectively. PEDOT/DBS featured a rather compact morphology, whereas
for the latter, the occurrence of evenly distributed protruding aggregates suggested an
increase in the overall specimen area. In this regard, additional important information was
obtained by AFM analyses. Images of both PEDOT/DBS and PEDOT/CI recorded at
different magnification levels (Figures 2.6 (c¢)-(d)) evidenced a globular morphology for

both specimens, with aggregate dimensions undergoing an appreciable increase upon
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going from PEDOT/DBS to PEDOT/CI. The corresponding RMS roughness values (4.0
and 16.0 nm, respectively) indicated a higher roughness in the latter case. Since an
enhancement of RMS data typically indicates an increase in surface area,?® this feature
could have potential advantages for functional applications, thanks to the high contact

area with the reaction medium.

2.4. Conclusion

In this work, PEDOT/CI and PEDOT/DBS films were investigated to understand their
doping properties. PEDOT/CI exhibits typical doping expected for p-type doping
polymers, which is anion insertion upon oxidation and anion expulsion during
reduction.*® During electropolymerisation, PEDOT is doped with the bulky anion DBS.
From this work it is clear that DBS becomes immobilised, also resulting in the insertion
of cations upon reduction and expelling cations while oxidation occurs. Cation exchange
behaviour has been investigated for PPy/DBS films, as well as PEDOT/DS films;
however to the best of the author’s knowledge, the cation exchange behaviour of
PEDOT/DBS has yet to be described.!”?®  From EQCM data, during the cyclic
voltammogram, a mass increase during reduction and a mass decrease consequent to
oxidation was observed. This work demonstrates that PEDOT can act as an anion and
cation exchanger and provides a fundamental understanding of the doping and de-doping
procedures. The work completed in this chapter assists in the design and development of

the drug delivery system in Chapter 3.
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3. Electrochemical Doping and De-doping of Therapeutics
3.1. Introduction

The objective of this work was to create an 'on demand' drug delivery system with the
use of biocompatible, multifunctional, electronically conducting polymers so as to enable
a more effective therapy for cancer patients while reducing side effects. In recent years,
conducting polymers have demonstrated potential for their use in drug delivery systems
(DDS).!? Indubitably, these materials must portray two important characteristics which
are conductivity and biocompatibility. Based on the redox switching of conducting
polymers, a conducting polymer-based drug delivery system was successfully developed,
which was used for the release of the therapeutics shown in Figure 3.1. This work showed
promising application for a targeted and controlled drug delivery system, having the

ability to switch on or off when necessary.

(a) (b)
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Figure 3.1. Chemical structure of (a) naproxen sodium salt (b) mitoxantrone

dihydrochloride.

In the first part of this work two primary doping agents are investigated to compare the
efficiency of drug loading and release characteristics of the anti-inflammatory drug
naproxen. The ionic radii of NOs™ and ClO4 are 0.179 nm and 0.240 nm respectively.?
The different molecular sizes of the PEDOT/NO3 and PEDOT/CIO4 films result in
changes to the structure of the polymer matrix upon formation, which in turn affects the
doping and de-doping effects of the film.** Naproxen is used in the treatment of diseases
such as osteoarthritis and rheumatoid arthritis, as well as muscle and joint pains.
Additionally, this work sees poly(3,4 — ethylenedioxythiophene), PEDOT, as a drug

delivery vehicle for the electrochemical release of anti-cancer drug mitoxantrone. Using
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techniques such as chronocoulometry, cyclic voltammetry and electrochemical quartz
crystal microbalance (EQCM), the effects of drug loading and release were investigated
based on the PEDOT film thickness. The effects were examined using PEDOT films of
5, 10 and 20 mC. This work demonstrates the loading and release of a metastatic breast
cancer drug, addressing the challenge of maintaining the optimum systemic concentration
of drugs for effective therapy and to minimise side effects, so as to improve patient’s

lives.

3.2. Materials and Methods

3.2.1. Preparation of the Working Electrode

Cyclic Voltammetry

All electrochemical experiments were performed using the CHI-440a electrochemical
workstation. A standard three-electrode set-up was used to perform all electrochemical
experiments including an Au quartz crystal working electrode, Ag/AgCl (saturated KCI)
reference electrode, and a platinum wire counter electrode. PEDOT films were formed
by cyclic voltammetry in a solution of 10 mM EDOT in 0.1 M LiCIO4 or 0.1 M KNO:s.
The monomer was electrochemically oxidised using a potential window of +1.1 V to -0.5
V for 25 cycles at a scan rate of 0.1 V/s. The Randles-Sevcik equation was used to
calculate the diffusion coefficients for the PEDOT/CIO4 and PEDOT/NO; films. The
Randles-Sevcik equation is as follows (Eqt. 1.3):%7

i, = 2.69x10%.4.DY/2.n3/2 y1/2 ¢ Eqt.1.3

Where i, is the peak current in A, A4 is the area of the working electrode in cm?, D is the
diffusion coefficient of the drug in cm?/s, n is the number of electrons transferred, v is the

scan rate in V/s, and C is the concentration of electrolyte in mol/cm?.

Chronocoulometry

Chronocoulometry was used for the effect of film thickness experimentation (Section
3.4). A standard three-electrode set-up was used to perform all electrochemical
experiments including an Au quartz crystal working electrode, Ag/AgCl reference

electrode, and a platinum wire counter electrode. Film formation was performed upon
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application of +1.0 V until the desired charge was reached (5 mC, 10 mC, and 20 mC). A
10 mM EDOT 0.1 M LiClOg4 solution was used to perform the polymerisation.

3.2.2. Electrochemical Quartz Crystal Microbalance

All electrochemical experiments were performed using the CHI-440a electrochemical
workstation. An AT-cut gold quartz crystal with area 0.196 cm?, fundamental frequency
7.995 MHz was used as the working electrode, Ag/AgCl (saturated KCl) reference
electrode, and a platinum wire counter electrode. The CH Instruments electrochemical
quartz crystal microbalance was used for all experiments. The relationship between both

frequency and mass changes were calculated using the Sauerbrey equation (Eqt. 1.4):%

ap = 8

1 q <1

Where A f'is the change in frequency, fy is the resonant frequency of the fundamental
mode of the crystal, 4 is the area of the Au disk on the crystal (0.196 cm?), u is the shear
modulus of quartz (2.947 x 10'! g/cm s?), p is the density of quartz (2.684 g/cm?) and A

m is the change in mass. A 1 Hz change in frequency corresponds to a mass change

(adsorbed or desorbed) of 1.34 ng.

3.2.3. Doping and De-Doping Procedures

Naproxen

PEDOT/CIO4 and PEDOT/NOs films were prepared by cyclic voltammetry. Both films
were de-doped in their respective electrolytes (ie. PEDOT/NOs3 de-doped in 0.1 M KNO3)
for 600 seconds at -0.5 V for PEDOT/CIO4 and -0.2 V for PEDOT/NOs;. The specific
reduction potentials were chosen based on trialled EQCM experimentation, that resulted
in mass decreases upon reduction. The films were then doped with 10 mM naproxen
sodium salt in DI water for 600 seconds at +0.5 V for both films. The naproxen solution
was made with DI water to prevent the incorporation of other ions into the film. Both
films then went under spontaneous release which was achieved by applying open circuit

potential (occurred at 0.2 V). Both films performed controlled release by applying -0.5 V
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to PEDOT/C1O4 and -0.2 V to PEDOT/NOs. The working electrode and electrochemical
cell were rinsed with deionised water three times between experiments to ensure all ions

at the surface of the film were removed.

Mitoxantrone

For the effect of film thickness work, all films (5 mC, 10 mC, and 20 mC) were formed
using chronocoulometry until the desired charge was reached. All films were initially de-
doped in 0.1 M LiClO4 at -0.5 V for 300 seconds which was established from the
naproxen drug experimentation. The films were then doped using a 5 mM mitoxantrone
dihydrochloride DI water solution for 300 seconds at +0.5 V for both films. A 5 mM
mitoxantrone solution was chosen due to the cost of the drug. Spontaneous release was
performed by applying open circuit potential for 300 seconds in 0.1 M LiClO4. Re-doping
was achieved by applying +0.5 V to the 5 mM mitoxantrone dihydrochloride solution for
300 seconds. Controlled release was performed by initially applying -0.5 V for 300
seconds in 0.1 M LiClOs.
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Drug Release Kinetics
Avrami’s equation is used to describe recrystallisation kinetics, however, it is commonly

used to describe drug release kinetics (Eqt. 3.1) (Eqt. 3.2).>%10

X =1-exp(—kt") Eqt. 3.1
X = Mr/M Eqt. 3.2

The equation can be re-written as follows (Eqt. 3.3):
In(—In(1 — X)) =Ink +nln (t) Eqt. 3.3

Where M;is the mass of drug released at any time t in ng cm?, M. is the total mass of the

drug in the matrix in ng cm?, k is the rate constant in s7!, and n is the kinetic exponent.

The rate constant and kinetic exponent were calculated by plotting In(-In(1-X)) versus

In(t). Both k and n were obtained from the intercept and slope respectively.!!

66



3.3. Results and Discussion

3.3.1. Characterisation of the Effects of Dopants on Naproxen Loading and Release
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Figure 3.2. (a) Electrochemical polymerisation of PEDOT/CIO4 by cyclic voltammetry
for 25 cycles in 10 mM EDOT 0.1 M LiClOj4 solution on an Au quartz crystal at 100 mV/s
(b) Electropolymerisation of PEDOT/NOj3 by cyclic voltammetry for 25 cycles in 10 mM
EDOT 0.1 M KNO:s solution on an Au quartz crystal (c) EQCM frequency response for
PEDOT/CIO4 film formation (d) EQCM frequency response for PEDOT/NOs film

formation.

Figure 3.2 (a) and (b) display the cyclic voltammograms for the electropolymerisation of
the PEDOT/CIO4 and PEDOT/NO3 films respectively. At a minimum, + 0.85 V (versus
Ag/AgCl) is required to initiate the oxidation of the PEDOT monomer, therefore, a
positive voltage of 1.1 V was applied to begin the polymerisation.!>!3 Both CVs are

commenced by a positive scan, initiating the electron loss which results in the formation
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of cationic radicals.!* The growth in current upon increasing cycling suggests the
deposition of the film on the electrode surface. This is typical of electropolymerisation as
the surface area increases due to the three-dimensional structure of the polymer, causing
an increase in the size of the double layer due to charging, and consequently an increase
in capacitive current which can be seen in Figure 3.2 (a) and (b).!® Figure 3.2 (c) and (d)
presents the EQCM frequency data for both film formations. As per Sauerbrey’s equation
(Eqt. 1.4), frequency is inversely proportional to mass, therefore, as frequency decreases,
mass is increasing. This is caused by the dampening of the resonating crystal due to the
deposition of the polymer, resulting in a frequency decrease.!® From the frequency data
in Figure 3.2 (¢) and (d) frequency is decreasing, signifying a mass increase and therefore
demonstrating that the film layers are being deposited on the surface of the electrode.
Using the Sauerbrey equation, the overall mass of the polymer deposited on the electrode
surface was calculated to be 19 pg/cm? for PEDOT/CIO4 and 13.4 pg/cm? for
PEDOT/NOs (Table 3.1). The mass changes were calculated at -0.5 V, as the films are in
the ‘un-doped’ state at this potential, meaning that all current observed is solely due to
the charging of the polymer film.!> The moles of deposited EDOT were calculated for
both films (Table 3.2), with PEDOT/CIO4 depositing 1.33x107 mol/cm? and
PEDOT/NOj3 depositing 9.42x10® mol/cm?. From these values, it is fair to suggest that

approximately the same quantity of polymer is being deposited for both complexes.
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Figure 3.3. (a) Cyclic voltammogram of PEDOT/CIO4 film cycled in 0.1 M LiClO4 at
0.1 V/s (b) Cyclic voltammogram of PEDOT/NOs film cycled in 0.1 KNOs at 0.1 V/s.

