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Abstract  

Over the last two decades, biomaterials have gained significant attention due to their 

versatility and practicality in biomedical applications. Polymers such as polydimethylsiloxane 

(PDMS) and poly(3,4-ethylenedioxythiophene) (PEDOT) have been extensively utilized, 

driving advancements in fields such as tissue engineering, drug delivery, and neural implants. 

This thesis investigates biocompatible materials for neural electrodes and the interactions at 

polymeric interfaces. The studies presented follow a general logic: it begins by understanding 

the basics of materials, advances to exploring their properties and functionalities, and concludes 

with in vivo studies. 

Chapter 1 includes an overview of fundamental principles in neuroscience, 

electrochemistry, and mechanics, followed by an introduction to experimental tools such as 

cyclic voltammetry (CV), chronoamperometry, and atomic force microscopy (AFM) (Chapter 

2). These foundational chapters provide the basis for the methodologies employed in 

subsequent material characterizations. 

Chapter 3 investigates the mechanical properties of PDMS over time using AFM, 

revealing surface changes under different conditions. These findings emphasize the importance 

of monitoring interface properties for long-term applications. Chapters 4 and 5 focus on 

PEDOT with different dopants (PSS- and Cl-), detailing the optimization of coating techniques 

using electropolymerization. Surface morphology analysis via AFM and electrochemical 

studies were conducted to ensure the production of stable, isolated coatings suitable for neural 

electrodes. 

Building on these characterizations, Chapter 6 describes in vitro experiments to study 

ionic motion at the polymer-solution interface using a biopotentiostat setup mimicking neural 

activity. Chapter 7 advances to in vivo studies by implanting PEDOT-coated tetrodes into a 
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mouse brain, demonstrating the device biocompatibility and evaluating its neural recording 

performance. 

Overall, the thesis establishes a solid understanding of biomaterials PDMS and PEDOT, 

revealing insights into polymer surface alterations, ionic response dynamics, and coating 

optimization for neural electrodes. Together, these results can be instrumental in the further 

development of neural recording devices. 
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Glossary 

Roman Symbols  

Symbol Meaning Unit 

(Neuroscience and Electrochemistry Part) 

A Area m2 

["!] Bulk concentration of species AZ mol cm-3 

aj Activity of species j  

Cd Capacitance per unit area F m-2 

Cj Concentration of species j mol cm-3 

D Diffusion coefficient cm2 s-1 

Dj Diffusion coefficient of species j cm2 s-1 

d Diffusion layer thickness cm 

I Electrical current A 

Ip Peak current A 

Ic , Iox , Ired Capacitive, oxidation, reduction current A 

J Heterogeneous reaction flux mol cm-2 s-1 

$"(&) Flux of species j mol cm-2 s-1 

[(] Concentration of species j mol dm-3 

E Applied potential at the electrode V 

E0 Standard electrode potential V 
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)#$ Formal potential V 

Emid Mid-point potential V 

∆)%% Peak to peak separation V 

F Faraday constant C mol-1 

k0 Standard electrochemical rate constant cm s-1 

kc, ka Rate constant for cathodic/anodic reactions  Unitless 

mT Mass transport coefficient cm s-1 

M Molar mass g mol-1 

N Collection Efficiency Unitless 

NA Avogadro constant mol-1 

n Number of electrons transferred Unitless 

Pj Permeability of species j m s-1 

ps Smoothing parameter Unitless 

Q Electric charge C 

R Universal gas constant J K-1 mol-1 

Rbulk Bulk solution resistance Ω 

T Absolute temperature K 

t Time s 

wvscore Waveform score Unitless 

wi Mean waveform of species i Unitless 
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z Charge of the species C 

zj Ionic charge of species j C 

P Permeability cm s-1 

Veq Equilibrium potential V 

Vin , Vout Intracellular, extracellular potential V 

Vm Membrane potential V 

Vmeasured Measured potential difference V 

Vr Resting membrane potential V 

 (Mechanics Part)  

a Contact radius m 

E Young’s modulus Pa 

Eeff , Et , Es Effective, indenter, surface Young’s modulus Pa 

F Force N 

fc Resonance frequency Hz 

k Stiffness, spring constant N m-1 

kc Cantilever stiffness N m-1 

InVOLS Inverse optical lever sensitivity m V-1 

Q Quality factor Unitless 

R Radius m 

w Energy of adhesion J m-2 
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z Cantilever deflection m 

Zp Piezo displacement m 

Zcp Contact point position m 

 

 

Greek Symbols 

Symbol Meaning Unit 

 (Neuroscience and Electrochemistry Part)  

α, β Transfer coefficient Unitless 

," Activity coefficient of species j Unitless 

⋀ Matsuda-Ayabe parameter Unitless 

." Chemical potential of species j J mol-1 

."$ Standard chemical potential of species j J mol-1 

.̅" Electrochemical potential J mol-1 

ʋ Scan rate Vs-1 

0#&'((&) Local fluid velocity cm s-1 

1 Density g cm-3 

2)*+ Average charge density C cm-2 

3 Response time s 

4 Electrical potential V 
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 (Mechanics Part)  

5 Indentation depth m 

6 Strain Unitless 

7 Viscosity Pa s 

v Poisson’s ratio Unitless 

2 Stress Pa 

3 Relaxation time s 

 

 

Abbreviation 

Abbreviation Full name 

ACSF Artificial cerebrospinal fluid 

ADP Adenosine diphosphate 

AFM Atomic force microscopy 

AP Action potential 

ATP Adenosine triphosphate 

CE Counter electrode 

CNT Carbon nanotube 

CP Conductive polymer 

CV Cyclic voltammetry 

DI Deionized water 
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ECF Extracellular Fluid 

EDX Energy dispersive X-ray 

GMM-N General Maxwell Model with N arms 

HFV Heavy Formvar 

ICF Intracellular Fluid 

JKR Johnson-Kendall-Robertson 

KV Kelvin-Voigt 

MW Maxwell 

OCP Open circuit potential 

P Inorganic phosphate 

PANI Polyanilines 

PBS Phosphate buffered saline 

PDMS Polydimethylsiloxane  

PEDOT Poly(3,4-ethylenedioxythiophene) 

PPY Poly(pyrrole) 

PSS Polystyrene sulfonate 

Pt Platinum 

PTE Photothermal excitation 

RE Reference electrode 

RMS Root-mean-square 
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SCE Saturated calomel electrode 

SEM Scanning electrode microscope 

SLS Standard linear solid 

SS Stainless steel 

W Tungsten 

WE Working electrode 
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Chapter 1                                                                           

Introduction  

A neural electrode is an implantable device used to record neural electrical activity 

extracellularly. Neural electrodes are used for establishing functional links between 

neurophysiological phenomena in specific brain areas and processes such as memory 1, sleep, 

brain oscillations and how they relate to the complex behaviours of animals 2, and neurological 

disorders like epilepsy 3, Parkinson’s 4, Alzheimer’s diseases 5.  

The aim of this project is to develop a biocompatible neural recording electrode and to 

study associated interfacial processes. This requires a comprehensive understanding of 

electrode design, and working principles, together with material properties to achieve the 

project goals. Therefore, this chapter introduces some fundamental theories of neuroscience, 

electrochemistry, and mechanics. It begins by explaining the origin of neural signals and how 

these signals are captured by electrodes. This is not a purely brain electrophysiology problem, 

on the one hand, at the electrode surface, there are usually ion motions and electron transfer; 

how these species migrate from distant bulk to the electrode also requires consideration. Hence, 

electrochemistry is required to explain how the electrode measures electrical signals. On the 

other hand, since a rigid electrode is implanted within soft tissues, complex mechanical 

contributions to the process are also likely to be important, both for the electrical measurement 

itself, and for the response of the living tissue surrounding the electrode. Thus, mechanical 

properties such as elasticity and viscoelasticity are investigated to understand the ‘mechanical 

mismatch’ at the interface between materials. Collectively, these topics lay a foundation that 

helps in understanding the experiments and analyses conducted in subsequent chapters. 
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1.1  Introduction to Neural Electrode 

This section explains the origin of one of the dominant neural signals captured during 

extracellular recording, the action potential (AP). Then the shape of the recorded signals due to 

charge movement is explained. 

1.1.1 Origin of Neural Signal – Action Potential 

Nerve cells, or neurons, are the signaling units of the nervous system 6. A typical neuron, 

illustrated in Figure 1.1, comprises four morphologically distinct regions: the cell body (also 

known as the soma), dendrites, an axon, and presynaptic terminals 6, 7. The cell body, or soma, 

contains a nucleus and radiates multiple protrusions. Typically, the protrusions include one long 

axon, which conducts signals away from the soma to distant targets, and several shorter, 

branched dendrites, acting as antennae to increase the surface area for receiving signals from 

axons of other neurons 6, 7. At the distant end of the axon, it often divides into numerous 

branches, enabling the transmission of messages to multiple target cells simultaneously 6, 7. 

Despite the varying significance of the signals conveyed by different neuronal classes, the form 

of the signal remains consistent – a change in the electrical potential across the neuron 

membrane 6, 7. 

In an excitable membrane, such as that of a nerve or muscle fiber, an influx of current 

exceeding a certain threshold can lead to membrane depolarization, which may trigger a 

regenerative change in potential known as an action potential (AP) (Figure 1.2) 6. The AP can 

be described as a rapid sequence of changes in voltage across the membrane or membrane 

potential.  The membrane potential (8,) is defined by the equation:  

 8, = 8-. − 8'/0 (1.1) 

where 8-.  and 8'/0  represent the intracellular and extracellular potentials, respectively. The 

membrane potential at rest is known as the resting membrane potential 81 6.  
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At the rest state of a neuron, the concentration of cations between the intracellular and 

extracellular space differs from one side of the membrane to the other 6, 8, 9, as detailed in Table 

1.1 and Table 1.2. This separation of charges is maintained by the lipid bilayer of the membrane 

(Figure 1.3), which impedes ion diffusion. Consequently, the concentration difference 

establishes a chemical gradient, while the separation of charges results in an electrical gradient, 

together constituting an electrochemical gradient across the membrane 6, 8, 9. Equilibrium for a 

specific ion is reached when the potential difference produced across the membrane balances 

the opposing force due to the concentration gradient. Such equilibrium potentials can be 

described by the Nernst equation  6, 8, 9:  

 823
[5] =

;<
=> ln

[X]'/0
[B]-.

 (1.2) 

where 823
[5] is the equilibrium potential of the ion [X], R is the universal gas constant, T is the 

absolute temperature (unit: K), z is the charge on the ion X which passes through the membrane 

(e.g. For X = K+, z = +1; for X = Cl-, z = -1), and F is the Faraday constant 6, 8, 9. However, the 

membrane potential Vm is not equal directly to the ionic equilibrium potential 823
[5]. The resting 

membrane potential varies among different nerve cells, where the variation depends on two 

factors: the unequal distribution of ions, particularly Na+ and K+ ions (maintained by Na+－K+ 

ion pump), and the selective permeability due to the presence of ion channels in the membrane 

(Figure 1.3) 6. The dependence of membrane potential on ionic permeability and concentration 

can be quantified by the Goldman equation 6:  

 8, =
;<
=> CD

∑ F-[B-]- '/0

∑ F-[B-]- -.

 (1.3) 

where [B-] represents the ionic species, and F- represents their corresponding permeability.  

As shown in Figure 1.3, ion channels are embedded within the membrane, functioning as 

gates that regulate the transmembrane movement of ions. For example, voltage-gated Na+ 
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channels selectively permit the passage of Na+ ions, with their opening and closing governed 

by the membrane potential. Ion pumps, also depicted in Figure 1.3, are embedded in the 

membrane and utilize energy in the form of Adenosine triphosphate (ATP) to operate. ATP is 

a nucleotide that serves as a ‘molecular unit of currency’ of energy to drive a variety of 

processes and chemical reactions in cells 7. Through the hydrolysis of ATP into Adenosine 

diphosphate (ADP) and inorganic phosphate (denoted as P), ion pumps acquire the necessary 

energy to actively transport ions against their concentration gradient, such as extruding Na+ 

ions from the intracellular space to the outside as illustrated in Figure 1.3, thereby maintaining 

an uneven ion distribution. 

After understanding the basic mechanisms of ion movement across the cell membrane, the 

next stage is to explain the generation and characteristics of the action potential (AP). As 

mentioned previously, an AP is a transient change in membrane potential driven by the 

movement of ions into and out of the cell. The ionic basis of the AP has been extensively studied 

using the giant axon of the squid (Table 1.1). This research revealed that the AP arises primarily 

from the interplay of two currents: voltage-gated Na+ and K+ currents, which respectively 

produce the rising and falling phases of the AP 8. 

Figure 1.2 presents a general shape of an AP. When the level of excitation exceeds the 

activation threshold, the Na+ ion channels are activated and opened (Figure 1.2, Stage ①), 

resulting in a rapid influx of Na+ ions from the extracellular space into the cell, driven by the 

concentration gradient. If the stimulus is insufficient, depolarization does not occur, leading to 

minor fluctuations that represent failed initiation events. Because the Na+ channels activate 

more rapidly than the K+ channels, a brief spike in depolarization is observed, reaching a 

maximum (Figure 1.2, Stage ②). Subsequently, the Na+ channels spontaneously inactivate, 

while the strong depolarization triggers the opening of K+ channels, leading to the outflow of 

K+ ions in alignment with their concentration gradient. Consequently, repolarization takes place 
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(Figure 1.2, Stage ③), gradually lowering the membrane potential and taking it towards the 

equilibrium potential of K+, 823
[7!]  (Table 1.1) 8. Because K+ channels close slowly, the 

membrane potential may transiently undershoot the resting potential, a phenomenon referred to 

as hyperpolarization (Figure 1.2, Stage ④) 8. Following an AP, there is a refractory period 

(Figure 1.2, Stage ④) during which some Na+ channels remain inactivated, and K+ channels 

have not yet closed. After this, the resting membrane potential is recovered and ready for the 

next stimulus to trigger a new AP. Throughout the process, the Na+－ K+ ion pump always 

works to re-establish the initial electrochemical equilibrium 8.  

 

Figure 1.1: Structure of a typical neuron. Most neurons consist of a cell body, dendrites, an 

axon, and axonal terminal branches. The cell body, also known as soma, contains a nucleus. 

The cell body and dendrites act as input elements of the neuron, receiving signals from other 

neurons; branched dendrites expand the surface area for signal reception. The axon serves as 

the transmitting element of the neuron. Terminal branches of the axon transmit signals to the 

other cells 6, 7. The picture was created using Biorender. 
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Figure 1.2: The general shape of an action potential (AP) 8. The shape of AP is mainly the 

interplay of Na+ and K+ currents, which causes depolarization and repolarization, respectively. 

The picture was created using Biorender. 

 

Figure 1.3: An illustration of the environment across the neural membrane 6, 9. Na+ ions have 

a much larger concentration in the extracellular space, whereas K+ is more concentrated inside. 

Across the membrane, there are ion channels, either open (left one) or closed (right one), 

allowing the passage for a specific type of ions, and an ion pump that transports 3 Na+ out and 

brings in 2 K+ ions each time it consumes one ATP. 8-. ,	8'/0 , and 8,  are the intracellular, 

extracellular, and membrane potentials. The picture was created using Biorender. 
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Table 1.1: Major ion concentrations on either side of an at-rest neuronal membrane from a 

giant axon of the squid. A- represents organic anions, which primarily are amino acids and 

proteins inside the cell 6. ECF: Extracellular fluid. ICF: Intracellular fluid. The equilibrium 

potential for each ionic species is calculated using equation (1.2).  

 

1.1.2 Principle of Extracellular Recording 

In general, there are two primary methods for performing single-unit neural recordings: 

intracellular and extracellular recordings. These methods differ in the positioning of the 

recording electrodes. For instance, the detailed shape of the AP was initially measured by 

Hodgkin and Huxley using intracellular techniques 10, where one recording electrode penetrates 

the interior of the cell membrane, and another was placed in the extracellular environment to 

serve as a reference. However, extracellular recording is more commonly employed to record 

neural activity during in vivo experiments. In this method, the working electrode is positioned 

near neurons but without direct contact, which simplifies the procedure compared to 

intracellular measurement by eliminating the need for the electrode to be precisely placed on a 

specific neuron. 

To understand the extracellular recording, a volume conduction theory is assumed, where 

the axon acts as a conductor immersed in an electrolyte and that the medium between the source 

and the recording site exhibits low and uniform resistance 11.  

Once an AP is initiated at any point on the membrane, the resulting local depolarization 

spreads passively along the axon. This passive spread causes successive adjacent membrane 

Ion ECF Concentration 
/mM 

ICF Concentration  
/mM 

Equilibrium Potential 
/mV 

Na+ 440 50 +55 

K+ 20 400 -75 

Cl- 560 52 -60 

A- / 385 / 
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regions to reach the threshold needed to generate subsequent APs, and hence, the AP can 

propagate along the axon 6 (Figure 1.4). As depicted in Figure 1.4, the point of greatest 

depolarization is called the ‘sink’, while the neighboring areas serve as the ‘source’ for the 

current flowing into the sink, where the current is conventionally defined as the cation flow. 

The difference in membrane potential drives a local ionic current from the source to the sink 

outside the membrane. Consequently, the AP or ‘spike’ recorded by an extra-cellular micro-

electrode is the result of ion currents flowing in the extracellular space surrounding an active 

neuron 11. 

 

Figure 1.4: Plot of membrane potential along an axon reflects the propagation of action 

potential 6. The arrow indicates the direction of current flow (cation movement) from adjacent 

regions into the depolarized region. Regions 1 and 3 are the ‘sources,’ and region 2 is the ‘sink’.  
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Figure 1.5: Model of neuron to predict and explain the shape of the waveform recorded. (a) A 

triphasic waveform can be recorded from an isolated axon as the action potential (AP) 

approaches, passes, and recedes from the recording site. (b) A biphasic waveform can be 

recorded from a cell body (soma) or the initial segment of an axon where the AP is initiated and 

then propagates.  

 

To further understand the recording signal, consider an electrode placed near a neuron, 

either along the long axon (Figure 1.5(a)) or near the soma of a neuron (Figure 1.5(b)). The 

electrode setup in Figure 1.5  includes one recording site (the long probe), one reference 

electrode (the short probe), and one amplifier (indicated by the triangle symbol).  

When the neuron is at rest, the membrane potential is uniform across the entire cell, 

resulting in no current flow. However, once depolarization occurs at any point and approaches 

the recording site (Figure 1.5 (a)-A), current in the adjacent area flows toward the activated 

region. In this case (Figure 1.5 (a)-A), the recording site is positioned above the 'source' area, 

from which the current moves away from the electrode, registering as a positive signal. 

Conversely, when the AP reaches the regions beneath the electrode (Figure 1.5 (a)-B), the 

(a) (b) 
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electrode is then above a ‘sink’. Thus, currents from the surrounding regions converge toward 

the electrode, resulting in a negative recorded signal. As the AP recedes, the direction of the 

current flow reverses again (Figure 1.5 (a)-C). Collectively, these three stages in Figure 1.5 (a) 

generate a triphasic waveform in the recorded signal. 

Moreover, there could be a situation where the electrode is positioned near the soma of a 

cell or the initial segment of an axon, which is the origin point of the signal. In this case, as 

depicted in Figure 1.5(b), a biphasic signal is recorded. Initially, the electrode captures a 

negative signal as depolarization happens, which then reverses as the AP propagates away from 

the soma. 

Overall, this simplified neuron model provides a clear understanding of the recorded 

signals. The theoretical constructs of triphasic and biphasic waveforms have been 

experimentally confirmed by several previous studies 12, 13. However, in reality, neuron 

morphology and the resulting recorded signals are often more complex than this simple model 

suggests. Several factors influence the shape of the recorded signal, such as cell morphology, 

the distribution of active conductance on the somatic and dendritic membranes, the state of cell 

excitability, and the electrode's position relative to the cell body 11, 14. Conversely, this 

complexity is advantageous as it allows for the differentiation of signals from various neurons, 

thereby facilitating the processes of spike separation and sorting. Individual neurons represent 

the structural and functional units of the nervous system, and their spatially and temporally 

resolved activities are crucial for understanding the working mechanism of a brain 15-17. 

In this thesis, a specific type of electrode called a tetrode, which is formed by twisting four 

microwires together (Figure 1.6), is used for extracellular recording. As described in Chapter 

6 in vitro experiments were conducted using PBS, which has an ionic constitution similar to 

that of ECF (Table 1.2). Descriptions of the electrode and the experimental procedures are 

included in the introductory sections of the relevant following chapters. 



11 
 

   

Figure 1.6: (a, b) Planar and cross-sectional view of a tetrode. Four insulated metal wires are 

twisted together to form a tetrode, where the green sections represent insulation, and the grey 

areas are the exposed metal discs. The boxed region of the tetrode tip is shown in (b). It needs 

to be noted that the four metal discs on a tetrode are separated by the insulation. 

Table 1.2: Extracellular fluid (ECF) content 18, intracellular fluid (ICF) for a typical 

mammalian cell 19, 20, and 0.01M phosphate buffered saline (PBS) 18 ion content.  

  

Ion ECF concentration / mM ICF concentration / mM 0.01M PBS / mM 

Na+ 147 12 153 

K+ 2.90 140 4.20 

Ca2+ 1.14 10-4 / 

Mg2+ 1.10 3.5 / 

Cl- 113 2.5-50 140 

HCO3- 23.3 10 / 

PO43- 0.358 60 9.57 

(a) (b) 
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1.2  Introduction to Electrochemical Processes at the Interface 

This section examines the processes occurring at the electrode-solution interface. First, it 

discusses the electrochemical aspects to understand the nature of the current flowing at an 

electrode. Second, electrode kinetics and equilibria are introduced to quantify different 

processes. 

1.2.1 Faradaic and Non-Faradaic Processes 

In general, when a current passes through an electrode, there are two possible processes: 

Faradaic and non-Faradaic 21, 22. During an electrochemical experiment, both processes can 

coexist. The distinction is that Faradaic current results from electron transfer at the 

electrode/solution interface, while non-Faradaic current results from the movement of ions 

around the electrode 21, 22. During extracellular neural recording, the non-Faradaic current is the 

dominant current. However, when electropolymerization is used to deposit polymers via 

oxidation or reduction, the increase of current collected at the working electrode is due to 

Faradaic processes. Both types of processes are important to understand neural electrodes and 

coating materials. They are discussed separately in the following sections.   

1.2.1.1 Faradaic Processes 

A Faradaic process involves a redox reaction and the transfer of electrons across the 

metal/solution interface, producing a current called a Faradaic current 21, 22. To understand how 

the electron transfer occurs at the interface, consider a one-electron transfer reaction in an 

aqueous solution with a redox couple AZ and BZ-1 (Figure 1.7(a, b)):  

 "	9(LM) + O	:(P)	
;"⇌
;#
	 	R	9:<(LM) (1.4) 

where kc and ka represent the rate of reaction at the cathode and anode, (aq) indicates that the 

ion is in the aqueous phase, and (m) means the electron is in the metal electrode. The metal 
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electrode has a continuous conduction band with the energy level filled up to the Fermi level. 

However, the energy levels associated with AZ and BZ-1 in the solution phase are discrete and 

related to their unfilled molecular orbital. If the Fermi level naturally exceeds the vacant orbital 

energy level in the ion, it is then energetically favourable for electrons to leave the Fermi level 

to join the unoccupied molecular orbital of AZ, resulting in the formation of BZ-1 (Figure 1.7(a, 

b)). As the electron transfer proceeds, positive charge gradually accumulates on the electrode, 

lowering the Fermi level 21. Simultaneously, negative charges developed in the solution phase 

elevate the energy levels of the solution species (Figure 1.7(b)) 21. When the energy levels in 

the electrode and the solution match, electron transfer occurs in both directions (Figure 1.7(b)) 

21. When the rate of transfer is equal in both directions (kc = ka), dynamic equilibrium is 

established, resulting in no further net charge 21.  

The dynamic equilibrium concept is useful for understanding the mechanism of a saturated 

calomel electrode (SCE) or other type of reference electrode as discussed in a later section. 

However, in many cases, the unoccupied orbital energy level of a molecule or ion is not ideally 

positioned for spontaneous electron transfer, such as species X (in solution) shown in Figure 

1.7(c, d). To drive a redox reaction, the Fermi level can be shifted through the application of an 

external potential 22. Hence, at a certain potential, the electrons of ions in solution will find it 

energetically more favourable to transfer to a lower energy state on the electrode, i.e., oxidation 

happens (Figure 1.7(c)), or vice versa causing a reduction (Figure 1.7(d)). This generates a 

current flow between the solution and the electrode. As the number of electrons cross the 

electrode/solution interface is related stoichiometrically to the extent of the chemical reaction, 

the current can reflect the amount of reactant consumed or product generated. The relationship 

between the charge and amount of product formation is described by Faraday’s law 22: 

 S	 = 	D>T (1.5) 
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where Q (unit: C) is the total amount of charge transferred at the electrode/solution interface, n 

is the number of electrons transferred during the redox reaction (e.g. A + ne- à B), F is the 

Faraday constant (= 9.65 × 104 C mol-1), and N (unit: mol) is the amount of product formed or 

reactant consumed 22.  

It is important to note that the electron transfer process between the electrode and the 

reactant at the electrode-solution interface involves quantum mechanical tunnelling. For this 

tunnelling phenomenon to occur, the reactants must be located within approximately 10 to 20 

Å of the electrode 21. At this proximity, the electron wavefunctions of reactants and the 

electrode can overlap, enabling electrons to transfer from one site to another 21. Beyond this 

distance, the rate of tunnelling becomes negligible. Consequently, it is the local concentrations 

of redox species in close proximity to the electrode surface that influence the measured current 

rather than species in the distant bulk solution. 
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Figure 1.7: (a, b) Illustration of energy level changes between the redox pairs ("	9 and 	R	9:<) 

and the Fermi energy level change for an equilibrating redox couple. (c, d) Redox reactions of 

species X (in solution) are driven by external potential, which shifts the Fermi level up or down. 

MO: molecular orbital. 21, 22 
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1.2.1.2 Non-Faradaic Processes 

A non-Faradaic process does not involve any transfer of electrons. Instead, its current flow 

is generated due to the repulsion and attraction of ionic species towards and away from the 

electrode.  

The electrical double layer is the basis of the non-Faradaic process. As shown in Figure 

1.8(a), when a charged electrode, for instance, one with a positive charge, is introduced into a 

solution, it attracts adjacent anions to its surface, resulting in a higher concentration of anions 

than cations in the layer immediately surrounding the electrode. From Figure 1.8(a), the 

innermost layer, known as the Stern layer, comprises solvent molecules and ions that form 

through desolvation as a result of the applied potential 22. The next layer corresponds to the 

Inner Helmholtz Plane (IHP), which is the electrical center of the specifically adsorbed ions 22. 

Specific adsorption denotes a substantial chemical interaction between these ions and the 

electrode surface. Moving further from the electrode, the subsequent layer is the Outer 

Helmholtz Plane (OHP), inhabited by solvated ions that are not specifically adsorbed 22. These 

ions in the OHP strongly interact with the charged electrode through long-range electrostatic 

forces 22. Beyond the OHP is the diffuse layer, which extends into the bulk solution, containing 

non-specifically adsorbed solvated anions and cations 22. Overall, these layers exist to balance 

the charges on the electrode, and the separation of two layers of different charges at the 

electrode/solution interface functions analogously to an electrical capacitor 22 (Figure 1.8(b)).  

During electrochemical processes, current-potential curves obtained from a redox system 

can be influenced by non-Faradaic current due to the charging of the double layer. This current 

is also known as charging current or capacitive current (Ic) and can be quantified as follows 22:  

 U= =
VS
VW = X>"

V)
VW = X>"Y (1.6) 

where Q (unit: C) is the charge, t (unit: s) is time, Cd (unit: F m-2) is the capacitance per unit 

area of the double layer, A (unit: m2) is the electroactive layer area, E (unit: V) is the applied 
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potential on the electrode, and Y is the scan rate (unit: V s-1), defined as the rate of change of 

potential applied. As the potential applied to the electrode becomes more positive, the increased 

potential leads to a higher current flow, driven by the movement of local ionic species and the 

reorientation of dipole molecules within the solvent. According to equation (1.6), an increased 

rate of change in potential, which corresponds to a larger scan rate, will result in a linear 

relationship between the measured current and the scan rate if the process is purely capacitive 

(i.e., only involves Ic). This linear relationship is useful in determining whether a redox reaction 

is occurring, particularly when assessing our polymer-coated electrodes for the recording 

process in subsequent chapters. 

Figure 1.8: (a) Illustration of a double layer at the electrode surface. (b) Analogue of the 

electrode/solution interface as a capacitor. IHP: Inner Helmholtz Plane. OHP: Outer Helmholtz 

Plane 22. 
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1.2.2 Electrochemical Equilibrium and Electrode Kinetics  

Faradaic processes (Figure 1.7(a, b)) involving fast electron transfers can achieve local 

dynamic equilibrium at the electrode surface. Otherwise, they require the application of an 

external potential to drive the redox reactions (Figure 1.7(c, d)). Nevertheless, the equilibrium 

of the system and transfer of electrons are complex. To further understand these processes, this 

section discusses electrochemical equilibrium and electrode kinetics.  

1.2.2.1 Electrochemical Equilibrium  

To account for both the chemical and electrical energies of species (j) involved in redox 

reactions, the electrochemical potential (.̅" ) is considered. Following the example reaction 

between Az and Bz-1 in equation (1.4), by balancing the forward and backward reaction 

electrochemical potential at equilibrium (.̅?$ 	+	.̅+% and .̅@$%&), the system can be described by 

the Nernst equation: (See Appendix A.1 for detailed explanation and derivation.) 

 )	 = 	)$ 	+ 	
;<
> CD

L?$
L@$%&

 (1.7) 

where )$ is the standard potential, L" 	represents the activity of species j.  

 L" 	= 	 ,"X" (1.8) 

," is the activity coefficient and X" is the concentration of species j. The activity is introduced 

as to consider the interaction between the reactants, the solvent, and the ions in a non-ideal 

solution. By expanding out L"  using equation (1.8), the Nernst equation can be further 

rearranged to:  

 )	 = 	)#$ 	+ 	
;<
> CD

["9]
[R9:<] (1.9) 

 )#$ 	= 	)$ 	+ 	
;<
> CD	

,?$
,@$%&

 (1.10) 
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)#$ represents the formal potential. Comparing to the standard potential ()$), )#$ accounts for 

the actual conditions in a solution, such as the pH, ionic strength, and presence of other 

complexing species, which can affect the electrochemical behavior of the reactants involved.  

1.2.2.2 Electrode Kinetics  

In the previous section (1.2.2.1), the Nernst equation was introduced. It describes the 

relationship between the potential and the concentration of redox couples, but it only applies to 

systems in dynamic equilibrium. Additionally, the Nernst equation does not provide details on 

the mechanisms preceding equilibrium or how equilibrium is maintained. Therefore, this 

section introduces electrode kinetics to quantitatively describe the evolution of chemical 

changes to achieve and maintain the dynamic equilibrium state. 

Consider again the Az/Bz-1 redox couple in equation (1.4). Electron transfer at the working 

electrode leads to the formation of current (I): 

 U = D>"A2$ (1.11)  

where n is the number of electrons transferred (a single electron transfer will be considered in 

the following section, so n=1), F is the Faradaic constant, "A2  is the area of the working 

electrode (unit: cm2), and J is the flux at the interface (unit: mol cm-2 s-1) defined as  

 $ = Z=["9]$ 	− Z)[R9:<]$ (1.12) 

["9]$ and [R9:<]$ represents the concentrations of each species at the electrode surface. The 

electron transfer rates for the cathodic and anodic reactions, Z= and Z), are described by: 

 Z= = Z$O 	:
BC
DE

F
 (1.13) 

 Z) = Z$O 	
GC
DE

F (1.14) 
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[ and \ are the electron transfer coefficient ([ + \	 = 	1), Z$ is the standard electron transfer 

rate, 7 is the overpotential, defined as the difference between the applied potential to the formal 

potential of the redox couple:  

 7	 = 	)	 − )#$ (1.15) 

The inclusion of overpotential illustrates the dependency of the current generated on the applied 

potential. Substituting equations ((1.12) ~(1.15)) into (1.11) gives the Butler-Volmer equation:  

 U = >"A2Z$(	["9]$O
	:
BC
DE

F 	− 	[R9:<]$O
	
GC
DE

F 	) (1.16) 

Different extreme cases of the equation (1.16) are considered as follows:  

(1) If the electron transfer rate is very fast (Z$ >> 0), then U/Z$is very small and can be 

approximated to 0, causing equation (1.16) to collapse to Nernst equation (equation (1.9)).  

(2) If the oxidation in the reaction process is significantly faster than the reduction (7 >> 

0), the reduction term becomes negligible and the oxidation current can be represented as in 

equation (1.17).  

(3) Conversely, if reduction is much faster (7  << 0), then a reduction current can be 

obtained as in equation (1.18). 

 U'H = >"A2Z$[R9:<]$O 	
GC
DE

F 	 (1.17) 

 U1+> = >"A2Z$	["9]$O 	:
BC
DE

F 	 (1.18) 

Plots of CD|U'H| or	CD|U1+>| with potential E or 7 produces Tafel plots. Tafel plots can be used 

to assess the nature of the reaction, and information, notably the transfer coefficients [ and \ 

can be obtained from the gradient of the graphs.  
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1.2.3 Mass Transport 

For a reaction to occur at the electrode, in addition to electron transfer, it is also necessary 

to consider the movement of the reaction species from the distant bulk to the layer of solution 

adjacent to the electrode surface. Mass transport refers to the movement of reaction species in 

the bulk solution towards and away from the electrode surface. This process occurs through 

various mechanisms, as described by the following one-dimensional (1D) Nernst-Planck 

equation: 

(1D) $"(&) = −a"
bX"
b& + X"Y#&'((&) −

=">
;< a"X"

b4
b&  (1.19) 

The three terms from left to right represent the diffusional flux (due to a concentration gradient), 

the convection flux, and the migration flux (due to the electric field). Jj is the flux of species j 

(units: mol cm-2 s-1), Dj is the diffusion coefficient of that species (units: cm-2 s-1), Cj is the 

concentration (units: mol cm-3), vflow is the local flow velocity (units: cm s-1), zj is the ionic 

charge of species j. In this project, diffusion transport is the dominant mechanism, with the 

effects of the other two mechanisms being significantly less compared to diffusion. Therefore, 

in the following section, diffusion will be discussed and explained in more detail. 

1.2.3.1 Diffusion 

Consider an electrode is placed in a solution containing an electro-active species. If an 

appropriate potential is applied, a reaction occurs, consuming the materials near the electrode. 

This consumption creates a concentration gradient, as illustrated in Figure 1.9, and forms a 

diffusion layer. The concentration gradient drives the diffusion of the active species toward the 

electrode surface, enabling the reaction to proceed. The diffusion flux, J, and the concentration 

gradient are governed by Fick’s First Law 21:  

(1D) $(&) = −a
bX
b& (1.20) 
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The negative sign indicates that the species flow from a region of high concentration to a region 

of low concentration. 

    To further illustrate this concept, consider molecules at an arbitrary point in a solution, 

confined within a box of size 25& (Figure 1.10) 21. Inside each half of the box, molecules have 

an equal probability of moving either left or right. It takes an average time of 5W for molecules 

to travel a distance of 5&. So the flux of molecules travel in one direction is I'JH
KJ0

 and the net 

flux can be calculated as 

 $ =
(X< −	XK)5&

25W  (1.21) 

As the concentration gradient can be approximated as:  

 X< −	XK
5& 	~	−

bX
b& (1.22) 

substituting this approximation (equation (1.22)) into the expression for net flux (equation 

(1.21)) yields: 

 $	 = 	−
(5&)K

25W
bX
b& (1.23) 

Comparison between equation (1.23) and Fick’s First Law (equation (1.20)) suggests 

 a	 = 	
(5&)K

25W  (1.24) 

 f< &K >	= 	√2aW (1.25) 

Rearrangement of equation (1.24) leads to equation (1.25) which describes the average root 

mean square distance, in 1D, that a particle can diffuse given its diffusion coefficient a over a 

time W.  
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As particles are constantly moving, the concentration of different species at any point is 

also continually changing. The rate of change of concentration at point x is described by Fick’s 

Second Law  

(1D) bX
bW = a

bKX
b&K  (1.26) 

At an electrode surface (x = 0), before a potential is applied, no reactions happen and hence no 

change of concentration occurs. When the potential is applied at t = 0, a reduction or oxidation 

reaction is initiated, causing a gradual depletion of materials near the electrode surface over 

time. Using the boundary conditions assuming all reactants which reach the electrode are 

electrolyzed, equation (1.26) can be solved to obtain the Cottrell equation21 (see Appendix A.2 

for derivation):  

 U =
D>"A2√aX∗

√jW
 (1.27) 

X∗  represents the bulk solution concentration. The Cottrell equation demonstrates that the 

oxidation or reduction current generated from a potential step will gradually decay, inversely 

proportional to the square root of time. This decay is due to the depletion of materials near the 

electrode, as illustrated by the concentration profile in Figure 1.9. The zone of depletion is 

known as the diffusion layer 21, where reactants must diffuse through to reach the electrode. As 

time progresses, the depletion continues, leading to a thicker diffusion layer and consequently 

reducing both the rate of diffusion and the current generated. 

 

 

  



24 
 

 

Figure 1.9: Development of concentration gradient and diffusion layer. 

 

 

Figure 1.10: The molecular basis of Fick’s First Law (1D case). 
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1.3  Introduction to Mechanics  

As discussed in previous sections, understanding the electrochemical processes at 

interfaces is crucial for comprehending the working principles of neural electrodes. However, 

in practical applications other than electric signals and ionic flow, adjacent tissues and cells 

also engage in interactions with electrode surfaces. One of the causes of electrode failure is the 

immune response induced by mismatches in mechanical properties. Consequently, a thorough 

understanding of force responses, particularly at the micro and nanoscale, which simulate 

cellular interactions, is important. This section will begin by explaining fundamental 

mechanical properties of materials (elasticity, viscosity, and viscoelasticity), and subsequently 

present methodologies for quantifying these properties using rigorous mathematical models.  

1.3.1 Elasticity, Viscosity, and Viscoelasticity  

1.3.1.1 Elasticity and Viscosity  

To quantify different material deformation upon the application of external forces, stress 

(2) and strain (6) are used. Stress is defined as the force acting per unit area (equation (1.28)) 

23. Strain is the ratio of the material displacement due to deformation to its original dimension 

(equation (1.29)) 23.  

Stress 2 =
>
"	 

(1.28) 

Strain 6 =
k&
& 	lm	 =

kn
&  (1.29) 

For the strain in equation (1.29), k&	lm	kn  depends on the direction of the material 

displacement (Figure 1.11) 23.  
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Figure 1.11 Deformation of material.  

 

The relationship between stress and strain varies depending on the material properties. An 

ideal elastic material responds instantaneously to an applied stimulus and returns to its original 

shape upon removal of the force, obeying Hooke's law:  

 > = Zk&	 (1.30) 

where k (unit: N m-1) is the proportionality constant known as the spring constant.  

In contrast, an ideal viscous material continues to deform even in the absence of a stimulus. 

For a Newtonian viscous material, the response to an applied force is described by: 

 > = 7"6̇	 (1.31) 

where 7	is the viscosity (unit: Pa s), 6̇ = *

H
 is the velocity gradient (unit: s-1), v represents the 

horizontal flow velocity, and x represents the vertical direction thickness of the material. 

Combining the force equations (1.30), (1.31) with stress equation (1.28) obtains:   

Elastic 2 =
>
" 	= 	

Zk&
" 	= 	

Z&
"
k&
& 	= 	)6 (1.32) 

Viscous 2 =
>
" 	= 76̇ (1.33) 

where E is defined as Young’s modulus or elastic modulus (unit: Pa) of a material when the 

force acts perpendicularly to the surface. Physically, E and 7  can be thought of as energy 

densities in the material. E (unit: Pa = J m-3) can be considered as the potential energy density 

∆y

xx

∆x
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that resists the material shape change, while 7 (unit: Pa s = J m-3 s) is the kinetic energy density 

dissipated by the material per deformation rate.   

It should be noted that the above equations (1.30)~(1.33) assume a linear stress/strain 

relationship (i.e. constant, k, E, 7 over time and throughout the material). These equations can 

be extended into non-linear forms, which typically occur when a large force causes significant 

deformation 23, 24. However, for small deformations, the linear stress/strain relationships are 

generally valid, and this range of deformation where a response from a material can be 

described by linear models is referred to as the linear regime of the material 23, 24. For biomedical 

applications, interactions with tissues and cells usually fall within this regime, where the 

interactive forces are small enough to maintain a linear relationship 23. Therefore, in this thesis, 

only the linear models will be discussed, and nonlinear models will not be considered. 

1.3.1.2 Viscoelasticity  

For most materials, they behaviours cannot be strictly classified as purely elastic or viscous. 

Instead, they exhibit characteristics of both, classifying them as viscoelastic 23, 24. A viscoelastic 

material both stores and dissipates energy, responding to external stimuli with a characteristic 

time delay defined by the ratio of the material’s viscosity to its elasticity 23, 24:   

 3 =
)
7	 (1.34) 

1.3.1.3 Origin of Viscoelasticity in Polymer  

Polymer networks are usually viscoelastic. As with the progression in biomedical research, 

a wide range of biocompatible polymers have been put into applications. In this thesis, two 

popular polymers, poly(3,4-ethylenedioxythiophene) (PEDOT) and polydimethylsiloxane 

(PDMS), have been systematically studied. Therefore, it is worth mentioning here about the 

origin of viscoelasticity in a polymeric network.  



28 
 

Under steady-state conditions, where no external forces disturb the polymers, the polymer 

matrices adopt a statistically favored configuration with their coiled and entangled polymer 

chains 24.  

When a mechanical stimulus is applied, the movement of polymers and other constituents 

(e.g., water, ions if in solution) within the matrices causes the chains to slide past each other, 

thereby altering their coiling and entanglements 24. Once the stimulus is removed, the network 

returns to its original configuration 24. The movement of the chains require time, and the delay 

between the application of the stimulus and the point at which the networks stabilize in a new 

equilibrium state characterize the behavior of viscoelastic materials 23, 24. As for an ideally 

elastic material, such delay is zero due to its instantaneous response, whereas the delay is 

infinite for a viscous one as the material continues to relax.  

A polymer can exhibit multiple time responses, attributing to varying conformations, the 

composition of the polymer, or responses from other materials (e.g. water molecules or different 

polymers) within the network 23, 24. Generally, if the polymer chains in the network have strong 

interactions (e.g. due to crosslinks) with each other, the polymer will be more elastic because 

these strong interactions impede the sliding motion of the chains. Consequently, such materials 

demonstrate greater resistance to deformation, as reflected in their high Young’s modulus (E) 

and faster response. Conversely, in networks with weak interactions, polymer chains can slide 

relative to each other more freely, which facilitates the transfer of kinetic energy to smaller 

molecules nearby in the polymer matrices (e.g. water and ions), thereby dissipating energy. 

This weakly interacted network generally leads to a small E value and slow response time. 

Experiments typically do not directly measure interactions within polymers. Instead, by 

measuring energy storage, dissipation, and response time, they infer information about the 

mechanical properties of the material. Different experimental methods will be introduced in the 

following sections. 
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1.3.2 Contact Indentation for Quantifying Elasticity  

The contact indentation experiment is one of the methods for quantifying a material's 

elasticity. Generally, this involves indenting a material with an indenter and recording the force 

applied and the displacement of the indenter. The indenter may vary in size from macroscopic 

to microscopic and can have different shapes, such as flat or circular. In this thesis, all 

mechanical-related experiments were conducted using atomic force microscopy (AFM) 

equipped with a micrometer-scale circular indenter, which is discussed later in Section 2. 

The recorded data will be plotted into a graph of force vs displacement or force vs 

indentation. Representative force-indentation curves are illustrated in Figure 1.12, where the 

orange line represents the force curve when the tip is approaching the surface, and the blue line 

represents the force when the tip is retracting from the surface. These two curves will be referred 

to as loading (orange line) and retraction (blue line) curves, respectively, in the following 

sections. 

Two well-known models for determining material elasticity are the Hertz and Johnson-

Kendall-Robertson (JKR) models. The Hertz model assumes non-adhesive contact (Figure 

1.12(a)), while the JKR model is used for adhesive materials (Figure 1.12(b)) 25. 

1.3.2.1 Hertz Model  

The Hertz model is one of the most fundamental models for understanding an 

indenter/surface interaction. The Hertz model relates the normal force (F) and the indentation 

(5) for a spherical indenter contacting and deforming a flat uniform surface with negligible 

adhesion 25:  

 > = p)+##5B 	 (1.35) 

 5 = 	q% − q=% − == (1.36) 
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1
)+##

=
1 − YMK

)0
+
1 − YNK

)O
 (1.37) 

When uses an AFM, the indentation can be calculated using equation (1.36), where Zp 

represents piezo displacement, Zcp denotes the contact point position (that is, Zcp is when the 

tip first touches the sample surface), and zc denotes cantilever deflection (detail of these factors 

are discussed in Section 2.3). p and [ are factors depend on the geometry of the indenter. For 

a spherical indenter 25-27, p = 4√;/3	, [ = 3/2 , where R is the indenter radius. )  and Y 

correspond to Young’s modulus and Poisson ratio, respectively, with subscripts W  and u 

distinguishing between the indenter (t) and the surface (s) 27. )+##	is the effective Young’s 

modulus obtained from indentation curve fitting using equation (1.37). Normally )0 ≫ )O to 

ensure that the sample deforms more than the cantilever (the ‘indenter’ used by AFM, detail is 

discussed in Section 2.3). With this condition, equation (1.37) can be approximated and the 

sample’s Young’s modulus can be calculated as below 27: 

 )O = )+##(1 − YO)K (1.38) 

In the case of small indentation depths, and assuming the sample is an incompressible material, 

the value of YO can be taken as 0.5 25.  

However, the Hertz model is limited because adhesive forces that could influence contact 

geometry are not considered by the model. Hence, for adhesive samples, applying the Hertz 

model without accounting for adhesion could result in an erroneous calculation of )O. 

1.3.2.2 JKR Model 

The JKR model is an alternative to the Hertz model that accounts for adhesive 

indenter/sample interactions 25.  
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For JKR model fits, two specific points, P0 and P1, are identified on the indenter retraction 

curve (Figure 1.12 (b)): P1 is where the force F0 = 0, and P1 is where the indentation 5<=0 28. 

According to the JKR theory 28, 29 : 

 LP =
;
w x> + 3j;y +f6j>y +

(3j;y)K{ (1.39) 

 5 =
LK

; |1 −
2
3}
L$
L ~

P
K� (1.40) 

 ;  =  
;0;O
;0 + ;O

 (1.41) 

 w =  
4

3j(Z0 + ZO)
 (1.42) 

L is the contact radius, 5 is the indentation depth, F is the applied force, and y is the interfacial 

energy. Z and R represent the spring constant and radius respectively, and the subscript ‘t’ and 

‘s’ denote tip and indenting surface. 

At F$, where  >$ = 0	T, L = L$ and 5 = 5$, so by substituting into equation (1.39) and 

(1.40): 

 LP = L$P =
;
w
[0 + 3j;y + 3j;y] =

6j;Ky
w  (1.43) 

 5 = 5$ =
L$K

; Ç1 −
2
3É =

L$K

3;	 
(1.44) 

At F<, where  > = ><, L = L< and 5< = 0, so by substituting into equation (1.40): 

 
δK = 0 =

L<K

; |1 −
2
3Ö
L$
L<
Ü
P
K
� (1.45) 

Rearrange and solve to obtain: 

 L<P =
4
9L$

P (1.46) 

Equate equation (1.39) and (1.46) at F<: 



32 
 

 L<P =
4
9L$

P =
;
w x>< + 3j;y +

f6j><y + (3j;y)K{ (1.47) 

To simplify the above equation, rearrange equation (1.43) to obtain:  

 
3j;y =

L$Pw
2;  (1.48) 

Substitute equation (1.48) into (1.47) and then rearrange to have: 

 Ö
;
w >< −

10
9 L$PÜ   Ö

;
w >< +

2
9L$

PÜ = 0 (1.49) 

Because ><  is an attractive force where its value is defined to be negative, >< = −|><| . 

Substitute in 5$ = L$P/3; and solve equation (1.49):  

 
w =

|><|
2   à

3
;5$P

â

<
K

 (1.50) 

When indenting materials, especially when using AFM, the cantilever is usually selected to 

have a larger Young's modulus than the material to ensure that surface deformation is more 

relative to the cantilever bending EQ ≪ ER. Therefore, combining equation (1.42) and (1.50), 

the elastic modulus of the surface )O can be solved as shown below: 

 
) =

3(1 − åK)w
4  (1.51) 

 
)	 =

3(1 − åK)	><
8 	é

3
;5$P

	 (1.52) 

Overall, comparing to the Hertz model, which fits a continuous section of the loading curve 

using equation (1.35), the JKR approach identifies two critical points for analysis on retraction 

curve (equation (1.52)), avoiding the need for continuous fitting and thereby reducing errors 

due to sample adhesion. In addition, unlike the Hertz model, the JKR model does not fit the 

loading curve, thereby reducing fit errors due to irregularities caused by adhesive forces while 

the sample is indented. Hence it provides a better choice of fitting model when dealing with 

adhesive surfaces.  
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Figure 1.12: Illustrations of a force-indentation curve on (a) non-adhesive and (b) adhesive 

surface. P0 is where force equals zero, and P1 is where indentation equals 0. The orange line 

represents the force on the indentor as it approaches the sample surface (loading curve). The 

blue line represents the force where the indentor retracted from the sample surface (retraction 

curve).  
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1.3.3 Relaxation Experiment for Quantifying Viscoelasticity  

While the Hertz and JKR models quantify sample elasticity in a contact experiment, a 

relaxation experiment can be used to quantify sample viscoelasticity. In a relaxation experiment, 

the indenter dwells in the sample for a specific duration. During this period, the strain (6) is 

held constant, while changes in stress (2) are recorded. The mechanical model of viscoelasticity 

can be represented by connecting elastic (springs) and viscous elements (dampers) (Figure 1.13) 

23, 30. For a purely elastic or viscous material, its stress can be expressed by equations (1.32) 

and(1.33) as deduced before. However, real materials typically exhibit a combination of both 

properties. The simplest model of linear viscoelasticity is the Standard Linear Solid (SLS), 

which can be extended to the general Maxwell Model (GMM) or reduced to the Kelvin-Voigt 

(KV) or Maxwell model (MW) under different conditions (Figure 1.13) 27.  

Despite the variety of combinations possible for the elastic and viscous elements, all 

configurations can be categorized into two types: parallel and series. For components connected 

in parallel, the displacement for each segment is identical, while for those in series, the force 

exerted on each component remains consistent. Hence, 

In parallel 	2 =è2-
S

-T<

 ,  6 = 6- 	 (1.53) 

In series 6 =è6-
S

-T<

 ,  2 = 2- 		 (1.54) 

Starting from SLS (Figure 1.13(a)), apply equation (1.53) and (1.54) to have: 

LHS component: 	σU = )= 	 (1.55) 

RHS component: 	2D = )16< = 76K̇			 (1.56) 

The LHS and RHS components represent the components on two arms in Figure 1.13 (a), 

respectively, and 6< and 6K denote the extension on the spring and damper, respectively, on the 

right-hand side. Because they are in parallel, 
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 	σ = σU + σD 	 (1.57) 

 ϵ = ϵD = ϵU = ϵ< + ϵK		 (1.58) 

Substitute equation (1.55), (1.56), and (1.58) into equation (1.57) and differentiate both side 

with respect to time t: 

 	2̇ = )=6̇ + )16<̇ (1.59) 

 2̇ = )=6̇ + )1(6̇ − 6K̇)	 (1.60) 

 2̇ = )=6̇ + )16̇ − )1  
2 − )=6

7  (1.61) 

Rearrange to obtain: 

 2̇(W) +
)1
7  2

(W) = ()= + )1) 6̇(W) +
)=)1
7  6(W) (1.62) 

For a relaxation experiment, the indenter is held at a constant indentation depth while measuring 

the response of a force. Hence, equation (1.62) can be simplified and solved by substituting 6 =

6$, 6̇ = 0:  

 2̇(W) = −(2(W)	−	)=6$)
)1
7  (1.63) 

Integrate both sides and obtain:  

 2(W) = (2- − )=6$)O
:
2(
F
0 + )=6$ (1.64) 

(2- − )=6$) produces a constant, so the entire term can be absorbed into just one constant term, 

denoted as 2$. In addition, τV  = η\EV represents the relaxation time. Equation (1.64) can be 

rewritten as the following: 

SLS 2(W) = 2$O
:
0
W( + )=6$ (1.65) 

Consider limiting cases for SLS, 2(W) can be deduced for the other models illustrated in Figure 

1.13: 

ïñï()= → 0): 2(W) = 2$O
:
0
W( 														 (1.66) 
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KVM(EV → ∞):      2(W) = )=6$																							 (1.67) 

úïï −T:   								 2(W) = )=6$ +è2$-
S

-T<

O:
0
W( (1.68)  

 

 

Figure 1.13: Equivalent circuit representation of models of linear viscoelasticity. E is the elastic 

modulus of the spring component. 7 represents the viscosity coefficient of the damper. (a) 

Standard Linear Solid (SLS). (b) Maxwell Model (MWM), limiting case of SLS ()= → 0). (c) 

Kelvin-Voigt model (KVM), limiting case of SLS ()1 → ∞). (d) General Maxwell model 

(GMM) with a total of N arms (GMM-N) 
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1.4  Summary  

In summary, Chapter 1 has introduced fundamental theories and principles across multiple 

disciplines. Section 1.1 outlines the basics of neural electrodes, from the origins of neural spikes 

and what is recorded at the electrode, to current developments in neural electrode types. As 

signal propagation and detections constitute a series of electrochemical events, Section 1.2 

focuses and discusses in detail the fundamental principles of electrochemistry, including 

Faradaic and non-Faradaic processes, equilibrium, electrode kinetics, and mass transport from 

bulk solution to the surface. However, there is not only ionic interaction at the interface, cells 

will also physically interact with materials in the surroundings as well. Therefore, Section 1.3 

explores mechanical properties to understand the elastic and viscoelastic nature of polymeric 

materials, presenting corresponding mathematical models to quantify these properties. 

The need for improved biocompatibility of neural electrodes and interface studies arises 

from previous in vivo experiment reports indicating a reduction in signal over time 15. Signal 

reduction could be due to the mechanical mismatch between the hard electrode probe and the 

soft brain tissue or chemical instability of the electrode material. These factors together often 

trigger an immune response, which could result in the formation of an encapsulating glial scar 

that isolates the electrode from the neurons 15, leading to signal loss. The purpose of a thorough 

introduction in Chapter 1 is to provide a comprehensive understanding that improving neural 

electrodes is not merely a biomedical challenge but an interdisciplinary one. In this project, I 

will begin with the characterization of materials, focusing on two popular biocompatible 

polymers, PDMS and PEDOT, which have been extensively used in biosensor applications. 

The details of these polymers are discussed and explained in the introductory section of the 

relevant chapters.  

PDMS is selected for its tunable mechanical properties, making it ideal for studying 

elasticity and response times at the micro- and nanoscale using AFM (Figure 1.14(a)). It will 
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be observed in both aqueous environments and air to monitor its evolution of interface 

properties (elasticity, response time) over time.  

PEDOT is known for its electrical conductivity and will be thoroughly assessed using 

AFM and cyclic voltammetry (CV), then applied as a coating on neural electrodes (Figure 

1.14(b)). Despite the longstanding use of tetrodes, there has been limited research on tetrode 

coating due to the challenges on coating small, densely packed microelectrodes without causing 

polymer overgrowth and cross-connections. Hence, this thesis will detail systematic pre-

development procedures for PEDOT on tetrode, including coating and testing methods. 

Following the development of a modified tetrode, the electrochemical processes at the interface 

during recordings with and without the polymer will be compared and investigated. 

Last, a pilot vivo experiment (Figure 1.14(c)) using the developed polymer-coated tetrodes 

were conducted to assess their biocompatibility and the signals recorded with coated electrodes.   

Overall, this research, viewed holistically, contributes to a better understanding of material 

and method development, providing a solid foundation that addresses gaps in previous studies 

and offers insights for future research. 
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Figure 1.14: (a) AFM indentation on a PDMS sample. (b) AFM tapping mode to image 

PEDOT polymer surface. After characterization, the PEDOT coating will be applied onto a 

tetrode. (c) Illustrative scheme of in vivo recording.  

  

(a) (c) 

(b) 
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Chapter 2                      

Materials and Experimental Methods 

This chapter will introduce the main materials and techniques applied in this thesis for 

polymer characterization and electrode interface studies. The electrochemical methods are 

detailed and Section 2.2, and methods related to AFM are introduced in Section 2.3. Specific 

descriptions of each experiment are included in the ‘Materials and Methods’ section of each 

later chapters (Chapter 3~7).  

2.1  Chemicals and Reagents 

This thesis focuses on investigating two popular biocompatible polymers: poly(3,4-

ethylenedioxythiophene) (PEDOT) and polydimethylsiloxane (PDMS). Chemical reagents are 

listed below in Table 2.1. Deionized water with a resistivity of 18.2 MΩ·cm at 298 K (Millipore, 

Millipak Express 20, Watford, UK) was utilized for preparing all solutions. 

Table 2.1 : Lists of chemicals used in the thesis.  

Chemical Formula Note Supplier 

3,4-Ethylenedioxythiophene EDOT Purity = 97% Sigma-Aldrich 

poly(sodium 4-styrenesulfonate) NaPSS Mw = 70,000 Sigma-Aldrich 

phosphate-buffered saline  PBS / Sigma-Aldrich 

hexaammineruthenium(III) 
chloride 

Ru(NH3)6Cl3 Purity = 98% Sigma-Aldrich 

Potassium chloride KCl Purity = 99% ThermoFisher Scientific 

sodium chloride NaCl Purity > 99.5% 
Scientific Laboratory 

Supplies 

polydimethylsiloxane (curing 
agents and base) 

PDMS / 
Sylgard® 184 Dow-
Corning Corporation 
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2.2  Electrochemical Methods 

This section introduces the different electrochemical methods required to interpret and 

analyze the various processes mentioned in Section 1.2. It begins with the basic electrochemical 

cell setup and progresses to cyclic voltammetry (CV), chronoamperometry and bipotentiostat. 

These setups and techniques were employed throughout the project and are essential for 

understanding the experimental results and subsequent analysis.  

2.2.1 Electrochemical Cell 

During electrochemical studies, a three-electrode setup is commonly used, which 

comprises a working electrode (WE), a reference electrode (RE), and a counter electrode (CE). 

These electrodes are connected to, and controlled by a potentiostat, as shown in Figure 2.1. The 

WE is the primary electrode of interest and is the site where the main redox reactions under 

study occur. The RE provides a stable potential against which the potential difference with the 

WE is measured. The working principle of the RE is introduced in Section 2.2.1.1. Since the 

potential at the RE is fixed, any changes can be attributed to reactions occurring at the WE. The 

CE facilitates the passage of current and completes the circuit (Figure 2.1). Moreover, the 

presence of the CE prevents current from flowing to the RE, which could alter the predefined 

potential through chemical changes or cause a potential drop between the RE and WE due to 

the electrical resistance of the bulk solution (Rbulk, equation (2.4) and Figure 2.2(b)). Therefore, 

with the inclusion of the CE, a constant potential at the RE is maintained allowing controlled 

changes in potential to be applied to the WE. 
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Figure 2.1: (a) Schematic circuit of a three-electrode electrochemical cell. (b) Illustration of a 

commonly used three-electrode electrochemical cell setup and its connections to the circuit. 

 

2.2.1.1 Reference Electrodes 

    In this thesis, the main reference electrode utilized was the Saturated Calomel Electrode 

(SCE). An SCE electrode, as shown in Figure 2.2(a), consists of a column of liquid mercury 

(Hg) with insoluble di-mercury (I) (Hg2Cl2, known as ‘calomel’) at the bottom of the column 1. 

Both Hg and Hg2Cl2 are in contact with a saturated potassium chloride solution (KCl), 

establishing a dynamic equilibrium:  

 
1
2ùpKXCK

(u) + O	:(P)	
	
⇌
	
ùp(C) + XC:(LM) (2.1) 

As a consequence of the equilibrium, the rate of electron release and uptake by the electrode 

are balanced, resulting in no net electron flow. While there is no net flow of electrons at 

equilibrium, the movement of charges leading to the formation of equilibrium will make one 

phase to have a relatively more positive potential and the other phase to be more negative, 

reflecting charge separation across the interface 1. This charge separation is the origin of a 

(a) (b) 
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potential difference between the metal and the solution, also known as the electrode potential. 

The electrode potential remains stable at equilibrium because, despite the dynamic transfer of 

charges, the overall charge distribution across the interface does not change.  

For an SCE, this constant potential difference between the metal and the solution is 

maintained by the dynamic equilibrium of the reaction shown in equation (2.1), where this 

electrode potential can be calculated using the Nernst equation1 (Detailed derivations are 

included in Appendix A.1): 

 )	 = 	4X − 4N =
∆.$

> −
;<
> CD[XC:] (2.2) 

 ∆.$ =
1
2.YZ)I&)

$ +	.+% − .YZ$ − .I&%$  (2.3) 

4X − 4N represents the electrical potential difference between the metal (M) and the solution 

(S), ∆.$ is the standard electrochemical potential difference from the reaction, F is the Faraday 

constant, R is the universal gas constant, T is the temperature (unit: K), and [Cl-] is the chloride 

ion concentration. [Cl-] remains constant as fixed by the solubility of KCl, thereby keeping the 

potential difference 4X − 4N  constant. Hence, the stable and predictable potential of SCE 

makes it a useful reference electrode in electrochemical measurements. A schematic of 

measuring electrode potential against a RE is shown in Figure 2.2(b) 1. The measured potential 

difference (Vmeasured) can be calculated as the following: 

 8,+)O/1+> 	= 	 (4X 	−	4N)[0	A-1+ + U;\/&; − (4X 	−	4N)NI2 (2.4) 

It should be noted that a porous frit at the bottom of an SCE (Figure 2.2(a)) is necessary to 

allow conduction between the internal KCl and the external solution, completing the electrical 

circuit between the WE and the RE in Figure 2.2(b). When a voltmeter is used to measure the 

potential difference (Figure 2.2(b)), a small current (I) needs to be applied, and the bulk solution 

can be considered as a resistor with resistance Rbulk, leading to a potential drop during 
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conduction in the solution with a value of IRbulk. However, because the current is very small 

and is usually negligible, the measured potential difference can be approximated to: 

 8,+)O/1+> 	= 	 (4X 	−	4N)[0	A-1+ − (4X 	−	4N)NI2 (2.5) 

 

Figure 2.2: (a) Illustration of a Saturated Calomel Electrode (SCE) 1. (b) Example of how a 

potential difference is measured between a WE and RE.   

(a) (b) 
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2.2.2  Cyclic Voltammetry  

Cyclic voltammetry (CV) is a commonly used and powerful tool in electrochemical 

analysis, employed to characterize the analyte of interest at the chosen working electrode. The 

working principle, as shown in Figure 2.3, involves applying a triangular potential to the WE 1. 

The process starts at an initial potential, E1, and sweeps linearly to a maximum potential E2, at 

a constant scan rate Y	(unit: Vs-1) 1:  

 Y	 = 	
b)
bW 	= 	pmLVûODW. (2.6) 

The current flowing through the WE is recorded and plotted against the applied potential, 

resulting in a graph known as a voltammogram. Typically, E1 is chosen such that no redox 

reaction occurs and, hence, negligible current flows at the start. E2 is the point at which the scan 

direction is reversed, and its value is chosen so that the potential interval from E2 to E1 

encompasses the oxidation or reduction reaction of the analyte under investigation. 

As the potential is swept, Faradaic and non-Faradaic processes occur, resulting in the 

current passed at the WE. Consequently, the observed voltammogram can be influenced by (1) 

the rates of electron transfer at the WE and (2) mass transport. 

For factor (1), the electron transfer rate, as introduced in Section 1.2.2.2, is related to the 

standard electrochemical rate constant (k0) and the formal potential of the redox couple. For 

factor (2), mass transport, as discussed in Section 1.2.3, mainly corresponds to the diffusional 

movement of the reaction species in the bulk solution to and from the electrode surface. 

Therefore, it can be significantly affected by the diffusion coefficient (D), the voltage scan rate 

(v), and the shape and size of the WE. 

In this thesis, both macro and microdisk electrodes have been utilized, each displaying 

distinct diffusion patterns as illustrated in Figure 2.4. For macroelectrodes (size on the scale of 

mm or cm), a linear diffusion pattern is present. Due to their much larger disk size compared to 
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the thickness of the diffusion layer (re >> d), a planar diffusion layer forms (Figure 2.4(a)). The 

rapid depletion of reactants, faster than their replenishment by diffusion, results in the 

characteristic peak shape of the cyclic voltammogram (Figure 2.5). In contrast, microelectrodes 

(size on the scale of μm) exhibit convergent diffusion due to their smaller size relative to the 

diffusion layer (re << d). Over time, the shape of the diffusion layer approaches a hemispherical 

form (Figure 2.4(b)), and this three-dimensional diffusion is much more efficient than the one-

dimensional flux at a macroelectrode. Consequently, if the scan rate is sufficiently slow, 

electron transfer and mass transport can achieve a steady-state current with two flat tails at the 

ends (Figure 2.6), unlike the peak shape observed with macroelectrodes (Figure 2.5). 

The voltammograms for macro and micro electrodes will be discussed separately and in 

more detail in the following sections. 

 

 

Figure 2.3: The potential-time graph of a cyclic voltammogram for a reduction 
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. 

Figure 2.4: Diffusion pattern at (a) macrodisk electrode and (b) microdisk electrode. Arrows: 

indicate the direction of diffusion of species. Dashed lines: represent the diffusion layers. 

 

2.2.2.1 Cyclic Voltammetry at Macroelectrodes  

In general, the shape of a CV scan is interpreted through consideration of the competition 

between the rate of electron transfer and that of mass transport. For a macroelectrode, an 

example of a CV scan is presented in Figure 2.5(a), and the concentration profiles at different 

times during the scan are shown in Figure 2.5(b-i). The scan initiates at E1, chosen where no 

Faradaic reactions occur, resulting in no initial current and no change in the concentration of 

reactant [Az] near the electrode. As the potential sweeps towards the reduction potential, a 

reduction reaction is initiated. Current is generated, and [Az] is gradually consumed (Figure 

2.5(c~d)). As the scan proceeds, the current then reaches a peak when the electron transfer rate 

equals the mass transport rate (Figure 2.5(e)). However, as the potential continues, the current 

begins to decrease because the diffusion of the reactant from the distant bulk solution cannot 

keep up with its consumption at the surface (Figure 2.5(f)). When the scan is reversed, due to 

the previous formation of enough [Bz-1] at the vicinity of the electrode, oxidation reactions can 

(a) (b) 
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happen when the potential is at an appropriate value (Figure 2.5(g)). The current then peaks 

(Figure 2.5(h)) and subsequently drops (Figure 2.5(i)) for the same reasons as in the reduction 

scan, due to the competition between electron transfer and diffusion rates.  

In an electrochemically reversible system concentrations near the electrode surface are 

predicted by the Nernst Equation. Conversely, in an electrochemically irreversible system, the 

rate of electron transfer is smaller than the rate of mass transport, giving a current following the 

Bulter-Volmer equation (equation (1.16)), which is related to the reaction rate (k) and 

concentration of the reactant (e.g. [Az]).  

For a one-electron transfer process at a macroelectrode, the reversibility of the reaction 

can be quantified by analyzing several factors in voltammograms (Detailed explanation of 

irreversibility due to mass transport and electrode kinetics is included in the Appendix A.3):  

(1) Peak-to-peak separation (Δ)%%) 

Peak-to-peak separation (Δ)%%) is the difference between the cathodic and anodic peak 

potentials. For an irreversible reaction, Δ)%% depends on the scan rate and enlarges as 

the scan rate increases. The more irreversible the reaction, the greater the Δ)%%. In 

contrast, for a reversible system, Δ)%% remains a value of ca. 57mV at 298K, and it is 

independent of the scan rate. 

(2) Mid-point potential (Emid)  

The mid-point potential (Emid) is defined as the average of the forward and backward 

peaks and can be expressed as follows:  

(Reversible) ),-> 	= 	)#$ +
;<
2> CD

a@
a?

 (2.7) 

(Irreversible) ),-> 	= 	)#$ +
;<
> CD

a@
a?

 
(2.8) 
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For an irreversible reaction, equation (2.8) assumes [ = \ = 1/2. a? and a@ are the 

diffusion coefficients of species A and B, respectively. ),-> 	= 	)#$ if the diffusion 

coefficients are equal, regardless of the reversibility of the processes.  

(3) Peak current (Ip) 

Peak currents (Ip) are described by the Randles-Sevcik equations. For a one electron 

transfer, diffusionally controlled reduction process at a macroelectrode, Ip for 

reversible and irreversible reactions is expressed as:  

(Reversible) U% 	= 	−0.446>"A2["]\/&;é
>Ya
;<  (2.9) 

(Irreversible) 
U% 	= 	−0.496√[>"A2["]\/&;é

>Ya
;<  

(2.10) 

Note that if specific adsorption of the reactant and product occurs on the electrode 

surface during the reaction, the peak current will be directly proportional to the scan 

rate Y instead of Y</K as shown above (equations (2.9)(2.10)). 
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Figure 2.5: (a) Voltammogram of a macroelectrode. Redox reactions ("9 + O: ⇌	R9:< ) 

happen as the potential sweeps from E1 to E2 and reverses back to E1. (b~i) The concentration 

profile of different positions of the CV scan. The red lines represent the concentration profile 

of [A]/[A]bulk, and the black lines represent the concentration profile of [B]/[B]bulk. Graphs are 

generated using FreeSim2. 
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2.2.2.2 Cyclic Voltammetry at Microelectrodes   

At a microelectrode, the observed voltammetry also reflects competition between the 

reaction and the diffusive supply of reactant. However, if the scan rate is slow, a steady-state 

current instead of a peak is observed. As shown in Figure 2.6, the peak diminishes as the scan 

rate decreases. The disappearance of the peak suggests a steady-state between the electron 

transfer rate and the mass transport rate. This phenomenon occurs because convergent diffusion 

at a microelectrode is more efficient than planar diffusion at a macroelectrode, allowing enough 

reactants to reach the electrode surface to sustain a reaction.  

 

Figure 2.6: Voltammogram of a microelectrode comparing different scan rates. Graphs are 

generated using FreeSim2. 

 

2.2.3  Chronoamperometry  

Chronoamperometry is another powerful technique for electrochemical experiments. This 

method involves applying a potential step to a working electrode, starting from a potential 

where no reactions occur, then shifting to a potential that can trigger a redox reaction of interest. 

Concurrently, the current is recorded as the potential is applied. 
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In this thesis, chronoamperometry is applied to macroelectrodes. The current response 

(due to redox reactions), triggered by the potential step, can be described by the Cottrell 

equation (equation (1.27)), which decays in inverse proportion to the square root of time. This 

decay is due to the insufficient diffusion of reactants to the electrode surface to sustain the 

reaction. 

2.2.4 Biopotentiostat  

      In addition to the normal potentiostat (Figure 2.1), I applied a biopotentiostat consisting of 

two working electrodes to study the signal recording process. The two working electrodes on 

biopotentiostat can be separately controlled and simultaneously monitored. Hence, one working 

electrode (WE1) was applied with a potential step to mimic a local potential disturbance during 

neural activities, and the other working electrode (WE2) served as the recording electrode to 

monitor current changes. In this thesis, two wires of one tetrode were used as WE1 and WE2 

(Figure 2.7).  

 

Figure 2.7: Bipotentiostat setup using a tetrode. One wire (WE1) on the tetrode functions as a 

signal generator, and the other one (WE2) functions as a signal recorder.  
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2.2.5 Electrochemical Instrumentation  

Electrochemical experiments for polymer characterization and deposition were carried out 

using a μ-AutolabIII potentiostat/galvanostat (Autolab B.V., Utrecht, The Netherlands) 

controlled by NOVA software. Bipotentiostat experiments were conducted employing an 

Autolab PGSTAT30 (Autolab B.V., Utrecht, The Netherlands).  

Table 2.2 lists the details of all the electrodes used in this thesis. Throughout experiments, 

the electrochemical cell was placed within a thermostated Faraday cage. The cell solution was 

maintained at 25 ± 1 °C and degassed with nitrogen before each electrochemical experiment.  

 

Table 2.2: List of electrodes used in the thesis. Pt: Platinum; W: Tungsten; SCE: saturated 

calomel electrode; SHE: standard hydrogen electrode; d: diameter; A: area.  

 

 

 

  

Type of 
electrodes 

Electrode Parameters Supplier 

Working 

electrode 

Pt macrodisk d = 1.66 mm BASi, USA 

Pt single crystal A ≈ 0.22 cm / 

Pt insulated microwire d = 25 or 15 μm GoodFellow, UK 

W insulated microwire d = 12.7 μm 
California Fine Wire 

Company, USA 

Reference 

electrode 
SCE + 0.244 V vs. SHE BASi, USA 

Counter electrode Graphite rod / / 
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2.2.6 Preparation of Insulated Microwire  

All microwires used in the thesis were coated with insulation, exposing the conductive site 

only at the ends. Hence, they can be considered as microdisk electrodes. To make a connection 

with the Autolab, the insulation on one end of the microwire was gently removed by using a 

new, sharp scalpel. After the insulation layer was peeled off, the shiny metal underneath could 

be directly observed with the naked eye. The exposure of the metal was further confirmed by 

microscope.  

The exposed end of the metal wire was then connected to a thicker and longer stainless-

steel wire using silver epoxy (RS Components Ltd, UK), as depicted in Figure 2.8 B and C. 

The connected wire was inserted through and fixed to a pipette head, where the pipette head 

was used to stabilize the wire and protect the wire body from bending and scratching during the 

experiments. The end of the stainless-steel wire (Figure 2.8 C) could then be easily connected 

to the electrochemical apparatus by using crocodile clips. The end of the microwire (Figure 2.8 

A) was cut with fine scissors (14568-12, German Stainless) to ensure a clean surface before 

each experiment.  

Figure 2.8: Setup for a microwire connection. Box A: Microwire end to be immersed into the 

solution (Zoom in is shown on the right). Box B: The connection between the stainless-steel 

wire and the microwire using silver epoxy. Box C: Stainless steel wire that can be clamped 

onto with a crocodile clip and connected to the electrochemical apparatus.  

Setup connection

A

A

B

C
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2.2.7 Fabrication and Preparation of a Tetrode 

2.2.7.1 Tetrode Fabrication 

The tetrode fabrication process is presented in Figure 2.9(a~c). A microwire of 20 to 30 

cm in length was cut based on its intended use and the apparatus to which it was to be connected. 