Both cyclic voltammograms were started at open circuit potential.
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In order to determine the potentials at which doping and de-doping of anions occurred for
each film, cyclic voltammograms were performed of both perchlorate and nitrate films.
From this data the ion exchange processes which occur during the oxidation and reduction
cycles can be seen, switching the polymer between conducting and non-conducting states.
PEDOT exhibits p-type doping, thus, generating a positive charge upon oxidation. This
positive charge is in the form of polarons and bipolarons which are delocalised across the
polymer, generating conductivity.!” As a result of this net positive charge, anions from
the supporting electrolyte will reside near the positively charged polarons and bipolarons
for charge compensation.!” Figure 3.3 (a) displays the PEDOT/CIO; film cycled in
LiClOs. Upon oxidation, the film is becoming positively charged as a result of the
formation of positively charged polarons and bipolarons. This charge is then compensated
by the incorporation of perchlorate ions into the film at 0.4 V. Conversely, when the film
is being reduced, the film becomes increasingly negatively charged, expelling the
perchlorate ions from the film at 0 V, and returning it to its neutral non-conducting form.
Similarly in Figure 3.3 (b), upon oxidation, nitrate ions are incorporated into the film at
0.2 V, while nitrate ions are then expelled from the film at 0 V. These experiments were
necessary for the determination of potentials required for the doping and de-doping
procedures for both individual systems. The diffusion coefficients for both perchlorate
and nitrate species were calculated using the Randles-Sevcik equation (Eqt. 1.3) to
investigate the rate at which the ions diffuse from the modified electrode to solution, and
vice versa. The diffusion coefficients were calculated at the oxidation and reduction
potentials that were used for the doping and de-doping procedures. The PEDOT/ClO4
film had a diffusion coefficient of 1.9x10® cm? st at 0.5 V and 1.4x108 cm? st at -0.5 V.
The PEDOT/KNOs film had a diffusion coefficient of 4.1x10° ¢m? s! at 0.5 V and
4.5x10? cm? st at -0.2 V. From these values, the perchlorate ions diffuse to and from the
polymer film at a faster rate than that of the nitrate ions. In comparison with the
PEDOT/DBS film in Chapter 2, both perchlorate and nitrate ions diffuse at a faster rate
than that of the potassium diffusing into the PEDOT/DBS film (diffusion coefficient of
1.52x10712 cm? s71).
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Figure 3.4. Mass change versus time graph of (a) ClO4 de-doping at -0.5 V for 600
seconds in 0.1 M LiClO4 by chronoamperometry (b) NO3™ de-doping at -0.2 V for 600
seconds in 0.1 M KNO3 by chronoamperometry.

The idea of incorporating a primary dopant was established after the attempt to
electropolymerise EDOT in the presence of naproxen resulted in no polymerisation.
Reasons for this could be due to the lack of conductivity in the solution (low electrolyte
concentration) resulting in a high solution resistance or perhaps the charge of the drug
(not sufficiently negatively charged), preventing doping from occurring. Similar results
were seen by Krukiewicz et al. as their group failed to initially polymerise EDOT with
the drug. Chronoamperometry was used for the doping and de-doping procedures as it
allowed for a specific voltage to be applied whilst a current versus time response was
obtained. Sauerbrey’s equation (Eqt. 1.4) was used to calculate the mass changes from
the frequency results. It is important to note that there are limitations to the Sauerbrey
equation, such as; (1) The equation assumes a thin, rigid film (2) The equation does not
consider viscoelastic effects.!® In Figure 3.4 (a), the initial primary dopant perchlorate is
de-doped from the PEDOT/CI1O4 film upon the application of a negative voltage of -0.5
V for 600s. A reduction potential of -0.5 V was selected based on literature.’ Also, in the
CV in Figure 3.3 (a), the reduction peak occurs at approximately 0 V, therefore a reduction
potential of -0.5 V allows sufficient voltage for the removal of any dopants during
chronoamperometry. After 600 seconds, the chronoamperometric mass results begin to
plateau, evidently removing perchlorate from the film. The quantity of perchlorate

removed was calculated to be 174 ng/cm?. Similarly, the anionic dopant nitrate was
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expelled from the film by applying a negative potential of -0.2 V for 600 seconds in 0.1
M KNOs. The value of -0.2 V was selected from the cyclic voltammogram results in
Figure 3.3 (b), as the cathodic peak potential occurred at 0 V. -0.5 V was not used for the
PEDOT/NO:; film as a mass increase was observed at this potential. From the mass versus
time graph in Figure 3.4 (b), there is a mass decrease as the negative potential is applied.
An overall mass decrease of 166 ng cm? was calculated, accounting for the removal of
nitrate. The quantity of perchlorate de-doped from the film was calculated to be 1.75x10
? mol/cm?, while 2.67x10° mol/cm? of nitrate was removed from the film. The

PEDOT/NO:; film released more dopant than that of the PEDOT/C1O4 film which could

be due to the nitrate ion being more hydrophilic than the perchlorate ion.'
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Figure 3.5. (a) PEDOT/ClO4 film naproxen loading for 600 seconds at +0.5 V using
chronoamperometry in 10 mM naproxen sodium salt (b) PEDOT/NOs film naproxen
loading for 600 seconds at +0.5 V using chronoamperometry in 10 mM naproxen sodium

salt.

Figure 3.5 (a) and (b) correspond to the drug loading of the anti-inflammatory drug
naproxen. The drug was loaded by applying a potential of +0.5 V which was also selected
based on the anodic peak potentials of the cyclic voltammograms in Figure 3.3 (a) and
(b). Upon application of the positive potential in a naproxen DI water solution, the mass
response obtained from the EQCM data suggests a mass increase with increasing time for

600 seconds. It appears as an exponential increase for both films with an initial steep
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incline, followed by a plateau. As the positive charge is created on the PEDOT backbone,
the naproxen in solution is compensating the charge due to its negative charge at a neutral
pH. As time increases, the strength of the positive charge is being compensated, thus, no
longer requiring the same quantity of naproxen to dope into the film, hence the mass
tapering off between 300 and 600 seconds. 811 ng/cm? of naproxen was calculated to
enter the PEDOT/ClO;4 film. 274 ng/cm? was calculated to be incorporated into the
PEDOT/NO:s film. The quantity of naproxen was also calculated, resulting in 3.22x107
mol/cm? of drug entering the PEDOT/CI1O4 film and 1.09%10~ mol/cm? of drug entering
PEDOT/NO:; film. Interestingly, three times the amount of drug enters the PEDOT/C104
film which is likely due to the primary dopant having a hydrated radius bigger than the

nitrate ion (0.24 nm and 0.18 nm respectively).
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Figure 3.6. Mass versus time graph of (a) PEDOT/CIO4 spontaneous release using open
circuit potential for 600 seconds and controlled release at -0.5 V for 600 seconds (b)
PEDOT/NO; spontaneous release using open circuit potential for 600 seconds and

controlled release at -0.2 V for 600 seconds.

Spontaneous and controlled release of naproxen were calculated to understand the ability
of the film to retain and distribute its contents when necessary. This process was essential
in the on/off switch strategy that was proposed for the drug delivery system (i.e. releasing
the drug upon electrochemical stimulation only). Spontaneous release was achieved by
using open circuit potential as no current is flowing in the cell. 80.3 ng/cm? of drug was

released spontaneously from the PEDOT/CIO4 film which accounted for 9.9% of the
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overall drug quantity removed. 102 ng/cm? of naproxen was released under OCP
conditions (at 0.2 V) for PEDOT/NOs. This accounts for 37.2 % of the drug that was
initially incorporated into the film. When compared to the 80.3 ng cm™ of naproxen
spontaneously released from the PEDOT/CIO4 film, this shows that PEDOT/CIO4 film
has superior drug entrapment qualities. The removal of the drug during spontaneous
release is not of upmost importance as the quantity release is miniscule in comparison to
therapeutic ranges. When comparing these results with that performed by Krukiewicz et
al., their PEDOT/CIO4 film spontaneously released 2.19 pg/ cm? of naproxen after
loading 5.57 pg/cm?.* The quantity of drug released (ng/cm?) by controlled release was
achieved by applying a potential of -0.5 V for the PEDOT/CI1O4 film and -0.2 V for the
PEDOT/NO; film (vs Ag/AgCl) for 600 seconds (Table 3.1). The quantity of drug
released from the controlled release procedure for PEDOT/CIO4 was calculated to be 136
ng/ cm?. Controlled release of the PEDOT/NOs film resulted in a mass decrease of 51 ng/
cm?. The quantity (mol/cm?) of controlled drug release was also calculated for both films
and is displayed in Table 3.2. The PEDOT/ClOs4 film demonstrates superior controlled
release, releasing over double the amount of naproxen than that of the PEDOT/NO3 film.

Table 3.1. Drug loading and release of naproxen from ClOs and NOj; films. Mass
calculated in ng cm™ unless stated otherwise. Mass calculated using Eqt 1.4. Note that

this is a one-time experiment.

PEDOT/CIO4 PEDOT/NO;
Polymer Film 19.0 pg cm? 13.4 pg cm?
Primary Dopant Removal 174.0 166.0
Naproxen Loading 811.0 274.0
Spontaneous Release 80.6 102.0
Naproxen Re-Loading 543 153.6
Controlled Release 136 51
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Table 3.2. Calculated quantity of polymer film, drug loading and drug release from
PEDOT/CIO4 and PEDOT/NO3 films. Note that this is a one-time experiment.

PEDOT/CIO4 (mol/cm?) PEDOT/NO; (mol/cm?)

Polymer Film 1.33x107 9.42x108
Primary Dopant Removal 1.75%107° 2.67x107°
Naproxen Loading 3.22x107° 1.09x107°
Spontaneous Release 3.18x10°1° 4.04x10710
Controlled Release 5.39x101° 2.02x10710

Table 3.3. Release kinetics of both PEDOT/CIO4 and PEDOT/NO3 films for both
spontaneous and controlled release. The Avrami equation was used to calculate the rate

constants and kinetic exponents (Eqt. 3.3). Note that these are a one-time experiment.

Rate Constant Kk, s Kinetic Exponent

PEDOT/CIlO4 Spontaneous Release 5.83x10°? 0.457
Controlled Release 1.84x107? 0.365
PEDOT/NO3 Spontaneous Release 0.160 0.184
Controlled Release 2.782x1073 0.687

The rate constants and kinetic exponents for both release mechanisms were calculated
using Avrami’s equation (Eqt. 3.3). The Avrami equation is generally used to describe
recrystallisation kinetics, however, it has been adapted and is frequently used to describe
drug release kinetics.?>?! Firstly, the kinetic exponent calculated using the Avrami
equation relates to the drug release mechanism, with values of 0.5 or less corresponding
to Fickian diffusion, which is the diffusion of species from an area of higher concentration
to an area of low concentration.?*2* Values ranging between 0.5 and 1.0 are referred to as
anomalous transport, which includes a range of transport processes including polymer

degradation, polymer swelling and drug diffusion.”* Based on these values, the

74



PEDOT/CIO4 controlled release mechanism is dominated by Fickian diffusion whilst the
PEDOT/NO; film controlled release is a result of anomalous transport. With regard to
release rates, the PEDOT/ClO4 spontaneous release occurs at a slower rate than that of
the controlled release which is expected as it would be assumed that upon application of
a potential, the drug would be released at a faster rate. The PEDOT/ClO4 controlled
release also releases at a faster rate than the PEDOT/NOjs controlled release. Interestingly,
the PEDOT/NOs spontaneous release has the fastest release rate which is likely due to
leaching of the drug from the film.

3.3.2. The Effects of Film Thickness on Drug Loading and Release

Building on the findings outlined in Section 3.3, the optimal primary dopant chosen was
perchlorate, considering its drug loading and release capabilities. Three PEDOT/ClO4
films of different thicknesses were investigated to understand the effects of varying
thicknesses on the drug loading and release capacities. Films of varying sizes were
investigated to understand the linearity of drug loading with film thickness. Mitoxantrone
was used in this experimentation in the dihydrochloride form to improve its ability to
dissolve in aqueous solutions. Mitoxantrone is a neutrally charged drug with a pka value
of between 8.27 and 9.36, meaning that the compound is a weak acid and can donate a
proton under certain conditions.”®> However, in the chosen electrolyte of approximately
pH 7, it is likely that the drug will stay in the neutral or slightly positively charged form.
As a result of this it is important to note that the PEDOT film is likely being doped with
the negatively charge chloride ion with the possibility that the anti-cancer drug is being

drawn into solution with solvent and ions during oxidation due to polymer swelling.
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Figure 3.7. Mass versus time response of PEDOT/ ClOs film de-doping ClO4 in 0.1 M
LiClIO4 for 300 seconds at —0.5 V using chronoamperometry. Film thicknesses include (a)
10 mC and (b) 20 mC. Film formation was performed in 10 mM EDOT 0.1 M LiClO4

solution using chronocoulometry.

PEDOT films of varying thicknesses (5, 10, 20 mC) were electrochemically polymerised
using chronocoulometry. This technique involves the application of a potential in return
for a charge versus time response. At a minimum, +0.85 V (versus Ag/AgCl) is required
to initiate the oxidation of the PEDOT monomer, therefore, a positive voltage of 1.0 V
was applied to begin the polymerisation.'?!3 Upon application of the positive voltage, the
loss of an electron is initiated which results in the formation of cationic radicals.!* As the
PEDOT film grows, the charge increases as it is consumed by the electropolymerisation
reaction.?® Perchlorate was then de-doped from the film by applying a cathodic potential
of -0.5 V which was established from cyclic voltammogram performed in Figure 3.3 (a).
The mass versus time graphs in Figure 3.7, show the removal of the perchlorate ion as
the mass decreases upon application of the negative potential. As expected, the greatest
quantity of perchlorate ion de-doping was performed by the 20 mC film, with a mass
decrease of 136.0 ng cm™. From the calculated moles (Table 3.5) of perchlorate de-doped
from the film, the quantity of primary dopant released increased linearly with film
thickness.
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Figure 3.8. Mass versus time response of PEDOT/ClO4 film loading with 5 mM anti-
cancer drug mitoxantrone in DI water for 300 seconds at + 0.5 V using

chronoamperometry. (a) 10 mC and (b) 20 mC.