The tape was used to fix both ends of the microwire together (Figure 2.9(a)), with one end 

(Figure 2.9(a), S) affixed to a rod attached to a clamp stand. The opposite free end (Figure 2.9 

(a), F) was positioned as shown in Figure 2.9(b). A small magnetic weight, with a hook at the 

top, was hung at the bottom of the wire in order to stretch four wire segments straight (Figure 

2.9(b)). A magnetic stirrer plate was positioned beneath the weight to rotate the magnetic weight 

and twist the wires together at a consistent rate (Figure 2.9 (c)). Before turning on the stirrer, 

it was ensured that the weight was centered on the stirrer plate to avoid wobbling and possible 

wire breakage. The twisting was stopped once sufficient tetrode length was achieved, leaving 

about 2 cm of untwisted wire near the rod. The stirrer plate was then carefully removed, 

allowing the wire to unwind slightly to alleviate stress, and the stirrer plate was replaced to 

stabilize the wire and the weight. Without this step, the wire might recoil when the weight is 

removed, leading to an undesired tetrode shape. A heat gun set to the appropriate temperature 

was used to melt the wire outer insulation slightly, causing the strands to fuse. For a W 

microwire insulated with HFV (Heavy Formvar, glass transition temperature at ca. 105˚C 3), 

the heat gun was set to 200˚C, while for a Pt microwire insulated with polyimide, which has a 

higher glass transition temperature (ca. 220˚C 3), the heat gun was at a temperature of ca. 300˚C. 

Note that the rod material should be heat-resistant, for example wood or glass, to prevent 

insulation material from melting onto the rod during the heat-curing process. After cooling the 

tetrode for a few minutes, sharp scissors were used to cut the end attached to the weight, 

followed by the top two ends. 
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2.2.7.2 Tetrode Preparation for Electrochemical Experiments  

To connect a tetrode to the electrochemical apparatus, the insulation on the four tetrode 

free ends was removed using a scalpel. Similar to the single microwire attachment described in 

Section 2.2.6, all four wires of the tetrode were attached to four stainless steel wires (Figure 2.9 

(d) C) respectively using silver epoxy. Pipette heads again were used to hold the stainless-steel 

wires, protect the connection, and stabilize the microwires. However, before making the 

connections, four pipette heads were first fixed together by placing a piece of Blu Tack (a 

moldable, clay-like, and pressure-sensitive adhesive produced by Bostik) to hold them together 

(Figure 2.9(d) B), after which stainless steel wires were inserted and connections made with 

the free ends of a tetrode. This arrangement of securing the four pipette heads prevents them 

from moving against each other during operation, which could potentially stretch the 

microwires and damage the tetrode. The final assembly is shown in Figure 2.9(d), and the 

tetrode head detail is illustrated in box A. The setup was allowed to dry overnight before 

connection testing or use.  
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Figure 2.9: (a) A microwire fixed by tape. S represents the fixed end, and F represents the free 

end. (b) Tetrode fabrication setup. A glass tube is secured to a clamp stand to support the 

microwire. A magnetic weight, hooked at the bottom, ensures the wire segments are stretched, 

with a magnetic stirrer plate positioned underneath. (c) Turning on the stirrer plate causes the 

wires to twist into a single bundle. The twisting was stopped once the tetrode reached the desired 

length. (d) Tetrode connection setup. Box A: Tetrode end that will be immersed into the 

solution (Zoom in is shown on the right). Box B: Blu Tack (a moldable adhesive, Bostik) is 

placed in the middle to hold the pipette heads in place so that they will not slide over each other 

and break the tetrode. Box C: Stainless steel wires that connected via a crocodile clip to the 

electrochemical apparatus. (a~c) are created using BioRender.com. 
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2.3  Atomic Force Microscopy 

Atomic Force Microscopy (AFM) is well-known for its high-resolution imaging of surface 

topography and force measurement, enabling the characterization of materials at the nano to 

micrometer scale. AFM is the primary tool used in this thesis for analyzing surface mechanical 

properties and for morphology imaging. A simplified AFM setup is illustrated in Figure 2.10(a). 

From the figure, the probe that interacts with the sample is known as the cantilever. One end of 

the cantilever is free and tipped, while the other end is connected to a piezoelectric actuator 

(piezo). The piezo helps in the movement of the cantilever relative to the sample, allowing for 

scanning and force measurement. At the free end of cantilever, a laser is reflected from the 

surface to a quadrant photodiode (PD). In the absence of bending, the laser spot is positioned 

at the center of the quadrant. During an AFM experiment, the cantilever is lowered towards the 

surface. At the proximity to the surface, the cantilever starts to bend in response to the tip-

sample interaction. This causes the laser spot to shift, altering the potential difference across 

the PD, which is then converted into a measurement of cantilever deflection, == (unit: nm). 

To prevent indefinite bending of the tip, a setpoint is manually established to control 

bending during scanning. Depending on the type of experiment, a setpoint could be deflection 

(in contact mode) or oscillation amplitude (in tapping mode) (Figure 2.10(b)). As shown in the 

graph (Figure 2.10(a)), there is a feedback loop connecting the PD and the piezo. If the PD 

detects signals above or below the setpoint, it adjusts the voltage across the piezo to extend or 

contract it until the signal matches the setpoint again.  

Raw data obtained by AFM include the potential difference across the PD, piezo 

displacement, oscillation amplitude and phase, etc. In order to convert these data into more 

direct measures of tip/sample interaction, such as force, deflection, or indentation depth, 

knowledge of the cantilever’s properties is required. Basic cantilever properties can be obtained 

through calibration.  
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Figure 2.10: (a) AFM setup. The tip end interacts with the sample and the deflection == is 

detected by the laser spot on the photodiode (PD). PD is connected to the piezo to ensure a 

constant ==. (b) Two modes of AFM 4. In contact mode, tip scans across the surface at constant 

contact. Interaction is measured in terms of deflection and controlled by feedback. In tapping 

mode, cantilever vibrates at its resonance frequency and touches the surface very little. 

Oscillation amplitude reflects tip/sample interaction and is controlled by feedback loop 5. (c) 

Spherical indenter. R: bead radius; d: indentation depth (denoted as 5 in the following section).   

  

(a) 

(b) (c) 
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2.3.1 Cantilever Calibration 

Cantilever calibration is an essential preliminary step in most AFM measurements. 

Typically, the cantilever's stiffness (Z= ,), resonance frequency (†= ,), quality factor (Q), and 

inverse optical lever sensitivity (InvOLS) must be calibrated prior to conducting an AFM 

experiment 6, 7. InvOLS (unit: nm V-1) allows the conversion of the potential difference 

measured across the PD into cantilever deflection (==) 6, 7: 

 == 	= 	8[^ 	× 	UDY¢£§ (2.11) 

The conversion from deflection (==) to force utilizes Hooke's Law, where the interactive force 

(F) causing the bending is given by: 

 > = Z=== (2.12) 

The sample indentation depth (5) is calculated as the difference between the piezo displacement 

(q%) and the cantilever deflection (==): 

 5 = q% − == (2.13) 

In this thesis, two methods of cantilever calibration have been employed.  

The first method is the GetReal™ method. It starts with positioning the tip far from the 

sample to avoid unwanted disturbances, and GetReal™ collects a thermal spectrum to obtain 

†= and Q 6-8. Following this, the Sader method is used to calculate the cantilever's stiffness (Z=) 

6, 8-10, and the thermal noise method is utilized to determine the InvOLS 6, 8. However, 

GetReal™ requires the input of cantilever properties (e.g. dimensions, shape) before calibration, 

limiting its use to pre-measured cantilevers 6. This method is unsuitable for lab-modified or any 

other type of cantilever that is not recorded on the system. In this case, a second approach is 

suggested.  
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The second calibration method involves pressing the cantilever against a hard, non-sticky 

surface, such as a clean glass slide 6. The stiffness of the indenting surface is chosen to greatly 

exceed that of the cantilever, ensuring that only the cantilever bends during this process. The 

InvOLS is calculated by dividing the distance the piezo extends towards the surface by the 

change in voltage on the PD 6. Once the InvOLS is known, the cantilever is moved away from 

the surface to collect a thermal spectrum, which is used to determine †=  and Q 6, 11. Z=  is 

calculated using the thermal noise method 6, 11.  

For both methods, a thermal spectrum is collected across a range of frequencies 6, 11. A fast 

Fourier transform (FFT) is applied to identify and fit the peaks in the spectrum corresponding 

to the resonance frequency (†=) of a cantilever. For each †=, the quality factor (Q) is calculated 

by dividing the †= by the half-width maximum of its corresponding peak 6, 11.  

2.3.2 Cantilever Excitation – Photothermal Excitation 

For an AFM, the cantilever can be excited indirectly by piezo actuation 12, 13. However, 

when a cantilever is driven by piezoelectric excitation, especially in liquid, the resonances due 

to the piezo and other components of the experimental setup may appear in the thermal 

spectrum 12, 13. These additional resonances complicate the identification of the true resonance 

frequency of a cantilever and introduce noise into the data 12, 13. To improve these issues, more 

direct actuation methods are recommended to avoid spurious resonances. 

One effective direct actuation method involves photothermal excitation (PTE) of the 

cantilever 14-20. In this thesis, a blue laser (BlueDrive™, Oxford Instruments Asylum Research, 

wavelength = 405 nm) is employed 14-20. The laser is focused near the fixed end of the cantilever. 

Cantilevers are typically constructed from layers of different materials. When pulses from the 

blue laser heat the cantilever locally, the differential thermal expansivity between the top layer 

coating and the underlying material causes the cantilever to bend and oscillate. The power of 



65 
 

the blue laser can be adjusted to control the desired frequency and amplitude of these 

oscillations 14-20. 

2.3.3 AFM Contact Indentation and Relaxation Experiment 

In this thesis, force indentation is measured using AFM contact mode (Figure 2.10(b)). 

The tip is lowered to make contact with the surface, pushed in until a predetermined threshold 

of force or indentation (a trigger point) is reached and then retract. Force and displacement data 

are recorded and analyzed using either the Hertz model (equation (1.35)) or the JKR model 

(equation(1.52)), depending on the adhesiveness of the material, to determine the Young’s 

modulus (E) of the material, as discussed in Section 1.3.2. 

In the relaxation experiment, the tip remains on the material surface for a certain period 

after reaching the trigger point before retracting. The relaxation time (3) is determined by fitting 

the dwell section data to the models outlined in equations ((1.65) ~ (1.68)) from Section 1.3.3. 

Following the analysis, the goodness of fit (GoF) of each model is evaluated to determine the 

most accurate model (highest GoF) for describing the material. 

For this thesis, in order to achieve model fitting assuming a spherical contact, cantilevers 

have been modified to incorporate a glass microsphere (diameter = 49.21 ± 0.72 μm, 

Whitehouse Scientific) at its end (Figure 2.10(c)). The choice of indenter shape affects the 

mathematical models due to geometric considerations 21. Using a spherical indenter, rather than 

a sharp tip of an unmodified cantilever, provides several benefits. First, the spherical contact 

remains consistent throughout the experiment. However, for a sharp tip at shallow indentation 

depth, the interaction is approximated as conical contact 21, but it transitions to parabolic contact 

as the indent is deeper 21. Therefore, using a sharp tip needs to consider changes of model at 

different depths. Second, the larger contact area with a microsphere mitigates the effects of 

adhesion, especially when testing soft materials like PDMS. With a sharp tip, there is a 

substantial risk that the tip may be stuck at the surface and difficult to withdraw. 
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2.3.4 AFM Tapping Mode: Topography Measurement   

For morphological imaging, tapping mode AFM is employed (Figure 2.10(b)). In this 

mode, the cantilever is driven near its resonance frequency, with the feedback loop maintaining 

a constant oscillation amplitude. During scanning, the cantilever vibrates at a set amplitude and 

briefly touches the sample surface, minimizing contact time. This approach ensures that the tip 

remains mostly distant from the surface, avoiding the drag and potential rupture of the soft 

polymer surface often encountered in contact mode 22.  

Similar to contact mode, tapping mode has a feedback loop that connects the PD and piezo, 

where the feedback loop ensures that the oscillation amplitude remains at the setpoint. The 

recorded change of height in the piezo reflects the change of height in the surface topography. 

Other than height information, tapping mode also captures variations in the phase difference 

(or phase shift) between the driving and recorded signals (Figure 2.11). These phase shifts 

provide insights into energy dissipation 23, 24. For example, as shown in Figure 2.11, a flat 

surface will result in a uniform height image, whereas variations in material properties influence 

the extent of tip-surface interaction. These variations are reflected in the phase image. Softer 

and more adhesive materials may adhere to the tip (dissipating more energy), delaying its 

response and causing a pronounced phase shift. This difference is detected as a contrast in the 

phase signal (Figure 2.11). Therefore, phase information, combined with height data, can 

provide valuable information, particularly in studying inhomogeneous polymer networks 23, 25, 

26. 
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Figure 2.11: Illustration of an AFM conducting a tapping mode scan across a surface. At the 

elastic and non-adhesive sections (blue color), the response is rapid, resulting in a minimal 

phase shift between the input signal (grey line) and the recorded signal (red line). In contrast, 

at the adhesive region (brown color), the response is delayed, leading to a significant phase shift. 

The phase shifts along the surface are presented in the phase diagram, as shown at the bottom 

of the graph 27. The adhesive areas exhibit a pronounced phase value relative to other regions. 
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2.4  Summary 

Overall, this chapter introduces the chemicals, electrochemical methods, and AFM 

techniques employed in this thesis. In subsequent chapters, the conductive polymer PEDOT is 

first characterized using CV to understand the reaction mechanisms, followed by 

chronoamperometry for deposition. The PEDOT coatings are then imaged using AFM in 

tapping mode. A bipotentiostat is utilized to examine the recording processes. The mechanical 

properties of PDMS at the interface are assessed using AFM contact indentation and relaxation 

experiments. The specifics of these methods and analysis will be detailed in the upcoming 

chapters of the thesis. 
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Chapter 3                      

Temporal Evolution of Mechanical Properties in PDMS: A 

Comparative Study of Elastic Modulus and Relaxation Time for 

Storage in Air and Aqueous Environment 

        Chapter 3 reports the mechanical studies on PDMS by employing AFM.  PDMS is a soft, 

biocompatible polymer extensively employed in biomedical research, notable for its tunable 

mechanical properties achieved through cross-linking. While many studies have assessed the 

mechanical properties of PDMS utilizing macroscopic and microscopic methods, these analyses 

are often limited to freshly prepared samples. However, the mechanical properties of PDMS 

can be expected to change during prolonged exposure to water or air, such as interface polymer 

chain loosening or surface hardening, which are critical considerations in applications like cell 

culture platforms or microfluidic devices. This chapter presents a comprehensive 10-day 

investigation of the evolution of PDMS surface mechanical properties through AFM-based 

nano-indentation. I focused on the most commonly utilized crosslinker-to-base ratios of PDMS, 

1:10 (r10) and 1:20 (r20), under conditions of air and deionized water storage. For r10 samples, 

a hardening process was detected, peaking at 2.12 ± 0.35 MPa within five days for those stored 

in air and 1.71 ± 0.16 MPa by the third day for those immersed in water. In contrast, r20 samples 

exhibited better stability, with an observed elastic modulus averaging 0.62 ± 0.06 MPa for air-

stored and 0.74 ± 0.06 MPa for water-stored samples. Relaxation experiments, interpreted via 

the General Maxwell Model featuring two distinct component responses, a relatively consistent 

fast response τ1 ( on the order of 10-1 s), and a more variable, slower response τ2 (on the order 

of 10 s), throughout the study period. The identification of two distinct relaxation times suggests 

the involvement of two disparate material property regimes in the relaxation process, implying 

changes in the surface material composition at the interface with air/water. These variations in 
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mechanical properties could significantly influence the long-term functionality of PDMS in 

various biomedical applications. 

        The work of Chapter 3 has been published in the Journal of the Mechanical Behavior of 

Biomedical Materials. The project was carried out under the supervision of Prof. Sonia Contera. 

Dr. Casey Adam (now at Purdue University) and Henrik Rehnstrom helped me with the study 

of using AFM and the interpretation of experimental results.  

3.1  Introduction 

Polydimethylsiloxane (PDMS) is a member of the silicon polymers family 1. The chemical 

formula of PDMS is CH3[Si(CH3)2O]nSi(CH3)3, where n is the number of repeating units. The 

structure of PDMS is shown in Figure 3.1. Commercially available PDMS is usually provided 

as a kit with two liquid components: a polymeric base and a curing agent 2. Upon mixing, the 

vinyl end groups in the base react with the curing agent, leading to a three-dimensional 

crosslinked network via hydrosilylation reaction 2, 3. Before crosslinking, the polymeric base is 

a viscous liquid 2, but once crosslinked, PDMS turns into a hydrophobic elastomer with a water 

contact angle larger than 100˚ 4, 5. The stiffness of the elastomer can be tuned by varying the 

curing agent to base ratio 6.    

PDMS has been widely used and characterized, especially in the context of micro-

technologies for biomedical applications. For example, PDMS is used for fabricating 

microfluidic devices able to reach single molecule precision while still being a high throughput 

platform useful in fields such as drug delivery, DNA sequencing, and point-of-care testing 7-9. 

Additionally, PDMS microfluidic devices are employed in creating lipid nanoparticles for 

pharmacological formulations 10. PDMS also serves as a substrate for in vitro experiments, e.g. 

in hemodynamic 11 and stem cell differentiation studies 12-14.  
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The reason why PDMS is an attractive biomaterial can be attributed to multiple factors. 

First, PDMS is inexpensive and straightforward to manufacture. Uncrosslinked PDMS gels are 

viscous liquids 2, allowing them to fill any mould before the addition of the crosslinker retains 

the mould’s structure. Furthermore, techniques such as lithography allow specific structuring 

of PDMS gels at high resolution, even to a few nanometers 15-17. Secondly, PDMS is 

biocompatible and non-toxic18, providing a suitable environment for living cells that can even 

be used for body implants 18, 19. Thirdly, PDMS is optically transparent, allowing direct 

observation of processes inside, such as microparticle flow through PDMS scaffolds 20. 

Moreover, PDMS has less autofluorescence than similar biocompatible polymers (e.g. PMMA) 

21, meaning that fluorescence experiments can also be performed with PDMS constructs for 

experiments such as cell cytotoxicity tests, living cell imaging, and single molecular labelling 

22-24. Lastly, the surface of PDMS can be readily modified by UV 25, 26, ozone 25, 26, and plasma 

treatment 27. Such surface modification changes the surface of PDMS from hydrophobic to 

hydrophilic 26, and can be used to enhance the attachment of other chemicals or cells 28, create 

multilayer PDMS devices 29, and improve water and air transportation which benefit 

applications like wound healing 30.  

One of the key properties of PDMS is its tuneable mechanical properties, allowing PDMS 

to form both hard substrates, essential for chip manufacture, and soft substrates, beneficial to 

cell interactions. Therefore, numerous studies, both macroscale and microscale, have been 

undertaken to characterize the mechanical properties of PDMS. Data procured from macro or 

microscale tests are typically force-displacement curves 31. To extract the elastic modulus from 

such curves, the data are fitted with contact mechanics models as discussed in Section 1.3.2 32. 

Table 3.1 summarizes recent studies on the adhesion and mechanical properties of PDMS and 

its composite materials. 
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As shown in Table 3.1, macroscale tests include compression tests, tensile tests, and 

indentation with macroscale probes (1~5mm in size). Khanafer et al. 31 revealed at the 

microscale, PDMS stiffness saturated at a mixing ratio of 1:9 (crosslinker: base), beyond which 

the elastomer softened because excess cross-linker slowed the curing rate, leaving more base 

PDMS unreacted. Additionally, Kroner et al. 33 evaluated the macroscale adhesive properties 

of PDMS by performing indentation tests with flat and circular probes. They found that the 

reproducibility of adhesion measurements was heavily dependent on the tilting angle between 

the probe and the polymer surface, indicating that adhesion forces were contingent on the 

measurement geometry. In contrast, adhesion measurements obtained with spherical probes 

were less sensitive to surface alignment, whereas they may lose information on adhesion, 

especially with a patterned topography.  

Macroscopic measurements, due to their limited spatial resolution, provide information on 

the bulk properties of materials but are less informative about variations on smaller scales. This 

is particularly relevant when nanomaterials, such as carbon nanotubes 34 or silica nanoparticles 

35, are integrated into the PDMS matrix. In biological and biomedical contexts, where cellular 

interactions with PDMS involve forces on the nano-newton scale at the nano- and microscale 

36, Atomic Force Microscopy (AFM) becomes a critical tool. Therefore, AFM is employed to 

elucidate mechanics at these scales with high-resolution. 

Sharfeddin et al. 37 assessed the elastic modulus of PDMS gels with a range of base-

crosslinker ratios, comparing their microscale and macroscale measurement results. Their study 

highlighted the nano-JKR test as a more appropriate method than macroscale tests for 

determining the elastic modulus of PDMS due to its consideration of surface adhesion forces. 

Beyond the crosslinker-to-base ratio and measurement methods, the medium surrounding 

PDMS gels also influences their mechanical properties. Kenry et al. 38 measured PDMS in a 

liquid medium comprising phosphate buffered saline (PBS) and 1% bovine serum albumin 
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(BSA), examining both the elastic modulus and creep response of PDMS gels of varying 

softness. Their finding revealed that PDMS with a higher stiffness had a shorter creep response 

than low-stiffness counterparts 38.  

In addition to pure gel, PDMS materials often incorporate additional components to 

enhance functionality, such as carbon nanotubes 34 to improve electrical conductivity. However, 

the additional components can also alter the mechanical properties of PDMS gels. For example, 

Huang et al. 35 introduced hydrophilic silica nanoparticles (d≈16 nm) into PDMS and employed 

multi-frequency intermodulation AFM to map the mechanical properties and image the gel 

surface simultaneously. The nanoparticles caused pronounced local variation in hydrogel 

properties, marked by decreased local energy dissipation and increased stiffness 35. Further 

exploring composite materials, Koetniyom et al. 39 compared Au or Ag PDMS composite 

surface root-mean-square roughness with that of the pure gel, reporting a considerably rougher 

composite surface with diminished surface adhesion. 

Despite numerous studies quantifying the mechanics of PDMS, the majority focus on 

freshly produced samples, with limited research dedicated to tracking the evolution of these 

mechanical properties over time. This oversight is significant, particularly because PDMS is 

commonly used in biological contexts where its interactions with cells primarily occur at the 

micro and nanoscale within aqueous environments for extended periods lasting from days to 

weeks 12-14, 40.  

For instance, PDMS is utilized in invasive operations such as catheters, flexible tubing, 

and breast implants due to its excellent flexibility and antibacterial properties 41, 42. However, 

changes in its elasticity over time, attributed to environmental factors, can lead to stiffening or 

degradation 43. At the macroscale, such stiffening could hinder a catheter’s ability to navigate 

through narrow or delicate vascular passages, causing damage or discomfort. At the microscale, 

surface degradation could compromise the integrity of a material, increasing the risk of bacterial 
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infection at the interface with tissue and cells 44. For non-invasive applications like wound 

healing patches 45, surface alternation can influence the longevity of the medical patch. Previous 

studies have pointed out that microbial surface colonization on PDMS can be significantly 

affected by mechanical deformation, particularly at sites with microcracks 44. Thus, microscale 

mechanical studies are invaluable not only in assessing material durability but also in guiding 

strategies to facilitate device operation and minimize infection risks associated with material 

degradation or deformation. In the aspect of biomedical research, particularly in microfluidics, 

where surface properties are amplified at the microscale 46, 47. Any change at the interface of 

PDMS, like surface polymer chain loosening due to prolonged swelling in solution, can alter 

the flow characteristics of fluids through these devices, thereby impacting their accuracy and 

reliability. While such changes might not be noticeable at the macroscale, they can be 

significant at smaller scales and, as such, should not be overlooked. 

To better understand the interactions of materials at the micro and nanoscale, this article 

employs AFM indentations with and without dwells to measure and interpret the microscale 

mechanical properties of commonly used PDMS gels. I specifically analyze the elastic modulus 

and relaxation time of PDMS gels with a crosslinker-to-base ratio of 1:10 (r10) or 1:20 (r20) 

over a period of 10 days in both dry and swollen states. Furthermore, I expand the theoretical 

frameworks to study PDMS relaxation by fitting the data to the General Maxwell Model. My 

results could offer a deeper understanding of the nanoscale structure and mechanical properties 

of PDMS, which may provide insights into device failure that originates from surface alteration 

and degradation. 
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Figure 3.1: Chemical structure of Polydimethylsiloxane (PDMS). n denotes the number of 

repeating units. 

 

Table 3.1: A summary of PDMS macroscopic and microscopic measurements. The ratios in 

brackets are the PDMS crosslinker-to-base ratio. a: np: nanoparticle, Ag: Silver, Au: Gold. b: 

d: diameter, r: radius. 

  

Material a Measurement Probe 
Dimension b 

Experiment 
Environment Ref. 

Pure PDMS 
(1:10, 1:9, 1:8, 1:7, 1:6) 

Macroscopic 
Tensile test 

/ In air 31 

Pure PDMS 
(1:10) 

Macroscopic 
Indentation test 

Flat-ended cylindrical probe:   
d = 1mm  

Spherical probe: r = 2mm, 5mm 
In air 33 

Pure PDMS 
(1:10, 1:11.5, 1:16.5,  

1:20, 1:30, 1:40, 1:50) 

Macroscopic 
Tensile test, 

 compression test 
/ In air 

37 

Microscopic 
Nanoindentation 

Glass probe: 
d = 80mm 

In air 

Pure PDMS 
( 1:60, 1:80, 6:5, 5:5, 5:6) 

Microscopic 
AFM indentation,  

creep test 

Spherical cantilever tip:  
d = 20mm 

In PBS + 1% BSA 38 

Pure PDMS 
Microscopic 

AFM indentation 
Steel micro-spherical tip:  

d = 24mm 
In air 48 

Pure PDMS, 
PDMS/20%wt 

hydrophobic silicon np 

Microscopic 
AFM tapping mode, 

multi-frequency 
Intermodulation AFM 

(ImAFM) 

Cantilever tip 
r < 10nm 

In air 35 

Pure PDMS (1:10), 
PDMS (1:10)/Ag or Au 

np 

Microscopic 
AFM tapping mode 

/ In air 39 

Si
O O

CH3

Si

CH3

CH3

CH3H3CH3C

H3C

H3C

Si

n
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3.2  Materials and Methods 

3.2.1 Materials 

PDMS curing agents and base were purchased from Sylgard® 184 Dow-Corning 

Corporation and mixed in curing agent:base ratios of 1:10 and 1:20, referred to as r10 

and r20, respectively. The base and curing agent were stirred manually until thoroughly 

combined, poured into circular polypropylene moulds (diameter = 8.0 ± 0.5 mm, depth 

= 3.0 ± 0.5 mm), then desiccated for a minimum of 30 minutes to ensure the removal of 

all air bubbles, producing homogeneous samples. Subsequently, samples were cured at 

60 °C overnight. Post-curing, half of the samples were stored in air at room temperature, 

while the remaining half were immersed in deionized (DI) water, also at room 

temperature, in order to compare the swollen (wet) and non-swollen (dry) gel. All 

samples were stored for 10 days.  The mechanical properties of each sample were 

measured by AFM on days 1, 3, 5, and 10. 

3.2.2 Atomic Force Microscope  

The mechanical properties of each PDMS sample were measured using an atomic 

force microscope (Cypher AFM, Asylum Research, Oxford Instruments, CA, USA). 

Olympus AC240TSA cantilevers with a 49.21 ± 0.72 μm glass microsphere (Whitehouse 

Scientific) attached to the tip were used. Cantilever stiffness was calibrated by 

indentation on a glass substrate and the Sader method as described in Section 2.3.3 49 

before any measurements were performed. Indentations were performed with and 

without dwells. For indentations without dwells, PDMS was indented to a force trigger 

point of 400 nN, and then the tip was immediately retracted. For indentations with dwells, 

once the 400 nN trigger point was reached, the probe remained on the surface for 2 s, 

maintaining a constant indentation depth, then retracted. The above procedures were 

repeated at at least three different points on the sample. Measurements were collected using 
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Igor Pro software (Oxford Instruments Asylum Research Version 16.26.227). Data were 

analyzed using Matlab, implementing a code based on the theory described in Section 

1.3.2. All experiments were conducted in deionized (DI) water to eliminate the presence 

of an interfacial moisture layer that could confound the analysis of sample properties and 

adhesion. Furthermore, biomedical applications involve aqueous environments, so 

experiments in a liquid are more relevant to material applications.  

3.3  Results and Discussion 

3.3.1 Young’s Modulus 

In this section, I first revealed the observation of two distinct contact points presented in 

the approach curves of PDMS samples in Section 3.3.1.1. Then, Young's modulus was 

calculated and assessed for r10 and r20 PDMS in Section 3.3.1.2 and 3.3.1.3, respectively, by 

considering both contact points. 

3.3.1.1 Contact Point Selection 

During the indentation experiment, a gradual change was observed in the force-indentation 

curves with successive indentations at the same point on a PDMS sample, as shown in Figure 

3.2. From Figure 3.2(a-d), the initial few indentations produced a small dip resembling a 

Hertzian contact, suggesting minimal adhesion between the tip and the sample. However, as 

more indentations were performed on the same spot, a hump appeared in the approach curves, 

and a second push-in dip could be observed. The hump stabilized by approximately the 5th 

indentation (Figure 3.2(e)). This phenomenon was consistently noted throughout the 

experiment, especially for the r10 PDMS starting from the 3rd day.  

The hump observed in the approach curves suggests the presence of two contact points. 

The first contact point (before the hump) occurs when the tip initially touches the sample and 
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may result from interactions with the free polymer chains on the surface (in a depth of ca. 50nm 

~ 200nm). As the tip passes through the surface chains, the force experienced by the cantilever 

slightly increases, giving rise to the hump. Once the tip penetrates deeper, it contacts the 

underlying bulk material, establishing a second contact point. After the second contact point, 

the force increases steadily, indicative of engaging with the more solid bulk material, until a 

maximum loading force is reached. The variation in curve shape between successive 

indentations is likely due to an inability of the loose polymer chains on the gel surface to rapidly 

return to their initial configuration 50. In such a case, successive indentations gradually displace 

the loose top layer of PDMS, exposing the underlying polymer gel and resulting in the more 

pronounced second contact point after the hump (Figure 3.2(e-i)). It has been reported that free 

chains in a crosslinked network are likely to migrate and accumulate at the surface due to 

entropic effects 50, 51. These free chains, in contact with air or water at the top interface, undergo 

various degrees of swelling and conformational changes 51, thereby exhibiting different 

mechanical properties compared to the underlying bulk. In addition to the variation between 

successive indentation curves, later indentations of the r10 sample (probing deeper PDMS 

layers) exhibited a larger area enclosed by the loading and unloading curves, showing adhesive 

forces acting over a broader range of indentation depths (Figure 3.2(d, e)). This suggests that 

adhesive forces are more prominent within the bulk of r10 PDMS gels than on the surface. 

These increased adhesion forces could be partly attributed to the increased contact surface area 

between the tip/sample as the tip enters deeper into the bulk gel 50.  

Figure 3.3 illustrates variations in the calculated Young's modulus during successive 

indentations of a single point on r10 samples after storing in air for more than 3 days. Initially 

(orange lines, Figure 3.3), the Young’s modulus either jumps or varies gradually during the 

consecutive indentations. These initial variations likely result from the tip pushing through the 

surface PDMS layer as the Young’s modulus stabilizes once the secondary contact point 
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appears (blue lines Figure 3.3). Hence, in this paper, the first contact point (corresponding to 

the interface and to changing Young’s moduli) is referred to as the 'minor contact', while the 

second (corresponding to indentations that result in a stable Young’s modulus), formed after a 

few indentations, is referred to as the 'major contact'.  

In contrast to r10 samples, multiple contact points in r20 samples occurred less often. The 

major contact point became noticeable after just one or two indentations (Figure 3.5(a,b)), and 

the its position remained fairly consistent (Figure 3.5(c~i). The increased stability of these 

curves resulted in a much more stable Young’s modulus (Figure 3.6(j,k), without the variation 

observed in r10 samples (Figure 3.3).  

The phenomenon of two contact points appearing upon sequential indentation of a single 

spot on a sample arises only after extended storage periods, mostly with r10 samples, varies 

locally, and cannot be detected through macroscopic measures. This observation suggests that 

long-term storage of r10 samples and r20 samples changes how the interface and bulk behave 

at the nanoscale and could thereby impact the function of such gels through time. Additionally, 

such a phenomenon has not been reported until now, in spite of the implications for PDMS 

material function and application through time. 

3.3.1.2 r10 PDMS 

Figure 3.4 shows how the Young’s modulus from both the major and minor contacts of 

r10 samples varies over a 10-day period. Representative force-indentation curves for all 

samples are shown in Appendix B.1 and B.2. On the 1st day, neither air-stored nor DI water-

stored r10 PDMS exhibited minor contacts (Figure B.1(a,b)). However, from the 3rd day 

onwards, two contact points became apparent, suggesting that the mechanical properties at the 

material surface had altered, distinguishing the interfacial/surface layer from the deeper bulk 

polymer, as detailed in the previous section.  
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The Young’s modulus obtained from fits based on the major contact point exhibited a 

similar trend for r10 samples stored in air and in water (Figure 3.4). The Young’s modulus of 

air-stored and DI water-stored samples increased until day 3 or 5, respectively, and started to 

decrease. The mean values of the Young’s modulus of air-stored r10 PDMS increased from 

0.63 ± 0.03 MPa to 1.28 ± 0.17 MPa, to 2.12 ± 0.35 MPa on days 1, 3, and 5, respectively, then 

decreased to a final value of 1.49 ± 0.36 MPa on day 10. This increase occurred faster for 

samples stored in DI water, peaking at 1.71 ± 0.16 MPa by day 3 then starting to decrease 

slowly to 1.51 ± 0.46 MPa by day 10. Previous studies of PDMS degradation suggest that the 

decrease in Young’s modulus toward the end of the experiment largely arises from degradation 

of the cross-linker via hydrolysis 52. Therefore, the drop in elasticity measured from the major 

contact point is likely caused by hydrolysis of the cross-linker in the bulk material. A potential 

explanation for the initial hardening might be that uncross-linked or loosely linked PDMS 

migrates to the surface of the gel 50, 51, leaving more firmly linked polymers in the bulk, and 

consequently increasing the bulk Young’s modulus. As time progresses, and more cross-linker 

is degraded via hydrolysis, lost crosslinks begin to soften the bulk 52. This crosslinker 

degradation starts earlier but is less pronounced in samples stored in DI water (-12% compared 

to the peak) compared to those stored in air (-30% compared to the peak), potentially because 

the water molecules enter the porous polymer matrix, support the gel structure and thereby 

moderating the Young’s modulus decline. 

The Young’s modulus calculated from minor contact points decreased throughout the 

course of the experiment (Figure 3.4). For both air and water-stored PDMS. Elasticity 

calculated from the minor contact point was considerably lower than that from the major contact 

point, suggesting a softer layer of polymer brushes on the surface of PDMS 50, 51. The continual 

decrease in elasticity of the top layer implies that the interface was already degrading by day 3 
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or maybe day 0, which might help explain why the surface layer was easier to push aside from 

day 3 onwards (as described in the previous section).  

 

Figure 3.2: Successive force-indentation curves on a single point on an A-5D (air stored for 5 

days) r10 PDMS sample. The orange line represents the loading curve, and the blue line denotes 

the retraction curve. Dashed vertical lines indicate the most prominent contact point, and its 

intersection with the retraction is marked by a circle (P1 for the JKR model). The point with no 

force on the retraction curve (P0 of the JKR model) is marked as a cross.  
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Figure 3.3: (a,c,e) The graphs correspond to the Young’s modulus on successively indenting 

A-3D, 5D, and 10D r10 PDMS, respectively (air-stored for 3 days, 5 days, and 10 days). (b,d,f) 

The graphs correspond to the Young’s modulus on successively indenting W-3D, 5D, and 10D 

r10 PDMS, respectively (DI water-stored for 3 days, 5 days, and 10 days). 
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Figure 3.4: (a) The Young’s modulus for air-stored r10 PDMS samples throughout 10 days. 

(b) The Young’s modulus for DI water-stored r10 PDMS samples throughout 10 days. 

 

3.3.1.3 r20 PDMS 

As mentioned in Section 3.3.1.1, fewer r20 samples exhibited multiple contact points 

compared to r10 samples (Figure 3.5). Even on day 5, a major contact point became noticeable 

after just one or two indentations (Figure 3.5(a,b)), after which the major contact position 

remained relatively constant (Figure 3.5(c~i)). This behavior differs from that of r10, where 

the major contact point appeared after several indentations compared to just two for the r20, 

and a sudden shift from the minor to the major contact occurred (Figure 3.2, Figure 3.3). 

Although the approach curves before surface contact in both r10 and r20 samples are similar, 

suggesting that both samples have a loosely bound surface layer PDMS, the minor contact point 

of the r20 samples is much less pronounced than that of the r10 samples. Hence, unless there 

was a distinct shift in contact point after a few indentations, e.g., on r20 samples on day 10 

(Figure 3.6(e,f)), the minor contact point was considered to be non-existent for most r20 

samples. 

While the position of the major contact point on r20 during successive indentation was 

stable, adhesion forces increased with the number of indents, as evidenced by the expanding 

area enclosed between the loading and retraction curves (Figure 3.5). The plateau at the bottom 
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of the retraction curves in Figure 3.5(g~i) occurred because adhesive forces were so strong that 

cantilever deflection reached its maximum (==_,)H ≈559 nm), thereby preventing the AFM 

from tracking time dynamics of the adhesion force until enough retraction occurred that the 

adhesive force decreased. Despite the increasing adhesion with successive indentations, the 

Young's modulus remained relatively constant for successive r20 sample indentations (Figure 

3.6) because the position of the contact point and corresponding point (P1) on the retraction 

curve did not vary substantially. Since the JKR model is based on point-fitting (using P0 and 

P1), the fit was unaffected by the increasing adhesion. As a result, Young’s moduli of successive 

indentation on r20 samples were more stable in the first 5 days (Figure 3.6 and Figure B.2) 

than r10 samples, and the observation of multiple contact points happened only on day 10 

(Figure B.2(g,h)). 