Drug loading was performed for 300 seconds at a positive potential of +0.5 V for the
incorporation of the drug into the film. Upon further investigation of the pka values for
the mitoxantrone complex and the pH of the electrolyte solution (pH 6-7.5), it is likely
that the drug would stay in the neutral or even slightly positively charged form.?” As a
result of this, the possibility of the chloride entering the film must be considered;
however, it is possible that the drug is entering the film as a result of polymer swelling
upon oxidation.?® Ideally, further characterisation such as EDX would be performed on
the film to confirm the presence of the drug through elemental analysis. Drug loading
capacities were calculated using the Sauerbrey equation (Eqt. 1.4) and are displayed in
Table 3.4. From the mass versus time graphs, the mass in each graph increased with
increasing time, showing the loading of the drug into the film. Again, the 20 mC showed

greatest loading, with the quantity (mol/cm?) increasing linearly with increasing film

thickness.

71



(@) (®)

Spontaneous Release

Spontaneous Release|
Controlled Release 0 4

Controlled Release

220

40

Mass / ng cm™
Mass / ng cm™
3
1

-60 4

-80 4

-100

T T T T T T T : T T T T T T
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Time/s Time/s

Figure 3.9. Mass versus time response of (a) 10 mC PEDOT/C1O4 film spontaneous and
controlled release of mitoxantrone (b) 20 mC PEDOT/CIO4 film spontaneous and

controlled release of mitoxantrone.

Spontaneous release was achieved by applying open circuit potential whilst using
chronoamperometry. In each of the three films, spontaneous release released a higher
concentration of drug than controlled release. This could be due to the size of the drug
molecule, inhibiting its incorporation into the polymer film. In all of the spontaneous
release graphs, there is an immediate mass loss in the first 10 seconds. This immediate
mass decrease is likely due to an excess of drug located on the outside of the film, or
possibly due to poor adherence of the species which would correlate with the neutral or
slightly positive charge of the drug based on the pka values. Table 3.5 displays the
quantity (mol/cm?) of material released upon controlled release (-0.5 V for 300 s) which
demonstrates a linear increase in drug release with increasing film thickness. From this,
the thickness of the film has a direct effect on the drug loading and release capabilities of

polymer films.
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Table 3.4. Mass changes of PEDOT/CI1Os films of varying thicknesses at 300 seconds.

Mass calculated using Eqt 1.4.

5SmC 10 mC
(ng/cm?) (ng/cm?)
Cl0O4 De-Doping 39.8 63.1
MDC Loading 64.6 78.3
MDC Spontaneous Release 38.7 83.5
MDC Re-Loading 63.8 20.5
MDC Controlled Release 36.2 58.7

20 mC
(ng/cm?)

136.0
356.0
162.0
134.0
83.4

Table 3.5. Calculated quantity of mitoxantrone for PEDOT/ClO4 films of varying

thicknesses after 300 seconds.

5mC 10 mC
(mol / cm?) (mol / cm?)
Cl104 De-Doping 4.0x1010 6.3x10710
MDC Loading 1.2x10°1° 1.5x10°10
MDC Spontaneous Release 7.4x1071 1.6x10°1°
MDC Controlled Release 6.9x107!! 1.1x10°10
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20 mC
(mol / cm?)

1.3x107°
6.8x10°10

3.1x10°10

1.6x10°10



3.4. Conclusion

In conclusion to the effects of primary dopants on the release of the anti-inflammatory
drug naproxen (negatively charged drug at neutral pH), both polymer films demonstrate
the ability to create a polymer-based drug delivery system based on redox switching.
Overall, the PEDOT/CI1O4 film showed optimal results for both drug loading and release
which is likely due to the larger size of the doping ion. The most successful drug loading
was performed by the PEDOT/CIO4 film, with an increased weight of 811 ng/cm? while
PEDOT/NOj3 had a mass increase of 274 ng/cm?. Interestingly, the significant difference
in drug loading does not correlate with the quantity of primary ions removed from the
films, proving that the size of the primary dopant has a direct effect on the quantity of
material being doped into the film. PEDOT/ClO4had the most efficient controlled release,
releasing 136 ng/cm? of naproxen. From the calculated rate constants, PEDOT/C1O4
releases the drug via controlled release at a faster rate than that of PEDOT/NO3; which
was calculated using the Avrami equation. Overall, the data suggests that the primary
dopant does have a substantial effect on the doping capabilities of the polymer system.
The effects of varying film thicknesses were investigated to understand the influence of
film thickness on drug loading and release. As expected, the film thickness has a direct
correlation with the quantity of material loaded and released. In terms of loading and
spontaneous release, the quantity of material increases linearly with increasing film
thickness. From this work, it is clear that the drug loading and release mechanism using
conducting polymers is achievable, having the ability to dope and de-dope the polymer
film upon the application of a potential. Overall, this work effectively demonstrates the
influence of the primary doping ion and film thickness on the drug loading and release
capabilities of a polymer-based drug delivery system. This Chapter acts as a stepping
stone to Chapter 4 where the fundamental of bipolar electrochemistry is discussed for the

future work (Chapter 7) of creating a wireless drug delivery system.
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4. Wirefree and Conventional Electrodeposition of PEDOT Films
4.1. Introduction

Bipolar or wireless electrochemistry (BPE) allows redox processes, such as the
electrodeposition of a conducting polymer film, to occur without any physical wire
between a power source and the working electrode.!? This system has been known for
some time with Fleischmann et al. recording the ‘electrical conduction of spherical
particles fluidised by electrolyte flow’ in the late 1960s.? At least two driving or feeder
electrodes, which have no direct contact to the bipolar electrode, are connected to a power
supply resulting in the generation of an electric field. '*° The strength of the electric field
is determined by the voltage applied to the feeders that ultimately induces potentials in

the BPE that can drive anodic reduction and oxidation processes.®
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Figure 4. 1. Diagram depicting the diverse applications for wireless electrostimulation.

Extracted from Forster.?

As illustrated in Figure 4.1, wireless electrochemistry has many possible applications,
from elucidating the initiation and development of disease, to the treatment of diseases
through electroceuticals.? The purpose of this work is to develop a deep understanding of
the electric field generated in a bipolar (BP) cell to enable future applications such as the

electrostimulation of biological cells.”” The approach is to wirelessly polymerise
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poly(3,4-ethylenedioxythiophene) (PEDOT) which should reflect the voltage distribution
across the bipolar electrode (BPE). By adjusting different variables such as concentration,
voltage, and time, a more in-depth understanding of the electric field distribution can be
achieved. In this work, bipolar PEDOT films and conventional PEDOT films have been
compared based on film thicknesses, electronic structure, homogeneity, morphology, and
surface free energy. The wireless polymerisation is carried out in electrolyte free Milli-Q
water and is expected to be in an ‘un-doped’ state as no doping anion was deliberately
added to the solution, whereas the conventional deposition is carried out with 0.1 M
LiClOg4 as electrolyte. The BP experimentation was performed in an electrolyte free
medium as electrolyte distorts the electric field distribution.® The structure and
spectroscopic properties of both films were analysed by UV-vis spectroscopy. These
results suggest that both bipolar and conventional deposition methods yield the same
PEDOT material. These results give a promising insight into the possibilities of
conducting polymers in bipolar electrochemistry for application in water treatment,’ cell

stimulation' and drug delivery.!”

4.2. Materials and Methods

4.2.1. Materials

All materials used throughout this experimentation were of reagent grade and were
obtained from Merck. Fluorine doped tin oxide glass (10 cm x 10 cm x 2.3 mm) was
purchased from Merck and cut using a diamond glass cutter purchased from Amazon.

Purified water was used throughout and had a resistivity of 18.2 MQ cm.

4.2.2. Bipolar Setup

The bipolar electrochemical cell was designed in house using FreeCAD and printed in
acrylonitrile butadiene styrene (ABS) filament using an Ultimaker S5 3D printer. The cell
was designed with a 3 cm separation between feeder electrodes that precisely
accommodates a 2 cm x 1 cm internal cavity for the BPE, to ensure alignment. A well
and tweezer slot were placed below and to the side of the (FTO) for easy removal without
damaging the polymer film. The objects were unified and cut out using the Boolean
operation on FreeCAD, and then exported as an stl file. Cura software was used to adjust
specific parameters (resolution, infill density, temperature) for 3D printing. The cell was
printed with ABS filament using normal resolution of 0.15 mm with an infill density of

20%, and was printed at a temperature of 230°C. The BP cell was powered using the EA-
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PS 5200-02A power supply. FTO glass was used as the BPE and titanium as the feeder
electrodes. FTO electrodes of approximately 2+ 0.2 c¢m x 1+ 0.2 cm were sonicated in
an alcohol (ethanol/ isopropanol) and dried using nitrogen gas prior to use. A multimeter
was used to determine which side of the glass had the FTO layer by measuring the
resistance. The titanium electrodes were sanded using 1600 grit sandpaper between
experiments and were approximately 2cm x lem x 2mm in size. Bipolar polymerisation
was achieved using 3 ml of 10 mM EDOT in deionised water solution. The voltage

induced across the BPE was calculated using the following equation (Eqt.1.1):¢

le Eqt. 1.1
AEgec = Etot( — ) q

lchannel

where [channer 18 the distance between driving electrodes, . is the length of the BPE, and

E¢1s the total voltage applied to the system.

4.2.3. Electrochemical Setup

Cyclic voltammetry was performed using AutoLab (Metrohm) systems potentiostat. FTO
electrode (2 cm x 1 cm) with a working surface area of 1 cm? was used as the working
electrode by covering the remaining slide with teflon tape. This was performed to provide
a consistent surface area between experiments, and to allow sufficient space for the
crocodile clip to attach to the electrode. An Ag/AgCl (saturated KCl) was used as the
reference electrode, and coiled platinum wire counter electrode with area of ~3.62 ¢cm?
completed the three-electrode setup. For conventional polymerisation, galvanostatic
polymerisation was performed using a current of 0.0002 A. All films were cycled in 0.1
M LiClO4 solutions. Film thickness was calculated using the following equation (Eqt.
4.1):"

QM Eqt. 4.1
NeFprA
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where Q,, polymerisation charge (t x I), M, molecular weight of the monomer, 17, number
of electrons (2.25), F faraday’s constant, p; film density (assume 1 g /cm?) and A area (1

cm?).

Surface coverage was calculated using the following (Eqt. 2.1):!?

I = Q/nFA
Q/n Eqt. 2.1

where I' is the surface coverage of the modified electrode in mol/cm?, Q is the total charge
of the electrode in C, n is the number of transferred electrons (assuming 2.25),'>!* Fis

Faraday’s constant, and 4 is the surface area of the electrode in cm?.
4.2.4. Profilometry

Profilometry was performed on the Bruker DektakX T profilometer. BP samples that were
polymerised at 30 V for 20 minutes in 10 mM EDOT in DIW were prepared by removing
half of the polymer on the horizontal axis of the BPE. This was achieved by placing a
ruler on the horizontal axis of the BPE and wiping off the polymer with forceps and a lint
free tissue that was dampened with milli-Q water. This was performed as it provided an
accurate step from the bare FTO to the polymerised area. The stylus was moved from the
bare FTO side to the polymerised side. Five runs of each sample were performed at 0.05

cm, 0.1 cm, 0.2 cm, 0.3 cm and 0.4 cm from the edge of the BPE anode.

4.2.5. UV-Vis Spectroscopy

UV-Vis spectroscopy was performed using the Agilent Cary UV-Vis spectrometer.
Samples included conventional PEDOT/CI and PEDOT/CIO4 films, as well as BP
PEDOT films which were polymerised at 30V for 20, 30 and 40 minutes on FTO. The
PEDOT films on FTO were loaded into an inhouse 3D printed sample holder within the
spectrometer which allowed the sample height to be adjusted as well as keeping the
sample vertical. The blank used for UV-vis spectroscopy included a clean FTO BPE that

was exposed to BP conditions at 30 V for 20 minutes in Milli-Q water. Gaussian
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deconvolutions of the conventional and bipolar PEDOT films were performed to gain an

understanding of the electronic states of the materials.

4.2.6. Microscopy

A Nikon eclipse ME600 microscope was used to visualise the polymerisation profile on
the BPE electrode. This was achieved by measuring the distance from the edge of the
anode of the BPE to the location where there is no polymer film deposited. This method
does not have the sensitivity to detect very thin layers/monolayers. The microscope
images were captured using a camera inserted into the microscope and were displayed
using S-EYE software. The percentage surface coverage was calculated by dividing the
measured polymerisation distance by the length of the BPE. This number shows

approximately how much of the FTO BPE is covered in polymer (cm?).

4.2.7. Scanning Electron Microscopy

The Jeol JSM-IT 100 InTouchScope electron microscope was used to image the BP
PEDOT films on FTO using an accelerating voltage of 2.0 kV and a secondary electron
detector. BP films were polymerised in 10 mM EDOT in DI water at 30 V for 20 minutes.
The positive side of the BPE (where PEDOT was polymerised) was visible using the

microscope. This was used as a reference point for the imaging location on the BPE.