Over a longer timescale, the Young's modulus of r20 samples showed less variation 

compared to r10 samples within a 10-day period, as illustrated in Figure 3.7. The mean elastic 

modulus was 0.62 ± 0.06 MPa for samples stored in air, and 0.74 ± 0.06 MPa for samples stored 

in water over 10 days. Since r20 has a higher base-to-crosslinker ratio, it is likely that more free 

polymer chains are present than r10 samples, and hence, less of the sample is cross-linked, 

giving lower Young’s modulus values than that of r10 samples. Additionally, with fewer 

crosslinks to lose as the crosslinker degrades, r20 samples would be more stable than r10 

samples. Furthermore, since degraded PDMS residue shares identical chemical components 

with the original base polymer, 53 less cross-linking in r20 compared to r10 samples would 

mean less distinction between the degraded and the uncross-linked polymer, resulting in the 

apparent stability of the polymer even if crosslinks degrade. 

 

 

  



88 

 

 

 

Figure 3.5: Successive force-indentation curves of a single point on an A-5D (air stored for 5 

days) r20 PDMS sample. The orange line represents the loading curve, and the blue line denotes 

the retraction curve. Dashed lines indicate the position of the most prominent contact point, and 

its intersection with the retraction curve is marked by a circle (P1 for the JKR model). The point 

with no force on the retraction curve (P0 of the JKR model) is marked as a cross.  
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Figure 3.6: (a,c,e) The graphs correspond to the Young’s modulus on successively indenting 

A-3D, 5D, and 10D r20 PDMS, respectively. (b,d,f) The graphs correspond to the Young’s 

modulus on successively indenting W-3D, 5D, and 10D r20 PDMS, respectively. 
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Figure 3.7:(a) The Young’s modulus for air-stored r20 PDMS samples throughout 10 days. (b) 

The Young’s modulus for DI water-stored r20 PDMS samples throughout 10 days. 

 

3.3.2 Response Time 

To determine the viscoelastic properties of the PDMS samples, relaxation experiments 

were performed to quantify sample response times and determine a model of linear 

viscoelasticity to describe the hydrogels. The relaxation time was obtained by extracting the 

exponential component of the Force-Time curves from the relaxation experiments (that is, the 

force vs indentation during a 2s dwell on the sample). I fit the data with four models, as 

mentioned in Section 1.3.3 (equation ((1.65) ~ (1.68)). The goodness of fit (R-squared values) 

for each equation was compared. As shown in Figure B.3 and Figure B.4 and Table B.1 and 

B.2 (Appendix Sections B.3 and B.4), the GMM-2 model best fits the data, which has been 

used to determine sample relaxation times.   

3.3.2.1 r10 PDMS 

Representative force relaxation graphs for all r10 samples are provided in the Appendix 

B.3 (Figure B.3). The General Maxwell Model with two components (GMM-2, as described by 

equation 1.68) provides the best fit for the relaxation curves during the 2-second dwell time for 

r10 PDMS stored in both air and DI water. The GMM-2 model exhibited the highest goodness-

of-fit values (ESI Table S1) and, even by visual observation, was the most accurate (Figure 
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B.3), deviating the least from the original data compared to other models. Upon fitting, two 

coefficients, τ1 and τ2, are obtained, with τ1 representing the shorter response time and τ2 

representing the longer response time. Figure 3.8 illustrates a comparison of these two response 

times for r10 PDMS stored in air and in DI water over the 10-day period.  

The presence of two distinct response times suggests that there are at least two dominant 

“materials” within the polymer, which could be various PDMS conformations, degrees of 

crosslinking, or solvent interactions inside the polymer matrix. Each of these responds 

differently to the continuous pressure applied by the AFM tip. From Figure 3.8(a), τ1 is on the 

order of 10-1 s, indicating a fast response. τ2 is in the order of 10 s, approximately 102 times 

greater than τ1, suggesting the presence of a slower-responding material in the PDMS during 

relaxation. On average, τ1 shows a similar trend under both storage conditions (0.25 ± 0.05 s 

for air-stored and around 0.22 ± 0.06 s for DI water-stored over 10 days.). However, τ2 varies 

between samples stored in DI water or air. For the sample stored in DI water, τ2 fluctuates but 

remains fairly constant around 20 s. In contrast, for the sample stored in air, τ2 decreases 

noticeably over time, and on the 3rd day, the fitting of the parameter yields a negative value. 

 

Figure 3.8: (a) The response time τ1 for air stored and DI water stored r10 PDMS samples 

throughout 10 days. (b) The response time τ2 for air stored and DI water stored r10 PDMS 

samples throughout 10 days. 
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The origin of this negative τ2 can be attributed to the abnormal behavior observed in its 

relaxation curve (Figure 3.9, A-3D r10). Unlike other relaxation curves, where the force 

decreases gradually, the force instead increases. Such an increase suggests that the material was 

initially compressed and began to rebound back toward the tip, thereby requiring more force to 

maintain the same indentation depth. This increasing force begins after approximately 0.25 

seconds of the dwell, around the time of τ1 response (τ1 = 0.19 ± 0.082 s), and thereafter, the 

other slower response material begins to dominate, moving towards the tip, pushing it upward. 

A possible explanation is that on the 3rd day, the surface layer started to become unstable. This 

notion is supported by the fact that the 3rd day was also the day when the second contact point 

appeared (Figure 3.4(a)). During the dwell on this altered surface layer, the tip reached the bulk 

material but was likely still influenced by the surface material as follows. In the initial few 

seconds of relaxation, corresponding to the τ1 timescale, the tip compressed the more elastic 

bulk material. However, once the fast-responding materials finished responding, some of the 

loosely bonded PDMS or even water within the gel may flow back and interact with the tip, 

leading to an increased force required to maintain the indentation depth. After the 3rd day, the 

relaxation curve returned to normal behavior (decreasing force with time), potentially because 

the surface had finished degrading and was more stable. 

3.3.2.2 r20 PDMS 

Representative force relaxation graphs for all r20 samples are provided in the Appendix 

B.4 (Figure B.4). As with the r10 samples, the GMM-2 model is the most suitable for fitting 

the relaxation curves of r20 samples (Appendix B.4, Table B.2). 
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Figure 3.9: Summary of all relaxation curves: On each graph, the vertical axis represents the 

force (unit: 10-7 N), and the horizontal axis represents the dwell time (unit: s). As going down 

the row, the graphs represent an increasing number of storage days (from 1 day to 10 days). 

Each column represents a different PDMS sample as indicated at the top, where 'A' denotes air-

stored and 'W' denotes DI water-stored." 

 

For r20, τ1 did not vary much with time (Figure 3.10(a)) and was on the same order of 

magnitude (10-1 s) as that of the r10 samples. However, τ2 values of r20 samples exhibit more 

variability (Figure 3.10 (b)) than that of r10 samples.  As with r10 samples, relaxation curves 

exhibited abnormal behavior on the 3rd day.  For example, the τ2 value becomes very small for 

the air-stored r20 sample (τ2 = 0.74 ±0.56 s). Despite this small τ2, the relaxation curve does 

not exhibit an increasing force like the r10 samples (Figure B.4, A-3D r20). Instead, a 

comparison of the dwell curves for A-1D r20 and A-3D r20 (Figure 3.9) shows that the final 

force required to maintain the indentation depth relaxed to a value near zero, which is the lowest 

among all the materials examined. Notably, for A-1D r20, the force even decreased to below 

zero, suggesting an attractive force from the PDMS that draws the tip inward. This complete 

relaxation (force approaching zero) was evident for the first 3 days in the air-stored r20 material 

and on the first day for the DI water-stored r20 material, indicating the adhesive and viscous 
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nature of r20 PDMS as a less cross-linked polymer. After day 3, the force required to maintain 

indentation depth for air-stored r20 returned to levels comparable to r10. However, for r20 

stored in water (W-3D, 5D, 10D r20), the force at the end of relaxation was approximately 0.1 

μN higher compared to all the other samples in Figure 3.9, except for the abnormal A-3D r10. 

This difference could be attributed to the poroelastic nature of PDMS. When submerged in 

solvent for an extended period, the less cross-linked PDMS swells 51, trapping solvent 

molecules within the polymer matrix and thereby altering the mechanical response of the 

material. Thus, during indentation, additional force is required to displace not only the polymer 

but also the trapped water molecules, requiring greater force to maintain the indentation depth. 

As suggested by previous research 54, two concurrent processes may occur during the 

indentation of elastomer gels. The first is the conformational change of the network, caused by 

the sliding of polymer chains or rotation at the connection joints 54. The second process occurs 

if the material is immersed in a solvent, in which case the indentation will also cause migration 

of the solvent within the polymer matrix 54, 55. These processes lead to viscoelasticity and 

poroelasticity, respectively, and are characterized by relaxation time and solvent diffusivity 

through the network 54. To determine whether poroelasticity matters within the experimental 

timescale of this paper, the diffusion timescale needs to be compared with the dwell indentation 

period. The characteristic length for the AFM indentation experiment is about the size of glass 

bead attached at the tip head, £\+)> = 50	µm. Taking a solvent diffusivity D as 10-9 m2s-1 54, 55, 

the timescale for solvent diffusion (W>-##) is approximately 2.5 s (calculated by equation (3.1)), 

which is comparable to the dwell time (tdwell = 2 s).  

 W>-## 	= 	
£\+)>K

a  (3.1) 

Hence, as expected, poroelasticity and the entrapment of water molecules within the 

polymer network could contribute to the increased force observed in the relaxation experiments. 
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Therefore, assuming the polymer has been immersed in a solution for a sufficient period, the 

effects of poroelasticity likely manifest, resulting in a larger final relaxed force. From Figure 

3.9, this effect appears to be more pronounced in less cross-linked and extended soaked PDMS, 

i.e., for W-3D, 5D, and 10D r20 samples, potentially because fewer crosslinks led to more free 

polymer chains where they swelled more when in contact with a solvent. 

 

Figure 3.10: (a) The response time τ1 for air-stored and DI water-stored r20 PDMS samples 

throughout 10 days. (b) The response time τ2 for air-stored and DI water-stored r20 PDMS 

samples throughout 10 days. 

 

3.4  Conclusion 

This chapter evaluates the change in mechanical properties of PDMS with its most 

common crosslinker to base ratios (1:10, 1:20) when stored in air and DI water over a period of 

10 days. AFM was utilized to measure Young’s moduli and relaxation times of the samples 

through contact indentation and relaxation experiments. The r10 samples exhibited a hardening 

before the 5th and 3rd day for air and water stored samples, respectively. Then, there was a 

gradual softening due to degradation, whether stored in air or liquid. However, the decrease in 

elasticity was more pronounced in air, as indicated by the changes in Young’s modulus. 
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Additionally, the occurrence of multiple contact points (minor and major) suggests the 

formation of interfacial and bulk layers in r10 starting at least from 3rd day. In contrast, r20 

samples showed less variation in the Young’s modulus and surface alternation. 

Fitting relaxation curves showed that the GMM-2 model and its two response times best 

described the samples, suggesting that two predominate materials dominated the relaxation 

response. Apart from PDMS interactions, loosely crosslinked PDMS swelling in an aqueous 

environment for a long time could lead to two concurrent processes: solvent migration and 

polymer deformation. These processes may occur simultaneously due to their comparable 

timescales, which could affect the time response of the polymer to the surroundings. 

Although PDMS is widely used in research and often for periods extending beyond a single 

day, most previous studies have conducted mechanical property measurements on freshly 

prepared polymers, overlooking changes in the subsequent days. This chapter of thesis 

addresses this gap, indicating that poroelastic and viscoelastic effects vary through time, which 

has important implications for material function in research and other applications that require 

the use of PDMS in air or aqueous environments over several days. 
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Chapter 4                  

Electrochemical and Nanostructural Characterization of Poly(3,4-

ethylenedioxythiophene):Poly(styrenesulfonate) Films as Coatings 

for Neural Electrodes 

Chapter 4 and Chapter 5 report on the studies and characterization of poly(3,4-

ethylenedioxythiophene) (PEDOT) using macroelectrodes and microelectrodes respectively. 

Following these studies, Chapter 6 and Chapter 7 explore and test the performance of PEDOT 

on tetrodes. 

PEDOT, a well-characterized conducting polymer, has been applied for coating metal 

neural electrodes to improve their stimulating or recording performance. The coated electrodes 

possess advantages in better neuron attachment, lower impedance, and larger capacitance 

compared to the bare metal substrate due to the biocompatibility and porous surface of the 

polymer. However, the PEDOT-coated electrodes have frequently reported issues associated 

with mechanical instability, such as cracking and delamination. Solving this problem is crucial 

for stimulating electrodes, whereas a thick film is unnecessary for recording purposes. 

Moreover, the thickness control for the recording electrodes has rarely been investigated. In 

this chapter, I systematically studied and characterized PEDOT:PSS with CV and AFM to 

evaluate the electropolymerization of the polymer from the basic of its formation mechanism 

and analyze the surface morphology for a range of deposition times. The polymerization 

potential was obtained, and deposition charge density was optimized for recording neural 

electrodes. In addition, high-resolution AFM height and phase images reveal the heterogeneity 

of the polymer surface. The modified electrode was also tested for its electrochemical 

performance in a small potential window with both a standard electrochemical cell setup and 

stainless steel microscrews. The results showed that despite a shift of potential (0.42V) due to 
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the change of setup, the electrode functions well in the capacitive region without triggering 

redox reactions.  

The work presented in Chapter 4 has been published in ACS Applied Polymer Materials 

1. The project was conducted under the supervision of Prof. Richard Compton and Prof. Sonia 

Contera. Dr. Yuqi Chen assisted with the understanding and interpretation of the 

electrochemical analysis. 

4.1  Introduction 

Implantable neural devices are widely exploited in neuroscience research to probe 

electrically active cells 2. However, due to their microscopic size and interfacial rigidity, many 

metal electrodes suffer from high impedance as well as being susceptible to surface fouling so 

limiting the signal-to-noise ratio and restricting the lifetime of implanted electrodes2. Since the 

development of conducting polymers (CPs) in the last century, broad attention has been given 

to electrode coatings on the surface of the electrodes to reduce these problems and to enhance 

the performance of neural electrodes. The layer of CP on the metallic or silicon substrate 

substantially reduces the impedance as the roughened, porous surface produces a larger 

electrochemical surface area 3. The soft polymer layer also separates the hard substrate surface 

from the tissue, mitigating the immune response and there have even been reports of preferential 

in vitro and in vivo neuron growth4. Thanks to their superior conductivity, chemical stability5, 

and biocompatibility, CPs have the potential to elevate the performance of traditional neural 

electrodes to new levels. 

Poly(3,4-ethylenedioxythiophene) (PEDOT) is one of the most promising candidates for 

CP modified neural electrodes. PEDOT possesses good conductivity 5, 6 and has been shown in 

vitro to promote cell adhesion and exhibit low cytotoxicity 7, and little immune response 

following electrode insertion in vivo 8, which is crucial for long-term in vivo recording. 
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Common ways of PEDOT deposition include spin coating9 and electropolymerization. 

However, for electrodes such as tetrodes, it is challenging to carry out spin coating, as cross-

linking between the different recording sites can easily arise. Electropolymerization is a better 

and more controllable approach where the fabrication process can be tailored by tuning the 

polymerization conditions (potential/current, polymerization charge density, and dopant). 

Table 4.1 summarizes several PEDOT electropolymerization methods. 

Cui et al.10 reported one of the earliest attempts at electrochemically depositing PEDOT 

onto a metal electrode for neuronal recordings. The coated electrode exhibited better electrical 

properties in terms of impedance and charge storage capacities compared to the bare electrodes. 

Their work focused on coating, particularly with stimulating electrodes 6, demonstrating that 

there is a charge injection limit with increasing thickness of the coating and that a thicker film 

is always accompanied by mechanical failure such as cracking and delamination. For recording 

electrode arrays, Ludwig et al.11 showed that compared to uncoated sites, those coated with 

PEDOT provided higher quality recording in terms of better signal-to-noise ratio and a greater 

number of viable units registered. Moreover, they also found that the impedance decreased with 

increasing deposition but was limited for deposition charges larger than 260 mCcm-2.  

The mechanism of electropolymerization of PEDOT has been studied. The reaction 

scheme is shown in Scheme 4.1. Applying current or potential to the working electrode initiates 

the formation of the radical cation of the PEDOT monomer leading to the growth of the polymer 

film possibly via radical-radical dimerization followed by further electrochemical oxidation 

which with further addition of monomeric units forming oligomeric chains. The ultimate 

polymer chain is a combination of oligomeric and monomer radicals, with positive charges 

spread along the backbone. The charge requires the polymerization to be accompanied by the 

uptake of anions from the solution. Anions that have been used include perchlorate (ClO`::), 

benzenesulfonate (BS), p-toluenesulfonate (pTS), dodecylbenzene sulfonate (DBS), and 
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tetrafluoroborate (BF`:) leading to different bulk properties 12, 13 but the use of polystyrene 

sulfonate(PSS) is common as is evident from Table 4.1 partly due to the easy processability of 

the films 14 and partly since the synthesis is claimed to be green 14. The transition of the growing 

polymer from the molecular to the macroscopic scale has been explored by Tamburri et al.15 

who discussed the growth mechanism of PEDOT in terms of polymer nucleation with the 

subsequent 3D growth blanketing the entire surface. Note that at high potentials the PEDOT+ 

can undergo further oxidation, but the resultant products are complicated and have been covered 

by other literature 16, 17, 18. Such overoxidation is likely to lead to irreversible chemical changes 

with a negative impact on essential properties notably conductivity 15, 16.  

Scheme 4.1: Formation of PEDOT: PSS by electro-polymerization on the working electrode. 

The polymerization scheme starts with (a) monomers being initially oxidized at the working 
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electrode, and then (b) two oxidized monomers form a dimer. Dimers undergo further oxidation 

producing oligomeric radicals, which combine with other radicals in the end, (c) giving the 

polymer chain. The chain has a positively charged backbone and hence requires uptakes of PSS- 

or other anions from the solution to neutralize the charge. PEDOT: Poly(3,4-ethylene 

dioxythiophene); PSS: Polystyrene sulfonate. 

 

PEDOT: PSS is attractive for biological applications because of its mixed ion-electron 

conductivity which is useful in converting biological signals (ionic motion) into electrical 

signals (electronic motion) 19. The mixed conduction emerges from the two-phase nature of the 

material, where PEDOT-rich regions are embedded with PSS-rich regions 14. The hydration of 

PSS is thought to help ion transport within the structure, and the aggregated PEDOT regions 

are responsible for hole transport 9, 14, 20. PEDOT-rich and PSS-rich regions are interconnected, 

which implies the whole bulk is involved in the charge interaction giving rise to a volumetric 

capacitance. Furthermore, PEDOT:PSS possesses a relatively high specific capacitance 

originating from the large effective double-layer area due to its porous surface 9, 14, 20. The 

capacity is thus closely related to material morphology. 

The morphology reflects several factors, such as the polymerization method used, the 

solvent, and the choice of dopant. Castagnola et al. 21 investigated the effect of different electro-

polymerization routes, where potential scanning approaches created the most homogeneous 

surface. However, very few researchers use this approach due to the uncontrollable current 22. 

A range of dopants 12 and solvents 13 were also studied to address the issues of chemical and 

mechanical stability. 

Whilst it has been established that PEDOT-modified electrodes demonstrate a lower 

impedance than bare electrodes (especially at low frequency, <100 kHz 6), the main ongoing 

challenge relates to the mechanical stability of the film which is closely related to the film 

thickness. This is a particular problem for stimulating electrodes rather than recording 
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electrodes where in the former case thicker films are used to improve the charge injection 

capacity so that the injected charge is large enough to trigger neural membrane depolarization. 

On the other hand, a thick film is unnecessary for a recording electrode, in particular where 

little outperformance can be gained over the impedance. In addition, previous research has 

reported delamination and cracking problems associated with a thick coat, and reduced 

biocompatibility 6, 7, 22, 23. For a film with charge deposition larger than 0.5 C cm-2, PEDOT-

coated electrodes showed no advantage over bare Pt in terms of biological benefit 7. There is so 

far very little research about film thickness reported in the literature for recording electrodes. 

Other methods, notably incorporation of PEDOT:PSS hydrogel 24 to maintain film integrity is 

useful for macro sensor fabrication but not easy for microwire metal electrodes, especially those 

with closely packed detection spots (e.g. as in the tetrodes often used in vivo) where the 

hydrogel easily overgrows and cross-connects different detection points. Thickness control is 

an obvious gap in the published research and is an effective way to control and improve the 

film mechanical stability for recording electrodes. In addition, PEDOT as a volumetric 

capacitor, the morphological change post-implantation is crucial but has not been investigated.  

In this chapter, the electro-deposition of PEDOT: PSS is systematically studied and 

characterized with Cyclic Voltammetry (CV) and Atomic Force Microscopy (AFM) from the 

perspective of use for neural electrodes in recording mode. The surface morphology is studied 

as a function of the conditions of deposition. The roughness of the surface is quantified; surface 

nanoscale heterogeneity is revealed and discussed. The surface morphology is assessed as a 

function of exposure to aqueous media in the form of deionized water and phosphate buffered 

solution (PBS) with the latter being a suitable medium for short-term in vitro characterization 

26. Electrochemical measurements, both Faradaic and capacitive, are investigated both with a 

well-defined reference electrode (a saturated calomel electrode) and with a stainless steel (SS) 

microscrew pseudo-reference electrode mirroring the typical approach adopted for in vivo 
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experiments (in rodents) where both such screws act both as reference and counter electrodes. 

The data collected could provide an essential basis for the use of PEDOT: PSS as a coating for 

neural metal electrodes particularly when used in recording mode. 

Table 4.1: A summary of PEDOT:PSS electropolymerization methods. 

Materiala Substrateb Method Voltage 
Appliedc 

Current 
Applied 

Deposition 
Time Ref 

PEDOT:PSS Au 

Galvanostatic / 0.5~2.0mAcm-2 Charge 

deposition from 

133~1667mC 

cm-2 

10 

Potentiostatic 1.1V (vs SCE) / 

PEDOT:PSS Pt Galvanostatic / 0.64mAcm-2 10~500s 
6 

PEDOT:PSS 

PEDOT:Cl 
Pt Galvanostatic / 0.2mAcm-2 71~1071s 

27 

PEDOT:PSS 
Pt, 

ITOc Potentiostatic 

0.0à0.5V for 

10s 

0.75à1.4V for 

110s 

(vs SCE) 

/ 120s 
15    

PEDOT:PSS Au 

Cyclic 

Voltammetry 

5~25mVs-1  

 -0.9V~1.2V 

(vs SCE) 

/ / 

21 
Potentiostatic 

0.8V, 0.9V, 1.1V 

(vs SCE) 
/ 10~50s 

Galvanostatic / 0.03~0.5mAcm-2 10~900s 

PEDOT:PSS 
Glassy 

Carbon, Au 
Potentiostatic 

1V 

 (vs Ag|AgCl) 
/ 

Charge limited to 

260mCcm-2 

28 

PEDOT:PSS Pt Galvanostatic / 0.5mAcm-2  100~2000s 
7 

PEDOT:ClO4 

PEDOT:BS 

PEDOT:PTS 

PEDOT:DBS 

PEDOT:PSS 

Pt Galvanostatic / 0.5mAcm-2 33min20s 
12 
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a PEDOT: Poly(3,4-ethylene dioxythiophene). PSS: Polystyrene sulfonate. TEAP: 

Tetraethylammonium perchlorate. &'(`: : perchlorate. BS: benzenesulfonate. pTS: p-

toluenesulfonate. DBS: dodecylbenzene sulfonate. )*̀:: tetrafluoroborate. MWCNT: Multi-

walled Carbon Nanotube. 

b Au: Gold. Pt: Platinum. ITO: Indium Tin Oxide. Ir: Iridium. Pt/Ir: Platinum/Iridium Alloy.  

c SCE: Saturated Calomel Electrode. Ag|AgCl: Silver Chloride Electrode.  

 

  

PEDOT:TEAP Ir Galvanostatic / 0.5mAcm-2 

Charge 

deposition from 

50~1000mCcm-2 

11, 29 

PEDOT:BF4 PtIr Galvanostatic /  
Limit charge to 

260mCcm-2 
13 

PEDOT:PSS + 

MWCNT 
Pt 

Galvanostatic / 0.02mAcm-2 50~400s 

30 

Potentiostatic 
1V 

(vs Ag|AgCl) 
/ 50~400s 

PEDOT:PSS + 

MWCNT 
Pt/Ir Potentiostatic 

1.3V 

(vs Ag|AgCl) 
/ 30s 31 
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4.2  Materials and Methods 

4.2.1 Materials 

3,4-ethylenedioxythiophene (EDOT, 97% purity), poly(sodium 4-styrenesulfonate) 

(NaPSS, average Mw = 70,000), and phosphate buffer saline(PBS) were purchased from Sigma 

Aldrich and used as received. Deionized water with a resistivity of 18.2 MΩ cm at 298 K 

(Millipore, Millipak Express 20, Watford, UK) was used.  

A Pt macro disk (+,-. = 0.0234K ) and a Pt single crystal (Miller indices (100), 

+3567-	+,-. ≈ 0.2234K ) were used as working electrodes to perform electrochemical 

characterization and morphological studies.  

4.2.2 Electropolymerization 

Experiments were carried out in a thermostated Faraday cage using a μ-AutolabIII 

potentiostat /galvanostat (Autolab B.V., Utrecht, The Netherlands) with NOVA software. A 

standard three-electrode setup was employed with Pt as the working electrode, a saturated 

calomel electrode (SCE; BSi Inc., West Lafayette, IN, USA) as the reference electrode, and a 

graphite rod as the counter electrode. All working electrodes were washed with deionized water 

and dried with Nitrogen prior to electro-polymerization. The Pt macro disk was polished on soft 

lapping pads with alumina powder of decreasing size (1.0, 0.3, and 0.05μm; Buehler IL, U.K) 

each time before each experiment. The Pt single crystal electrode was cleaned by heating to red 

heat using a Bunsen burner for 10s to remove surface impurities. 

The electro-polymerization was conducted potentiostatically in a solution containing 

10mM EDOT and 0.1mM NaPSS (0.7% (w/v)) 15, 21. Constant potentials with values between 

0.5V to 1.5V were applied for 0.5s to 120s. The cell solution was kept at 25	±	1˚C and degassed 

with nitrogen for 10 min before each electrochemical experiment. 
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4.2.3 Electrochemical Characterization 

All the electrochemical characterizations were carried out in a three-electrode cell setup 

with either a saturated calomel electrode (SCE) as the reference electrode and a graphite rod 

counter electrode or, to mimic the in vivo setup, stainless steel microscrews (SS, M1.4) were 

used as the reference and counter electrodes. Electrodes were immersed in polymerization 

solution (10 mM EDOT and 0.1 mM NaPSS) or 0.1 mM NaPSS solution for investigation via 

cyclic voltammetry (CV) with a wide potential scanned between 0.5 V to 1.7 V and a scan rate 

of 50 mVs-1. Small potential window scans from -100mV to 100mV with scan rates 25, 50, 100, 

and 200 mVs-1 in 0.01M PBS (0.01 M PBS is equivalent to the 1X PBS notation, and the ionic 

content is included in Table 5.1 of the next chapter for further analysis.) were undertaken to test 

electrode functioning in the range of neuronal activity.  

To obtain the reference potential shift between the SCE/graphite setup and the SS/SS setup, 

both wide scans (-0.8 V to 2.0V) and small scans (-100 mV to 100 mV) were carried out 

separately with these two setups, immersing a modified Pt electrode (about 50 mC charge 

deposition) in 0.01 M PBS solution. 

4.2.4 Morphological Characterization  

The polymer film morphology was analyzed by Cypher atomic force microscopy (Cypher 

AFM, Asylum Research, Oxford Instrument, CA, USA). Olympus AC240TSA cantilevers 

(;=~70	>?@, >=~2.0	B4:<) were used to probe the surface. Images of topography and phase 

were acquired by tapping mode in deionized water or 0.01 M PBS and were collected and 

processed by Igor Pro software (Oxford Instruments Asylum Research). The cantilever was 

calibrated by the Sader method 32 and tuned before any test, so the phase was 90° when the 

cantilever was not in contact with the sample. During the tapping, the AFM operates in a small 
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amplitude range (<10 nm) 33.  The root-mean-square (RMS) roughness of each full image was 

calculated by the following equation: 

 C1,O = D1
B	FG-K	 (4.1) 

where C1,O is the RMS roughness, N is the number of data points and Y is the height value of 

each data point 34.   

4.3  Results and Discussion 

In this section, I first discuss the electrochemical properties of EDOT to determine the 

optimum coating potential. Subsequently, the selected voltage was applied to investigate the 

potentiostatic mode of coating for different deposition times and thus optimize the process. The 

film morphology, roughness, and stability were then investigated utilizing AFM in tapping 

mode. Finally, with the deposition potential and time optimized, the final modified electrode 

was tested in 0.01 M PBS as a good medium for short-term in vitro electrochemical 

characterization 26.  

4.3.1 Electrochemical Characterization of EDOT 

First, the electrochemical properties of EDOT in an aqueous solution were analyzed using 

cyclic voltammetry (CV). Initial CV scans started at a potential of 0.50 V (vs. SCE), swept 

anodically to 1.5 V, then swept cathodically to -0.80 V, and eventually returned to 0.50 V using 

a bare disc Pt electrode immersed in 10 mM EDOT and 0.1 mM NaPSS solution (Figure 

4.1(a,b)).  The choice of 0.5 V as the initial potential is to ensure no Faradaic reaction happens 

until the scan has reached higher potentials than the start potential. Otherwise, the resulting 

voltammogram would be distorted. For the anodic scan, a peak (P1) can be observed at around 

1.4 V (vs. SCE), together with a shoulder (S1) in the proximity of 1.0 V. On the cathodic scan, 

a reduction peak P2 is seen with a peak potential of -0.55 V. The magnitude of this peak is 
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much smaller than the oxidation peak P1. To understand S1 and evaluate its nature, I recorded 

further CVs in which the maximum anodic potentials (E+) were 0.50 V and 1.0 V, keeping the 

cathodic limit the same as before. The resultant CVs are compared and shown in Figure 4.1(a, 

b). The red line (E+ = 0.5 V) has neither a reduction peak (P2) at -0.55 V nor a small oxidation 

peak at -0.42 V, implying no PEDOT formation at its maximum potential. For the reduction 

peak (P2) to be seen in the reverse scan, a threshold potential of ca. 1.0 V in the anodic scan is 

required. The presence of the reduction peak confirms there was Faradaic oxidation at S1.  

Comparison with the literature 15 suggests that S1 corresponds to monomer oxidation and 

hence to the onset of polymerization. 

Next, potential step chronoamperometry was applied to a solution of identical composition 

as used for the CV, with the value of the applied potential of the Pt electrode jumping from 0V 

(vs. SCE) to a fixed value ranging from 0.5 V to 1.5 V (Figure 4.1(c)). The total charge passed 

in the chronoamperograms up to a time of 120 seconds was calculated and summarized (Figure 

4.1(d)). At low potentials, little current and hence charge was seen or passed in the 

chronoamperograms. After the onset of monomer oxidation around and near 1.0 V (vs. SCE), 

currents flow nearly steadily, with increasing charge and current seen for increasing potentials 

up to 1.0 V. Above this potential, the initially steady current dies away after prolonged 

electrolysis as is apparent in the current–time curve measured for a potential step to 1.1 V. This 

loss of electroactivity is especially apparent in Figure 4.1(d) where for potentials more anodic 

than 1.1 V the charge passed drops markedly. It is likely that for potentials of 1.1 V or more 

there is over-oxidation of the polymer film leading to irreversible chemical changes 15, 16 in 

addition to consumption of monomer. 

To investigate this hypothesis further, the Pt electrode was coated in potentiostatic mode 

at 1.0 V for 120 s, transferred to a 0.1 mM NaPSS solution and a CV scanned (0.5 Và1.7 Và-

0.8 Và0.5 V vs. SCE). The result is shown in Figure 4.1(e) and compared with the same scan 
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in a solution with the presence of 10 mM EDOT (Figure 4.1(f)). The former shows that the 

application of potential larger than 1.1 V to a pre-formed film completely destroyed the 

oxidative electroactivity. Therefore, after the first scan, the CV of the subsequent scan had little 

difference from a scan with a bare Pt in NaPSS. It is evident that the sustained application of 

an oxidizing potential in excess of ca. 1.0 V to the film causes over-oxidation and the loss of 

voltammetric signal likely due to the loss of film conductivity as observed by others 16. 

It was concluded that for potentiostatic deposition the optimum potential was +1.0 V (vs. 

SCE) and that potentials in excess of this value caused an irreversible chemical change to the 

film. Next, I investigated the impact of the length of time of the deposition. 

4.3.2 Morphological Characterization of EDOT 

To optimize the coating time, an initial series of films were produced on a Pt single crystal 

(100) of size 0.22 cm2 compatible with the AFM used for imaging the surfaces and for 

measuring their roughness. The procedures are illustrated in Scheme 4.2. In general, a 

potentiostatic deposition of PEDOT was performed on a Pt single crystal at 1V for a range of 

times depending on the particular test. After coating, the electrode was dipped in deionized 

water, blown with nitrogen to remove excess liquid, then left at room temperature for an hour 

or less depending on the exact experiments of interest before further testing. Note that beyond 

the coatings indicated in Scheme 4.2, thicker films have been made using a Pt macro disk 

electrode, but the surface was found to be mechanically fragile and, notably, easily cracked for 

example by simply blowing dry nitrogen over the surface (Appendix C Figure C.1). No such 

behavior was inferred for the coverage developed on my thinner layer coated electrodes. Film 

morphologies were observed in an aqueous environment formed from either a few drops of 

deionized water or PBS placed on the film before imaging using AFM tapping mode. 
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Figure 4.1：(a,b) CV of bare Pt disc electrode immersed in 10 mM EDOT and 0.1 mM NaPSS 

solution. The scan started at 0.5 V and was swept anodically up to different limits (E+ = 0.5 V, 

1.0 V, and 1.5 V vs. SCE), then reverse scanned to a fixed cathodic limit at -0.8V, and 

eventually returned to 0.5 V (0.5 V à E+ à -0.8 V à 0.5 V vs. SCE). The yellow box for (a) 

is enlarged and shown in (b). (c) Chronoamperograms using the same electrode and solutions 

were recorded at potentials between 0.5 V and 1.5 V vs. SCE. (d) Variation of the amount of 

charge transferred during electropolymerization in (c) with potential 0.5 V ~ 1.5 V vs. SCE. (e) 
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Comparison of the CV of the modified Pt (green and yellow) and bare Pt (red) disc electrode in 

0.1 mM NaPSS (0.5 V à 1.7 V à -0.8 V à 0.5V vs. SCE). (f) CV scans of a Pt disc electrode 

in 10 mM EDOT and 0.1 mM NaPSS (0.5 V à 1.7 V à -0.8 V à 0.5 V vs. SCE). 

 

Scheme 4.2: The procedures for morphological characterization. DW: Deionized water. PBS: 

phosphate-buffered saline. 

 

Note that all of the final imaging steps were carried out in aqueous conditions (deionized 

water or PBS). Performing the imaging in liquid provided several advantages notably giving 

higher resolution compared to those obtained in the air, where the resolution was compromised 

at a small scale because of a water moisture layer on the polymer surface makes the interaction 

potential between the tip and the sample more complex, decreasing resolution 35  (Appendix C 

Figure C.2(a)). In addition, in the in vivo environment, the ion species responsible for 

interaction are primarily provided by extracellular fluid (ECF), where a 0.01 M PBS can be 

useful as a short-term in vitro substitution for electrochemical and nanostructural 

characterization 26. From the polymer deposition characterization point of view, the 

disadvantage of imaging in liquid was that the polymer would inevitably swell to a larger size 

than in air. To minimize such effects, I performed AFM imaging as fast as possible (within 30 
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min) after adding the liquid drop to the dried polymer. In addition, drying in the air before 

imaging also helps to better observe the small features. From Appendix C Figure C.2(b), the 

polymers were in circular shape (ca. 50 nm) until a drying time of 60 min where a finely meshed 

and porous structure (Appendix C Figure C.2(c)) similar to natural cotton balls (Appendix C 

Figure C.2(d)) could be observed.  

For Procedure 1 and 2 (Scheme 4.2), the polymer was imaged in deionized water instead 

of PBS due to the much faster rate of swelling of the film in PBS. Given the same pre-drying 

time in the air (60 min) and the similar soaking time in solution (<10 min), the film roughness 

was larger in PBS than in deionized water (Appendix C Figure C.3). More direct visual 

evidence of swelling is shown in Appendix C Figure C.4(i) and Figure C.5(d), which indicate 

that the polymer swells into circular bulbs (ca. 50 nm) in PBS, but that a finely meshed and 

porous structure was visible in deionized water. The images in PBS are thought to be close to 

those expected for ECF. Procedure 3 was applied to keep track of polymer swelling in 0.01 M 

PBS from less than 10 min up to a prolonged period of 24 h. The final imaging was conducted 

in the same solution as the soaking to prevent disturbing the surface from changing the solution. 

The swelling of the film in PBS will reach an equilibrium which will be discussed in section 

4.3.2.3. 