4.2.8. Surface Free Energy

Contact angle measurements were performed using an FTA200 Dynamic Contact Angle
analyser. A single droplet of deionised water was deposited on the bare FTO, modified
BPE, and conventional films, and the resulting contact angle was measured. PEDOT films
formed using the bipolar setup were polymerised in a 10 mM EDOT in Mill-Q water
solution at 30 V for 20 minutes. The droplet of deionised water was located across the
gradient bipolar polymerised PEDOT film. Conventional polymerisation was achieved
by polymerising EDOT in a standard three electrode set up using an FTO (1¢cm? working
area ) working electrode, Ag/AgCl reference electrode (saturated KCI) and a coiled
platinum wire counter electrode (=3.62 cm?). Conventional polymerisation was
performed by applying 200 pA for 300 seconds in 10 mM EDOT 0.1 M LiClOj4 solution
as this setup produced the same quantity of PEDOT as the 30 V 20 minute BP

experiments.
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4.3. Results and Discussion

4.3.1. Computer Aided Design (CAD) and 3D Printing

FreeCAD was used to design the in house bipolar electrochemical cell. Cura software
was used to convert CAD files into stl files for compatibility with the 3D printer. As
illustrated in Figure 4.2, the cell was based on a two, 2 mm, feeder electrodes and one
bipolar electrode located between the feeders. After troubleshooting various designs, the
following design was used for all experiments. The titanium feeder electrodes were
separated by a distance of 3 cm. A 2 cm x 1 cm BPE slot was incorporated in the design
to ensure accurate alignment of the BPE and consistency in FTO sizes. A1 cm x 1 cm
well was also incorporated in the design to prevent the FTO suctioning to the base of the
cell. A tweezer slot was placed perpendicular to the FTO slot for ease of FTO removal
after polymerisation. Prior to selecting a 3D printing material, the stability of each
material towards dissolution in EDOT and pyrrole was tested. The materials tested
included acrylonitrile butadiene styrene (ABS), tough polylactic acid (PLA), and
composite conductive PLA. A droplet of concentrated EDOT monomer was dropped onto
each material and was checked every thirty minutes for two hours. ABS showed the best

results as the monomer did not interact with the material within the first hour.
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Figure 4. 2. (a) FreeCAD design of the in house bipolar electrochemical cell with two
feeder electrodes, FTO slot, and tweezer slot (b) 3D printed bipolar electrochemical cell

printed in acrylonitrile butadiene styrene (ABS).

4.3.2. Bipolar Polymerisation
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Figure 4. 3. (a) Bipolar electrode (BPE) after bipolar polymerisation in a two-feeder set

Gradient PEDOT deposition

up as shown in Figure 4.2. BP polymerisation was performed in a 10 mM EDOT DI water
solution at 30 V for 20 minutes on FTO glass (BPE) (b) linear potential decay model

currently used to describe the bipolar system.
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Polymerisation using bipolar electrochemistry was performed in a two-feeder electrode
system using a 30 V potential difference between the two feeder electrodes (10 V cm™)
for 20 minutes in Milli-Q water without deliberately added electrolyte. Figure 4.3 (a)
shows the corresponding PEDOT deposition on the FTO glass BPE, resulting in a ‘U’
shaped deposition. Using Eqt. 1.1, the voltage experienced at the edges of the BP anode
and cathode were calculated to be +10 V and -10 V respectively. CV in a conventional
electrode cell indicates EDOT polymerises at 0.85 V, therefore the BP system is expected
to provide ample voltage for the polymerisation processes across much of its surface.!”
The polymerisation of EDOT is initiated through the oxidation of the monomer, resulting
in two polymer growth pathways; (1) cationic radical coupling (2) reactions between the
cationic radicals and the neutral monomer, resulting in polymer formation.'¢ In Figure 4.3
(a), it is clear that PEDOT is deposited on the BPE, forming a gradient blue layer on the
substrate surface as a result of the potential difference across the BPE. The unexpected
‘U’ shaped deposition of the BP polymerised PEDOT has been recorded by other research
groups, and is likely to be a result of the distortion of the electric field once the BPE is
inserted, resulting in thicker PEDOT deposition at the edges of the BPE.® Conducting
polymers are renowned for their conductivity, which is derived in part from the ‘doping’
process. PEDOT exhibits p-type doping, meaning that positively charged polarons and
bipolarons form upon oxidation, resulting in anions from the electrolyte solution entering
the PEDOT film to maintain electroneutrality.!” However, in the bipolar system, no
electrolyte is intentionally added, and the BP film could be in the un-doped state, and
therefore less conductive than a doped PEDOT film. Doped PEDOT shows conductivity
levels of 5400 S/cm, whereas conductivity levels of PEDOT are 0.1 S/cm in the undoped
form.'®!® Sheet resistance measurements were performed using four point probe;
however, due to interactions with the FTO substrate the results were not included as they

were not conclusive.
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4.3.3. Conventional Electropolymerisation
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Figure 4. 4. (a) Galvanostatic polymerisation of EDOT for 300 s at 200 pA in 10 mM
EDOT 0.1 M LiCIO4 on FTO glass (b) Images from top to bottom of PEDOT polymerised

at 200 pA for 100, 200, 300 and 600 seconds in 10 mM EDOT 0.1 M LiClO4 solution on
FTO glass.

Conventional polymerisation was carried out using galvanostatic polymerisation of
EDOT for 100, 200, 300 and 600 seconds in LiClO4, as seen in Figure 4.4 (b). The
galvanostatic polymerisation method involves the application of a constant current,
resulting in a potential versus time response. As seen in Figure 4.4 (a), to support a current
of 200 pA,* the potential initially shifts to approximately 1.12 V, providing sufficient
voltage to oxidise the monomer at the bare electrode.!®> The potential then decreases to
approximately 0.85 V after 25 seconds due to the presence of oligomers on the electrode
surface, which reduces the potential required for monomer oxidation.?! This steady state
potential of 0.85 V is maintained for the remainder of the polymerisation as PEDOT
continues to be deposited on the underlying PEDOT film.?° As illustrated in Figure 4.4
(b), the conventional PEDOT/CIO4 polymerisation produced films with a uniform
coverage across the electrode, unlike the BP films shown in Figure 4.3 that show
differences in coverage across the positive pole of the bipolar electrode. As shown in

Figure 4.4 (b), as polymerisation time increases, the film becomes darker in colour,
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indicating an increase in material being deposited on the FTO surface. The conventional
PEDOT films are intentionally doped with C1O4~ while the films produced using bipolar

electrochemistry do not contain perchlorate and may not be doped.
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Figure 4. 5. (a) Scan rate study of the PEDOT/CI1O4 film in 0.1 M LiClO4 from 5 mV/s
to 100 mV/s (b) Conventional film capacitance versus polymerisation time (c) Film
thickness versus polymerisation time calculated using Eqt. 4.1 (d) Capacitance versus

film thickness for the conventional PEDOT film.

The film capacitance depends on its thickness and composition/physicochemical
properties. Therefore, the capacitance of the conventional film was determined so that is
could be compared with the values obtained for the films produced using BPE. Film
capacitance was calculated by measuring the scan rate dependent current at 0.2 V as seen
in Figure 4.5 (a). At 0.2 V the current is dominated by film charging and no faradaic

processes are occurring. Capacitance values were required to determine a conventional
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polymerisation time that deposited the same amount of material as the optimised BP 30
V 20 minutes film. An increased polymerisation time increases the quantity of material
deposited linearly which is illustrated in Figure 4.5 (b). Using the polymerisation charge,
the film thicknesses of the conventionally deposited films were calculated using Eqt. 4.1.
From this, the film thickness was plotted against the capacitance values obtained in Figure
4.5 (b) and the equation of the line was used to calculate the amount of time required by
conventional polymerisation to produce a film with the same amount of deposited
PEDOT as the BPE. The 30 V 20 minute bipolar film equated to 294 s of galvanostatic
polymerisation at 200 pA. The film thickness for the BP film was calculated at an average
of =385 nm, while the film thickness for a 294 s conventional polymerisation was <377

nm.
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4.3.4. UV-vis of Conventional and Bipolar Films

UV-Vis spectroscopy can provide useful insights into the chemical composition and band
gaps of electronically conducting polymers both of which can be influenced by the
conditions used to electrodeposit CP films, e.g., applied potential, deposition rate,
electrolyte etc.?>?3 Moreover, UV-Vis can be used to determine the oxidation and doping
states of the material. For example, doped PEDOT shows conductivity levels of 5400
S/cm, and 0.1 S/cm in the undoped form which is reflected in the UV-Vis spectrum.!!?
Understanding the extent of doping is especially important in the case of wirefree
deposition since polymerisation can be achieved even in “electrolyte free” media, perhaps
allowing the relative importance of electronic and ionic conductivity to be uniquely
investigated. Figure 4.6 shows the UV-Vis spectra for a PEDOT film deposited using a
2 cm long FTO bipolar electrode and an electric field of 10 V cm™ in Milli-Q water in the
absence of deliberately added electrolyte. Figure 4.6 also shows the UV-Vis spectrum for
a PEDOT film that was electrodeposited in 10 mM EDOT in 0.1 M LiClOy4 at a current

of 200 pA for 300 seconds.
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Figure 4. 6. Normalised absorbance of 400 nm — 1000 nm wavelength light through (a)
conventionally deposited PEDOT/ClO4 on FTO by applying 200 pA for 300 seconds in
10 mM EDOT 0.1 M LiClO4 (purple) and (b) bipolar deposited PEDOT on FTO
polymerised at 30 V for 20 minutes in 10 mM EDOT Milli-Q water (green).
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Figure 4.6 shows that the material deposited using bipolar and conventional approaches
are similar with both absorbing strongly from 650 nm to 1200 nm which is consistent
with both films being in the polaronic state.>* This is an interesting observation as the
BP polymerisation of EDOT was performed in Milli-Q water, with no intentionally added
electrolyte which would have led to the assumption that the BP film would be un-doped.
Gaussian deconvolution was performed on both data sets to reveal the peak positions
within the spectra. From this, information regarding electronic states can be further
investigated through the gaussian peak locations. Three peaks were identified in the
PEDOT/CIO4 film, which corresponds to three transition states of the polymer. The initial
peak at 680 nm (PEDOT/CIO4 film) and 710 nm (BP film) corresponds to the transition
of a lower polaronic band to a higher polaronic band while the second peak which is
occurring at approximately 850 nm for both films also corresponds to polaronic and
bipolaronic transitions of the PEDOT film. The third gaussian peak which occurs at 1000
nm is a result of both polaron and bipolaron absorption.?>-?¢ From this it can be concluded
that both the BP and conventional films possess similar electronic states and possibly
similar doping levels, suggesting that these materials are analogous. This is a significant
result due to the absence of electrolyte during the bipolar polymerisation process as well

as the substantially different voltages used to polymerise the monomer.

97



4.3.5. Influence of Deposition Time on PEDOT Film Formation
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Figure 4. 7. The influence of time on BP polymerisation (a) The quantity of PEDOT
deposited at constant 30 V for 5 to 30 minutes in a 10 mM EDOT DI water solution (b)
Film surface coverage across the length of the BPE. Polymerisation was performed at a

constant 30 V for varying times of 5 to 30 minutes.

The effect of polymerisation time on BP polymerisation was investigated by applying a
constant potential of 30 V for 5, 10, 15, 20, 25 and 30 minutes. A scan rate study was then
performed for each BPE in 0.1 M LiClO4 using a traditional three-electrode cell. Film
capacitance was calculated by measuring the scan rate dependent current at 0.2 V. In
order to calculate the quantity (mol/cm?) of deposited EDOT using Eqt. 2.1, charge was
obtained by multiplying capacitance by the potential window of 0.6 V. The film coverage
was calculated by measuring the polymerisation distance across the length of the BPE
using a microscope. The distance was calculated from the edge of the FTO, to a point
where no blue film could be observed on the electrode surface. This method does not take
thin films/monolayers into consideration. Figure 4.7 displays the amount of EDOT
material deposited on the BPE surface per polymerisation time, which follows a linear
incline followed by a plateau at higher polymerisation times. The first observation to be

made regarding the samples in Figure 4.7 (b) is that they do not follow the linear model
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in Figure 4.3 (b). The well-known linear model that is used to describe BP processes,
suggests a zero potential in the centre of the BPE with the rest of the BPE having an
incremental potential increase/decrease. An observation that confirms the inaccuracy of
the linear potential decay model is the polymerisation distance. At higher polymerisation
times, 25 and 30 minutes, polymerisation is occurring on more than 50% of the BPE,
showing that zero potential is not in the centre of the BPE as previously thought. From
this work, it is clear that time has a significant influence on the processes occurring at the
BPE, and possibly impacts the movement of zero potential from what was initially

thought to occur at the centre of the BPE.
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4.3.6. Influence of Voltage on Linear Potential Decay
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Figure 4. 8. The influence of the voltage applied to the feeder electrodes on BP
polymerisation. (a) Dependence of the quantity of PEDOT deposited on the BPE as the
voltage dropped across the two feeder electrodes is varied. The deposition time is 15
minutes. Diagram of the bipolar polymerised PEDOT on the FTO surface at varying
voltages for constant time 15 minutes. BP polymerisation was performed in 10 mM

EDOT Milli-Q water solution from 5 V to 30 V.