Overall, in the context of the metal electrode for neuronal recording application 

environment, swelling of the pre-dried films following fabrication takes place. However, 

performing imaging in deionized water after a pre-drying period produced enhanced resolution 

and detail in the surface features, and imaging in 0.01 M PBS provided a satisfactory 

environment for transient studies. These approaches and initial observations gave a basis for 

recording the more detailed data given in the following sections. 
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4.3.2.1 Film Morphology of Different Coating Times 

For the results reported in this section, Procedure 1 (Scheme 4.2) was followed. Figure 

4.2 summarizes the images for various coating times and at different magnification scales. 

The images of the 0.5s coating surface in Figure 4.2 reveal the very initial stages of 

polymer growth on a Pt substrate for the first time at high resolution (from 5×5 μm to 1×1 μm 

scan frames). The short-time deposition sample consisted of circular segments growing next to 

each other, enclosing a pore in the middle with an average depth of 6 nm (Appendix C Figure 

C.6). The presence of pores could lead to the exposure of the underlying Pt surface. For the 5s 

deposition sample, small granules (bright dots) can be observed, and they are connected by a 

finely meshed network. These grains are inferred to be growing polymer nuclei, PEDOT, 

embedded in the PSS matrix, as proposed previously 14, 15. From the images, a large number of 

nuclei (ca. 15 ± 2 per μm2) form within the first 5 s of growth (Appendix C Figure C.7) in 

contrast to observations using indium tin oxide 15 (ca. 4 ± 2 per μm2) as the substrate where 

much fewer nuclei were observed indicating possible benefits of using platinum electrodes for 

reproducible and more homogeneous films. These nuclei grew in size as the deposition 

proceeded, and the average film thickness (Table 4.2) estimated from the amount of charge 

transferred) increased. Figure 4.3 records the variation of surface RMS roughness with 

deposition time; the initial roughness is only about 1nm larger than the bare substrate, indicating 

a relatively flat surface for 0.5 s coating. For deposition time of 5 s or above the surface 

roughness reached a steady value. 

To assess the coating coverage, the phase images of films formed by 0.5 s and 5 s coating 

were recorded as shown in Figure 4.4. Phase images contain information of the topography as 

well as the energy dissipation at the interface. The contrast in the phase signals gives insights 

into different types of materials over which the cantilever is being scanned, where a hard surface 

usually produces a higher phase signal compared to softer areas, and is related to the energy 
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dissipated at the interface 14, 36, 33. Significant contrast between different areas was obtained in 

the 0.5 s coating (Figure 4.4(a)), in which the labeled points correspond to peaks of phase along 

the measurement line across the surface. The corresponding positions relate to the pores in the 

height image suggesting the Pt surface may be partially exposed at these sites. In the phase 

diagram recorded for the 5 s coating, although the line passes through several dark and bright 

regions (Figure 4.4(b)), their phase has little difference without any dominant peaks observed 

as in the 0.5 s image. The phase variation, in this case, is attributed to scanning through the 

PSS-rich and PEDOT-rich regions 14.  

It has been reported that PEDOT: PSS cast onto a glass substrate 14 is a two-phase material 

consisting of PEDOT-rich and PSS-rich grains, where a PEDOT-rich grain is about 10~20 nm 

in size and PSS-rich grain is about 20~30 nm 14, 37. The single grain size is similar to the phase 

variation period (16nm, evaluated by averaging the peak separation) along the drawn line 

imposed in Figure 4.4(b). Further zooming into the 5 s deposition image gives Figure 4.5(a, 

b), from which one can observe that bright regions in the height image (e.g. Box A) are dark in 

the phase image and vice versa (e.g. Box B). The inhomogeneous polymer surface is shown 

schematically in Figure 4.5(c). When the polymer is immersed in an aqueous environment, the 

PEDOT-dominant zones (Box B) are expected to be relatively hydrophobic in comparison to 

the PSS-dominated parts which are thought to take up water and hence are expected to swell 

and soften. The swelled polymer leads to higher height signals, but the soft areas are assigned 

to the dark phase signals. A rough estimation from Figure 4.5(a) suggests that the order of 

magnitude of a PEDOT-dominant region is about 70 nm, and the PSS-dominant region is about 

80nm, which means every one of these regions consists of several PEDOT, PSS-rich grains. 
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Figure 4.2: The morphology of PEDOT: PSS coated Pt electrode surfaces obtained by tapping 

mode AFM in deionized water. Deposition times range from 0.5 s to 120 s, and the images are 

magnified to different scales (5, 2, and 1 μm scan frames). The scale bars for the panel are 1μm, 

400 nm, and 200 nm from the top to the bottom row respectively. 

Figure 4.3: The RMS roughness of the PEDOT: PSS surfaces in Figure 4.2. The y-intercepts 

(coating time = 0 s) are the RMS roughness of the bare Pt electrodes. The error bars represent 

the surface roughness variation in three different spots on the film. 
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Figure 4.4: Top: Phase images and the corresponding phase variation along the red lines 

marked. Bottom: height images and the corresponding height variation along the red lines 

marked. Images were taken in DW with tapping mode AFM. All scale bars represent 200 nm. 

A red line is drawn to trace the height and phase variation across the surface, and the results are 

shown in the graphs on the right. (a) 0.5 s coating and dried in air for 1h. Two positions, 

corresponding to the peaks in phase data, are labeled by a circle and a square respectively. The 

peaks of the phase coincide with points close to the minima of the height. (b) 5 s coating and 

dried in air for 1h. The red line passes through several bright and dark regions in the height 

(a)

(b)
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image, but phase images illustrate less difference compared to (a), except the phase signal for 

the bright spot in the height image (triangle) is slightly lower than the phase of dark spots in the 

height image (sphere and square).  

 

 

Figure 4.5：(a, b) Height and phase AFM images in deionized water: zoom in on the 5 s 

deposition surface. Scale bars: 100 nm. (c) Schematic generalization of the inhomogeneous 

distribution of material on the surface. Adapted with permission from 14 (Copyright 2017, John 

Wiley and Sons). Grey line and yellow charge: PSS- chain and the excess charges on the chain. 

Dark line and green charge: PEDOT+ polymer and its charge. Blue charge: cations in the 

solution. Box A: PSS-dominant region. Box B: PEDOT-dominant region.  

 

  

(a) (c)

(b)

File: Image0055
DataType: HeightRetraceMod0
Date: 2022-09-01
ImageNote: 
ImagingMode: AC Mode
ScanLines: 256 
ScanPoints: 256 
ScanRate: 2.44 Hz
ScanSize: 1.00 µm
Time: 6:01:12 PM
 

File: Image0055
DataType: PhaseRetrace
Date: 2022-09-01
ImageNote: 
ImagingMode: AC Mode
ScanLines: 256 
ScanPoints: 256 
ScanRate: 2.44 Hz
ScanSize: 1.00 µm
Time: 6:01:12 PM
 

File: Image0055
DataType: HeightRetraceMod0
Date: 2022-09-01
ImageNote: 
ImagingMode: AC Mode
ScanLines: 256 
ScanPoints: 256 
ScanRate: 2.44 Hz
ScanSize: 1.00 µm
Time: 6:01:12 PM
 

File: Image0055
DataType: PhaseRetrace
Date: 2022-09-01
ImageNote: 
ImagingMode: AC Mode
ScanLines: 256 
ScanPoints: 256 
ScanRate: 2.44 Hz
ScanSize: 1.00 µm
Time: 6:01:12 PM
 

PSS PEDOTCations

PSS-dominant 
region

PEDOT-dominant 
region

A

B

A

B

A

B

File: Image0047
DataType: HeightRetraceMod0
Date: 2022-09-02
ImageNote: 
ImagingMode: AC Mode
ScanLines: 256 
ScanPoints: 256 
ScanRate: 2.44 Hz
ScanSize: 620.00 nm
Time: 5:29:32 PM
 

80.0˚

97.6˚

88.8˚

File: Image0047
DataType: HeightRetraceMod0
Date: 2022-09-02
ImageNote: 
ImagingMode: AC Mode
ScanLines: 256 
ScanPoints: 256 
ScanRate: 2.44 Hz
ScanSize: 620.00 nm
Time: 5:29:32 PM
 

-22.0

22.0
nm

0.00

File: Image0055
DataType: HeightRetraceMod0
Date: 2022-09-01
ImageNote: 
ImagingMode: AC Mode
ScanLines: 256 
ScanPoints: 256 
ScanRate: 2.44 Hz
ScanSize: 1.00 µm
Time: 6:01:12 PM
 

File: Image0055
DataType: PhaseRetrace
Date: 2022-09-01
ImageNote: 
ImagingMode: AC Mode
ScanLines: 256 
ScanPoints: 256 
ScanRate: 2.44 Hz
ScanSize: 1.00 µm
Time: 6:01:12 PM
 

File: Image0055
DataType: HeightRetraceMod0
Date: 2022-09-01
ImageNote: 
ImagingMode: AC Mode
ScanLines: 256 
ScanPoints: 256 
ScanRate: 2.44 Hz
ScanSize: 1.00 µm
Time: 6:01:12 PM
 

File: Image0055
DataType: PhaseRetrace
Date: 2022-09-01
ImageNote: 
ImagingMode: AC Mode
ScanLines: 256 
ScanPoints: 256 
ScanRate: 2.44 Hz
ScanSize: 1.00 µm
Time: 6:01:12 PM
 

PSS PEDOTCations

PSS-dominant 
region

PEDOT-dominant 
region

A

B

A

B

A

B

File: Image0047
DataType: HeightRetraceMod0
Date: 2022-09-02
ImageNote: 
ImagingMode: AC Mode
ScanLines: 256 
ScanPoints: 256 
ScanRate: 2.44 Hz
ScanSize: 620.00 nm
Time: 5:29:32 PM
 

80.0˚

97.6˚

88.8˚

File: Image0047
DataType: HeightRetraceMod0
Date: 2022-09-02
ImageNote: 
ImagingMode: AC Mode
ScanLines: 256 
ScanPoints: 256 
ScanRate: 2.44 Hz
ScanSize: 620.00 nm
Time: 5:29:32 PM
 

-22.0

22.0
nm

0.00

File: Image0055
DataType: HeightRetraceMod0
Date: 2022-09-01
ImageNote: 
ImagingMode: AC Mode
ScanLines: 256 
ScanPoints: 256 
ScanRate: 2.44 Hz
ScanSize: 1.00 µm
Time: 6:01:12 PM
 

File: Image0055
DataType: PhaseRetrace
Date: 2022-09-01
ImageNote: 
ImagingMode: AC Mode
ScanLines: 256 
ScanPoints: 256 
ScanRate: 2.44 Hz
ScanSize: 1.00 µm
Time: 6:01:12 PM
 

File: Image0055
DataType: HeightRetraceMod0
Date: 2022-09-01
ImageNote: 
ImagingMode: AC Mode
ScanLines: 256 
ScanPoints: 256 
ScanRate: 2.44 Hz
ScanSize: 1.00 µm
Time: 6:01:12 PM
 

File: Image0055
DataType: PhaseRetrace
Date: 2022-09-01
ImageNote: 
ImagingMode: AC Mode
ScanLines: 256 
ScanPoints: 256 
ScanRate: 2.44 Hz
ScanSize: 1.00 µm
Time: 6:01:12 PM
 

PSS PEDOTCations

PSS-dominant 
region

PEDOT-dominant 
region

A

B

A

B

A

B

File: Image0047
DataType: HeightRetraceMod0
Date: 2022-09-02
ImageNote: 
ImagingMode: AC Mode
ScanLines: 256 
ScanPoints: 256 
ScanRate: 2.44 Hz
ScanSize: 620.00 nm
Time: 5:29:32 PM
 

80.0˚

97.6˚

88.8˚

File: Image0047
DataType: HeightRetraceMod0
Date: 2022-09-02
ImageNote: 
ImagingMode: AC Mode
ScanLines: 256 
ScanPoints: 256 
ScanRate: 2.44 Hz
ScanSize: 620.00 nm
Time: 5:29:32 PM
 

-22.0

22.0
nm

0.00



123 

 

Table 4.2: Summary of average charge transferred density during chronoamperometry, and 

estimation of average film thickness on the Pt electrode. 

a Assume the total volume of the polymer deposited evenly across the electrode substrate. 

 

4.3.2.2 Film Morphology Resulting from Different Pre-drying Times 

In this section, Procedure 2 (Scheme 4.2) was followed to prepare the imaging samples.  

The aim was to inspect the change of surface morphology over the drying time as it could 

provide information on how long time after coating should the neuronal probe be used 

biomedically and also to test the variation of surface roughness due to drying. The AFM images 

are shown in Appendix C Figure C.4, and the roughness is reported in Figure 4.6(a). The 

polymer swelling over a short time of drying (<60 min) was significant as the mesh-like 

structure disappeared and was replaced by circular bulbs on the surface (Appendix C Figure 

C.4). As a result of swelling, all the films exhibited increasing roughness with decreasing drying 

times in the air (Figure 4.6(a)). The roughness of the films formed by 5 s and 60 s of electro-

deposition were similar throughout the drying time, but the 60 s film has its roughness variation 

within 1nm for all scales. Moreover, polymers were prone to adhere to the cantilever tip 

producing blurred images for a short drying period (Appendix C Figure C.4(a, e)). Therefore, 

Coating time 

(s) 
Average charge transferred density 

(mCcm-2) 
Estimation of average thicknessa 

(nm) 

0.500 ± 0.001 0.49 ± 0.04 3.2 ± 0.3 

5.000 ± 0.001 4.6 ± 0.4 30	 ± 3 

30.000 ± 0.001 22 ± 2 150 ± 10 

60.000 ± 0.001 47 ± 4 310 ± 30 

120.000 ± 0.001 87 ± 7 570 ± 50 
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to have a film securely attached to the electrode, a long enough drying time needs to be allowed 

before any tests are made that might potentially rupture the surface. 

4.3.2.3 Film Morphology of Different Soaking Times in PBS 

In this section, Procedure 3 (Scheme 4.2) was followed to prepare the imaging samples. 

The aim is to conduct a short-term in vitro characterization within an ionic solution, 0.01 

M PBS functions as an appropriate medium. A 60 s coating by performing potentiostatic 

deposition was selected as it is the point where its roughness had reached its plateau value 

(Figure 4.3 after 5 s) and had the least roughness variation with different drying times (Figure 

4.6(a)).  

From the AFM images (Appendix C, Figure C.5), the faster swelling rate compared to 

deionized water turned the polymer quickly into spherical shapes when put into PBS for less 

than 10min. The trend in Figure 4.6(b) suggests that with the prolonged soaking time, the 

polymer swelling will reach equilibrium as the roughness value (solid line) fluctuates around 

its average (dash line) for all scales throughout the soaking time. The results are expected as 

PBS contains a greater number of ions than deionized water, increasing the rate of cation uptake, 

and the leveling off of the roughness indicates a maximum extent of swelling where the polymer 

stops absorbing cations and water. The reproducibility of the film was also tested by drying a 

freshly coated film overnight and soaking it in PBS for 4 h. The roughness obtained was close 

to the same average value illustrated in Figure 4.6(b) across all the scales (Appendix C, Figure 

C.8). 
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Figure 4.6: (a) The change of RMS roughness of different thickness PEDOT: PSS surfaces as 

dried in air. (b) 60 s coating, change in RMS roughness for a range of soaking times in 0.01 M 

PBS. 

 

4.3.3 Electrochemical Test on a Modified Electrode 

The previous section reported tests on electrodes coated with PEDOT: PSS and fabricated 

via potentiostatic electrodeposition at 1.0 V for a range of times (0.5 s~120 s). A preferred 

coating time of 60 s was established. To further test the performance of electrodes fabricated in 

this manner, a narrow CV scan was carried out to obtain capacitive data relevant to the 

recordings made when monitoring in vivo neuronal activity where the detected potential is 

usually tiny and within the range of -1.5 mV and +1.5 mV 38, 39.  

To ensure complete coverage of the full range of likely potentials to be encountered in 

vivo, a CV was scanned between -100 mV to + 100 mV vs. SCE and tested with various scan 

rates of 25, 50, 100, and 200 mVs-1 for continuous 5 cycles. The resulting voltammograms are 

shown in Figure 4.7(a) revealing capacitive behavior within this potential window with a nearly 

rectangular-shaped CV without any discernable redox peaks. The 5 repeated scans in each case 

overlay well, indicating little variation on the electrode coating surface during the scan. The 

anodic currents were measured at 0V vs. SCE corresponding to the steady state plateau in 

(a) (b) 
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Figure 4.7(a) and plotted against the scan rate. The result shown in Figure 4.7(b) which 

displays a direct proportionality between the current and scan rate is consistent with a pure 

capacitive behavior of the modified electrode within the small potential window. The fitted 

straight line passes the origin with a slope of 0.450 ± 0.010	µF and R2 = 0.999. From the 

gradient of the linear line, the specific capacitance can be obtained (2.0 ± 0.2	mFcm:K). The 

significantly large value of the capacitance compared to that of the bare electrode surface 

(Appendix C, Figure C.9, ca. 80-folder larger) implies a large electrochemical surface area 

introduced by the porous structure polymer coated on the surface. 

For many in vivo experiments, the electrode setup differs from a standard electrochemical 

cell setup. Stainless steel (SS) microscrews are commonly used as both reference and ground 

(counter) electrodes 40. To compare the potentials measured using a SS microscrew as a pseudo 

reference electrode with that of a SCE, a wide scan (0.50 V à 2.0 Và -0.80 V à 0.50 V) was 

scanned with a 60s-coated electrode immersed in 0.01 M PBS respectively using Graphite 

rod/SCE setup and SS/SS setups. A broad scan range was chosen to ensure the coverage of the 

oxidation peak of PEDOT, to facilitate the identification of the difference in reference potential 

compared to the SCE. Figure 4.8(a) shows a noticeable shift in the peak to more anodic values 

after changing the standard cell setup to the SS/SS setup. The shift in oxidation potential (∆V) 

was 	0.42 ± 0.01  V corresponding to the difference in the reference potential of the SS 

compared to the SCE. CVs corresponding to Figure 4.7(a) were also made using the SS/SS set 

up and converted to the SCE scale, as shown in Figure 4.8(b) demonstrating a satisfactory 

overlay.  

 



127 

 

Figure 4.7：(a) CV of a Pt electrode formed by potentiostatic electrodeposition for 60 s 

immersed in 0.01 M PBS. The scan started at -0.10 V, was swept anodically up to 0.10 V and 

reverse scanned back to -0.01 V. The scan continued for a total of 5 cycles for each scan rate. 

(b) The anodic current in (a) measured at 0 V is plotted against the scan rate. The result is a 

straight line through the origin (Slope = 0.450 ± 0.010	µF and R2 = 0.99858). 

Figure 4.8: (a) CV of the 60s-coated Pt electrode immersed in 0.01 M PBS solution. The scan 

started at 0.50 V and was swept anodically up to 2.0 V, then reverse scanned to a cathodic limit 

at -0.80 V, and eventually returned to 0.50 V (0.50 V à 2.0 Và -0.80 V à 0.50 V). A shift in 

the peak potential to anodic potentials can be observed, and the shift is ∆V=0.42 ± 0.01	V. (b) 

Small window CV scan of the 60s-coated Pt electrode immersed in 0.01 M PBS solution. The 

recorded potential vs. SS setup was converted to vs. SCE by subtracting ∆V found in (a). Black 

line: standard electrochemical cell setup with Graphite rod and SCE as the ground and reference 

electrode respectively. Red line: in vivo experimental setup with stainless steel microscrews 

(SS) as the ground and reference electrode. 
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4.4  Conclusions 

The systematic electrochemistry and morphological studies reveal an optimum potential 

of 1 V for the electropolymerization of PEDOT:PSS and the subsequent surface 

roughness/morphology evaluation suggested 60 s as a preferable coating time corresponding to 

a charge deposition of ca.50 mC cm-2, which represents a balance between depositing sufficient 

polymer to ensure that no part of the underlying electrode surface is exposed whilst maintaining 

the bulk and thickness of the coating in the interests of mechanical stability. Importantly, the 

high-resolution AFM images provide clear evidence of an inhomogeneous distribution of the 

PEDOT and PSS grains across the surface with an average size of ca. 16 nm. Last, 

measurements in both Faradaic and capacitive regions of the voltammetry with saturated 

calomel reference, and stainless-steel pseudo-reference electrodes show that reliable 

electrochemistry can be performed under in vitro conditions in which stainless steel electrodes 

are used as both (pseudo-)reference and counter electrode. The potential shift between the two 

electrodes is 0.42 V. Importantly, the electrode performance in the capacitive region is 

unaffected. Therefore, the neural electrode can function without triggering redox reactions 

altering surface chemistry with the use of a pseudo reference electrode despite the usual 

reservations.  

Overall, the comprehensive study of PEDOT:PSS in this chapter provides a solid 

foundation for further investigation into polymer-electrode interfaces. The next chapter, 

Chapter 5, explores PEDOT variations with different dopants and details the adaptation of the 

coating technique from macroelectrodes to microelectrodes. The application of neural 

electrodes in the in vitro experiment, particularly focusing on PEDOT coatings, will be 

addressed in Chapter 6. 
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Chapter 5                                 

Further Electrochemical Characterization of PEDOT with 

Different Dopants on Macro and Micro Electrodes. 

Chapter 5 extends the studies from Chapter 4, further investigating PEDOT polymers 

doped with a different anion (chloride, Cl-). Initially, this chapter systematically reports on the 

characterization of PEDOT:Cl on macroelectrodes. After understanding the reaction 

mechanisms, both PEDOT:PSS and PEDOT:Cl will be evaluated on microelectrodes made of 

different materials (Tungsten, Platinum) and sizes (10 μm ~ 25 μm in diameter).  

The work presented in Chapter 5 has been published in ACS Applied Materials and 

Interfaces 1. The project was conducted under the supervision of Prof. Richard Compton and 

Prof. Sonia Contera. Dr. Yuqi Chen assisted with the understanding and interpretation of the 

electrochemical analysis. 

5.1  Introduction 

In the previous chapter, the mechanism of PEDOT:PSS electropolymerization and the 

deposition conditions using macro-electrodes were reported. The subsequent stage, reported in 

this chapter, involves transferring this coating to microelectrodes for actual neural recording 

applications. However, before this can be implemented, there are questions regarding the choice 

of materials for the microelectrodes and challenges posed by polymer overgrowth, which can 

lead to cross-connections between different recording sites.  

First, consider the material choice. During the recording processes using neural electrodes, 

the primary challenges are the foreign body immune response and the need to maintain an 

optimum signal-to-noise ratio. The immune response is largely due to the non-biological 

interface between electrode materials and neural tissue, while the signal quality is affected by 
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electrode impedance. Consequently, biocompatibility and electrode-tissue impedance are 

critical criteria to consider when selecting materials for implantable electrodes 2-4.  

Bio-incompatibility can primarily be attributed to the following factors: the mechanical 

mismatch between the probe materials and neural tissue, the chemical instability of the 

electrodes, the degradation of insulating layers, and the potential for infection through 

percutaneous leads — all of which may contribute to the instability and failure of neural 

recordings 3. The use of materials harder than tissue during initial insertion inevitably causes 

shearing forces, but if a material is excessively rigid compared to that of brain tissue, it can 

further exacerbate the immune response by causing repetitive chronic damage, such as 

continuous friction and compression between the soft brain tissue and the rigid metal electrode 

could potentially cause long-term inflammation 3. Moreover, an electrode inserted in tissue for 

a prolonged period can, in some cases, gradually be oxidized. In the extracellular aqueous 

environment, as detailed in Table 1.2, certain metals are prone to oxidation, which may result 

in cellular toxicity 3, 4. Bad examples of metals for long-term usage include zinc (Zn) and 

magnesium (Mg), which quickly dissolve and degrade into their oxides or hydroxides (ZnO, 

Zn(OH)2, Mg(OH)2) in the brain (Dissolution rate for Zn and Mg = 0.5 ~ 3 μm h-1) 4, 5. Tungsten, 

although it dissolves slowly (Dissolution rate = 2 × 10-3 μm h-1) 4, 5, its oxides are toxic to cells 

6. In comparison, stable metals like gold and platinum hardly dissolve 4. Together, these two 

responses (physical damage in tissue and oxide formation on the electrode) may trigger a 

cascade of inflammation, leading to the development of a glial encapsulation around the implant 

3. This glial sheath acts as a barrier, impeding signal transmission to the electrode 3, potentially 

leading to the failure of many electrodes within weeks or months. 

Numerous experiments have been conducted to evaluate biocompatible materials for both 

the metal components and the insulation of electrodes. The details of these studies are beyond 

the scope of this thesis, but comprehensive summaries can be found in the literature 2-4. In 
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summary, based on the material and intended use, the most suitable metals for recording 

electrodes are platinum, iridium, rhodium, and gold 2. For stimulating electrodes, the optimal 

choices are platinum, platinum-iridium alloy, gold, and rhodium 2. The preferred candidates for 

insulating materials are polyimide and glass 2. Moreover, with the development of 

semiconductor manufacture, silicon or silicon oxide based electrodes have also been a popular 

choice 3, 4.  

Regarding electrode-tissue impedance, electrodes with larger contact areas usually exhibit 

lower impedance. This impedance can be reduced by simply using larger electrodes. However, 

there may be a trade-off between a larger electrode size and a reduced number of recording sites 

on a substrate. Therefore, other techniques have been introduced to improve electrode 

performance, such as surface roughening or applying coatings of rough materials like porous 

polymers or carbon nanotubes 7-9. This suggests the use of a coat of conductive polymer (CP) 

on the electrode. A layer of a  CP on the metallic or silicon substrate substantially reduces the 

impedance as the roughened, porous surface produces a larger electrochemical surface area 10. 

The soft polymer layer also separates the hard substrate surface from the tissue, mitigating the 

immune response and there have even been reports of preferential in vitro and in vivo neuron 

growth 11. Typical biocompatible CPs include poly(pyrrole) (PPY), polyanilines (PANI), and 

poly(3,4-ethylenedioxythiophene) (PEDOT) 8. Due to their superior conductivity, chemical 

stability 12, and biocompatibility, CPs have the potential to elevate the performance of 

traditional neural electrodes to new levels. 

Despite the benefits of CPs, their applications have been primarily limited to single, 

needle-like electrodes 13 or large, flat slides 14 rather than to densely packed electrode 

configurations such as tetrodes. This limitation is partly due to the challenges associated with 

polymer overgrowth, which can lead to cross-connection of detection sites. These challenges 
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can be overcome through thickness control and optimization. However, a direct method for 

detecting cross-connection is also essential. 

Furthermore, as indicated in the previous chapter, Table 4.1, oxidized PEDOT can have a 

variety of dopants. Therefore, it is beneficial to compare PEDOT:PSS with other doped PEDOT 

to evaluate their performance. Given the ease and environmental friendliness of the synthetic 

procedure, chloride ion (Cl-) is a suitable choice for a dopant. In the extracellular fluid 

environment, the significant concentration of Cl- (ca. 113 mM, Table 1.2) could potentially 

enhance the suitability of the polymer film for in vivo applications.  

Overall, in this chapter, the electrodeposition of PEDOT:Cl on a Pt macro disc electrode 

is first systematically studied and characterized using CV following similar procedures as in 

Chapter 4. This includes studies of the Pt electrode immersed in a monomer solution 

(EDOT/NaCl) and in solutions without the monomer (NaCl, Na2SO4, PBS) to understand the 

deposition process and the potentials at which reactions occur. Subsequently, the focus moves 

on to microelectrode studies. Individual W and Pt microwires are characterized using CV in 

solutions with and without the monomer EDOT present to understand their electrochemical 

processes. W was selected because it is one of the earliest materials applied to neural recording 

15. Pt was chosen for its extensive use in both recording and stimulating electrodes and its 

compatibility with PEDOT deposition 16-19, as demonstrated in the literature and the previous 

chapter (Table 4.1). Then, electropolymerization is then performed on Pt microwires, with the 

resulting coatings characterized and compared with findings on macroelectrodes. Lastly, and 

crucially, the established electropolymerization conditions are applied to the coating of tetrodes. 

Additionally, a novel and straightforward testing method closely related to the properties of 

PEDOT is introduced to assess polymer overgrowth and detect cross-connections between 

recording sites. 
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5.2  Materials and Methods 

5.2.1 Macroelectrode Characterization with PEDOT:Cl 

All electrochemical characterizations were carried out using a three-electrode cell setup, 

which comprised a Pt macro disk (area = 0.02 cm²) as the working electrode, an SCE as the 

reference electrode, and a graphite rod as the counter electrode.  

5.2.1.1 Pt in Background Electrolyte  

The Pt macroelectrode was tested in background electrolytes without EDOT monomers: 

NaCl, Na2SO4, and PBS.  

Electrodes were first immersed in 0.1 M NaCl, and a wide CV scan was conducted ranging 

from -0.8 V to Emax, where Emax varied from an open circuit potential (OCP) to 2.0 V (vs. SCE) 

at a scan rate of 50 mVs-1. To compare the effect of Pt in solutions with different chloride ion 

concentrations, the experiment was repeated in 0.01 M PBS and 0.5 M Na2SO4. A comparison 

of their ionic concentrations is presented in Table 5.1. Note that PBS has a significant chloride 

concentration. 

Table 5.1: The ionic composition of 0.01 M PBS, 0.1 M NaCl and 0.5 M Na2SO4. 

 

  

Ion PBS / M NaCl / M Na2SO4 / M 

Na+ 0.138 0.1 0.5 

Cl- 0.14 0.1 / 

K+ 0.0027 / / 

PO43- 0.01 / / 

SO42- / / 0.5 



138 

 

5.2.1.2 Pt in EDOT/NaCl 

The bare Pt macroelectrode was immersed in a solution containing 10 mM EDOT and 0.1 

M NaCl, and a wide CV scan was performed within the same potential window (-0.8 V to 

various Emax) at a scan rate of 50 mVs-1. Following this PEDOT:Cl was potentiostatically 

deposited on the Pt electrode at various potentials for a duration of 120 s. The potentials for 

deposition were chosen based on the prior CV scan results (5.2.1.1) of the bare Pt electrode in 

the monomer solution. These modified Pt electrodes were transferred to a 0.1 M NaCl solution 

containing no EDOT, and a CV scan was conducted from -0.8 V to 2.0 V (vs. SCE) at a scan 

rate of 50 mVs-1. This step was carried out to verify whether the polymer PEDOT:Cl was 

deposited onto the Pt disc; the presence of a polymer is indicated by a peak attributable to 

PEDOT+ overoxidation, at a potential of ca 1.2 V as demonstrated in Chapter 4 20. In the 

absence of polymer deposition, or if the polymer has already been overoxidized during the 

deposition process, no corresponding peak is observed during the anodic scan. 

5.2.2 Microelectrode Characterization 

All electrochemical characterizations were conducted using a three-electrode setup, as in 

Section 5.2.1, except that the working electrode was a W or Pt microwire electrode as listed in 

Table 5.2. The connection method of microwires to electrochemical apparatus has been 

introduced in Chapter 2, Section 2.2.6. The success of the connection can be evaluated by a 

rough scan with a CV to see if there is any current recorded.  

5.2.2.1 W Characterization 

Electrodes were immersed in solutions containing monomer (10 mM EDOT and 0.1 mM 

NaPSS) and without monomer (0.1 mM NaPSS), respectively. A CV scan was carried out, 

starting from OCP to 1.7 V (vs. SCE) and -0.8V (vs. SCE) at a scan rate of 50 mVs-1 and 

continuing for 5 successive cycles. 
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Table 5.2: List of microelectrode used. 

 

5.2.2.2 Pt Characterization in EDOT/NaPSS  

The three-electrode setup described above was employed, with Pt microwire as the 

working electrode. Two different diameters of Pt microelectrodes were employed with 

diameters (d) 15 and 25 μm. It should be noted that the 15 μm microwire was only used to 

compare the effect of wire size on the CV scan in EDOT/NaPSS, as it has a radius comparable 

to the previously used W microwire (d = 12.7 μm), making it useful for comparing and 

understanding the electrochemical processes at this size scale. However, since Pt is softer 

compared to W and such thin and soft wires are known to be easily bent during implantation 

surgery, causing unwanted challenges, it was not utilized for further tests on galvanostatic 

deposition or implantation. Thus, most comparisons between macro and microwires were made 

using the 25 μm diameter wires. 

A bare Pt microelectrode was immersed in a solution of 10 mM EDOT and 0.1 mM NaPSS, 

and a CV scan was conducted from OCP to 2.0 V (vs. SCE), and then to -0.8 V (vs. SCE). This 

procedure was repeated for both sizes of Pt microwires. Subsequently, the 25 μm diameter 

microwire was cut to expose fresh Pt, and placed into a solution containing only the background 

electrolyte of 0.1 mM NaPSS. The outcomes of these scans were compared with those obtained 

using a macroelectrode to, first, understand the electrochemical processes occurring and, 

second, deduce the optimal coating conditions for the microelectrode.  

Electrode Insulation Parameters Supplier 

Pt insulated 

microwire 
Polyimide d = 25 or 15 μm GoodFellow, UK 

W insulated 

microwire 

Heavy Formvar 

(HFV) 
d = 12.7 μm 

California Fine Wire 

Company, USA 
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A galvanostatic deposition was carried out using a current of 20 nA for 13 s on the 25 μm 

Pt microelectrode. The conditions were chosen to maintain the deposition charge density at 

approximately 50 mC cm-2, consistent with findings from previous macroelectrode studies20. 

Following this, the modified Pt microwire was immersed in a 10 mM NaPSS solution to conduct 

a CV scan ranging from OCP to 1.35 V (vs. SCE) and then to 0 V (vs. SCE). 

5.2.2.3 Pt Characterization in EDOT/NaCl 

The same setup as described in Section 5.2.2.2 was employed using 25 μm diameter Pt 

electrodes.  

A bare Pt microelectrode was first immersed in a solution of 0.1 M NaCl, where a CV scan 

was conducted from OCP to 1.7 V (vs. SCE), and then to -0.8 V (vs. SCE). This procedure was 

repeated for solutions of 0.01 M PBS, 0.5 M Na2SO4, and 10 mM EDOT with 0.1 M NaCl, 

respectively, to evaluate the effects of different chloride concentrations and the presence of 

EDOT monomer on the Pt microelectrode.  

Subsequently, to optimize the deposition conditions, a range of fixed currents ranging 

between 15 nA and 28 nA was chosen for the galvanostatic coating in 10 mM EDOT and 0.1 

M NaCl. The experiment was repeated in a solution containing only 0.1 M NaCl to assess 

whether the change of potential was due to chloride oxidation or EDOT oxidation.  

Following the optimization steps, a coating condition of 20 nA for 13 s was selected to be 

consistent with the previous method on PEDOT:PSS. The PEDOT:Cl-coated Pt microwire was 

then immersed in 0.01 M PBS to test the coating by searching for any PEDOT overoxidation 

peak with a CV scan spanning from 0 V to 1.5 V (vs. SCE) over 3 successive cycles. For 

comparison, the Pt microwire was then cut and coated with PEDOT:PSS using the same 

conditions as before (20 nA, 13 s) and this modified microwire underwent the same CV scan in 

0.01 M PBS for 3 cycles.  
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5.2.3 Tetrode Cross-Connection Check 

Detailed tetrode fabrication procedures have been introduced in Chapter 2, Section 2.2.7. 

Before initiating the coating process, a small segment from the head of the tetrode was carefully 

cut and affixed to an SEM specimen stub using an adhesive carbon tab. This wire segment was 

positioned at the edge of the specimen stub to facilitate observation. SEM images were captured 

for W tetrodes after the heat-curing process 21. Images of Pt tetrodes, both with and without 

heat curing, were similarly recorded. The coating scheme for a tetrode follows exactly the 

method in Section 5.2.2.2 and 5.2.2.3, but runs individually on each wire. The cross-connection 

check for polymer overgrowth can be done via electrochemical methods or direct inspection 

spectroscopic methods.  

5.2.3.1 Electrochemical Method 

Initially, the Pt tetrode was immersed in a solution containing 0.1 mM NaPSS. Three 

successive CV scans from OCP to 1.5 V (vs. SCE) and back to OCP were conducted for two 

wires on the tetrode, respectively, designated as Wire 1 and Wire 2. Wire 1 was selected for 

coating, while Wire 2 was to remain bare, and their CV scans would be compared once again 

in 0.1mM NaPSS after coating. The tetrode was then placed in a solution containing 10 mM 

EDOT and 0.1 mM NaPSS. Wire 1 underwent galvanostatic deposition at 20 nA for 13 s. The 

wire was then gently dipped into deionized water to wash away any excess monomer solution 

from the surface before being returned to the NaPSS solution for a post-coating test. The same 

CV sweep conducted prior to coating was repeated, allowing the results to be overlaid and 

compared. 

To test for unwanted cross-connections between different Pt wires in the tetrode after 

coating, the tetrode was then immersed in 0.1 mM NaPSS and a CV scan was performed for 

each wire within the same potential window as before (OCP → 1.5 V → OCP). If any cross-
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connection exists, one CV scan in NaPSS will disrupt the polymer electroactivity on any 

connected wire, thus eliminating the overoxidation peak. If the process is successful, four 

distinct oxidation peaks should be evident during the post-coating scans, one for each electrode 

contacted. 

5.2.3.2 Spectroscopic analysis 

For more direct visual evidence, deposition was performed on three of the four discs. The 

resulting tetrode was then cut and meticulously affixed to a specimen stub for SEM and EDX 

analysis. Additionally, the tetrode segment could be examined under an optical microscope to 

assess the coating. In both cases, the coated end must be delicately handled and oriented toward 

the camera for clear visualization, enabling the coated cross-section of the tetrode to be clearly 

seen. This allows for a direct comparison with the cross-section of the bare tetrode. 

5.3  Results and Discussion 

5.3.1 Macroelectrode Characterization 

In this section, the Pt macro disc electrode is systematically studied and characterized in 

background electrolytes (in NaCl, PBS, Na2SO4. Section 5.2.3.1) and in monomer solutions (in 

EDOT/NaCl. Section 5.2.3.2). The aim is to understand the reactions that happen within the 

potential range of interest.  