The effects of voltage on the deposition of EDOT was investigated by applying voltages
of 5, 10, 15, 20, 25, and 30 V to the bipolar system while keeping time constant at 15
minutes. This experimentation was performed to understand the potential distribution
across the BPE. Theoretically, the BPE experiences a linear decay across entire BPE as
shown in Figure 4.3 (b),%?7 thus, the centre of the BPE theoretically experiences a
potential of zero volts. The potential distribution across the BPE was calculated using
Eqt. 1.1. Film capacitance was calculated by measuring the scan rate dependent current
at 0.2 V. Bare FTO capacitance was also calculated (1x10°¢ F) and subtracted from all
BPE polymerisation results. The film capacitance was then converted to charge by
multiplying the capacitance by the potential window of 0.6 V. From this, Eqt. 2.1 was
used to calculate the surface coverage (mol/cm?). This work demonstrates that the applied

voltage has a direct effect on the quantity of PEDOT material deposited on the BPE. As
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shown in Figure 4.8 (a), as the voltage increases, the quantity of deposited PEDOT is also
increasing, demonstrating a directly proportional relationship, aligning with the findings
presented in Figure 4.8 (b). Based on Figure 4.8 (b), as the voltage rises, the length of the
deposition also increases due to the heightened voltage being experienced across the BPE.
For example, when a voltage of 10 V is applied, the BP anode theoretically experiences
3.3V, while the cathode experiences -3.3 V. Whereas when 30 V is applied to the system,
10 V is theoretically experienced at the edge of the BP anode, hence the increased
deposition of PEDOT. In comparison to the bipolar system schematic in Figure 4.3 (b),
the experimental results show that the BPE does not experience a linear potential effect,
which is evident when viewing the 25 V and 30 V samples in Figure 4.8. These samples
show polymerisation beyond the centre of the BPE which is not expected based on the
current bipolar theory that the centre of the BPE equates to 0 V. This phenomenon has not

been seen in the literature to the best of the authors knowledge.

4.3.7. Profilometry

Profilometry was performed on the optimised PEDOT BP (polymerised at 30 V for 20
minutes in 10 mM EDOT in Milli-Q water) films to understand the height steps due to
the electric field distribution. In these measurements, the PEDOT film was mechanically
removed across the horizontal axis as shown in Figure 4.9 (a). This created a step from
which the stylus could measure the thickness of the deposited film. Profilometric
experiments were only performed to a distance of 0.4 cm (from the edge of the BP anode
to the centre of the BPE) since beyond this distance the film thickness was less than
approximately 25 nm. As illustrated in the diagram in Figure 4.9, the quantity of
deposition varies across the BPE as a result of changing potentials. Consequently, thicker
deposition occurs at the end close to the feeder which generates a more positive potential,
while deposition becomes thinner toward the centre of the BPE. These values are
quantitatively shown in Figure 4.9 (b) with the BP positive pole averaging a maximum
thickness of 280 nm at the edge parallel to the feeder, which decreases to 125 nm within
a distance of 0.15 cm from the edge. These results correlate with the potential distribution
studies shown in Figure 4.8, confirming that a potential decay is occurring across the
BPE, consequently resulting in a gradient quantity of material being deposited from the

edge of the positive BP pole to the opposing end of the BPE.
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Figure 4. 9. (a) Diagram of a BP PEDOT film deposited on FTO using a feeder voltage
drop of 30 V for 20 minutes in 10 mM EDOT Milli-Q water solution. Half of the deposited
film was removed to create a clean step for the stylus, as described in Section 4.2.4. The
arrows show the stylus paths. The stylus distance represents the location across the length
of the BP. (b) Dependence of the film thickness with increasing distance from edge of the
BPE anode towards the centre of the BPE.
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The profilometry data indicates that the film is thicker on the edge that sits parallel to the
feeder electrode to which the negative potential is applied which induces a positive
potential in the BPE thus driving PEDOT deposition. These results also demonstrate that
the magnitude of the voltage induced in the BPE (if the electric field strength is uniform
as assumed in the classical model of Figure 4.3 (b)) affects the quantity of PEDOT
deposited, showing that as voltage decreases, film thickness and therefore quantity of

material, also decreases.

Significantly, thicker PEDOT deposition was also observed at the edges of the FTO that
are perpendicular to the feeder electrodes. This behaviour could arise because of a) the
BPE is distorting the shape of the electric field b) the edges of the FTO are rougher than
the centre of the FTO after cutting or c¢) an inhomogeneous field at the edges of the BPE

because the feeder and BP electrodes are the same width.
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4.3.8. Influence of Mass Transport Effects
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Figure 4. 10. Schematic representation of a 30 V 30 minute bipolar polymerisation in 10

mM EDOT Milli-Q water solution. The maximum possible voltages, calculated using

Eqt. 1.1, are indicated along the length of the BPE.

Voltages were calculated at different distances along the bipolar electrode to identify and
compare the areas of polymerisation with the induced voltage. Interestingly, PEDOT can
be seen to have deposited in areas which is not expected when compared to the well-
known linear potential decay model shown in Figure 4.3 (b). Since the BPE is 2 cm in
length, zero volts occurs at 1 cm, so any polymerisation beyond this point is occurring at
an electrode surface that has a negative induced potential. Since EDOT polymerisation
involves the formation of cation radicals and commences at approximately 0.85 V vs.
Ag/AgCl,?8 polymerisation beyond the mid-point is not expected. However, as shown in
Figure 4.10 for a 30 V 30 minute BP polymerisation, the film is seen as far as 2.6 mm
beyond the mid-point of the BPE. The main reason for this being that bipolar
electrochemistry involves an electric field through the solution which drives
electrophoresis.?” The effects of the electric field result in the movement of charged

particles, which in this case come in the form of cationic radicals and oligomers and the
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effects may be especially pronounced since the deposition is carried out in the absence of
deliberately added electrolyte. From the experimental results, it is possible that EDOT
cation radicals migrate in the electric field beyond the point where they were generated,
oligomerise in solution and then deposit on the BPE at a location where the induced
potential is insufficient for direct electropolymerisation. In fact, oligomers could be seen
swirling in solution during the bipolar experimentation, leading to the conclusion that
stirring as a result of the electric field has a significant influence on where deposition
occurs. As a note, an important requirement for a significant electric field is the presence

of a low concentration electrolyte.>°
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4.3.9. Scanning Electron Microscopy
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Figure 4. 11. SEM images of (a) bipolar electrode negative pole after polymerisation at
30 V for 20 minutes in 10 mM EDOT Milli-Q water (b) bipolar electrode positive pole
after polymerisation at 30 V for 20 minutes in 10 mM EDOT in Milli-Q water (c) edge
of the bipolar electrode positive pole after 30 V 20 minute polymerisation of 10 mM
EDOT in Milli-Q water film (d) Horizontal edge (2 cm side) of the bipolar positive pole
after 30 V 20 minute polymerisation of 10 mM EDOT in Milli-Q water.

Figure 4.11 (a) shows the BP negative pole after polymerisation at 30 V for 20 minutes
in a 10 mM EDOT Mill-Q water solution which shows no PEDOT polymerisation. The
FTO surface appears polymer free, however, there is noticeable deposition at the edge of
the BP cathode which was seen visually upon bipolar polymerisation. At this moment it
is unclear what this material is, however, this will be characterised in future work. Figure
4.11 (b) showcases the optimised PEDOT film (polymerisation at 30 V for 20 minutes)
which has a smooth morphology. An interesting observation involves the vertical lines
evident in this image, which may arise from the electric field or potentially from scratches

on the thick FTO layer on the glass prior to polymerisation. Figure 4.11 (c) also displays

106



the BP deposited PEDOT at the anode of the BPE. The image shows a network of ridges
in the PEDOT film which is most likely due to the polymer formation in the electric field.
Figure 4.11 (d) presents a side view of the PEDOT film, revealing the rough, thick film
on the FTO substrate. The rough texture of the film would promote stable biological cell
adhesion, which could broaden the uses of this substrate for applications such as cell

stimulation, which has .!-3!

4.3.10. Surface Free Energy
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Figure 4. 12. Contact angle measurement of (a) bare FTO, (b) and (c) BP PEDOT film
polymerised at 30 V for 20 min in a 10 mM EDOT Milli-Q solution on an FTO slide (d)
conventionally deposited PEDOT on an FTO electrode (2 cm x 1 cm) at 200 pA for 300
seconds in 10 mM EDOT 0.1 M LiClOsa.

Contact angle was used to probe the hydrophobic or hydrophilic nature of both the BP

and conventional PEDOT films, given that the surface free energy significantly influences
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cell adhesion. Surface energy is an important element of a solid surface and its
interactions at the solid interface, such as adhesion.*? Hydrophilic materials have a high
surface energy and a contact angle <90°, promoting cell adhesion, which favours surfaces
with contact angles ranging between 40° and 70°.3* To measure the contact angle, the
sessile drop method was used with deionised water. The relationship between surface free

energy and contact angle are described by the following Young equation:*

YL cosO = ys — Vs

where 2 is the surface energy, @ is the contact angle, ysis the surface energy of the solid

and ysz is the surface energy of the solid/liquid interface.

Figure 4.12 show that both the BP PEDOT film and the conventionally deposited PEDOT
film have a moderately hydrophilic surface with angles of 49° and 55° (Figure 4.12 inset),
making them a potentially useful substrate for the adhesion of cells. The contact angle for
the conventional PEDOT/C1Os4 film measured 38°, also acting as a favourable substrate
for cell adhesion. However, the BP films might be slight preferred for cell adhesion, given
that the ideal contact angle ranges between 40° and 70°.33 Overall based on the measured
contact angles, the BP and conventional films are only slightly different in terms of
hydrophilicity with a difference of over 11° between them. Interestingly, the BP contact
angles (Figure 4.12 (b) and (c) inset) show that the positive side (right) of the BPE that is
coated in polymer is more hydrophilic than the left angle measurement, which
corresponds to the gradient polymer deposition. This shows that the polymer increases

the hydrophilicity of the FTO substrate.
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4.4. Conclusion

UV-Vis and electrochemistry indicate that the composition of the polymers deposited by
the bipolar polymerisation and conventional methods and their band gaps are
indistinguishable. This is a significant and surprising result given the potentially
significant difference in voltages used to drive polymerisation and the fact that the BP
polymerisation is carried out in the absence of deliberately added electrolyte. A key
component of this work is the characterisation of the bipolar polymerisation process by
investigating the effects of voltage and time. From this it is clear that an increase in the
voltage difference between the two feeder electrodes results in an increased amount of
deposition on the bipolar electrode (Figure 4.8), while an increase in deposition time
shows a consistent increase in the fraction of the BP electrode that becomes coated with
at least some PEDOT increase for deposition times between 20 and 30 minutes (Figure
4.7). This experimentation also allowed for a more in depth understanding of the electric
field distribution which we now have sufficient evidence to believe that it is not a linear
potential decay across the BPE, as polymerisation beyond zero volts has been
demonstrated. From these results, it is clear that time has a significant influence on the
fraction of BP electrode that is coated in polymer, further reiterating that the BP model is
not simply a linear potential decay. Profilometry was used to investigate the height steps
in film growth from the centre of the BPE to the positively charged pole on the BPE. The
results from this correlated with the influence of applied voltage on deposition (Figure
4.8), resulting in increased deposition toward the positively charged end of the BPE, with
decreasing film thickness toward the centre of the FTO, as a result of decreasing voltages
(+10 V to -10 V) being experienced from the BP anode to the BP cathode. This work also
shows the potential of the BP PEDOT films as platforms for cell stimulation as the films
showed a hydrophilic behaviour with a contact angle between 49° and 55°, which is ideal
for the adhesion of cells. The slightly rough morphology of the films as shown by SEM
images also demonstrate a promising platform for cell adhesion. Overall, both BP and
conventionally deposited films are indistinguishable materials, with the only
differentiating factor being the gradient deposition shown through the BP method. The
findings of this chapter lead seamlessly to Chapter 5, where the influence of electrode

length and multiple feeder electrodes on the electric field distribution will be investigated.
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5. The Effects of Bipolar Size on Electric Field Distribution
5.1. Introduction

An interesting observation of Chapter 4 was that the wireless polymerisation of poly(3,4-
ethylenedioxythiophene), PEDOT, could occur at regions of the bipolar electrode (BPE)
where the induced potential is insufficient to create cation EDOT radicals. Bipolar
electrochemistry functions through the generation of an electric field facilitated by the
presence of feeder electrodes.!? Electric fields are formed around charged objects which
results in an electric force on charged particles that enter the field.> This therefore
highlights the necessity for investigating the migration of charged radicals in the field
during the polymerisation, which could result in deposition at negative voltages.
Modelling of the electric field distribution using Elmer indicates that the shape and size
of the bipolar electrode should have a direct effect on the distribution of the electric field,
potentially causing ‘U’ shaped, straight, or ‘n’ shaped polymerisation regions (Section
5.3.3). When the field strength is fixed (fixed voltage difference applied to feeders),
altering the size of the bipolar electrode should also have a direct effect on the voltage

being induced at both ends of the BPE.

Figure 5. 1. Schematic of the electric field distribution generated by four feeder

electrodes using COMSOL software. Extracted from Forster.*

Additionally, the electric field distribution can be controlled through the use of multiple

feeder electrodes which can be seen in the COMSOL mapping of four feeder electrodes
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in Figure 5.1.* Having the ability to modify and shape electric fields would enable
template free patterning of the regions where a conducting polymer is deposited and allow
a doping gradient across the film to be established. This approach would significantly
impact the wireless electrostimulation of biological materials and act as a stepping-stone

toward 3D electroceuticals, having the ability to predict the electric field distribution.*

In this chapter, the wireless deposition of PEDOT using optimised conditions on
substrates of different size is reported. Changing the bipolar electrode length can provide
information on the distribution of the electric field and potential gradient across the
electrode. The electrodes of varying lengths were characterised based on deposition
distance by microscope, surface coverage by cyclic voltammetry, impedance, and
scanning electron microscopy. Additionally, the use of four feeder electrodes in two
different configurations was investigated to understand the field distribution and the
ability to shape the electric field. Modelling of the potential gradient within the solution
was also performed so that the potential distribution induced in the bipolar electrode

could be elucidated.

5.2. Materials and Methods

5.2.1. Materials

All materials used throughout this experimentation were of reagent grade and were
obtained from Merck. Fluorine doped tin oxide glass (10 cm x 10 cm x 2.3 mm) was
purchased from Merck and cut using a diamond glass cutter purchased from Amazon.

Purified water used throughout this experimentation had a resistivity of 18.2 MQ cm.

5.2.2. Bipolar Setup

Two Feeder Setup

The bipolar electrochemical cell was designed using FreeCAD and printed in acrylonitrile
butadiene styrene (ABS) filament using the Ultimaker S5 3D printer. The cell was
designed with a 3 cm separation between feeder electrodes and a 2 cm x 1 c¢m internal
cavity for the BPE, to ensure central alignment. A well and tweezer slot were placed
below and to the side of the FTO slot for easy removal. The objects were unified and cut
out using the Boolean operation on FreeCAD, and then exported to an stl file. Cura
software was used to adjust specific parameters (resolution, infill density, temperature)

for 3D printing. The cell was printed using normal resolution of 0.15 mm with an infill
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density of 20%, and was printed at a temperature of 230°C. The voltage drop across the
feeder electrodes was achieved using an Elektro-Automatik EA-PS 5200-02A power
supply. FTO glass was used as the BPE and titanium as the feeder electrodes. FTO
electrodes of 2 cm x 1 cm (£ 0.2 cm both sides) for the two feeder set up were cut using
a diamond glass cutter, sonicated in an alcohol (ethanol/ isopropanol) and dried using
nitrogen gas prior to use. A multimeter was used to determine which side of the glass had
the FTO layer by measuring the resistance. Titanium electrodes ( 2cm x 1 cm x 2 mm)
were sanded using 1600 grit sand paper (10-11 um particle size) between experiments.
The bipolar polymerisation was carried out using 3 ml (two feeder) 10 mM EDOT in
deionised water. The voltage drop across the length of the bipolar electrode was calculated

using the following equation (Eqt.1.1):>

let Eqt.1.1
AEelec = Etot <l&) a

channel

where [channer 18 the distance between driving electrodes, . is the length of the BPE, and

Ew:1s the total voltage applied to the system.

Four Feeder Setup

The four feeder bipolar electrochemical cell was designed using FreeCAD and printed in
acrylonitrile butadiene styrene (ABS) filament using the Ultimaker S5 3D printer. The
cell was designed with a 3 cm separation between opposite feeder electrodes and a 1.5
cm x 1.5 cm internal cavity for the BPE, to ensure central alignment. FTO electrodes of
approximately 1.5 cm x 1.5 cm (£ 0.2 cm both sides) for the four feeder set up were cut
using a diamond glass cutter, sonicated in an alcohol (ethanol/ isopropanol) and dried
using nitrogen gas prior to use. Bipolar polymerisation was achieved using 6 ml of 10
mM EDOT in deionised water. All other experimental conditions remained the same as

described in the two feeder setup.
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5.2.3. Electrochemical Setup

Cyclic voltammetry was performed using an AutoLab (Metrohm) systems potentiostat.
For CV and EIS experiments, the area of the working FTO electrode was controlled by
masking using teflon tape; surface area of 1 cm? (two feeder) and 1.5 cm? (four feeder).
An Ag/AgCl (saturated KCl) was used as the reference electrode, and a coiled platinum
wire counter electrode (*3.62 cm? ) completed the three electrode setup. All films were

cycled in 0.1 M LiClOy solutions.

Surface coverage was calculated using the following:®

I = Q/nFA
Q/n Eqt. 2.1

where T is the surface coverage of the deposited film in mol/cm?, Q is the charge
(capacitance x potential window of 0.6 V), n is the number of transferred electrons

(assuming 2.25), F is Faraday’s constant, and 4 is the surface area of the electrode in cm?.

5.2.4. Impedance

All impedance measurements were carried out using an Autolab potentiostat (Metrohm)
with an applied AC amplitude of 0.01 V in potentiostatic mode. Impedance measurements
were performed using a three-electrode system with a working electrode area of 1 cm?
for the two-feeder set up and 2.25 cm? for the four-feeder set up, Ag/AgCl reference
electrode, and a coiled platinum wire. A frequency of 1x10° Hz to 0.1 Hz with an applied
voltage of 0.2 V. All impedance measurements were recorded in 0.1 M LiClO4. Nova

software was used to fit the EIS data to the appropriate circuit as shown in Figure 5.4 (d).

5.2.5. Microscopy

A Nikon eclipse ME600 microscope was used to determine the polymerisation distance
on the BPE electrode. This was achieved by measuring the edge at which polymerisation
begins to the location where no blue film could be seen. This method could underestimate
the region over which PEDOT is deposited since it does not have the sensitivity to detect

very thin layers/monolayers. The microscope images were captured using a camera
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inserted into the microscope and were displayed using S-EYE software. The percentage
surface coverage was calculated by dividing the measured polymerisation distance by the

length of the BPE.

5.2.6. Scanning Electron Microscopy

A Jeol JSM-IT 100 InTouchScope electron microscope was used to image the bipolar
PEDOT films on FTO using an accelerating voltage of 2.0 kV and a secondary electron
detector. The BPE was placed on SEM specimen stub and stuck down using a conductive

carbon adhesive sticker.

5.2.7. Electric Field Mapping

Modelling of the electric field distribution was performed using FreeCAD, Salome, and
Elmer software. Firstly, the cell design was created in FreeCAD with titanium electrodes
of dimensions 1 cm (Length) x 2 cm (Height) x 2 mm (Depth). For the two-feeder model,
a cell of 3 cm x 1 cm was created, and for the four-feeder model a 3 cm x 3 cm cell was
used. The files were then converted to BREP files and were imported into Salome. In
Salome, the objects (feeders and cell) were rescaled to centimetres, as this software
converts items to metres. Individual solid objects were created and then partitioned into
discrete entities so that their properties, e.g., conductivity or permittivity could be
controlled. The objects were then converted into meshes as this allows for every part of
the surface to be considered in the electric field distribution. The project was saved as a
UNYV file and imported into Elmer software. In Elmer, the bodies were divided to create
boundaries on each surface. The surfaces on each body were then unified, so each body
had their own boundary. The material of each body was based on the relative permittivity
of the material. In this case the cell was given a relative permittivity of 80, and the
titanium electrodes were assigned a relative permittivity value of 1x10° as the relative

permittivity value of a metal is infinite.”
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5.3. Results and Discussion
5.3.1. The Effects of Electrode Size on Electric Field Distribution

To gain further insight into the potential distribution, electric field shape, and mass
transport processes, EDOT was polymerised on BPEs of varying length (1.4 cm, 2.0 cm,
and 2.6 cm). The applicability of the linear potential gradient model and voltage drop
across the BPE equation (Eqt. 1.1) were investigated by comparing the predicted
potentials across the positive BP pole and the potentials at which experimentally observed
polymerisation stops. By changing the size of the BPE, it is possible to investigate the
influence of potential as the distance between the BPE and feeder electrodes become

reduced.

5.3.1.1. CAD and 3D Printing

FreeCAD was used to design the in house bipolar electrochemical cell. The cell was based
on a two 2 mm feeder electrode, one bipolar electrode system. After troubleshooting
various designs, the following design was used for all experimentation. The titanium
feeder electrodes were separated by a distance of 3 cm. A 2 cm x 1 cm BPE slot was
incorporated in the design to ensure accurate alignment of the BPE (to ensure 0 V occurs
at the centre of the BPE) and consistency in FTO sizes. A 1 cm x 1 cm well was also
incorporated in the design to prevent the FTO suctioning to the base of the cell. A tweezer
slot was place perpendicular to the FTO slot for ease of FTO removal after

polymerisation. Cura software was used to adjust printing parameters for 3D printing.
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5.3.1.2. Characterisation of the PEDOT Modified BPEs

Theoretical Theoretical Voltage at which
PEDOT  vyoltage BP Polymerisation Stops

BPE Length Coverage Anode (based on microscope exp.)
14cm I 25% 7V 5.25V
1.65cm I 27 % 8.25V 6V

2.1cm 30 % 105V 74V

2.3cm 27 % 115V 8.4V

2.65cm 29 % 13.25V 94V

2.7cm 22 % 135V 105V

2.4cm I 29 % 12V 85V

Figure 5. 2. Diagram of BP PEDOT polymerisation on BPEs of varying lengths.
Polymerisation was performed on an FTO BPE in 10 mM EDOT Milli-Q water solution
at 30 V for 20 minutes. Percentage coverage was determined experimentally as described
in Section 5.2.5. Maximum voltages at the tip of the BPE anode were calculated using
Eqt. 1.1. Theoretical voltages where polymerisation stops was calculated by measuring
the polymerisation distance as described in Section 5.2.5. The voltage where the

polymerisation stopped was then calculated using Eqt. 1.1.

PEDOT was polymerised wirelessly on BPEs of varying lengths in the standard two
feeder bipolar system and the results are as shown in Figure 5.2. These experiments were
performed to gain insights into the potential gradient, electric field distribution, and to
investigate the BPE potential distribution equation (Eqt. 1.1). Firstly, the maximum
theoretical voltages that could be generated at the edge of the BPE anodes were calculated

using Eqt.1.1.%1%!! This equation was also used to calculate the voltage at which PEDOT
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polymerisation stopped which was initially determined as described in Section 5.2.5. The
percentage coverage was calculated by measuring polymerisation distance using a
microscope (Section 5.2.5). It is important to note that polymerisation distance was
determined visually, so areas where the film is very thin, e.g., monolayers, are not
considered leading to potential underestimates of the area. The polymerisation distance
was divided by the length of the BPE to calculate the percentage coverage. If a linear
potential decay was occurring on the BPE, polymerisation would be expected to finish at
0.85 V, which is the onset voltage for electropolymerisation of PEDOT.!? With this
assumption, a linear increase in the percentage coverage of PEDOT would be expected
with increasing BPE length. However, this is not the case as the percentage surface
coverage ranges from 22 — 30%, with a possible outlier at 22%. As seen in Figure 5.2,
percentage coverage is within the same range for all samples considering some slight
changes in percentages due to the accuracy of the visual test. This behaviour cannot be
explained by the linear potential model suggesting that alternative factors,'*'# other than
the magnitude of the potential induced in the BPE play significant roles. Another
observation is the consistency in percentage surface coverage (22-30%); however, as the
electrode length increases, the quantity of material deposited increases which can be seen
visually in Figure 5.3 (but the percentage coverage does not change significantly). It is
also possible that migration is playing a role in the deposition surface coverages due to
the movement of cationic radicals and oligomers from the positive end of the BP pole, to
the negatively charged feeder electrode.!>!6!7 These results also show that Eqt. 1.1 is not

an accurate method of representing the potential gradient across the BPE.
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Theoretical Electrode

Voltage Length
+7V 1.4 cm
+8.25V 1.65cm
+10.5V . 21cm
+115V | 2.3cm
+13.5 V. 2.7cm

Figure 5. 3. BP PEDOT polymerisation on FTO BPEs of increasing length, ranging from
1.4 cm to 2.7 cm. Polymerisation was performed in an electrolyte free solution.

Theoretical voltages were calculated using Eqt. 1.1.

An important visual observation was the changing deposition shape of the BP PEDOT
films. As the electrode length increases, the polymerisation end point visually becomes
more defined, which could be attributed to a reduction in migration effects as a result of
the changing electric field. Another observation is that the optimised 30 V 20 minute BP
film produces ‘U’ shaped films (in the BP width), however, as shown in Figure 5.3,
polymerisation ends with a straight line from samples 1.4 cm to 2.3 cm and obtains an ‘n’
shaped film at 2.7 cm, further confirming that the electric field is changing with the size
of the BPE.

123



1.4 cm
m 20cm
2.6cm

- [y
D (o]

" 1 1
|

-
FeN
1

- -
o N

1 1
H——

Capacitance / mF
=
Qo

o o
~ o
P |
—a—

0.2 -

0.0 T ' T b T ' T
10 20 30 40

Applied Voltage / V

Figure 5. 4. Capacitance of BP polymerised EDOT in 10 mM EDOT Milli-Q water on
FTO BPEs of varying lengths (1.4 cm, 2.0 cm, and 2.6 cm) at voltages of 10, 20, 30,
and 40 V for 10 minutes. Capacitance was calculated from scan rates studies. Samples

were performed in triplicate.