5.3.1.1 Pt Macroelectrode in Background Electrolyte 

It has been reported that Pt itself may undergo oxidation 22, 23, or chloride ions may be 

oxidized at a Pt electrode 22, 24, 25. Therefore, before placing Pt in the coating solution 

(EDOT/NaCl), it is essential to first determine if any Pt-based reactions occur within the 

potential range of interest and, second, if reactions occur, to identify the products and 

understand the underlying reactions. 
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To start with, the Pt macroelectrode was immersed in 0.1 M NaCl. An initial CV scan was 

made (OCP à Emax = 2.0 V à -0.8 Và OCP). Starting the sweep at OCP ensures that no 

Faradaic reaction occurs at the start of the scan until any higher potential is reached. In Figure 

5.1(a, b), an anodic peak (P1) is observed at approximately 1.35 V, and two cathodic peaks (P1' 

and H) appear around 0.9 V and 0.1 V, respectively. To further investigate P1, the procedure 

was repeated with Emax values of  OCP, 1.0 V, and 1.5 V (vs. SCE), as shown in Figure 5.1(a, 

b). A comparison of the different Emax scans suggests that P1 could correspond to chloride 

oxidation on the Pt surface. P1' is identified as the reduction peak corresponding to P1 since P1' 

is absent from the reverse scan when the voltage is lower than the potential of P1 (indicated by 

the blue and green lines in Figure 5.1(b)). The peak H was inferred to be due to hydrogen 

adsorption 23, as it remains even when the CV scan maximum potential is OCP (Figure 5.1(b), 

green line). 

To further validate the identification of these peaks, the Pt electrode was placed in 0.01 M 

PBS or 0.5 M Na2SO4, respectively, and the above experiments were repeated. The CV scans 

(PBS in Figure 5.1(c), Na2SO4 in Figure 5.1(d)) show that all three peaks are observed in PBS 

when Emax is sufficiently high, while only the peak H is present during the reverse scan in 

Na2SO4, regardless of Emax. This indicates that the P1 and P1' pair only emerge in the presence 

of chloride ions and when the potential exceeds 1.35 V. The distinction between the P1 and P1' 

pair is more apparent when overlaying their CV scans up to 2.0 V (Figure 5.1(e)), where no 

significant oxidation is observed in the Na2SO4 scan around 1.35 V (Figure 5.1(d)), and the 

reduction peak P1' is only seen in PBS and NaCl. Additionally, overlaying the CV scans up to 

1.0 V (Figure 5.1(f)) reveals a small signal (S1) during the positive scan, which could 

correspond to Pt oxidation 22, 23. 

The reaction of chloride ions at the electrode is described by equation (5.1) 22, where E0 is 

the standard electrode potential for the reaction. The reaction mechanism for chloride ions on 
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Pt is a two-step process, as suggested by previous studies 22, 24. Chloride ions are reported to 

first form a bond with Pt through the removal of one electron (equation (5.2)), followed by the 

metal-chloride bond reacting with another chloride ion to regenerate the Pt and form chlorine 

(equation (5.3)) 22.  

At potentials lower than 1.0 V, the following reactions happen and lead to the formation of 

platinum hydroxide and monoxide (equation (5.4)(5.5)) 22 

Overall, as supported by the literature 22 and my experiments, P1 and P1' can be assigned 

as the peaks for chloride oxidation and its reversal, respectively. The formation of Pt hydroxide 

and monoxide occurs between 0.5 V and 1.0 V, and this process results in a small shoulder (S1) 

in Figure 5.1(f), which is relatively minor compared to the chloride oxidation (P1). Lastly, peak 

H can be attributed to hydrogen adsorption on Pt, as evidenced by its consistent presence across 

all CV scans in various solutions (PBS, NaCl, Na2SO4). 

 

 

 

  

 2&': ↔ &'K + 2-:         (	P$ = 1.359	S	) (5.1) 

 &': + U5 ↔ U5&' + -:      (5.2) 

 &': + U5&' ↔ U5 + &'K    (5.3) 

 U5 + ?K( ↔ U5 − (? + ?a + -:  (5.4) 

 U5 − (? ↔ U5( + ?a + -:  (5.5) 
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Figure 5.1: CV scan of bare Pt macroelectrode from the OCP à Emax à -0.8V à OCP (scan 

rate v = 50 mVs-1) (a,b) in 0.1M NaCl. (b) is the zoom-in of (a) (c) in 0.01 PBS, (d) in 0.5M 

Na2SO4. (e) Comparison of the CV scan with Emax = 2.0V. (f) Comparison of the CV scan with 

Emax = 1.0V. P1, P1': Chloride oxidation and reduction; H: Hydrogen adsorption; S1: Pt 

oxidation. OCP is the open circuit potential, which is around 0V vs. SCE. All potentials are 

reported relative to the SCE. 
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5.3.1.2 Pt Macroelectrode in EDOT/NaCl 

After identifying the potential where Pt is reactive with chloride in the solution as reported 

in section 5.3.1.1, CV scans of Pt in EDOT/NaCl were conducted to understand the 

electrodeposition process in aqueous media. 

A CV scan was first conducted with a Pt macroelectrode in a solution of 10 mM EDOT 

and 0.1 M NaCl, starting from OCP scanning up to a maximum potential of 2.0 V (vs. SCE) 

and then reversing to a potential -0.8 V (vs. SCE). In this way, it was possible to identify 

potential(s) where electrode reactions happen and hence deduce the potential for electro-

polymerization. The CV is shown in Figure 5.2(a), where two peaks, P1 and P2, can be 

observed at 1.53 V and 1.21 V, respectively. P1 is assigned to chloride oxidation at Pt with a 

peak potential of 1.53 V which compares to ca 1.35 V seen in pure 0.1 M NaCl (Figure 5.1(a). 

It is inferred that the presence of the polymer layer slows the reaction. P2 is therefore assigned 

to a mixture of EDOT oxidation and PEDOT overoxidation of PEDOT. These two reactions 

are not resolved in EDOT/NaPSS solution 20, but in EDPT/NaCl they merge into a single peak. 

To confirm whether P2 is indeed due to mixture of EDOT oxidation and subsequent over-

oxidation, the electrode was cleaned, and the same experiment repeated but with various Emax 

values below 1.5 V (that is below P1). The results of these CV scans are overlaid in Figure 

5.2(b). Evidence of over-oxidation at P2 (1.21 V) is indicated by the presence of a P2' reduction 

peak, observable only when Emax exceeds the P2 peak value (Figure 5.2(b), black line). The 

Emax of 1.35 V was intentionally chosen as it was the previously observed potential for chloride 

ion oxidation (Figure 5.1(a)). If chloride oxidation were occurring, a corresponding reduction 

peak would be expected around 0.9 V during the cathodic sweep. However, no such reduction 

is observed, further suggesting that the oxidation peak P2 is due to EDOT oxidation and 

overoxidation rather than a chloride reaction. Note that the peak P2'' seen in the range of -0.1 

V to -0.2 V is a reduction peak which is present for all Emax values equal to or greater than 1.0 
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V, as shown by the black, green, and red lines in Figure 5.2(b). Although P2'' is too small to be 

conclusively characterized, it suggests, even if it is associated with the polymer reduction that 

the majority of the oxidation process is irreversible and implies that the oxidation of EDOT 

occurs around 1.0 V to 1.1 V, aligning with my previous experiments 20. More significantly, 

this indicates that for PEDOT subjected to scanning at potentials below those needed for over-

oxidation (< 1.2 V), there is little, if any, sign of any reduction during the reverse scan. Thus, 

the oxidation of EDOT in NaCl results in the formation of PEDOT:Cl (PEDOT+ with the dopant 

Cl-), which does not undergo reduction on the reverse scan. In essence, no PEDOT is formed 

with the expulsion of the chloride on the reductive scans. 

Next, different coating potentials were selected based on the peak values (P1, P2 = 1.21 

V, 1.53 V) observed in Figure 5.2(a) and previous knowledge of PEDOT oxidation at 1.0V 20. 

Potentiostatic deposition was performed, and the results are shown in Figure 5.2(c). When the 

modified Pt electrodes were immersed in a monomer-free solution (0.1 M NaCl), only the 

potentiostatic deposition at 1.0 V displayed an overoxidation peak at approximately 1.25 V 

(Figure 5.2(d), red line). It was noticed that for all modified electrodes, no peak was observed 

around 1.35 V, which corresponds to chloride oxidation on bare Pt. This suggests the presence 

of a polymer layer, either PEDOT (E = 1.0 V) or over-oxidized PEDOT (E = 1.21 V and 1.53 

V), covering the Pt surface and inhibiting the chloride oxidation. 

Overall, the above experiment indicates that the potential for EDOT/NaCl electro-

polymerization occurs around 1.0 V to 1,1V. Beyond ca. 1.2 V (P2), the reaction forms a mix 

of PEDOT and over-oxidized PEDOT. Chloride oxidation is not a concern at this stage, as it is 

shifted to a higher potential of around 1.5 V due to the presence of the polymer layer. Once 

covered by the polymer, chloride ions cannot as easily access the Pt substrate as compared to a 

bare electrode, and consequently, no chloride oxidation peak is observed, which could 

otherwise be confused with the over-oxidation peak of PEDOT. 
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Figure 5.2: (a, b) CV scan of a bare Pt macroelectrode from OCP à Emax à -0.8V à OCP in 

10 mM EDOT and 0.1 M NaCl (scan rate v = 50 mVs-1). Emax = 2.0 V for (a) and 0.5 V ~ 1.35 

V for (b). (c) Chronoamperograms using the same electrode and solution were recorded at 

potentials of E = 1.0 V, 1.21 V, and 1.53 V for 120 s. (d) CV scan of modified and bare Pt 

electrodes in 0.1 M NaCl, scanning from OCP à 2.0 V (vs. SCE) à -0.8 V (vs. SCE) à OCP 

(scan rate v = 50 mVs-1). All potentials are reported relative to the SCE. 
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5.3.2 W Microelectrode Characterization 

Tungsten (W) has frequently been used for implanted electrodes 2, 26. However, it has been 

reported that tungsten oxidation and resulting dissolution products are toxic and compromise 

the long-term viability of the implants 6. Therefore, it is useful to see if tungsten can be coated 

with PEDOT without triggering the formation of any oxides and subsequent corrosion, thereby 

avoiding the production of toxic products and enhancing the device longevity in implant 

applications. 

A CV scan from 0.5 V to 1.0 V in 0.01 M PBS was carried out to test the wire connection. 

A bad connection will result in a purely noisy current fluctuating around 0 A (Figure 5.3(a); a 

good connection, however, will exhibit a much higher and stable current (Figure 5.3(b)). 

To characterize the W microwires, a CV scan was recorded starting from OCP to 1.7 V 

(vs. SCE), then reversed to -0.8 V  (vs. SCE), and finally returned to the initial OCP value in a 

solution containing both 10 mM EDOT and 0.1 mM NaPSS, as well as in a solution with only 

the background electrolyte 0.1 mM NaPSS. From Figure 5.3(c, d), both scans exhibit a peak 

around 0.5 V (Pw1) during the initial cycle, which then shifts to approximately 0.9 V (Pw1’) in 

subsequent cycles. Pw1 and Pw1’ are assigned to tungsten oxidation. These two peaks appear at 

similar potentials and peak heights in both scans, regardless of the presence of the monomer 

EDOT. In contrast, Pw2 (ca 1.5 V) is only present in the scan in EDOT/NaPSS (Figure 5.3(c)), 

indicating it is a peak resulting from a combination of EDOT oxidation and PEDOT 

overoxidation, as discussed below. The merging of EDOT and PEDOT oxidation reactions on 

the W electrode is clearer when comparing that with the CV scans in EDOT/NaPSS using Pt 

microwires in the later section (Section 5.3.3.1). 

Therefore, unlike the previous results with Pt in EDOT/NaCl (Section 5.2.1.2), where 

chloride oxidation on Pt only occurs at potentials beyond polymer formation, W oxidation 

appears to occur prior to polymer deposition and continues post-polymer formation. The current 
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generated by such oxidation (Pw1) is not negligible compared to the polymer oxidation peak 

(Pw2), suggesting that the product might be a mixture of W oxides and PEDOT. Previous studies 

have suggested several possible reactions at the W surface (equation (5.6)(5.7)) 6, 27, 28, but the 

precise electrochemical reactions remain unclear 6. 

Moreover, the challenge of preventing oxidation cannot mitigated by PEDOT deposition. 

Consequently, subsequent sections will focus on Pt, a better candidate for implant 

microelectrode 6 and for surface modification, where no oxidation except for polymer formation 

is expected within the potential range of interest. 
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Figure 5.3:(a) Example CV for a “bad” W wire connection. (b) Contrast between “good” and 

“bad” connections to W wires. (c~d) CV scan of bare W microwire (d = 12.7 μm) from the 

OCP à 1.7 V à -0.8V à OCP (c) in 10 mM EDOT and 0.1 mM NaPSS. (d) in 0.1 mM NaPSS. 

Pw1, Pw1’: W oxidation. Pw2: Mix of EDOT oxidation and PEDOT overoxidation. Scan rate v 

= 50 mVs-1 for all the above scans. All potentials are reported relative to the SCE.  

 

5.3.3 Pt Microwire Characterization 

In the first part of this section (Section 5.3.3.1), I first explore via CV the effect of different 

Pt electrode sizes on the electro-oxidation of EDOT in NaPSS. Subsequently, a galvanostatic 

deposition is performed on Pt microelectrodes. The coatings are characterized in the 

background electrolyte containing only NaPSS, and the results compared with those from the 

macroelectrode 20, particularly focusing on the charge associated with polymer overoxidation. 

After testing with EDOT/NaPSS, the Pt microelectrode is used to explore the EDOT/NaCl 

in Section 5.3.3.2. Galvanostatic deposition conditions for EDOT/NaCl are also examined. 

Finally, the results of different polymer coatings (PEDOT:PSS and PEDOT:Cl) are compared. 

5.3.3.1 Pt Microwire in EDOT/NaPSS 

The voltammograms recorded at both Pt microwires (d = 15 and 25 μm) in the monomer 

solution from OCP to 1.7 V and back to -0.8 V. These results are presented together with 

previously reported macroelectrode data 20 (Chapter 4) in Figure 5.4(a). The major oxidation 

peak (P) shifts more negative potentials as the dimensions of the wire get smaller. This might 

be caused by the different diffusion to and from micro- and macro-disk electrodes with the 

greater current density seen at microelectrodes leading to the more rapid completion of the 

process. A shoulder (S) was observed beside the major peak for Pt (d = 25 μm) (Figure 5.4 (a)), 

similar to what is seen for the macroelectrode, where the shoulder (S) represents EDOT 

polymerization, and the major peak (P) is the PEDOT overoxidation. The shoulder is not visible 
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for the smaller Pt wire (d = 15 μm) due to the shift of P with potential. The observations help 

explain why in the case of W microwire (d = 12.7 μm), the Pw2 in Figure 5.4(c) is concluded 

to be a combination of EDOT polymerization and PEDOT overoxidation. 

Next, CV scans of bare 25 μm Pt micro and macro electrodes in 0.1 mM NaPSS were 

conducted and are displayed in Figure 5.4(b, c). The current density in the microelectrode scan 

(Figure 5.4(b)) is significantly higher than that in the macroelectrode (Figure 5.4(c)), as 

anticipated. However, the major electrochemical reactions remain consistent; both electrode 

types exhibit Pt oxide formation within the potential range of 0.5 V to 1.0 V vs. SCE and 

reduction around 0.0 V vs. SCE. Based on the CV results, I transitioned to using the 

galvanostatic deposition method instead of potentiostatic deposition to prevent PEDOT 

overoxidation while ensuring that the charge deposition per unit area remains constant. 

The choice of galvanostatic deposition maintained the same current density as that used in 

the macroelectrode deposition ( [)*+ = 50	4&34:K ). The monomer oxidation on the 

macroelectrode was observed at a potential of ca 1.0V with a current of ca. 80 μA 20. Therefore 

the current density during oxidation (\'H) can be calculated as in the following (equation (5.8)) 

which can then be employed to determine the current (]>+%) and duration (5>+%) for deposition 

on the 25 μm microelectrode (equation (5.9)(5.10)): 

The galvanostatic deposition was applied to a Pt microwire (d = 25 μm) with a current of 

20 nA for 13 s, as shown in Figure 5.5(a), resulting in a final charge density of around 50 

mCcm-2. The deposition was repeated for three independent trials, and the resulting deposition 

curves demonstrated a high level of consistency. 

 \'H =
M*+

?,#"(*
	= 	 b$c?

$.$K=,) = 44+34:K  (5.8) 

 ]>+% = \'H × +,-=1' = 44+34:K × _Ke×<$
%-=,%)

K
`
K

× 	a	 ≈ 20nA	  (5.9) 

 5>+% =
g#./
h*+

= e$,I=,%)

`,?=,%) ≈ 13d  (5.10) 
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The coated Pt microwire was then placed in 0.1 mM NaPSS for a CV scan starting from 

OCP and up to 1.35 V (vs. SCE) and reversed back to -0.8 V (vs. SCE) for successive 3 cycles. 

The results are overlaid with the macroelectrode scans, ranging from OCP to 1.7 V (vs. SCE), 

as shown in Figure 5.5(b). These potential ranges were chosen to capture the entire 

overoxidation peak without reaching a potential that is high enough to cause solvent breakdown. 

As illustrated in Figure 5.5(b), both the micro and macro electrodes exhibit an 

overoxidation peak in the first cycle, with no peak observed in subsequent scans due to the 

destruction of PEDOT electrical properties from overoxidation 20, 29, 30, preventing further 

electrochemical reactions. Notably, a shift in the overoxidation peak to less positive potentials 

occurs, analogous to the shift of the major oxidation peak observed in Figure 5.4 (a) as the 

electrode size decreases. Further, the first cycle scans of the micro and macro electrodes were 

extracted and are presented in Figure 5.5(c) and Figure 5.5(d), respectively with the aim of 

comparing the charge transferred during the overoxidation process to approximately estimate 

the amount of polymer deposited. After baseline subtraction (indicated by the red lines), the 

areas under the curves were calculated. The outcomes reveal that the areas of the overoxidation 

peaks for the micro (Area ≈ 3.2 mQcm-2) and macro (Area ≈ 2.8 mQcm-2) electrodes are 

comparable, suggesting that the degree of overoxidation is similar and that the intended charge 

density deposition was successfully achieved. 
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Figure 5.4 : (a) CV scan from OCPà 2.0V à -0.5V à OCP was conducted for Pt microwires 

of d = 25 μm and 15 μm in solution containing 10 mM EDOT and 0.1 mM NaPSS. The results 

are overlayed with the previous macroelectrode CV scan, which ranged from -0.7 V to 1.7 V. 

(b) CV scan from OCP à 2.0V à -0.5V à OCP using Pt microwire with d = 25 μm, (c) CV 

scan from OCP à 2.0V à -0.8V à OCP using Pt macroelectrode with area A = 0.02 cm2. 

Scan rate v = 50 mVs-1 for all the above scans. All potentials are reported relative to the SCE. 
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Figure 5.5: (a) Galvanostatic deposition of three independent trials. (b) On microelectrode, CV 

scans from OCP à 1.35V à 0V à OCP. On macroelectrode, CV scans from OCP à1.7V 

àOCP. (c) The area under the microelectrode overoxidation peak (Area ≈ 3.2 mQcm-2), (d) 

The area under the macroelectrode overoxidation peak (Area ≈ 2.8 mQcm-2). Scan rate v = 50 

mVs-1 for all the above CV scans. All potentials are reported relative to the SCE. 
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5.3.3.2 Pt Microwire in EDOT/NaCl 

The CV scans of the bare Pt microwire in 0.1 M NaCl, 0.01 M PBS, 0.5 M Na2SO4, and 

10 mM EDOT with 0.1 M NaCl are summarized in Figure 5.6(a). As seen in  Figure 5.6(a), 

peak P2 (ca 1.21 V) represents PEDOT overoxidation, while P1 (ca 1.35 V) corresponds to 

chloride oxidation, similar to the findings discussed with the macroelectrode in Section 5.3.1.1. 

The difference in the scale of P1 in non-EDOT solutions compared to Figure 5.1(e) and Figure 

5.2(a) is attributed to the higher current densities on the microelectrode compared to the macro 

disk, which leads to a shorter timescale for completing the process. When comparing scans 

between the micro and macro electrodes in EDOT/NaCl, the deposition of the polymer quickly 

covered the small cross-section of the microwire, thereby inhibiting the chloride reaction and 

resulting in a much smaller P1 in  Figure 5.6(a) compared to Figure 5.2(a). 

Next, a freshly cut Pt microwire was placed in a solution of 10 mM EDOT and 0.1 M NaCl 

to test the galvanostatic deposition conditions with currents ranging from 15 nA to 28 nA for 

20 s. As illustrated in Figure 5.6(b), similar galvanostatic curves were observed for currents 

within the 15 nA to 22 nA range. For currents higher or equal to 23nA, the reaction potential 

increased. In particular, the potential shifted to above 1.3 V, which is near the chloride oxidation 

potential at the Pt surface. To ascertain whether this increase was related to chloride oxidation, 

the galvanostatic experiments were repeated in 0.1 M NaCl. The results, illustrated in Figure 

5.6(c), show a consistent increasing trend in potential, implying that this phenomenon could be 

due to chloride oxidation on the Pt. Thus, a current between 15 nA and 22 nA is more suitable 

for electropolymerization, especially since the potential in this current range is between 1.0 V 

and 1.1 V, which corresponds to the range for monomer oxidation alone, as mentioned in 

Section 5.3.1.2. 

Given the negligible differences when selecting a current between 15 nA and 22 nA, and 

for consistency with the deposition conditions of PEDOT:PSS (Section 5.3.3.1), a deposition 
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current of 20 nA for 13 s was chosen for subsequent experiments. The PEDOT:Cl-coated Pt 

microwire was then immersed in 0.01 M PBS, and the CV was compared with that for 

PEDOT:PSS-coated Pt microwire. Their galvanostatic curves are shown in Figure 5.6(d), and 

their CV scans in 0.01 M PBS are presented in Figure 5.6(e). From Figure 5.6(e), 

overoxidation peaks are observable for both types of polymer-coated electrodes, with their peak 

positions aligning with each other very well at around 1.2 V, indicating that EDOT was 

successfully oxidized in both cases to form either PEDOT:Cl or PEDOT:PSS on the Pt surface. 

Comparison of the micro and macro electrode CV scans in solutions containing with 

EDOT monomer, reveals much higher current densities at the microelectrode disc. This leads 

to more rapid completion of electrochemical processes, where the effect is more obvious in 

smaller diameter electrodes (12.7 μm W and 15 μm Pt) resulting in the merging of oxidation 

and overoxidation peaks. Consequently, the galvanostatic deposition method was chosen to 

prevent PEDOT overoxidation, with a current of 20 nA for 13 s being selected to ensure that 

the charge deposition per unit area achieves an average density of [)*+ = 50	4&34:K . 

Electropolymerization using this method to deposit PEDOT:PSS and PEDOT:Cl on Pt was 

tested in PBS. The presence of overoxidation peaks in both cases was successfully used to 

fingerprint successful coating. Thus, in the subsequent section, this galvanostatic deposition 

condition is maintained and applied to a Pt tetrode. 
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Figure 5.6: (a) Comparison of the CV scans from OCP à 1.7V à-0.8V à OCP using Pt 

microelectrode (d = 25 μm) in 0.01 M PBS, 0.1 M NaCl, 0.5 M Na2SO4, and 10 mM EDOT 

with 0.1 M NaCl, respectively. (b) Galvanostatic deposition of Pt immersed in 10 mM EDOT 
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and 0.1 M NaCl, holding current at different values for 20 s. (c) Galvanostatic deposition of Pt 

immersed in 0.1 M NaCl, holding current at different values for 13 s. (d) Galvanostatic 

deposition of Pt immersed in 10 mM EDOT and 0.1 M NaCl or 10 mM EDOT and 0.1 mM 

NaPSS. Coating conditions were both 20 nA for 13 s. (e) Three successive CV scans of 

PEDOT:Cl and PEDOT:PSS coated Pt immersed in 0.01 M PBS for a CV scan OCP à1.5 V 

à 0 V à OCP. Scan rate v = 50 mVs-1 for all the above CV scans. All potentials are reported 

relative to the SCE.  

  

5.3.4 Tetrode  

To have a visual representation of the structure of a bare tetrode, SEM images of both the 

tetrode body and its cross-sections were captured and are presented in Figure 5.7. W tetrodes 

have insulation made of Heavy Formvar (HFV), which can be melted and fused together using 

a heat gun at 200˚C (Figure 5.7(a)). In contrast, a Pt tetrode, as shown in Figure 5.7(c), shows 

no melting of the polyimide insulation at this temperature. However, after heat curing at 

approximately 300˚C, the four Pt wires are tightly packed together, as illustrated in Figures 

S9(d, e). Moreover, the tetrode body does not exhibit significant alterations after heating, as 

evidenced by comparing Figure 5.7(e, f) with the non-heated example in Figure 5.7(b). 

 

5.3.4.1 Cross Connection Test – Electrochemical Method 

CV scans of a coated (Wire 1) and an adjacent bare wire (Wire 2) in 0.1mM NaPSS were 

compared before and after polymer deposition. As illustrated in Figure 5.8(a), after Wire 1 was 

coated with PEDOT:PSS, a significant peak corresponding to polymer overoxidation is evident 

in the first CV scan cycle. In the subsequent cycles, the scans align resemble those seen before 

coating, indicating that polymer electroactivity was destroyed in the first scan, rendering the 

response indistinguishable from that of bare Pt. The CV scans of the uncoated Wire 2, depicted  
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Figure 5.7: (a) W tetrode with heat curing at 200˚C. The outer insulation (HFV) is fused 

together, and the four wires are closely packed. (b,c) Pt tetrode without heat curing, body, and 

cross-section images. Four wires split at the end of the tetrode. (d~f) Pt tetrode with heat curing 

at 300 ˚C, cross-section, and body images. The Pt wires are closely packed.  

  

(a) (b) 

(c) (d) 

(e) (f) 
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in Figure 5.8(b), show minimal difference before and after the coating of Wire 1. This 

demonstrates that individual tetrode discs can be coated without affecting neighboring discs. 

The slight increase observed in Wire 2 (at ca 1.0 V, Figure 5.8(b)) after coating Wire 1 is 

attributed to EDOT adsorption rather than overgrowth. Otherwise, scanning Wire 1 would have 

completely eliminated any peaks in Wire 2. 

Subsequently, all wires were coated in sequence (noted as Wires 1 to 4). Their 

galvanostatic deposition curves, presented in Figure 5.8(c), show a relatively consistent 

initiation point, indicating that the polymerization commenced on the Pt substrate without any 

previous potential overgrowth. All four wires exhibit overoxidation peaks in the first cycle of 

their CV scans in NaPSS (Figure 5.8(d)), and the subsequent cycles (Figure 5.8(e)) confirmed 

that all polymer-associated electroactivity was eradicated. These findings confirm that the 

destruction of polymer on one tetrode disc did not impact the others, suggesting that the coatings 

are independent on each wire without any electrical cross-connection. Moreover, the uniformity 

in the height and shape of all four overoxidation peaks (Figure 5.8(d)) suggests that a consistent 

level of deposition was achieved. 

5.3.4.2 Cross Connection Test – Spectroscopic Analysis 

Three of the four wires on the tetrode were coated, and their characterizations are presented 

in Figure 5.9. It is challenging to determine from the SEM image alone (Figure 5.9 (a)) whether 

the surface is covered with PEDOT. However, EDX provides insights into the elements present 

on the surface (Figure 5.9 (d)). The EDX spectra of the coated discs, as shown in Figure 5.9 

(d), revealed the presence of carbon (C) and oxygen (O) elements, while the bare and partially 

exposed electrodes exhibited significant peaks for platinum (Pt). The high levels of aluminum 

(Al) observed originate from the sample stage. Optical microscopy offered more direct visual 

evidence; the bare Pt appears shiny, whereas the PEDOT-covered surfaces are dull (Figures 
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S11(b, c)). Additionally, Figures S11(b, c) clearly show that the PEDOT adhered well to the 

plates without encroaching onto the other discs. 

 

Figure 5.8: (a) CV scan of wire 1 before and after coating in 0.1mM NaPSS (OCP à 1.5 V 

àOCP). (b) CV scan in 0.1 mM NaPSS of wire 2 before and after coating wire 1 (OCP à 1.5 
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V àOCP). (The other bare wires had similar results as Wire 2). (c) Galvanostatic deposition of 

all four wires at 20 nA for 13 s. (d, e) The CV scan for all four wires in 0.1 mM NaPSS (OCP 

à 1.5 V àOCP). (d) The first cycle of the CV. Overoxidation peaks can be observed for all 

wires. (e) Second (solid lines) and third cycles (dashed lines) of CV scan for all four wires. 

Scan rate v = 50 mVs-1 for all the above CV scans. All potentials are reported relative to the 

SCE. 

 

Figure 5.9: (a) SEM image of partially coated Pt tetrode. (b,c) Optical microscope image of 

partially coated Pt tetrode. (d) EDX for analyzing elements on the surface as shown in (a). 

  

(a) (b) (c) 

(d) 
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5.4  Conclusions 

Building on the works reported in the previous chapter, this chapter has further evaluated 

PEDOT polymers with different dopants, Cl-. Similar to PEDOT:PSS, PEDOT:Cl has its 

polymerization initiated at a potential around 1.0 V to 1.1 V, and an overoxidation happens at 

ca. 1.2 V. However, the presence of chloride ions in the solution introduces an additional 

oxidation peak at approximately 1.5 V due to chloride oxidation. This chloride oxidation can 

be suppressed once the Pt substrate is coated with the polymer, which restricts access to chloride 

ions. 

Contrasting W and Pt, the key difference is the oxidation of W, which happens prior to the 

EDOT oxidation and cannot be mitigated by a polymer coating. Consequently, the resultant 

electrode consists of both oxide and PEDOT, making it difficult to characterize and unsuitable 

for neural electrode applications. 

Comparing macro and micro Pt electrodes, analysis of the charge transferred under the 

overoxidation peak indicates a similar level of oxidation on both electrodes. Therefore, a similar 

method can be employed for coating microelectrodes and tetrodes. Moreover, as demonstrated 

by the cross-connection test, the chosen amount of deposition (50 mC cm-2) effectively adheres 

to each individual recording site without causing polymer overgrowth and cross-connection 

within the tetrode. 

In summary, this chapter has systematically tested not only the polymer but also the 

electrode material for tetrode fabrication. The method for tetrode coating and the subsequent 

cross-connection test offers a straightforward approach for any microelectrode array subjected 

to PEDOT deposition or any conductive polymer whose properties change beyond a certain 

potential threshold. The coating scheme is applied in the next chapter to assess polymer 

performance on a tetrode in vitro and explore the recording processes at the electrode/polymer 

interface. 
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Chapter 6                                  

Double Electrode Experiments Reveal the Processes Occurring at 

PEDOT-Coated Neural Electrode Arrays 

Chapter 6 implements the methods established in Chapter 4 and Chapter 5 for tetrode 

fabrication and coating. Furthermore, this chapter also introduces the use of in vitro double 

electrode experiments to mimic the responses of neural electrodes with a focus on signal-

recording electrodes modified with PEDOT. Specifically, potential steps on one unmodified 

electrode in an array are used to identify the responses for PEDOT doped with different anions 

and compared with that of a bare Pt electrode. The response is shown to be related to the 

rearrangement of ions in solution near the detector electrode resulting from the potential step, 

with a current transient seen at the detector electrode. A rapid response for PEDOT doped with 

chloride ions (ca. 0.04 s) was observed and attributed to the fast movement of chloride ions in 

and out of the polymer film. In contrast, PEDOT doped with PSS- responds much slower (ca. 

2.2 s), and the essential immobility of polyanion constrains the direction of current flow. 

The work presented in Chapter 6 has been published in ACS Applied Materials and 

Interfaces 1. The project was conducted under the supervision of Prof. Richard Compton and 

Prof. Sonia Contera. Dr. Yuqi Chen assisted with the understanding and interpretation of the 

electrochemical analysis. 

6.1  Introduction 

Neuronal activity in the central nervous system gives rise to transmembrane currents that 

can be detected by electrodes in the extracellular medium. These “electrical recordings” are 

used by neuroscientists to investigate the processes underlying neuronal communication and 

computation2. Significant research has focused on developing neural recording electrodes to 
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collect and interpret these signals in the brain. Extracellular recording started with a tungsten 

microwire electrode 3, advancing to silicon probes, among which the Michigan array 4, 5 and 

Utah array 6, 7 are the most widely used. The Michigan array consists of a single or several long 

“shanks” 5 with distributed recording sites. The Utah array is a 10x10 array of silicon needles 

on a large silicon base. Subsequent developments include tetrodes, formed by twisting 

microwires together 8, 9, and more recently, flexible polymer electrode arrays such as NeuroGrid 

10, 11 and mesh electronics 12, 13. A summary of the various electrodes is presented in Table 6.1. 

As mentioned in Section 1.1.2, the signals or spikes recorded by extracellular electrodes 

are generated by ion flow induced near active neurons. Extracellular recordings typically 

embrace signals from multiple neurons within a proximal range (up to around 140 µm) 2, 14. 

Hence, a single detection channel can capture signals from various neurons. If the spikes have 

minimal overlap so that they can be temporally resolved 15, then active neurons can be located 

using triangulation methods by analyzing the amplitudes of the wavefronts from different 

channels 9. Additionally, the distinct shape of each action potential helps in identifying 

individual neurons 9, 15. Silicon probes, usually with numerous detection sites (ranging from 8 

to 1024 recording sites 2, 16, 17), are designed to capture as many signals as possible, and such 

oversampling can facilitate spike separation and assignment 2. However, their relatively large 

physical size poses challenges, causing tissue damage, particularly when penetrating deep into 

the brain 2, 16. For instance, a Michigan array is often approximately 120 μm in width and 15 to 

50 μm in thickness 18, and a Utah array has 100 silicon needles (around 80~100 μm thick at 

base 6, 7, 16) projecting from a large substrate (4.2 × 4.2 mm) 6. This penetration can lead to 

inflammation and glial encapsulation that prevents external signals from reaching the electrode 

2, 16, 19. To address these issues, recent developments in electrode technology have focused on 

creating more physically flexible designs. For example, NeuroGrid is a flexible organic 

material-based interface array 10, whereas this flexible electrode film primarily allows for the 
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detection of superficial cortical neuron signals 10. To facilitate deep-brain measurement, an 

innovative approach has been the development of injectable neural mesh. This mesh-like 

structure can be injected into a specific brain region by using a syringe, but the position can no 

longer be altered post-injection 12, 13.  

The tetrode, a now well-established method, consists of four insulated microwires twisted 

together, with metal exposed only at the tip (Figure 6.1(a)). The diameter of a single microwire 

is typically around 12 to 25 μm 20-22, making the tetrode significantly thinner than a silicon 

probe, which enables it to reach deep brain regions with minimal damage. Although a single 

tetrode has only four recording sites, a specially designed drive can hold multiple tetrodes 

arranged in a custom configuration 23, 24. This allows for recordings across widely distributed 

structures, and the drive facilitates vertical adjustments of each tetrode, both before and during 

recordings 24. Advances in drive design now permit compatibility with complex animal 

movements 20, 21 as well as wireless data logging 23, enabling observations of natural and free 

behaviors. Nevertheless, tetrodes still face an immune response by the brain due to their 

mechanical mismatch. The mechanical mismatch between the tetrode's body and the brain 

tissue can be mitigated by using more bendable materials, such as platinum or platinum-iridium, 

instead of tungsten wires 22. Further improvement can be offered by modification with coating 

with a soft, biocompatible conductive polymer, such as PEDOT.  

Although PEDOT-coated electrodes have seen widespread application, the mechanisms 

underlying signal recording at the polymer-metal interface remain insufficiently understood. 

To clarify these mechanisms, this chapter introduces an in vitro experiment utilizing a 

bipotentiostat and a tetrode to explore the electrical response within the polymer film created 

by neural signals. During extracellular recording, signals arise due to the depolarization of 

neuron membranes, which causes local ion flux 25. To simulate this neuronal activity, the 

potential of one electrode (WE1) within the tetrode is rapidly altered to replicate the 
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depolarization changes of active neurons (Figure 6.1(b)). Meanwhile, the response of a nearby 

second electrode (WE2) within the same tetrode is monitored (Figure 6.1(b)). In this way, the 

complex ionic conduction environment in the brain can be simplified, but the essence of signal 

recording is preserved and can be investigated. In particular, the sensitivity and magnitude of 

the response of the monitoring electrode (WE2) can be compared and contrasted for different 

surface modifications. Thus, the in vitro experiments that explore how an electrode reacts to 

adjacent potential disturbances can serve as a basis for understanding signal recording in vivo, 

offering insight into the process at the metal-polymer interface and so giving a basis for the 

design and functionality of future neural recording devices.  

 

Figure 6.1: (a) Schematic tetrode. The green color indicates the outer insulation layer. The 

metal, depicted in grey, is only exposed at the tip. The boxed section is enlarged and shown in 

(b) (b) Setup to mimic neural recording. A stepped potential is applied to one of the wires on 

tetrode (WE1), mimicking neural activity. The response experienced by one other wire (WE2) 

is monitored over time.   
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Table 6.1: Summary of neural electrodes.  

Electrode 
Techniques 

Description Function Refs 

Tungsten 
microwire 
electrode 

One of the earliest types of neuron electrodes was reported 
to have a sharpened tip with a submicrometer diameter, 
enabling it to record signals from small neurons and axons 
in the mammalian brain. 