To investigate the quantity of material deposited on the BPEs of varying lengths, a set of
scan rate studies (5 mV/s — 100 mV/s) were performed from which the capacitance was
calculated. Capacitance was calculated by plotting the current at 0.2 V versus scan rate
and obtaining the slope of the line.!8!87 The capacitance of bare FTO was also calculated
(I1x10° F) but was deemed negligible in these calculations. Therefore, the calculated
capacitance is a representation of the amount of PEDOT deposited on the electrode
surface. Figure 5.4 displays the results of these calculations for electrodes of three
different lengths and four different voltages. Firstly, the smallest electrode measured, 1.4
cm, does not show a linear capacitance increase with increasing voltage. The initial jump
from 10 V to 20 V results in a substantial increase of capacitance which later tapers off
from 20V to 40 V which is not expected. This is not expected as current BP theory
suggests a gradient potential across the BPE, leading to the assumption that by doubling
the voltage, the quantity of the deposited material would also be doubled. The 2.0 cm
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BPE demonstrates a linear increase with increasing potential which is exactly what would
be expected based on the potential decay studies as per Figure 4.8 and current bipolar
theory.!® The difference in capacitance measurements between the 1.4 cm and 2.0 cm
BPEs are what would be expected for this work. As the BPE increases in size, the voltage
experienced across the BPE also increases, therefore more PEDOT material is expected
to be deposited which is effectively shown in Figure 5.4 sample 1.4 cm and 2.0 cm. The
2.6 cm BPE:s also increase linearly, however, interestingly the quantity of PEDOT present
on the surface of the BPE is similar to that of the 2.0 cm electrodes. This is an important
observation as it could suggest that there is a limiting process occurring as the BPE
approaches the feeder electrodes, however further experimentation at longer feeder

electrodes would be required to prove this.

125



5.3.1.3. Impedance
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Figure 5. 5. EIS and CV data of the BPEs of varying length in 0.1 M LiClOs. (a) 1.4 cm
BPE capacitance results for initial EIS (EIS 1), scan rate study (CV), and second EIS
measurement (EIS 2). (b) 2.0 cm BPE capacitance results for initial EIS (EIS 1), scan rate
study (CV), and second EIS measurement (EIS 2). (¢) 2.6 cm BPE capacitance results for
initial EIS (EIS 1), scan rate study (CV), and second EIS measurement (EIS 2). BP
PEDOT films were formed by BP polymerisation at 30 V for 20 minutes in 10 mM EDOT
in Milli-Q water. A frequency range of 1x10° Hz to 0.1 Hz at 0.2 V was used for all

impedance results. (d) The circuit used for EIS data fitting using Nova software.

To further investigate the quantity of PEDOT deposited on the BPEs of different sizes,

electrochemical impedance spectroscopy (EIS) was recorded at 0.2 V. This data was then
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used to compare capacitance values with that generated from scan rate studies in Figure
5.4. A series of circuit elements describe the system including solution resistance Rs,
capacitance of the double layer at the electrode-electrolyte interface Cai, charge transfer
resistance R, diffusion as a result of film charging Aw, and finally capacitance of the
polymer film C.!*2%2! Nova software was used to fit the impedance data to the appropriate
circuit shown in Figure 5.5 (d). The second capacitance was used as this element
represents the capacitance as a result of the polymer film on the electrode surface.?22%24
EIS was performed prior to scan rate studies and after, to confirm that the capacitance
being observed was due to the polymer film on the electrode surface. The EIS performed
after the scan rate studies was performed to ensure stability of the polymer film, further
confirming the accuracy of the CV measurements. From the EIS results, it is clear that
the capacitance values measured using CV accurately represent the quantity of PEDOT
on the BPE surface. In Figure 5.5 (a), the 1.4 cm BPE shows a non-linear increase of
capacitance with increasing voltage. In Figure 5.5 (b) and (c) which shows both the 2.0
cm and the 2.6 cm BPE, a linear capacitance increase can be seen for both BPEs with

increasing voltage, which is what is expected based on the BP linear model.?>!3
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5.3.1.4. Scanning Electron Microscopy
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Figure 5. 6. SEM images of BP polymerised PEDOT at 30 V for 20 minutes in 10 mM
EDOT Milli-Q water solution. (a) 1.4 cm BPE (b) 2.1 cm BPE (c) 2.7 cm BPE (d) 2.7

cm BPE. BP films were polymerised using a two-feeder electrode system (Figure 5.2).

SEM was used to understand the film morphologies at varying electrode lengths. All
figures correspond to the positive end of the BPE. Figure 5.6 (a) displays the PEDOT film
formed on the 1.4 cm BPE, the smallest electrode length. The film formed was smooth
with no visible aggregates on the surface of the BP anode. At 2.1 cm, the BP PEDOT film
also appeared to have a smooth surface, however toward the edge of the FTO with the
deposited material (positive BP pole), polymer could be seen flaking off the surface of
the electrode. This could be due to shrinkage stress during drying.?® This was seen for all
films past this electrode length. At 2.7 cm, the film is of rougher texture (Figure 5.6 (c)).
It is possible that the increased voltage being exerted on the system results in PEDOT
clusters on the surface of the BPE.?” The BPEs from 2.1 cm to 2.7 ¢cm in Figure 5.6 show
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a rough surface, however, film flaking is an issue at these electrode lengths, making these
substrates unsuitable for cell adhesion. This issue can be combatted by polymerising at a
shorter timescale and a lower voltage, therefore reducing the quantity of PEDOT being
deposited on the BPE. Overall, the morphologies of the films at different lengths are
changing with increasing BPE length, from smooth films to rougher films with small

aggregates.

5.3.2. Shaping the Electric Field

5.3.2.1. CAD and 3D Printing

FreeCAD was used to design a four feeder bipolar electrochemical cell. The cell design
was based on a novel four feeder setup, in which titanium feeder electrodes were
separated by equal distances of 3 cm. This design included a BPE cut out which was of
square shape (1.5cm x 1.5cm). A tweezer slot was also included in the design to allow the
FTO slide to be removed without damaging the PEDOT film. The CAD file was printed
using the Ultimaker 3D printer in acrylonitrile butadiene styrene (ABS) filament. Figure
5.7 (a) includes the CAD design for the four-feeder set up, with the printed cell in ABS
filament being shown in Figure 5.7 (b).

(a) (®)

Feeder Electrode Slot

Tweezer Slot

FTO Slot

e

Feeder Electrode Slot

Figure 5. 7. (a) FreeCAD design of the four-feeder set up including four 2 cm x 1 cm x
2 mm feeder electrode slots and one 1.5 cm x 1.5 cm FTO BPE slot (b) four feeder BP

cell printed in acrylonitrile butadiene styrene.
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5.3.2.2. Bipolar Polymerisation of EDOT using the Four Feeder Setup
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Figure 5. 8. FTO BPE polymerised in 10 mM EDOT Milli-Q water solution at 30 V for
20 minutes (a) Configuration 1: Positive and negative feeders are opposing each other (b)

Configuration 2: Positive feeders and negative feeders are located beside each other.

The bipolar electropolymerisation of EDOT using four feeder electrodes is portrayed by
two different configurations as shown in Figure 5.8. Configuration 1 involves two pairs
of feeder electrodes that oppose one another. PEDOT deposits at the two positive poles
of the bipolar electrode, taking the form of two narrow arcs. From this image it appears
that the electric field being generated by the feeder electrodes does not drive significant
polymerisation across more than 80% of the BPE surface. In Configuration 2, the positive
and negative feeders are adjacent to one another, resulting in PEDOT depositing in an
approximately triangular region between the two negative feeder electrodes. Interestingly,
by changing the feeder configuration, we generate a completely different electric field,

thus polymerising in different shapes.

In order to quantify the amount of PEDOT being deposited on the BPE, a scan rate study
was performed. The capacitance was calculated by the current at 0.2 V versus scan rate
and obtaining the slope of the line. Figure 5.9 shows the flat and featureless cyclic
voltammograms of both Configuration 1 and 2, which are expected for PEDOT as no

faradaic processes are expected within this potential window. The film capacitance was
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converted to charge by multiplying the capacitance by the potential window of 0.6 V.28
From this, the surface coverage (mol/ cm?) was calculated using Eqt. 2.1.? In conclusion,
Configuration 1 deposited 1.06x10” mol/cm? of EDOT, while Configuration 2 deposited
4.31x10? mol/cm? of EDOT. By simply changing the feeder configuration, four times the
amount of polymer can be deposited on the BPE. This is likely happening because of the
feeder setup in Configuration 1 resulting in interferences between the feeder electrodes.

Another reason why this may be occurring is cationic radicals and oligomers are

migrating in the complex electric field.
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Figure 5. 9. Four feeder BP polymerisation of 10 mM EDOT in Milli-Q water at 30 V
for 20 minutes. Each BPE was cycled in 0.1 M LiClOs. Scan rates of 5, 10, 20, 50 and
100 mV/s were used for the scan rate study. (a) Configuration 1 (b) Current versus scan

rate of configuration 1 (c) Configuration 2 (d) Current versus scan rate of configuration
2.
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5.3.2.3. Scanning Electron Microscopy
(a)
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Figure 5. 10. SEM images for PEDOT deposited by bipolar polymerisation using four
feeder electrodes at 30 V for 20 minutes in 10 mM EDOT Mill-Q water solution. (a) and

(b) represent Configuration 1, (¢) and (d) represent Configuration 2.

The morphology of both films was investigated using SEM. Figure 5.10 (a) and (b)
correspond to Configuration 1, while Figure 5.10 (c) and (d) correspond to Configuration
2. The PEDOT film shown in Configuration 1 shows a smooth morphology, with a film
thickness gradient toward the edge of the FTO slide which is identified by the darker
colour. Configuration 2 shows a substantially rougher film, with globular aggregates in
areas toward the corner of the FTO substrate due to thicker deposition as a result of higher
potentials. The film becomes thinner toward the centre of the FTO, resulting in a

smoother, cracked morphology, which could be due to the film drying or film thickness.?¢
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5.3.3. Electric Field Mapping using Simulation Software

FreeCAD, Salome, and Elmer free software packages were used to model the electric
field distribution and to determine the potentials induced in the bipolar electrode. The cell
design, which included the two feeder electrodes or four feeder electrodes and main cell
which contained the solvent were created using FreeCAD. The designs were then
converted to the correct format as described in Section 5.2.7, where they were imported
into Salome software. The designs were rescaled to their original sizes of centimetres as
Salome software converts designs to metres. After this, the three objects were transformed
into meshes, which allowed each triangular mesh to possess a vector. In the Elmer
software, it was essential to create different boundaries between each feeder electrode and
the cell. The experimental potential was also applied to the specific feeder electrodes
which was either +10 V or -10 V. Once the parameters were applied, the potential

distribution, electric field, and electric flux were calculated.

Potential Distribution

The potential distribution refers to the gradient in voltage that is produced within the
solution of the bipolar cell due to the potential applied to the feeder electrodes. The
bipolar electrode is easily polarised and so its potential shifts to match the solution phase
value. Thus, it is important to understand the solution phase potential so that the

potentials at which polymerisation is occurring are known.
Electric Field
An electric field is a field that is generated by the repulsion and attraction of electrical

charge.’*3! The electric field is a vector field, having both magnitude and direction.

Electric Flux

The electric flux is the measure of the electric field flow through a surface.
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5.3.3.1. Two Feeder Electrode Setup
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Figure 5. 11. Electric field modelling of the two-feeder electrode set up, investigating (a)

potential gradient (b) electric field and (c) electric flux.

Figure 5.11 displays the Elmer modelling of the two feeder set up without the BPE present
in the cell. Figure 5.11 (a) represents the potential distribution across the 20 V bipolar
cell. From this mapping, we can see a gradient potential decay across the solution in the
BP electrochemical cell which has been described in the literature.® The gradient potential
decay is shown in Figure 5.11 (a) with the red banded area representing +10 V which
gradually decreases to the blue -10 V, with the centre of the cell (green) representing 0 V.
From the electrode length experimentation (Section 5.4) and the polymerisation time
experimentation (Section 4.3.5) this is not an accurate representation of the system as (a)
at longer electrode lengths of 2.7 cm, polymerisation does not continue close to the centre
of the BPE (Figure 5.3) (b) the percentage coverage of all BPE regardless of length is
approximately the same (Figure 5.2) and (c) polymerisation is occurring beyond the zero
volts point at the centre of the BPE (Figure 4.10). This therefore shows that by inserting
the BPE into the cell, the field shape is changing and deviating from the expected linear
potential decay. In the electric field mapping, the strength of the electric field appears
consistent throughout the BP cell, with some areas toward the corner of the feeder

electrode experiencing stronger fields which is portrayed by the colour red. A thin bright
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blue band can also be seen at both feeder electrodes, which is likely to be a loss of electric
field strength due to the formation of the double layer on feeder electrodes. Figure 5.11
(c) shows the electric flux distribution throughout the bipolar setup with the use of
vectors. At the left side of the anode feeder, there appears to be a stronger flux represented
by vectors with a slightly greater magnitude than the rest of the cell. Toward the cathode
feeder electrode, the electric flux decreases, which is depicted by a reduction in the
magnitude of the vectors. Mapping in the presence of an FTO glass BPE would allow a
more in-depth analysis of the effects of the BPE size and shape on the electric field

distribution.

5.3.3.2. Four Feeder Bipolar Setup — Configuration 1
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Figure 5. 12. Electric field mapping of the four-feeder setup without the BPE
(Configuration 1), investigating (a) potential gradient (b) electric field (c) electric flux
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and (d) image of PEDOT deposited by Configuration 1 on FTO (1.5 x 1.5 cm). Applied

potential of -10 V on the negative feeders and +10 V on the positive feeders.

Figure 5.12 displays the Elmer generated simulations of the four-feeder electrode
Configuration 1 without the BPE. The initial observation is the similarity between the
experimental BP PEDOT deposition shown in Figure 5.12 (d) and the correlating
potential distribution shown in Figure 5.12 (a). The blue ‘n’ shaped distribution represents
the negative feeders which are at -10 V, which are opposite to the positive feeders at + 10
V. The simulated solution potential shown in Figure 5.12 (a) shows the ‘n’ shaped
saturated potential at all four feeder electrodes. Interestingly, the negative feeder electrode
solution potential is the exact shape of the deposited PEDOT film on the positive pole of
the BPE. Figure 5.12 (b) displays the electric field for the four feeder Configuration 1
setup which once again shows a strong electric field at the corners of the feeder electrodes
as indicated by the red and yellow area. The centre of the cell shows a low or no electric
field which is likely due to the interactions between the feeder electrodes. Figure 5.12 (c)
demonstrates the electric flux generated in the system. Interestingly, the negative feeder
at the top of the bipolar cell possesses increased electric flux than that of the opposing
negative feeder which is indicated by a more pronounced red and yellow area at the
corners of the feeder electrode. Interestingly, this is also seen in the deposition on the
FTO substrate in Figure 5.12 (d) as the deposition at the top of the FTO visually has more
deposited PEDOT than that of the bottom deposition. This correlates with the electric flux
distribution, having a greater electric flux at the top negative feeder electrode and thus

the top positive BP pole.
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5.3.3.3. Four Feeder Bipolar Setup — Configuration 2
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Figure 5. 13. Electric field mapping of the four-feeder electrode set up (Configuration 2),
investigating (a) potential gradient (b) electric field (c) electric flux and (d) image of
PEDOT deposited by Configuration 2 on FTO (1.5 x 1.5 cm). Applied potential of -10 V

on feeder cathodes and +10 V on feeder anodes.

Figure 5.13 shows the potential, electric field, and electric flux simulations generated
using Elmer software for the four feeder electrode Configuration 2 without the BPE.
Figure 5.13 (a) shows the solution potential for the four feeder Configuration 2 which
shows +10 V at both positive feeders which is indicated by the colour red, and -10 V at
the negative feeders, indicated by blue. The solution potential in Figure 5.13 (a) shows a
strong correlation between the experimental polymerisation of PEDOT in Figure 5.13 (d),
as the blue bands of the negative feeder electrodes demonstrate the same shape as the
polymerised PEDOT on the positive BP poles. The result is triangular shaped deposition

that stops just before the diagonal halfway point which is also indicated in the solution
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potential simulation (Figure 5.13 (a)). However in Figure 5.13 (d), the actual BP
polymerisation shows a thick PEDOT film at the edges of the BPE, indicated by the dark
navy colour, which is not demonstrated in the solution phase potential in Figure 5.13 (a).
Figure 5.13 (b) shows the electric field distribution of the four feeder Configuration 2
setup, showing a low or no field between two feeder electrodes of the same charge that is
indicated by a blue area. The strongest field is shown to occur at the feeder corner that is
nearest to the opposing charge feeder electrode. This simulation also shows that the is a
low electric field between feeder electrodes that are opposite one another regardless of
the fact that they are different charges. Figure 5.13 (c) displays the electric flux of the
system with vectors, showing the interactions between the feeder -electrodes.
Interestingly, the vectors that are coming from the positively charged feeder electrodes
have a greater magnitude than other vectors in the system, showing that there is a strong

electric flux from the corners of the positive feeder electrodes.
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5.4. Conclusion

This work demonstrates the wirefree polymerisation of PEDOT to develop a further
understanding of the electric field distribution generated during bipolar electrochemical
processes. Bipolar electrodes (BPE) of different lengths |(1.4 cm, 2.0 cm, 2.6 cm) were
used to gain further insight into the effects of the BPE on the distribution of the electric
field, and therefore the potential experienced at that electrode. From this work, it was
determined that the quantity of PEDOT material being deposited on the electrode surface
was increasing with increasing electrode length, however the percentage surface coverage
remained the same. This work therefore contradicts Eqt. 1.1 and the linear potential decay
model, as these would imply a linear potential decay across the BPE with the centre of
the BPE equating to zero volts. Eqt. 1.1 is not suitable to describe the potential distribution
across the BPE, as the potential at which polymerisation is stopping is increasing in
voltage with increasing electrode length as shown in Figure 5.2, which is not expected. It
would be expected that the potential at which polymerisation stops would remain the
same based on these models. The latter work describes the use of multi-feeder electrodes
and their ability to shape and change the electric field. This work is promising to
understand the potential distribution in the presence of two electric fields. This work has
potential for use in cell stimulation or multi-analyte sensing, having the flexibility to alter
the field lines based on the feeder configurations.

Finally, simulation software was used to map the electric field in solution. In the two-
feeder set up, a linear potential decay could be seen in solution which is not what is seen
in experimentation, leading to the conclusion that the introduction of the BPE has a
significant impact on the shaping of the electric field (the BPE was not mapped in the
software as the computer did not have the ability to run the simulation). Secondly, the
four-feeder BP system was investigated using simulation software. Interestingly, the
solution potential gradient generated by the software does in fact replicate what is being
polymerised on the BPE for both configurations. Overall this work provides an in-depth
mapping and modelling of the electric field being generated using two and four feeder

electrodes which poses questions for the current bipolar linear potential decay model.
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6. Thesis Conclusion

The overarching aim of this project was the creation of an ‘on demand’ drug delivery
system, tackling one of the most formidable issues in modern society, which is cancer.
The drug delivery system was based on the use of biocompatible, multifunctional,
electronically conducting polymers so as to enable more effective therapy for cancer
patients, whilst reducing common side effects. Based on the redox switching of
conducting polymers, a drug delivery system was created using PEDOT as the drug
release vehicle, having the ability to load and release materials upon oxidation and
reduction. The second part of the project focused on the fundamentals of ‘wirefree’ or
bipolar electrochemistry. The main focus of this work was to challenge current theories
in the field, to provide a thorough, in-depth understanding of the technique. By combining
both works, a future project of a wirelessly stimulation release of therapeutics from
biocompatible conducting polymers can be achieved, providing a new, innovative method

for the delivery of therapeutics.

The initial work shown in Chapter 2 provides a comprehensive study of the doping and
de-doping procedures of the conducting polymer PEDOT. In this work, the bulky anion
dodecylbenzenesulfonate is entrapped in the PEDOT film upon electropolymerisation.
The immobilisation of the anion in the film leads to an exchange of cations, rather than
the expected anion exchange for p-type doping polymers. This chapter provides an
important foundation of the polymerisation and doping processes of PEDOT that is vital

for the interpretation of the following chapters.

Chapter 3 further investigates the work performed in Chapter 2, delving deeper into the
redox behaviour of PEDOT. This work demonstrates the polymer’s ability to load (dope)
and release (de-dope) therapeutics upon the application of specific potentials. The
influence of the initial primary dopant is thoroughly investigated in this chapter, showing
that the size of the initial dopant greatly influences the polymer’s ability to load and
release the anti-inflammatory drug naproxen. Diffusion coefficients for both films were
calculated to determine the time taken for the therapeutic to diffuse to and from the film.
The kinetics of the spontaneous and controlled release of the therapeutic were also
calculated to understand which material exhibited a slow release. The second part of this

work explores the effect of film thickness on the loading and release of anti-cancer
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therapeutic mitoxantrone. This work indicates that upon increasing the film thickness, the
quantity of therapeutic incorporated into the film increases linearly.

The second aspect of the project explores wireless electrochemistry and the inaccuracy
and restrictions with current theories. Chapter 4 investigates the electropolymerisation of
EDOT using the bipolar method, analysing the effects of time and voltage on the quantity
of PEDOT deposited and the length of deposition. This work entirely contradicts the
current theory of the linear decay model that has been used to describe bipolar
electrochemistry. The electropolymerisation of EDOT using both bipolar and
conventional methods is also described in this work, ultimately confirming that both

methods produce a similar PEDOT material.

Chapter 5 provides a further investigation into the electric field distribution on the BPE.
In this work, BPE of varying sizes are used to review the accuracy of the potential
distribution equation and to further emphasis the flawed linear decay model. This work
illustrates that the centre of the electrode does not always equate to 0 V, and that the
potential distribution equation does not accurately represent all systems. The use of
multiple feeder electrodes is also studied in this chapter, showing that the electric field
can be shaped by changing the multi feeder electrode configuration. Simulation software
was also used to analyse the electric field distribution in both two feeder and four feeder

settings.

In combining the work presented in this thesis, a thorough understanding of conducting
polymer drug delivery and wireless electrochemistry has been established. Further
building on this work could see the development of a wirelessly triggered conducting
polymer-based drug delivery system that could be used as a minimally or non-invasive

method for delivering therapeutics to patients.
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Future Work
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7. Future Work: Wireless Release of Naproxen from Poly(3.4-
ethylenedioxythiophene) Films

7.1. Aim

The aim of this work is to develop a wirelessly stimulated drug delivery system through
the use of the well-known redox characteristics of conducting polymers and ‘wirefree’
electrochemistry. The purpose of this work would be the delivery of chemotherapeutic
drugs in a safe, controlled, and targeted manner, minimising the cytotoxic effects of
chemo drugs.! In Ireland, the annual cost of treatment is approximately €13,500 per
cancer patient. This work would also focus on targeted, precision dosing, resulting in a
reduction in the quantity of drug required for the treatment of patients and thus, a

reduction in cost to the state.
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Figure 7.1. Schematic representation of the wirelessly stimulated drug release from

conducting polymers.

Based on the work outlined in Chapter 2 to Chapter 5, a wireless drug delivery system
would be the next gradual step for the development of the project. Building on the drug
loading and release mechanisms described using EQCM in Chapter 3, upon the
application of positive and negative potentials, therapeutics can be loaded and released
from polymer films. From the thorough investigation of the bipolar system, specific
potentials can be applied to achieve the necessary voltage to de-dope the therapeutics

from the polymers, resulting in a controlled release of the drug wirelessly.
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Work Package 1: Conventional Loading and Wireless Release of Anti-Inflammatory

Drug Naproxen

Naproxen sodium salt would firstly be used to demonstrate the doping and wireless
release of therapeutics as the compound in significantly cheaper to purchase than an anti-
cancer therapeutic. PEDOT/CI1O4 films would be formed using cyclic voltammetry for 25
cycles in 10 mM EDOT 0.1 M LiClOs solution on FTO glass (2 cm x 1 cm). Using the
standard three electrode setup, the perchlorate ion would be de-doped from the PEDOT
film upon application of -0.5 V for 300 seconds. The PEDOT film would then be loaded
with the anti-inflammatory drug naproxen upon the application of +0.5 V for 300 seconds.
The drug loaded PEDOT film on the FTO substrate would then be transferred to the two
feeder BP setup, and a voltage would be applied to release the drug. The quantity of drug
released wirelessly would be monitored at two-minute intervals. Naproxen is a UV active
molecule, thus, UV-Vis spectrometry would be used to determine the quantity of drug

released wirelessly from the PEDOT films at various intervals.

Work Package 2: Conventional Loading and Wireless Release of Anti-Cancer Drug
Cisplatin

Cisplatin is an anti-cancer drug used in the treatment of ovarian, testicular, bladder and
lung cancers.” It is a negatively charged molecule and would therefore be an ideal drug
for a PEDOT based drug delivery system. Similar to Work Package 1, PEDOT/ClO4 films
would be formed using cyclic voltammetry for 25 cycles in 10 mM EDOT 0.1 M LiClO4
solution on FTO glass (2 cm x 1 cm). Using the standard three electrode setup, the
perchlorate ion would be de-doped from the PEDOT film upon application of -0.5 V for
300 seconds. The PEDOT film would then be loaded with the anti-cancer drug cisplatin
upon the application of +0.5 V for 300 seconds. The drug loaded PEDOT film on the FTO
substrate would then be transferred to the two feeder BP setup, and a voltage would be
applied to release the drug. Cisplatin is not a UV active molecule, therefore HPLC
analysis would be used to quantify the amount of drug wirelessly released from the

PEDOT film.3
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7.2. Conclusion

The development of a wirefree drug delivery system is a novel concept, providing a major
advancement in the way patients are treated. Using the inexpensive wireless approach to
deliver therapeutics provides a targeted, minimally invasive, and more effective treatment
for patients, as well as reducing the side effects of high drug concentrations. Based on the
findings from Chapter 2 to Chapter 5, Work Package 1 would continue the work
performed on the anti-inflammatory drug naproxen by wirelessly releasing the drug as
well as quantifying the material released. Incorporating the anti-cancer drug cisplatin to
the drug delivery system would result in the first wirelessly released anti-cancer drug to

the best of our knowledge.
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