Recording 3 

Michigan array 

The Michigan array consists of one to several long shanks, 
with recording sites distributed along each shank. 
Typically, the shank width is 120 μm, and its thickness 
ranges from 15 to 50 μm. 

Recording and 
stimulating 

4, 5, 18 

Utah array 

The Utah array consists of 100 microelectrodes arranging 
in a 10×10 pattern. These silicon needles typically have a 
length of a few millimeters, projecting from a silicon base, 
with a dimension of approximately 4.2×4.2 mm. 

Recording and 
stimulation 

6, 7, 16 

Tetrode 
Tetrode is formed by twisting four insulated microwires 
together. The microwire diameter usually ranges from 12 
to 25 μm. 

Recording 8, 9 

NeuroGrid 

NeuroGrid consists of electrodes on a flexible and soft 
polymer substrate, which enables surface-level large-scale 
monitoring of neural activities. The polymer film is 
typically a few micrometers thick. 

Recording 10, 11 

Mesh 
electronics 

Mesh electronics feature a soft, tissue-like design, with 
probes approximately the size of neuron soma, 
interconnected by mesh-like structured nanowires. The 
implantation process involves syringe injection to ensure 
minimal invasiveness. 

Recording and 
stimulation 

12, 13 
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6.2  Materials and Methods 

6.2.1 Electrode Coating and Characterization 

Electrochemical experiments introduced in Section 6.2.1 were carried out with a standard 

three-electrode setup connected to a μ-AutolabIII potentiostat/galvanostat (Autolab B.V., 

Utrecht, The Netherlands) controlled by NOVA software.  

The aim of electrode characterization in this chapter is to identify a region of potential 

where no electrochemical reactions occur, ensuring it is suitable for conducting potential-step 

experiments. Therefore, all observed changes in current can be attributed to ionic movement 

rather than redox processes.  

6.2.1.1 Electropolymerization 

The electropolymerization was conducted galvanostatically in a solution of 10 mM EDOT 

and 0.1 mM NaPSS [0.7% (w/ v)] 26, or 10 mM EDOT and 0.1 M NaCl 27. A constant current 

of 20 nA was applied for 13 s to achieve an average charge deposition density of 50 mCcm-2 

following the protocol presented in Chapter 5. 

6.2.1.2 Bare Pt Characterization:  

To identify a potential range for Pt in 0.01 M PBS in which undesired Faradaic activity 

was present, a bare Pt microwire was immersed in 0.01 M PBS, and a CV scan was performed. 

The scan range was from OCP to various potentials (0.2~1.0V vs. SCE) and then to -0.2 V (vs. 

SCE), returning to OCP at the end with a scan rate of 50 mV/s.  

6.2.1.3 Coated Pt Characterization:  

For characterization of the coated Pt in 0.01 M PBS and for identifying ranges of potential 

in which no undesired Faradaic processes took place, a PEDOT:PSS or PEDOT:Cl coated Pt 

microwire was immersed in 0.01 M PBS. A CV scan was executed from OCP to different upper 
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limits (0.5/1.0/1.5V vs. SCE) and then to -0.2 V (vs. SCE), and back to OCP at a scan rate of 

50 mV/s.  

6.2.2 Potential Step Experiments with a Bipotentiostat 

Experiments described in Section 6.2.2 were carried out using an Autolab PGSTAT30 

(Autolab B.V., Utrecht, The Netherlands). A four-electrode setup was utilized. Two wires of 

the tetrode (WE1 and WE2) served as the two working electrodes. An SCE was used as the 

reference electrode, and a graphite rod functioned as the counter electrode. The experimental 

procedure is illustrated in Figure 6.2.  

6.2.2.1 Collection Efficiency Measurements  

A bare Pt tetrode was immersed in a 1 mM hexaammineruthenium(III) chloride solution 

with 0.1 M KCl as a supporting electrolyte. A CV scan on two selected wires was made from 

0.2 V (vs. SCE) to -0.5 V (vs. SCE) with a potential reversal back to 0.2 V (vs. SCE) at a scan 

rate of 25 mVs-1 to obtain near steady-state currents for Ru2+ oxidation (E1) and Ru3+ reduction 

(E2). The surface of the tetrode was refreshed by cutting before continuing. On WE1, a linear 

sweep was conducted from E1 to E2 at a scan rate of 5 mVs-1, while WE2 was held at the 

potential of E1. The following reactions happen at each electrode:  

At WE1: Ce(B?P)iPa(.f) + -: 	→		Ce(B?P)iKa 	 (.f) (6.1) 

At WE2: Ce(B?P)iKa(.f) 	→ 		Ce(B?P)iPa (.f) +	-: (6.2) 

The process is illustrated in Figure 6.2(a). Current was recorded at both WE1 and WE2 to 

calculate the collection efficiency (N) using equation (6.3) 28, 29. The collection efficiency (N) 

measures the ratio of Faradaic current at a detector electrode (WE2) to that at the generator 

electrode (WE1) 28, 29. In this way, the fraction of the Ru2+ species generated at WE1 that have 

been transported to the ‘detector’ electrode WE2 is quantified:  
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 (6.3) 

6.2.2.2 Potential Step Experiments with a Tetrode 

Potential step experiments were conducted using two electrodes within a tetrode. One of 

these with either a bare Pt (Figure 6.2(b)) or a polymer-coated electrode (Figure 6.2(c, d)) 

acting as a detector electrode (WE2), with the other electrode (WE1) used to generate signals 

to mimic neural action. The bare or partially coated tetrode was immersed in 0.01 M PBS. WE2 

was maintained at potentials of 0.15 V, 0.25 V, or 0.35 V (vs. SCE), while a stepped potential 

was applied to WE1 starting from 0.25 V with a jump to potentials in the range -0.5 V ~ 1.0 V 

(vs. SCE). Each step typically was 10 s in duration. Some recorded currents, notably those from 

polymer-modified surfaces, exhibited fluctuations. In these cases, the data were smoothed using 

MATLAB.  

 

Figure 6.2: Experiment arrangement. (a) Setup to measure the collection efficiency. Initially, 

only Ru3+ is in the solution, and both electrodes are held at a potential corresponding to the 

transport limited formation of Ru3+ so that no current flows. When the potential at WE1 is swept 

to the reduction potential, Ru2+ is gradually produced, some of which diffuses towards WE2 

where Ru2+ is oxidized. In this way, WE2 “collects” some of the Ru2+ formed at WE1, leading 

(a) (b) 

(c) 

(d) 



176 

 

to the current recorded at WE2. (b) Potential step experiment with a bare Pt electrode. A 

potential step is applied to WE1 and the response is simultaneously recorded at WE2. (c, d) 

The potential step experiment setup with WE2 coated with (c) PEDOT:PSS and (d) PEDOT:Cl. 

 

6.3  Results and Discussion 

In this section, two wires of a tetrode are utilized to simulate the signal recording process 

and to understand the interactions at the interface. These wires are designated as WE1 and WE2, 

with WE1 functioning as a signal generator and WE2 serving as a signal recorder. Initially, a 

model system is used to quantify the diffusion of material generated on WE1 via reduction and 

then collected and oxidized on WE2. The ratio of the currents is known as the collection 

efficiency, N (0 < N < 1). Upon confirming that diffusion to an adjacent electrode is significant 

(N > 0), a series of potential steps is applied to WE1, and the response on WE2 is monitored in 

0.01M PBS. This procedure is conducted successively with WE2, using bare Pt, PEDOT:PSS-

coated Pt, and PEDOT:Cl-coated Pt, to compare and elucidate the ion movements responsible 

for the signal generation. 

6.3.1 Collection Efficiency Measurements 

A bare Pt tetrode was immersed in a solution with 1 mM hexaammineruthenium(III) 

chloride and 0.1M KCl, and an initial potential scan was performed on two selected wires, 

starting from 0.2 V and scanning cathodically to -0.5 V before returning to 0.2 V (vs. SCE). 

The resulting CV scans, as illustrated in Figure 6.3(a), show near zero current regions at more 

positive potentials and transport controlled regions at sufficiently negative potentials; a half 

wave potential for the Ru2+/ Ru3+ redox couple was estimated (ca. -0.15 V vs. SCE)  which is 

in good agreement with literature reports 30.  
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Subsequently, the tetrode was freshly cut to expose clean Pt to the solution. Both wires 

were connected to the bipotentiostat, with WE2 held at a potential (E1) of 0.05 V (vs. SCE) 

throughout the experiment, while WE1 underwent a linear potential scan from E1 to E2 (-0.35 

V vs. SCE) corresponding to transport-controlled reduction of Ru3+. The resulting currents on 

WE1 (red line) and WE2 (blue line) are presented in Figure 6.3(b). Initially, the current signals 

at WE1 and WE2 were near zero because the solution contained only Ru3+, and both electrodes 

were at the oxidation potential, precluding any reaction. However, as the potential on WE1 was 

swept towards E2, Ru2+ began to form at WE1 (equation (6.1)), as indicated by the increasingly 

negative current (red line). WE2, in turn, captured the diffused Ru2+, triggering oxidation 

(equation (6.2)) and leading to an influx of Faradaic current, as evidenced by the rising potential 

(blue line) towards more positive values. 

By comparing the current recorded on WE1 and WE2, the efficiency of the Ru2+ collected 

on WE2 from WE1 can be calculated using equation (6.3), which graphically is the gradient of 

Figure 6.3(c). The ratio of the currents is known as the collection efficiency, N, where 0 < N < 

1 with the fraction 1-N reflecting material generated at WE1, which is lost to the bulk solution. 

Figure 6.3(c) shows that the collection efficiency N = 0.12 ± 0.04 which relates to the specific 

electrodes studied as the electrode size can vary within the array. To estimate the distance 

between electrode discs, as depicted in Figure 6.3(d), with each wire having a radius (R) of 

12.5 μm and an insulation thickness (t) of 5 μm, the adjacent (a) and diagonal (b) distances to 

neighboring electrodes was calculated as the following: 

 . = (C + 5) × 2	 = 	35.0	µm (6.4) 

 g = (C + 5) × 2√2 ≈ 49.5	µm (6.5) 

The findings show that changes on one tetrode disc can affect an adjacent disc, with around 10% 

of the ions diffusing to neighboring electrodes. Additionally, the distances between discs, 

whether adjacent or diagonal, are within the range for extracellular recording (< ca. 140 µm 2, 
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14). This encourages the use of potential step experiments using the tetrode to mimic neuronal 

recording as described in the next section. 

 

Figure 6.3: (a) CV scan of Pt tetrode wires from 0.2 V à-0.5 V à 0.2 V in 0.1 mM 

hexaammineruthenium(III) chloride solution with 0.1 M KCl as a supporting electrolyte (scan 

rate, v = 25 mVs-1). (b) The current recorded on WE1 and WE2 when a slow linear sweep (v = 

25 mVs-1) of potential on WE1 is made from an oxidation potential (0.5 V) to a reducing 

potential (-0.35 V) while holding the potential on WE2 constant at an oxidizing potential of 0.5 

V. (c) The plot of current on WE2 against WE1 is fitted with a linear line (red line), and the 

gradient is used to obtain the collection efficiency. (d) Graphic illustration of the tetrode cross-

section. ‘a’ denotes the length of the adjacent discs, and ‘b’ denotes the diagonal distance 

between discs. All potentials are reported relative to the SCE. 
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6.3.2 Potential Step Experiments on a Bare Tetrode 

This section explores how the current detected on a single electrode within a tetrode array 

responds to a potential step on a nearby electrode, providing a basis for understanding the 

responses induced by neural potential transients.  

Before initiating the potential step experiments, it is necessary to identify a potential range 

that avoids undesired (electro-)chemical reactions that would generate unwanted Faradaic 

currents, for example, due to solvent decomposition or surface oxide formation. A CV scan was 

conducted on a bare Pt microwire immersed in 0.01 M PBS, setting the potential window from 

a fixed minimum of -0.2 V to a range of maximum potentials between 0.2 V and 1.0 V (vs. 

SCE) with the aim of locating a region for Pt in PBS in which Faradaic activity is absent and 

only capacitive charging observed. As indicated by the yellow box in Figure 6.4(a), a potential 

range from 0.1 V to 0.4 V (vs. SCE) was identified in which no current peaks or shoulders were 

observed, suggesting the absence of electrochemical reactions. Consequently, the initial 

potential for the stepped potential on WE1 and the holding potential on WE2 were selected 

within this range. Starting potentials (Vi) of 0.15 V, 0.25 V, and 0.35 V were chosen to be 

evenly distributed within the unreactive region. The final potential (Vf) was set to span the 

entire range from 0.1 V to 0.4 V. The experimental procedure is detailed in Scheme 6.1. The 

currents recorded on WE2 are presented in Figure 6.4(b~d). Observations from Figure 6.4(b~d) 

reveal a consistent pattern: if the final potential is more positive than the initial potential (Vf > 

Vi , orange arrow), the current on WE2 exhibits a rapid negative pulse before gradually 

returning to a steady-state current. Conversely, if the final potential is more negative than the 

initial potential (Vf < Vi , green arrow), the current on WE2 shows a rapid positive pulse, also 

decaying to a steady-state level over time. 

To better understand the process, the current responses on electrodes for potential steps 

from 0.25 V to 0.1 V and 0.4 V were studied in further detail (Figure 6.5). Figure 6.5 (a) 
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displays the current only on WE2, where distinct positive and negative current pulses are 

evident for different final potentials. Then, to examine the current response on both electrodes, 

the currents on WE1 (red line) and WE2 (blue line) are overlaid for each case of the pulse (0.25 

V → 0.1 V/0.4 V) in Figure 6.5(b, c). Noting the absence of Faradaic activity, the currents 

must reflect the attraction and/or repulsion of ions at the electrodes, the nature of which can be 

inferred from the chemical composition of the solution and the direction of current flow. The 

ionic composition of PBS is detailed in Table 6.2, alongside a comparison with extracellular 

fluid (ECF) and artificial cerebrospinal fluid (ACSF). Schematic illustrations of the inferred 

ionic movement near the electrode surface are presented in Figure 6.5(d~i).  

Initially (t < 10s), before the change of potential, both working electrodes attain a near 

steady-state current close to zero following the formation of the double layer and any other 

surface processes (Figure 6.5(d, g)). When the final potential (Vf) is more positive than the 

initial (Vi) (Figure 6.5(e)), the positive charge near the WE1 surface is repelled once the 

potential step occurs (Figure 6.5(e)), producing a large and sudden positive increase in the 

current on WE1 (Figure 6.5(b), red line). Concurrently, this pulse also disrupts the ion 

distribution at the adjacent WE2, leading to an influx of positive charges and a decrease in 

detected current, which corresponds to the outward flow of positive charge from the electrode 

(Figure 6.5(b), blue line; Figure 6.5(h)). Eventually, the current reaches a steady value due to 

the completion of a new ion distribution around the electrode. After sufficient time, a small 

steady state background current on both electrodes flows, giving the long and flat tail at the end. 

Conversely, when Vf is more negative than Vi (Figure 6.5(c)), a rapid influx of positive charge 

towards WE1 occurs (Figure 6.5(f)), resulting in a negative spike in current (Figure 6.5(c), red 

line). Simultaneously, positive ions near WE2 are drawn towards WE1, increasing the positive 

charge outflow at WE2, and thus a larger current is observed (Figure 6.5(c), blue line; Figure 

6.5(i)).   
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It is important to note that the transient spikes are attributable to ion movement within the 

diffusion layer when there is a sudden change in applied potential, while the flat steady-state 

current at the extremities is the Faradaic current due to trace amounts of electrolysis at the 

surface. 

Scheme 6.1: Potential step experiment using bare Pt in 0.01 M PBS. A series of potential steps 

are applied to the working electrode 1 (WE1) with all potentials within the range of the region 

without Faradaic activity. The potential of the working electrode 2 (WE2) is fixed at the starting 

potential of WE1. All potentials are reported relative to the SCE. 

Table 6.2: The ionic composition of 0.01 M PBS, extracellular fluid (ECF), and artificial 

cerebrospinal fluid (ACSF). The ionic compositions of PBS and ACSF (catalog number: 

352525ML, Fisher Scientific) are obtained from the product information from their supplier.  

  

Ions 0.01 M PBS / mM ECF / mM 31 ACSF / mM 

Naa 138 147 150 

Cl: 140 113 155 

Ka 2.70 2.90 3.0 

PO`P: 10.0 0.358 1.0 

CaKa / 1.14 1.4 

MgKa / 1.10 0.8 

HCOP: / 23.3 26 
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Figure 6.4: (a) CV scan of a bare Pt microwire in 0.01 M PBS from OCP à 0.2 ~ 1.0 Và -

0.2 Và 0.2V. The region without Faradaic activity is highlighted in yellow (0.1 V ~ 0.4 V) 

(scan rate, v = 50 mVs-1). (b, c, d) Current detected on WE2 when a potential step was applied 

to WE1 (0.15 V / 0.25 V / 0.35 V à 0.10 ~ 0.40 V), holding WE2 at 0.15 V / 0.25 V / 0.35 V 

respectively. The red arrow represents the potential at which WE2 was held. The green arrow 

indicates the direction of the final potential is more negative than the WE2 potential, while the 

orange arrow indicates the opposite. All potentials are reported relative to the SCE. 

 

  

0.1V 0.4V

0.15V

0.10V

0.40V

0.25V

0.10V

0.40V

0.35V

0.10V

0.40V

(a) (b) 

(c) (d) 



183 

 

Figure 6.5: Left column: (a) Current transients recorded on WE2 for potential steps on WE1 

from 0.25 V à 0.1 V and 0.4 V.  (b, c) Current transients on WE1 (red line) and WE2 (blue 

line) for WE1 stepped (b) from 0.25 V to 0.4 V, (c) from 0.25 V to 0.1 V. All potentials are 

reported relative to the SCE. Middle column: Schematic showing inferred ion motion on the 

WE1 surface. (d) Initial double layer, (e, f) Ion movement when the final potential is more 

positive or more negative than the initial potential, positive charges are repelled away from or 

attracted to the surface, creating a positive or negative current pulse on WE1. Right column: 

Coupled response between WE1 and WE2. The pink arrow indicates the direction of cation 

flow. (g) Initially, both electrodes have a double layer reflecting the potential of the electrode. 

(h, i) Early in the transients, the charges near WE1 are repelled/attracted over a short timescale, 

so that ion movement near WE2 is the inverse to that of WE1, producing an opposite direction 

of the current pulse. Vf denotes the final stepped potential, Vi represents the initial potential. 
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6.3.3 Potential Step Experiments on PEDOT-Coated Tetrodes  

Potential step experiments were carried out in which WE2 was coated with a PEDOT 

polymer using different dopants: PSS- or Cl-, and the results compared to those of bare Pt.  

6.3.3.1 Identifying Faradaically Unreactive Regions 

Prior to initiating the stepped potential experiment, so as to identify start and end potentials 

for the steps, the signal-receiving electrode (WE2) was subjected to a series of CV scans 

extending from the OCP to various maximum potentials (Emax). Figure 6.6) shows the CV scans 

for the PEDOT-coated electrodes, where the non-Faradaic regions are indicated in the yellow 

boxes ( -0.5 V to 1.0 V vs. SCE ). 

From these experiments, WE1 was set to a fixed initial potential of 0.25 V (vs. SCE), 

selected as this is the potential in the middle of the unreactive range (as in section 6.3.2) and 

close to the OCP of Pt in 0.01 M PBS (ca. 0.2 V vs. SCE). A broad range of final potentials, 

from -0.5 V to 1.0 V (vs. SCE), was investigated. This potential range was chosen based on the 

unreactive range identified for PEDOT-coated Pt in PBS (Figure 6.6). The potential on WE2 

was held constant at 0.15 V, 0.25 V, and 0.35 V (vs. SCE), as in section 6.3.2. The experimental 

procedures are outlined in Scheme 6.2. 
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Figure 6.6: CV scan from OCP à Emax à -0.5 V was employed using (scan rate v = 50 mVs-

1). (a) PEDOT:PSS coated, (b) PEDOT:Cl coated microwire immersed in 0.01 M PBS. For 

both polymers, -0.5V to 1.0V is a safe region without triggering any Faradaic current. All 

potentials are reported relative to the SCE.  

Scheme 6.2: Potential step experiment using a PEDOT-coated Pt in 0.01 M PBS. A potential 

step was applied to the working electrode 1 (WE1) with a fixed starting point to a range of final 

potentials. The potential of the working electrode 2 (WE2) was fixed at 0.15 V, 0.25 V, or 0.35 

V. All potentials are reported relative to the SCE.  

 

6.3.3.2 Data Smoothing 

For electrodes coated with PEDOT, recorded currents demonstrate greater variability than 

those from bare Pt electrodes. The raw transients have significant noise, making overlaying and 

comparison challenging. Consequently, data were smoothed using MATLAB. The smoothing 

parameter (ps = 0.999991) was tuned to preserve the prominent data features while enhancing 

presentation clarity. Examples of the smoothed data are depicted in Figure 6.7(a~d), using data 

from a PEDOT:PSS coated electrode. Post-smoothing, the data from the PEDOT:PSS coated 

WE2 are much clearer, maintaining crucial information preceding and following the application 

of the potential step (Figure 6.7(a, b)), thus simplifying comparison with a bare Pt WE2 (Figure 

6.7(c, d)). Although PEDOT:Cl shows less variation than PEDOT:PSS, smoothing was also 
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found to benefit the data analysis (Figure 6.7(e, f)). Therefore, all the stepped potential graphs 

presented in the following sections have been smoothed to allow clearer observation.  

 

Figure 6.7: (a, b) Comparison of the raw (black line) and smoothed (red line) data of 

PEDOT:PSS coated WE2 (WE2 held at 0.25 V). (c, d) Comparison between the bare (blue lines) 

and PEDOT:PSS (red lines) coated WE2 recorded data (WE2 held at 0.25 V), where 

PEDOT:PSS data was unprocessed in (c) and smoothed in (d). (e, f) PEDOT:Cl potential step 

data (WE2 held at 0.25 V), where (e) is the unprocessed raw data and (f) is smoothed. All 

potentials are reported relative to the SCE. 
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6.3.3.3 PEDOT:PSS Coated Tetrode 

Following the same procedure as the bare Pt, the non-reactive potential range for 

PEDOT:PSS-coated Pt microwire was determined to be from -0.5 V to 1.0 V (vs. SCE) (Figure 

6.6(a)). After coating WE2 with PEDOT:PSS, the potential step experiment was carried out, 

and the procedure was repeated with a bare Pt tetrode for comparison. The recorded current on 

WE2 after data smoothing is presented in Figure 6.8. 

In Figure 6.8(a, c, e) (left column), the spikes observed in WE2 are relatively minor or 

barely noticeable when the end potential on WE1 approximates the starting value of 0.25V (e.g. 

Vf = 0.2 V ~ 0.4 V). In contrast, Figure 6.8(b, d, f) (right column) show more pronounced 

spikes when the potentials on WE1 finished at values significantly different from 0.25 V (e.g. 

Vf = -0.2 V, -0.5 V, 0.75 V, and 1.0 V). This pattern was consistent across both bare and coated 

electrodes.  

Furthermore, comparing the coated and the bare Pt electrodes, the coated electrodes 

detected more positive current than the bare ones, in particular when WE2 was held at 0.15 V 

and 0.35 V. The final steady-state currents showed that the more negative the final potential 

relative to the initial, the more positive the final steady-state current, and vice versa, which is 

consistent with the observation with bare Pt (Figure 6.4(b~d)). However, the most significant 

contrast is that the spikes for PEDOT:PSS-coated Pt consistently showed only positive current 

values, irrespective of the final potential, in contrast to both the positive and negative currents 

seen with bare Pt. 

To discern which component of the polymer contributes to the unidirectional current flow, 

PEDOT:PSS coated electrodes were examined more closely. Note that the polymer comprises 

PEDOT+, facilitating hole transport, and PSS-, with the latter more involved in ion transport 32-

34. With the aim to study the origin of the unidirectional current from either PEDOT+ or PSS-, 

the PEDOT:PSS was firstly coated onto WE2, then applied a CV scan ranging from OCP to  
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Figure 6.8: (a~f) The current recorded on WE2, where WE2 was held at 0.25 V/0.15 V/0.35 

V, respectively, and the potential on WE1 jumped from 0.25 V to a range of final potentials. 

The left column graphs (a, c, e) illustrate the situations where the potential step on WE1 

triggered little response on WE2. The right column graphs (b, d, f) include the potential steps 

that led to significant responses on WE2. Blue lines: Bare Pt. Red lines: PEDOT:PSS coated Pt. 

(g, h) Potential step experiment with WE2 held at 0.25 V, and WE1 jumped from 0.25 V to a 

range of values, using (g) a bare tetrode and (h) an overoxidized PEDOT coated tetrode. All 

potentials are reported relative to the SCE. 

 

Figure 6.9: The current recorded on WE2, where WE2 was held at 0.25 V, respectively, and 

the potential on WE1 jumped from 0.25 V to a range of final potentials. (a) WE2 was coated 

with PEDOT:Cl. (b) Zoom in and comparison of the current immediately before and after the 

potential step between the PEDOT:Cl coated and the bare WE2. Solid line: PEDOT:Cl coated. 

Dashed line: Bare Pt. All potentials are reported relative to the SCE. 

 

1.5V (vs. SCE) to over-oxidize the PEDOT+. The overoxidation step destroyed the PEDOT+ 

electrical conductivity, changing the polymer film charge structure, and the process is known 

to involve counter-ion flux (PSS-) leaving the film 35. The potential step experiment was then 

conducted with WE2 held at 0.25 V, and the current observed on WE2, as shown in Figure 

6.8(g), exhibited little difference from that of bare Pt (Figure 6.8(h)), suggesting that the 

presence of PSS- may account for the unidirectional current flow. Therefore, further research 

0 5 10 15 20 25

−0.05

0.00

0.05

0.10

0.15

0.20

C
ur

re
nt

 o
f W

E2
 /n

A

Time /s

 0.25V to -0.5V
 0.25V to -0.2V
 0.25V to 0.1V
 0.25V to 0.2V
 0.25V to 0.3V
 0.25V to 0.4V
 0.25V to 0.5V
 0.25V to 0.75V
 0.25V to 1.0V

11.8 12.0 12.2 12.4 12.6 12.8 13.0

−0.05

0.00

0.05

0.10

0.15

0.20

C
ur

re
nt

 o
f W

E2
 /n

A

Time /s

  0.25V to -0.5V
  0.25V to -0.2V
  0.25V to 0.1V
  0.25V to 0.2V
  0.25V to 0.3V
  0.25V to 0.4V
  0.25V to 0.5V
  0.25V to 0.75V
  0.25V to 1.0V

(a) (b)



190 

 

was pursued to evaluate the impact of dopants by doping PEDOT+ with another ion, Cl-, for 

comparison. 

6.3.3.4 PEDOT:Cl Coated Tetrodes 

Similarly, the non-reactive region for PEDOT:Cl coated Pt in 0.01M PBS was determined 

to be between -0.5 V and 1.0 V (vs. SCE) (Figure 6.6(b)). Following the same methodology in 

Scheme 6.2, a potential step experiment was performed. 

Similarly to what was observed with PEDOT:PSS, a small potential step (Vf = 0.2 V ~ 0.4 

V) produced only a minor current pulse, whereas larger potential changes led to more 

pronounced current pulses. The results are detailed in the Appendix D, section D.1. After the 

coating, the final steady-state current values for WE2 at 0.15 V and 0.35 V were more positive 

than those for a bare Pt electrode, while the current with WE2 held at 0.25 V was generally 

comparable to that of a bare Pt electrode. Most notably, the current flow in both positive and 

negative directions was restored (Figure 6.9(a)), with the current direction depending on the 

initial and final potentials, the same pattern as observed with the bare Pt in Section 6.3.2. 

Additionally, both the pulse and subsequent recovery of the double layer occurred at a 

noticeably faster rate for the PEDOT:Cl coated electrode compared to the bare Pt. This is 

evident in Figure 6.9(b), where the capacitive decay indicated by solid lines (PEDOT:Cl coated) 

was quicker than that indicated by dashed lines (bare Pt), and the steady-state current was 

rapidly restored following the potential step. 

On the basis of the above and noting that the bidirectional pulse can be restored either by 

excluding PSS- through overoxidation or by employing alternative counterions such as Cl-, it 

can be concluded that the unidirectional current flow is associated with the presence of PSS- in 

the polymer matrix. The insensitivity of PSS- to anion movement is likely due to its large chain 

structure and strong doping with PEDOT+ (as depicted in Chapter 4, Scheme 4.1), which 

inhibits its mobility in and out of the polymer, thus affecting signal transmission. Conversely, 
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the smaller Cl- ions can move more freely into and out of the film, enhancing signal 

transmission. Additionally, the presence of Cl- in both the film and the solution could promote 

signal propagation, potentially leading to a more rapid signal response. 

6.3.4 Comparison of Transient Responses at Different Electrodes 

To gain further insights and quantify ion movements at the polymer-solution interface, the 

current recorded at WE2 after the application of the potential step was approximately fitted with 

an exponential decay curve using the following equation: 

 ] = ]$ + +<-pq r−
5
5<
s (6.6) 

]$ represents the steady-state current after the potential step. 5< is the response time, reflecting 

how ions around WE2 respond to the sudden potential change at WE1. +<  indicates the 

direction and implies the size (]$ + +<) of the resulting current, where a positive +< suggests a 

positive current, and vice versa. It is important to note that the fitting of equation (6.6) focuses 

on the transient decay following the initial rapid spike (< 0.02 s). Additionally, to avoid tiny 

current pulses and so to better fit the exponential curves, large potential steps were chosen to 

obtain significant responses. Specifically, Vf was chosen to satisfy |Vf - Vi| > 0.35 V, with Vi = 

0.25 V (Table 6.3).  

6.3.4.1 Potential Step Data Analysis and Preprocessing  

The data fitting was performed using the software Origin 2024. 

Noting the noisy nature of the recorded current and the approximation of applying equation 

(6.6), the R-square value for fitting was generally controlled to be around 0.5. However, for 

very noisier data, notably WE2 coated with a polymer film, the variance of the raw data is much 

higher, causing the R-square for fitting the original data to be lower. Hence, in this case, both 

the raw data and its smoothed data were fitted with equation (6.6), with the latter one to double-

check the validity of the fitting. 
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Figure 6.10 presents a summary of the data preprocessing for the bare Pt WE2 electrode. 

Given that the current typically returns to a steady state approximately 2 s after a change in 

potential on WE1, extending the data fitting to the full 10 s is unnecessary and shows minimal 

difference from a 4 s data fit (Figure 6.10(a, b)). The fitting parameters (]$, 5< , +<) for both 

the 10 s and 4 s datasets closely align, as indicated in the tables below the graphs, with minor 

variances falling about the error margins of each other.  

The low R-Square value originates from the inherent noise in the recorded signals. To 

improve the quality and check the reliability of the fitting, data were smoothed using MATLAB 

with a smoothing parameter of ps = 0.9999 (Figure 6.10(c)), followed by fitting with equation 

(6.6) in Origin. As shown in the table in Figure 6.10(d), the R-Square value improved to 0.864, 

and all fitting parameters remained consistent with those obtained from the raw data fitting 

(Figure 6.10(b)). For example, the response time of the smoothed data (5<O,''0j+> ≈ 	0.22	 ±

	0.01	d ) aligns with the response time derived from raw data ( 5<1)( ≈ 	0.24	 ± 	0.04	d ). 

Furthermore, some datasets exhibit minimal fluctuations (Figure 6.10(e, f)), thus their fitting 

results do not necessitate additional validation through smoothing.  

Similar procedures were repeated for PEDOT:PSS and PEDOT:Cl data. The details of the 

pre-processing and fitting are included in the Appendix D, Section D.2.  
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Figure 6.10: (a, b) 10 s and 4 s data for currents recorded at WE2 following a potential step at 

WE1 from 0.25 V to    -0.1 V. WE2 was held at 0.25 V. (c) Comparison of the smoothed data 

(e) (f)
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and the raw data. The smoothing parameter ps = 0.9999. (d) Curve fitting of the smoothed data 

in (c). The fitting parameters (]$, 5< and +<) are all within the error range of that presented in 

the table in (b). (e, f) Less noisy data. WE2 was held at (e) 0.25 V, (f) 0.35 V. All potentials are 

reported relative to the SCE.  

 

Table 6.3: The potential step experiments for WE1 when WE2 is a PEDOT-coated electrode. 

All potentials are reported relative to the SCE. 

 

6.3.4.2 Comparison of the Fitting Results 

The results of the parameters +<, ]$, and 5< are summarized in Figure 6.11.  

From Figure 6.11(a), it can be seen that PEDOT:PSS coated electrodes consistently 

produce only positive pulses, and the +< values are invariably with a value of 0.022 ± 0.001	s 

across all transients. In contrast, both PEDOT:Cl-coated and bare Pt electrodes exhibit 

bidirectional transient decays, their +< values hence could be positive or negative depending on 

the potential step. However, the average magnitude of |+<|	is generally larger for PEDOT:Cl 

coated Pt than for bare Pt, with differences of approximately 0.012, 0.016, 0.030 nA, increasing 

WE1 Initial 
Potential, Vi / V 

WE1 Final Potential,  Vf / V Potential Step Size,  Vf  -  Vi / V 

0.25 

-0.5 -0.75 

-0.35 -0.6 
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-0.2 -0.45 

-0.1 -0.35 

0.6 0.35 

0.7 0.45 

0.75 0.5 

0.85 0.6 

1.0 0.75 
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with the WE2 holding potential from 0.15 V to 0.35 V. Observing the steady-state current ]0 

post-potential step application in Figure 6.11(b), it is evident that for WE2 = 0.15 V and 0.35 

V, the values follow the trend PEDOT:PSS > PEDOT:Cl > Bare Pt, reflecting relative amounts 

of trace Faradaic currents. For WE2 = 0.25V, the steady state current is comparable for 

PEDOT:PSS and PEDOT:Cl, which could be attributed to varying background effects and/or 

the different morphology of the polymer materials. Lastly, Figure 6.11(c) compares the 

response times, 5< , for the transient decay of the three different WE2 electrodes. From the 

graphs, PEDOT:Cl (blue lines) response is the quickest (average 0.04 ± 0.02	s) followed by 

bare Pt (black lines, average 0.22 ± 0.04	s) and the movement of ions in PEDOT:PSS (red lines) 

takes the longest time of an average 2.2 ± 0.2 s. Furthermore, the response time was compared 

with the estimated timescale of pure one-dimensional diffusion between WE1 and WE2:  

 u =
λK

2w (6.7) 

With an approximate value of D = 10:k	mKs:< which is typical for ions in aqueous solution 

and λ = 	35~50	µm (using the length of a and b in Figure 6.3(d)), the diffusion response time 

τ is calculated to be between 1.3 s and 0.6 s from equation (6.7). This diffusion response time 

is on the same order of magnitude as that of bare Pt. The presence of the polymer with different 

dopants modifies the response time from free diffusion by either one order of magnitude less 

or more, and these differences may arise from the mobility of the anions within the polymer 

matrices (estimated thickness is of ca. 0.3 µm) and their capacity to enter and exit the polymer. 

Specifically, the presence of Cl- dopant accelerates the response to approximately within an 

order of 10-1 s, suggesting high ion mobility, while PSS- extends the response to an order of 

magnitude of around 10 s, indicative of hindered ionic movement. In this case, it is possible 

that the response time reflects ion motion within pores or channels within the polymer film so 

restricting the current flow, whilst in the case of films containing Cl- the response of WE2 is 
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controlled by the exchange of Cl- into and out of the film where they are present at a 

concentration of ca. 0.1 M in PBS (as shown in Table 6.2) and estimated from the charge passed 

in the film growth to be around 18 M in the doped film.  

Figure 6.11: The results of the fitting parameter using equation (6.6) on the potential step 

experiments, where WE2 was held at 0.25 V/0.15 V/0.35 V, respectively, and the potential on 

WE1 jumped from 0.25 V to a range of end potentials (-0.5 V ~ 0.1 V and 0.6 V~1.0 V). (a) 

Comparison of the fitting parameter +< . (b) Comparison of the steady-state current ]$ . (c) 

Comparison of the response time 5<. Black line: Bare Pt. Red line: PEDOT:PSS coated. Blue 

line: PEDOT:Cl coated. All potentials are reported relative to the SCE. 
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6.4  Conclusions 

In summary, the potential step results revealed that the choice of PEDOT dopant affects 

the responses to the ions near the electrode-polymer interface. For PEDOT:PSS, the strong 

interaction between the lengthy PEDOT+ chains and PSS- restrains the polyanion mobility 

leading to a slow response time and intrinsic insensitivity to anion flows. Conversely, for 

PEDOT:Cl, the small Cl- ions, which are present in both the polymer film and the environment 

solution, diffuse faster, both in solution and inside the film, thus resulting in a quicker response.  

Overall, from Chapters 4 to 6, the polymerization mechanisms, reaction principles, and 

both electrochemical and morphological properties of PEDOT have been systematically 

explored and discussed. Each chapter builds on the findings of the previous, establishing a 

comprehensive foundation for subsequent investigations. The next chapter introduces a pilot in 

vivo study that applies PEDOT coatings, aiming to evaluate their biocompatibility and 

applicability in practical settings. Furthermore, the chapter will also explore future directions 

of this research.  
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Chapter 7                                      

Pilot In Vivo Experiments  

Following the comprehensive material studies in Chapter 4 to Chapter 6, it is important 

to evaluate how PEDOT polymers perform in authentic application environments, particularly 

regarding their biocompatibility. Chapter 7 presents a pilot in vivo study involving the 

implantation of electrodes in a mouse, with signal recording conducted five weeks post-surgery. 

A preliminary analysis was performed to assess the recording quality of PEDOT-coated 

electrodes. However, given the nature of in vivo experiments, the conditions could not be as 

tightly controlled as in vitro setups. Despite these limitations, the foundational work discussed 

in this chapter is encouragingly positive and will likely stimulate further research. 

The in vivo experiment result of this chapter has been published in ACS Applied Materials 

and Interfaces 1. The project was conducted under the supervision of Prof. Richard Compton 

and Prof. Sonia Contera. The surgery and neural signal processing were conducted in 

collaboration with Prof. David Dupret (Oxford Nuffield Department of Clinical Neurosciences) 

and members of his group, Dr. Katja Hartwich, Dr. Vitor Lopes dos Santos, and Dr. Tabitha 

Broadbelt. 

7.1  Materials and Methods  

7.1.1 Tetrode Drive Fabrication 

The assembly of the complete implant device consists of tetrode fabrication, loading of 

the tetrode into the drive, and tetrode coating. The following sections detail these procedures 

separately. 
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7.1.1.1 Tetrode and Drive Fabrication 

For the tetrodes loaded into the drive, the lengths were slightly longer than those typically 

used for electrochemical analysis to ensure they could pass through the guide tube and extend 

through the top lid (Figure 7.1). Therefore, each microwire was cut to a length approximately 

equal to that of an A4 paper (ca. 297 mm), following the tetrode fabrication methods described 

in Chapter 2, Section 2.2.7. Completion of the fabrication of the tetrode was realized at the 

same time as the drive fabrication and loading procedure. The latter were carried out by Dr. 

Katja Harwich from the neuroscience group. A loaded drive is shown in Figure 7.1. Subsequent 

to the loading of all tetrodes, the top lid (Figure 7.1(a, c)) was pushed down to close the drive. 

Any excess lengths of the protruding free ends at the top lids were cut, and tetrode tips at the 

bottom ends (Figure 7.1(b, d)) were trimmed to ensure that the electrodes recorded signals at 

consistent depths. Tetrodes were prepared and positioned as detailed in Figure 7.2. For ease of 

operation, the uncoated electrodes were placed in the middle of the drive, and the coating 

process was applied to the outermost tetrodes on the drives (Figure 7.2). 

Figure 7.1: The tetrode-loaded drive. (a) Top view. The yellow box (zoom in at (c)) indicates 

the lid that would be pressed down to close and secure the tetrode after loading. (b) Bottom 
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view. The tubes were arranged in a specific configuration for targeting particular brain regions 

The yellow box (zoom in at (d)) indicates the guiding tubes.  

Figure 7.2: Tetrode loading and coating scheme.  

7.1.1.2 Tetrode Coating 

Connecting the drive to electrochemical devices was achieved using an array of pins 

(Figure 7.3), each of which was inserted into a hole on the drive's top lid (Figure 7.1(a, c)). 

Each pin was connected to one wire of the tetrode, and hence four pins correspond to one tetrode. 

Four stainless steel wires were separately soldered onto four pins. It is important to ensure 

that the soldering does not cause any interconnection between sites (Figure 7.3(b)). The 

connected pins were then inserted into the holes corresponding to the tetrodes designated for 

coating. The drive was securely held with a clamp. A beaker containing the coating solution 

was placed on an adjustable stand to control the immersion depth of the tetrode ends in the 

solution. Extra care was taken to prevent the ends of different tetrodes from sticking together, 

ensuring that the coating was applied independently. 

The coating scheme follows exactly that used for the microwire coating in previous 

chapters. Electropolymerization was conducted galvanostatically in a solution of 10 mM EDOT 

and 0.1 mM NaPSS, or 10 mM EDOT and 0.1 M NaCl. A constant current of 20 nA was applied 

Left Right

Tail

Nose

Each hole connects one microwire. Four holes represent one tetrode.

Ground wires

Pt tetrode PEDOT:PSS coated Pt tetrode

W tetrode

Screws to control tetrode insertion depth

PEDOT:Cl coated Pt tetrode
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for 13s to achieve an average charge deposition density of 50 mC cm-2. After coating all the 

desired tetrodes, they were gently dipped in deionized waters to wash away excess coating 

solutions.  

 

Figure 7.3: Pins soldered with stainless steel wires. (a) Side View. (b) The top view was taken 

to check if there was any interconnection between the pins. 

7.1.2 In Vivo Experiments  

One lab-raised adult mouse was implanted with a single microdrive containing 14 

independently movable tetrodes (Figure 7.2). To allow recovery from the surgery, the 

recording started by the end of the fifth week after the implantation. The surgery and recording 

procedures reflect previous studies 2, 3, and was carried out by Prof. David Dupret’s group in 

strict accordance with the Animals (Scientific Procedures) Act, 1986 (United Kingdom), with 

a final ethical review by the Animals in Science Regulation Unit of the UK Home Office. The 

details of the surgery and data processing scheme are included in Appendix E. 

7.2  Results and Discussion  

A pilot experiment utilizing a coated tetrode was conducted to assess the biocompatibility 

of PEDOT-coated Pt electrodes and compared to that of bare Pt electrodes. The electrode was 

implanted in the mouse brain for five weeks prior to initiating recordings at the hippocampal 

(a) (b) 
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layers. All polymer-coated electrodes successfully recorded signals, indicating good 

biocompatibility. Compared to bare Pt in this trial of experiment, the PEDOT-coated electrodes 

demonstrated enhanced capability to distinguish between neuronal signals. Specifically, the 

maximum number that the PEDOT:PSS tetrode could distinguish was up to six single-unit 

recordings, while PEDOT:Cl identified and differentiated seven distinct action potentials from 

neurons. In contrast, a bare Pt electrode was only able to maximally differentiate spike signals 

from four neurons. 

In addition, to compare the consistency of single-unit recording signals, a comparison 

factor waveform score ({7O='1+) was introduced 3 : 

 {7O='1+ 	= 	|F
({-/[(-)K

~

.

-T<

 (7.1) 

where {- is the value of mean waveform of a sample i, [(- is the standard deviation across all 

spike of sample i, and n is the number of waveform samples 3. Figure 7.4(a, b) presents 

examples of low and high wvscore, respectively. To understand these figures, it can be 

considered as how the mean waveform (represented by the thick, darker line) compares to the 

distribution of all waveforms (illustrated by the lighter background band). Figure 7.4(b) shows 

a narrower band, suggesting a smaller deviation, which could indicate less noise and more 

consistent recordings over time. In contrast, Figure 7.4(a) displays a wider background band 

relative to the mean waveform, suggesting greater variation during recording and reduced 

consistency. 

The average {7O='1+ of all recorded units was PEDOT:Cl (1.2 ± 0.2) ~ Pt (1.2 ± 0.1) > 

PEDOT:PSS (1.1 ± 0.2). Considering PEDOT:Cl and PEDOT:PSS recorded more neuronal 

signals of different sources, the slightly larger error bar accounts for the variety of signals 

recorded. The results of {7O='1+ for PEDOT:Cl and PEDOT:PSS in comparison with all the 

{7O='1+are presented in Figure 7.5. 
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Overall, due to the nature of in vivo experiments, as opposed to in vitro, the neuronal 

signals generated cannot be identical each time. The recorded waveform largely depends on the 

proximity and the orientation of the neuron relative to the electrode, and the number of signals 

recorded can also be significantly influenced by the distribution of neurons. Given the 

complexities of the extracellular environment, a straightforward comparison is challenging, and 

further studies are required to elucidate the processes occurring in vivo. However, the results 

from this pilot study have confirmed the biocompatibility of the material and provide 

confidence and guidance in further investigation and experimental design.  

Figure 7.4: Example of (a) low wvscore (0.64) and (b) high wvscore (1.44). 

Figure 7.5: Histogram of all the wvscores obtained from single-unit recording. The blue bins 

represent the wvscore from all the recordings. The pale orange bins represent the wvscore 

obtained with (a) PEDOT:Cl coated tetrode; (b) PEDOT:PSS coated tetrode. 

 

(a) (b)

(b)(a)
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7.3  Conclusions 

In conclusion, the in vivo experiment further validates the coated tetrode method 

introduced in previous chapters. The distinct signals on every recording channel indicate no 

cross-connections occurred. Moreover, this pilot in vivo experiment proves the 

biocompatibility of both PEDOT:PSS and PEDOT:Cl coatings. Despite the challenges 

associated with the complex environment during in vivo experiments, this work effectively 

demonstrates the applicability of these techniques, which could significantly contribute to the 

development and enhancement of future neural interface devices.  
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Chapter 8                                      

Summary and Future Work 

Since the initial development of neural electrodes in the last century 1, significant advances 

have been made in this field. Neural electrodes have evolved from purely metallic materials, 

such as tungsten, gold, and platinum 1, 2, to silicon-based materials 3-8 and, most recently, 

biocompatible polymers like PEDOT and PDMS 9-15. These devices have been utilized not only 

for a broad range of neuroscience research, such as studies on memory formation and brain 

activity during sleep and wakefulness 16, 17, but also for medical applications addressing 

conditions such as Parkinson's and Alzheimer's diseases 18-23. Although the techniques continue 

to evolve, knowledge about the fundamental processes underpinning their measurement is 

limited. The objective of the work reported in this thesis was to understand the processes 

occurring at the polymer/solution and polymer/electrode interfaces and to develop methods that 

improve the performance and biocompatibility of neural electrodes (specifically tetrodes). To 

achieve this goal, electrochemical methods such as cyclic voltammetry (CV) and 

biopotentiostat techniques were extensively applied to characterize materials and study ionic 

responses at the interface. Additionally, atomic force microscopy (AFM) was employed to 

examine the mechanical properties of interfaces and the topography of polymer surfaces at the 

micro and nanoscales, aligning with the scale at which cellular interactions occur. 

The initial consideration in enhancing neural electrodes was the selection of materials. 

Polydimethylsiloxane (PDMS) and poly(3,4-ethylenedioxythiophene) (PEDOT) were chosen 

for detailed investigation. Both materials have broad applications. PDMS was selected for its 

ease of fabrication, compatibility with various materials such as carbon nanotubes (CNT), 

biocompatibility, and tunable mechanical properties. PEDOT was chosen for its excellent 

conductivity, biocompatibility, and functional flexibility, and hence, it can be applied to many 
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surfaces. Both materials have been used extensively in biosensor applications, which made 

them suitable starting points for this project 

After fabrication, both materials were examined using AFM. As PEDOT is porous and can 

easily stick to the tip (Appendix C, Figure C.2(a)), indentation experiments were unsuitable. 

However, its mechanical properties could be quantitatively inferred from the tapping mode 

phase image. Conversely, PDMS was thoroughly examined with AFM to study interface 

interactions and material mechanical properties through indentation and relaxation experiments.  

In Chapter 3, experiments tracked the evolution of surface Young's modulus and 

relaxation time over 10 days with PDMS (with 1:10 and 1:20 base to crosslinker ratio, denoted 

as r10 and r20) stored in either deionized water or air. The results indicated a gradual hardening 

process at the surface, followed by degradation after the fifth day (Figure 3.4, Figure 3.7). 

More importantly, after prolonged storage, two contact points were observed during indentation, 

especially for r10 samples, suggesting that the AFM tip encountered two distinct material layers. 

This hypothesis was substantiated by fitting the relaxation curves, where the general Maxwell 

model with two arms (GMM2) provided the best fit. This suggests the presence of two dominant 

materials influencing the relaxation processes, giving rise to two relaxation times. The two 

distinct materials could be attributed to surface layer degradation caused by hydrolysis, 

resulting in a loosened surface layer of polymer brushes that created a disturbing initial contact. 

When the tip penetrated this region, it encountered more stable bulk mechanical properties. 

These findings have minimal impact on macroscopic measurements and appear only after 

prolonged storage (≥ 2 days). Thus, they have been overlooked by previous studies that focused 

either on macroscopic properties or freshly produced materials. Future research could use these 

results as a guideline for PDMS storage and application, particularly when used in microscale 

environments such as microfluidic channels. 
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After studying the mechanical properties of PDMS using AFM, it was observed that the 

mechanical characteristics of polymer interfaces in solution vary over time. Consequently, 

attention was given to surface changes under different conditions when examining PEDOT in 

Chapter 4. 

Due to its conductivity, PEDOT can be synthesized from its monomer via 

electropolymerization. The material was meticulously characterized using both electrochemical 

methods and AFM. CV scans performed with a Pt macroelectrode in EDOT and NaPSS solution 

clarified the reaction mechanism: EDOT oxidizes around 1.0 V to form PEDOT:PSS, and 

overoxidation occurs at about 1.4 V (vs. SCE). Subsequent AFM examinations showed that 

similar to PDMS, PEDOT:PSS surfaces underwent changes depending on the storage 

conditions due to polymer swelling. Being a volumetric conductor, the properties of 

PEDOT:PSS heavily depend on its structure and morphology. The surface morphology is 

influenced by the environmental conditions (e.g. in an aqueous environment or in air, does the 

solution contain ions or is deionized) and thickness. Hence, different thickness polymers were 

tested with AFM and stored in different conditions (PBS, EDOT/NaPSS, deionized water, air). 

The AFM results in deionized water revealed a heterogeneous surface characterized by PSS-

rich areas intertwined with PEDOT-rich regions. The swelling also affects the polymer stability 

in terms of its roughness changes. The final optimized coating, assessed via morphological and 

electrochemical analysis, suggests a charge deposition of about 50 mC cm-2, which showed 

better film stability across all tested conditions (Figure 4.1, Figure 4.3, Figure 4.6). Following 

up with a comparison to a bare Pt electrode, a significant enhancement in capacitance (80 times 

larger than bare) was observed. In addition, measurements using stainless steel as the pseudo-

reference electrode, typically used for in vivo experiments, reveal results equivalent to tests 

using SCE, except for a shift of potential of ca 0.42 V. This indicates that electrochemical data 
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obtained under in vitro conditions can inform in vivo experiments, confirming PEDOT as a 

promising material for further study. 

As introduced in Chapter 4 (Table 4.1), PEDOT can be doped with different counter ions. 

Besides PEDOT:PSS, PEDOT:Cl was also selected for comparison to assess the functionality 

of PEDOT. In Chapter 5, similar electrochemical characterization procedures were conducted 

using Pt macroelectrodes in EDOT and NaCl solutions. CV scans across various potential 

ranges identified three oxidation processes: EDOT oxidation at ca. 1.0 V, PEDOT 

overoxidation at ca. 1.2 V, and chloride oxidation on Pt at ca. 1.5 V (vs. SCE). The additional 

chloride oxidation on Pt is suppressed once the polymer layer forms on the surface, as the film 

restricts chloride access to the underlying electrode. Since the coating potential is lower than 

the chloride oxidation potential, the underlying Pt remains unaffected. Following 

characterizations on Pt macroelectrodes, the next step involved transferring the deposition 

scheme to microelectrodes. The coating process was initially applied to a single microelectrode 

to compare the charge density transferred with that of a macroelectrode during overoxidation. 

Results showing similar levels of oxidation (both ca. 3 mQ cm-2) suggest a successful transfer 

of coating methods. A major challenge was applying the coating to closely packed electrodes 

within a tetrode. Therefore, a novel testing method for electrode interconnections was 

introduced. This method uses the overoxidation properties of PEDOT. Furthermore, this 

method will likely generally apply to any polymer exhibiting electrochemical property changes 

beyond a certain potential. For PEDOT, after overoxidation, its electrical activity is destroyed, 

and further scanning of the coated electrode in a non-monomer-containing solution will not 

generate additional oxidation peaks. Hence, if a wide-range CV scanning of one electrode does 

not affect adjacent electrodes, then scanning each of the four electrodes independently should 

yield distinct four overoxidation peaks, which is an indication of no interconnections (Figure 

5.8 (d)). In addition to electrochemical testing, further optical, SEM, and EDX analyses 
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corroborated that the coating scheme can be transferred to a tetrode without causing any 

interconnections. 

Building on the work presented in the previous chapters, Chapter 6 applied PEDOT:PSS 

and PEDOT:Cl coating to tetrodes. Furthermore, potential step experiments employing a 

biopotentiostat were used to evaluate ionic responses at the polymer/electrode interface when 

there was a potential disturbance at proximity. The responses were compared between coated 

electrodes and bare electrodes. The potential disturbance was controlled in a range where it 

would not trigger any chemical reactions on either the bare or coated recording electrodes. 

Hence, the observed responses were only due to ionic motion, reflecting ion redistribution at 

the interface to form the double layer. The results demonstrated that the response of ion 

movement on a bare electrode (0.22 ± 0.04 s) has little difference as compared to free diffusion, 

whereas the response is slower in PEDOT:PSS (2.22 ± 0.19 s) and much faster in PEDOT:Cl 

(0.04 ± 0.02 s). These differences were attributed to the polymer and are particularly influenced 

by the dopants used. As discussed in Chapter 4 (Scheme 1 and Figure 4.5), PEDOT:PSS 

consists of entangled long polymeric networks of PEDOT+ and PSS-, which restrict the mobility 

of the polyanion, leading to a slow response time. In comparison, for PEDOT:Cl, the small Cl- 

ions, present in both the polymer film and the surrounding solution (PBS), can diffuse more 

rapidly and freely, both in solution and within the film, resulting in a quicker response. 

Although rigorously controlled experiments were conducted in various in vitro setups 

throughout the previous chapters, in vivo experiments were essential, particularly for testing 

the biocompatibility of the polymers. Chapter 7, therefore, describes a pilot in vivo experiment 

in which coated tetrodes were implanted into a mouse brain, with signal recordings taken in the 

fifth week post-surgery. During this period, no acute symptoms were observed, and signals 

were successfully collected from both coated and bare Pt electrodes. A preliminary analysis 

was conducted using the wvscore (equation 7.1), and the results showed that PEDOT:Cl (1.2 ± 
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0.2) ~ Pt (1.2 ± 0.1) > PEDOT:PSS (1.1 ± 0.2). However, due to the complexities involved in 

the in vivo experiments, a more definitive conclusion regarding the effects of coated vs. 

uncoated electrodes on signal quality requires more sophisticated electrode configurations and 

additional experimental trials. Nevertheless, biocompatibility has been examined and proven, 

laying the fundamental works for additional research involving coated electrodes. 

In conclusion, this thesis began with characterization of material properties and then 

progressed to investigations of interface processes. Both surface mechanical evolution and ionic 

responses in widely used polymers (PDMS, PEDOT) have been thoroughly examined. From a 

mechanical perspective, this work has, for the first time, revealed how interface mechanical 

properties evolve at the microscale and nanoscale, highlighting the formation of distinct surface 

layers in contact with air or water. The novel approach of coating tetrodes with PEDOT:PSS 

and PEDOT:Cl, as detailed in this thesis, has not been previously reported. Most importantly, 

the introduction of a method to prevent interconnections addresses significant concerns 

associated with coating densely packed microelectrode arrays with polymers. Additionally, the 

use of a bipotentiostat has provided, for the first time, direct evidence of how polymers 

influence ion movement at the polymer/electrode interface, which could potentially be used to 

improve neural recording using these materials and is worth further investigation. With this 

foundational knowledge, the work can be extended to many future studies, which will be 

discussed in subsequent sections. 

8.1  Future Works    

8.1.1 PDMS and PEDOT to Improve Tetrode Biocompatibility  

Biocompatibility of the tetrode tip section has been enhanced through PEDOT coating, 

while the tetrode body's compatibility can be improved by coating with soft PDMS to better 

match the mechanical properties of brain tissue. Additionally, PDMS serves as an effective 
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barrier against bacterial infections, making it suitable for surgical usage. The coating process 

involves dipping the tetrode into PDMS gel, followed by curing in an oven to solidify the gel. 

The end of the coated tetrode is then cut to expose the metallic tip for subsequent PEDOT 

coating.  

However, two challenges can arise during this process: 1. Potential Sticking Between 

Tetrode Rods; 2. Control of PDMS Coating Thickness and Uniformity 

 For the first problem, as tetrodes are closely positioned on the drive, they may stick 

together during the dip-coating process, particularly when removed from the gel. Surface 

tension can also cause PDMS to drip at the tip, increasing the likelihood of adherence to 

adjacent tetrodes. This issue can be mitigated by using drives that are less densely loaded with 

tetrodes, although this may reduce the number of recording sites per experiment and necessitate 

a trade-off between biocompatibility and data quantity. For the second issue, challenges in 

controlling the thickness and uniformity of the coating can be addressed by using an 

electronically controlled stage to precisely manage the dipping and withdrawal speeds. With 

sufficient experimentation and calibration, the coating thickness could be controlled. 

8.1.2 Potential Step Experiment for Stimulation 

From Chapter 6, the potential step experiment was utilized to evaluate the influence of 

polymers on recording sites. Pt electrodes have been used not only as recording materials but 

also frequently as stimulating electrodes. Furthermore, PEDOT is a commonly used material 

for stimulating electrodes to enhance capacitance and charge injection capabilities 24, 25. 

However, the impact of the polymer on stimulation signals has not been directly tested. 

The potential step experiment could be extended to assess polymer performance during 

stimulation (Figure 8.1). In this setup, WE1 would be coated with PEDOT polymers and 

subjected to a stimulation pulse, while WE2 would function as the recording site to capture the 

resultant signal, as it would be received in vivo by a neuron. Comparisons could also be made 
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with bare Pt and Pt with different doped PEDOT. It has been reported that PEDOT:PSS films 

often crack after repeated stimulation pulses, where the stimulation potential is often larger than 

the overoxidation potential (> 1.4 V vs. SCE) 25. Previous literature attributes this to mechanical 

instability caused by thick films and also the irreversibility of electrochemical change in 

PEDOT:PSS due to overoxidation 24, 25. However, there is a possibility that the cracking could 

be due to the repetitive expulsion of PSS- from the film under applied potential, potentially 

stretching and deforming the film. No studies have yet explored the use of PEDOT with smaller 

dopants in stimulating electrodes (e.g. PEDOT:Cl). The mobility of Cl- in PEDOT:Cl, as 

discussed in Chapter 6, may lead to different outcomes, which is worth further studying. 

Figure 8.1: Potential step experiment with the biopotentiostat step up to test polymer coating 

on stimulating effects.  

 

8.1.3 Further In Vivo Experiments  

During in vivo recording, even within the same tetrode, different channels capture signals 

with distinct shapes. Slight alterations in the orientation and distance of an electrode relative to 

the neuron can impact the signal shape. Furthermore, the recorded signal is measured in terms 

of voltage, which indirectly reflects ionic movement, unlike the direct current response 

observed in in vitro tests. Nevertheless, in vivo experiments are essential for advancing the 

understanding of interface processes.  
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The challenges involved in the in vivo experiments come from two factors: 1. Difficulty 

in fair comparison; 2. Complex in vivo environment; 3. Signal filtering.  

To address the first issue, fair comparisons can be improved by positioning implants with 

symmetrical electrode configurations on both hemispheres of the mouse's brain. Recording 

from symmetric channels enables a comparative analysis. However, achieving precise 

symmetry in implant placement is challenging due to surgical complexities and potential 

displacement by brain tissue. Nevertheless, statistically significant conclusions can be drawn if 

a sufficient number of trials are conducted. 

The second issue relates to the complex in vivo environment, where other species (e.g. 

collagen, polyanions, fibers, etc. 26) and mechanical squeezing with brain tissue may disrupt 

recording processes. An improved in vitro simulation to simply in vivo cases might involve 

recording in extracellular fluid (ECF) or artificial cerebrospinal fluid (ACSF) with neurons 

cultured on a Petri dish. However, recording lab-cultured neurons links to the third challenge, 

signal filtering.  

Standard hippocampal recording filters might exclude signals of differing shapes that 

could originate from neurons in other layers, potentially disrupting focused analyses 27. 

However, this would lead to a loss of information. In an in vitro setting, the filtering scheme 

needs to be revised and refined. When neurons are cultured on a Petri dish, their orientation and 

distribution are more random and non-uniform, as shown in some lab-grown neuron samples 

(Figure 8.2). A step-by-step filtering approach can be employed, starting with a single isolated 

neuron and progressing to low-density and then high-density neuron populations. This process 

could be enhanced by machine learning to optimize signal analysis. However, this method 

requires extensive training datasets to develop effective filtering principles without overlooking 

critical features. 
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Overall, conducting further in vivo experiments involves methodical setups for symmetric 

implantation, controlled in vitro testing, and step-by-step filtering processes that may integrate 

machine learning to improve signal analysis. By implementing these strategies, better in vivo 

interface studies can be achieved. 

Figure 8.2: Lab cultured neurons with (a) low density; (b) medium density; (c) high density. 

Cells differentiated from F11, which is a somatic cell hybrid of a rat embryonic dorsal root 

ganglion and mouse neuroblastoma cell 28.  

  

(a) (b) (c)
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Appendices  

A. Chapter 1 and 2 Appendix 

A.1. Electrochemical Equilibrium -- Derivation of the Nernst Equation 

Consider a reaction between A and B,  

 +	9(.f) + -	:(4)	
;"⇌
;#
	 	)	9:<(.f) (A1.1) 

To account for both chemical and electrical energies of the species, the electrochemical 

potential (Ä̅" for species j) is introduced and defined as:  

 Ä̅" 	= 	 Ä" 	+ 	Ç"*É (A1.2) 

 Ä" = Ä"$ + 	CÑ'~
[	Ü	]
[		]$

 (A1.3) 

The first term, Ä", in equation (A1.2) represents the chemical potential. If j is in solution phases, 

Ä"  can be calculated for an ideal solution using equation (A1.3), where [ ]0 is the standard 

concentration (1 mol dm-3) ang Ä"$ is the standard chemical potential. In the case of pure solid 

or liquid Ä" 	≈ 	 Ä"$ . The second term, Ç"*É , in equation (A1.3) represents the electrical 

potential of j, where Zj is the charge on j, F is the Faraday constant, and É is the potential of the 

phase in which j resides (e.g. ÉO	if j is in solution, É,	if j is in electrode). For a reaction in 

equilibrium (equation A1.1):  

 Ä̅?$ 	+ 	 Ä̅+% =	 Ä̅@$%& (A1.4) 

Substitution of the expression for the electrochemical potential for each species using equation 

(A1.2) (A1.3) and rearrangement gives:    

 *(ÉX 	− 	ÉO) = (Ä?$
$ + Ä+%$ − Ä@$%&

$ ) 	+ 	CÑ'~
[+9]
[)9:<]  
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 ÉX 	− 	ÉO =	
	
∆Ä	$

* 	+	
CÑ
* '~

[+9]
[)9:<]																						 (A1.5) 

where ∆Ä	$ = Ä?$
$ + Ä+%$ − Ä@$%&

$
 is a constant at given temperature and pressure. Equation 

(A1.5) is known as the Nernst equation in an ideal solution, describing the electrochemical 

equilibrium between the redox couple Az/Bz-1. However, in reality, the reactants’ ‘activity’ 

needs to be considered to account for the ion-ion and ion-solution interaction in non-ideal 

situations. Thus, the activity (.") and activity coefficient (â") are introduced: 

 ." 	= 	 â"&" (A1.6) 

Replacing the concentration in equation (A1.5) with the activity (equation (A1.6)) gives the 

non-ideal case,  

 

ÉX 	− 	ÉO =	
	
∆Ä	$

* 	+	
CÑ
* '~

.?$
.@$%&

 

																															=
∆Ä	$

* 	+	
CÑ
* '~

â?$[+9]
â@$%&[)9:<]

 

 

(A1.7) 

ÉX 	− 	ÉO represents the potential difference between the metal and solution at the interface of 

an electrode. However, measuring the potential difference at a single electrode-solution 

interface directly is not feasible, but the change of potential between two electrodes can be 

measured and quantified as below: 

 P	 = 	 (ÉX 	− 	ÉO)A2 	−	(ÉX 	− 	ÉO)D2	
	  (A1.8) 

Therefore, a reference electrode, as a second electrode, is necessary for electrochemical 

measurement. Furthermore, as 	(ÉX 	− 	ÉO)D2 is a constant value, expanding (ÉX 	− 	ÉO)A2 

using equation (A1.7) and combining all the constant terms into P$, leads to 

 P	 = 	P$ 	+ 	
CÑ
* '~

â?$[+9]
â@$%&[)9:<]

 (A1.9) 

Further arrangement with P$ and the activity coefficients gives  
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 P	 = 	 (	P$ 	+ 	
CÑ
* '~	

â?$
â@$%&

	) +
CÑ
* '~

[+9]
[)9:<]  

 P	 = 	P#$ 	+ 	
CÑ
* '~

[+9]
[)9:<] (A1.10) 

where 

 P#$ 	= 	P$ 	+ 	
CÑ
* '~	

â?$
â@$%&

 (A1.11) 

The Nernst equation is thus modified to equation (A1.10) and P#$ represents the formal potential. 

   To be more specific, as the value of	(ÉX 	− 	ÉO)	for a RE is a constant, in the case of 

Saturated Calomel Electrode (SCE), the dynamic equilibrium at SCE is  

 
1
2?äK&'K(d) + -	

:(4)	
	
⇌
	
?ä(') + &':(.f) (A1.12) 

As the system is at equilibrium the electrochemical potentials can be equated using equation 

(A1.4) 

 
1
2 Ä̅YZ)I&) 	+ 	 Ä̅+

% =	 Ä̅YZ 	+ 	 Ä̅I&% 	 (A1.13) 

For pure solids and liquids as they have unit activity, Ä" 	≈ 	 Ä"$ . For reactants in solution, 

equation (A1.3) is applied. Overall, the electrochemical potential for each species can be 

expressed as the following:  

 Ä̅YZ)I&) 	= 	 ÄYZ)I&)
$  (A1.14) 

 Ä̅+% 	= 	 Ä+%	 	− *ÉX (A1.15) 

 Ä̅YZ 	= 	 ÄYZ$  (A1.16) 

 Ä̅I&% 	= 	 ÄI&%$ 	+ 	
CÑ
* '~

[&':]
	[		]$

	− 	*ÉN (A1.17) 

Substituting equations (A1.14~1.17) into equation (A1.13), yields 

<

K
	ÄYZ)I&)
$ + (Ä+%	 − *ÉX) 	= 	 ÄYZ$ 	+ 	(ÄI&%$ +	DE

C
'~[&':] − *ÉN)  (A1.18) 

Rearrange the equation and obtain:  
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 ÉX − ÉN =
∆Ä$

* −
CÑ
* '~[&':] (A1.19) 

As the concentration of chloride is held constant in SCE and ∆Ä$ is a constant, ÉX − ÉN for 

SCE is a constant throughout the experiment.  

 

A.2. Mass Transport – Derivation of the Cottrell Equation 

As mentioned in the main text, Fick’s First Law and Second Law (in 1D) are as follows:  

 \(p) = −w
ã&
ãp (A1.21) 

 
ã&
ãp = w

ãK&
ãpK  (A1.22) 

To solve Fick’s Second Law, consider a case where at an electrode surface (x = 0), no reactions 

occur before a potential is applied (t = 0), resulting in no change in concentration. Once the 

potential is applied at t = 0, either a reduction or oxidation reaction is initiated leading to a 

gradual consumption of materials near to the electrode surface over time. Assuming all reactants 

which reach the electrode are electrolyzed, the following boundary conditions are applied:   

 t = 0,  at all x,  C = C* (A1.23) 

t > 0,  at x = 0,  C = 0 (A1.24) 

    t > 0,  at p → ∞,  C = C*	 (A1.25) 

To facilitate the equation solving, a variable Γ is introduced and defined as  

    é	 = 	p/2√w5	 (A1.26) 

The new boundary conditions relative to Γ are:  

    t = 0, at all x, C = C*          ⟶  Γ → ∞    (A1.27) 

t > 0, at x = 0, C = 0           ⟶  Γ = 0 (A1.28) 

    t > 0, at p → ∞, C = C*       ⟶  Γ → ∞ 	 (A1.29) 

Replacing x by the new variable é in equation (A1.22),  
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ãé
ãp =

1
2√w5

,			
ãKé
ãpK 	= 	0 (A1.30) 

 
ãé
ã5 =

−1
25

p
2√w5

	= 	
−1
25 é (A1.31) 

Hence  

 
ã&
ã5 =

ê&
êé	

ãé
ã5 	= 	

−1
25 é	

ê&
êé (A1.32) 

 
ã&
ãp =

ê&
êé	

ãé
ãp 	= 	

ê&
êé

1
2√w5

 (A1.33) 

 
ãK&
ãpK 	= 	

êK&
êéK 	

ãé
ãp 	

ãé
ãp 	+	

ê&
êé		

ãKé
ãpK 	= 	

êK&
êéK

1
4w5 

(A1.34) 

Substituting equations (A1.32~A1.34) into Fick’s second law (equation (A1.22): 

 	
−1
25 é	

ê&
êé 	= 	w	

êK&
êéK

1
4w5 

 

 
êK&
êéK 	+ 	2é	

ê&
êé 	= 	0 (A1.35) 

The solution to this differential equation has the form of  

 
ê&
êé 	= 	.-:l) (A1.36) 

Integrating both sides of equation (A1.36) and applying the boundary conditions (equation 

(A1.27~A.1.29)) gives:  

 ë ê&
I∗

I

	= 	ë .-:l)êé
m

l

  

 &∗ − &	 = 	ë .-:l)êé	 −	ë .-:l)êé
l

$

m

$

 (A1.37) 

When é = 0, & = 0,  

 &∗ =	ë .-:l)
m

$

êé	 = 	. √
a
2  (A1.38) 
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Therefore equation (A1.37) can be rewritten as  

 &∗ − &	 = 	&∗ 	− 	&∗
2
√a

ë -:l)êé
l

$

  

 &	 = 	&∗
2
√a

ë -:l)êé
l

$

 (A1.39) 

From Fick’s First Law, consider:  

 \ = w
ã&
ãpíHT$

	= 	w
1

2√w5
ê&
êéílT$

  

 																											= 	w
1

2√w5
	&∗

2
√a
	  

 						\		 = 	
√w&∗

√a5
 (A1.40) 

Substituting J in equation (A1.40) into I = nFAJ results in the Cottrell equation:  

 						]		 = 	
~*+√w&∗

√a5
 (A1.41) 

 

A.3. Macroelectrode CV Reversibility  

The competition between the electrode kinetics and mass transport gives rise to different 

extents of reversibility on a CV observed. To quantify this, the electrochemical rate constant 

>$ (discussed Section 1.2.2.2) is compared with the rate of mass transport 4E defined as:  

 4E =	
w
ê  (A1.42) 

where D is the diffusion coefficient and d is the diffusion later thickness.  

Considering only the order of magnitude, the time required to scan the voltammogram at 

which there is a current flow can be related as 1  

 5	~	
CÑ
*7 (A1.43) 
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From equation (1.25) (Section 1.2.3.1), ê	~	√w5 , and again considering only order of 

magnitude estimation, substituting d and t into equation (A1.42) gives: 

 4E 	~	D
w*7
CÑ  (A1.44) 

The Matsuda and Ayabe parameter (Λ), which can be understood as a ratio of >$ and 4n, is 

introduced to define the limits of reversibility 1, 2:   

 
Λ	 = 	

>$

îw*7CÑ

 
(A1.45) 

Full mathematical evaluations are given in Matsuda and Ayabe’s paper 2. By using Λ, the 

following ranges for different extents of reversibility on a macroelectrode are suggested:  

(1) Reversible, >$ >> 4n: 

 Λ	 ≥ 	15,			>$ 	≥ 	0.3	√7 (A1.46) 

(2) Quasi-reversible:  

 15	 > 	Λ	 > 	10:P,				0.3	√7 	> 	>$ 	> 	2 × 10:e√7	 (A1.47) 

(3) Irreversible, >$ << 4n: 

 Λ	 < 	10:P,					>$ 	≤ 	2 × 10:e√7	 (A1.48) 
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B. Chapter 3 Appendix 

Appendix B includes detailed AFM indentation curves obtained from experiments in 

Chapter 3. Section B.1 and B.2 display representative force-indentation graphs for r10 and r20 

PDMS samples. Section B.3 and B.4 include representative dwell-indentation graphs for r10 

and r20 PDMS, and tables of mean R-squared value for the dwell curve fitting.  

 

B.1.  Representative Force-Indentation Graphs for r10 

  

(a)

(c)

(e)

(b)

(d)

(f)
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Figure B.1: (a,c,e,g) Force-indentation graphs for A-1D,3D,5D,10D r10 PDMS. (b,d,f,h) 

Force-indentation graphs for W-1D,3D,5D,10D r10 PDMS. 

  

(g) (h)
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B.2.  Representative Force-Indentation Graphs for r20 

Figure B.2: (a,c,e,g) Force-indentation graphs for A-1D,3D,5D,10D r20 PDMS. (b,d,f,h) 

Force-indentation graphs for W-1D,3D,5D,10D r20 PDMS. 
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B.3.  Representative Dwell-Indentation Graphs for r10 PDMS 

  

A-1D r10

W-1D r10
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A-3D r10

W-3D r10
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Figure B.3: Dwell indentation graphs for A (Air stored) and W (DI water stored)-1D~10D r10 

PDMS. The top graph for each section is the complete force-time (F-t) graph. The bottom four 

graphs correspond to fitting the dwell region (orange line in the F-t graph) with SLS, MW, 

GMM-2, and GMM-3 models, respectively.  

A-10D r10

W-10D r10
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Table B.1: A summary of mean R-squared value for the r10 sample dwell curve fitting using 

different models. A represents the air-stored sample, and W represents the DI water-stored 

sample. 
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Table B.1: A summary of mean R-squared value for the r10 sample dwell curve fitting 

using different models. A represents the air-stored sample, and W represents the DI 

water-stored sample. 

 

  

Day SLS MW GMM-2 GMM-3 

1D 
A 0.990 ± 0.009 0.676 ± 0.112 0.994 ± 0.006 0.987 ± 0.010 

W 0.990 ± 0.010 0.864 ± 0.044 0.992 ± 0.019 0.980 ± 0.023 

3D 
A 0.537 ± 0.425 0.684 ± 0.263 0.990 ± 0.011 0.984 ± 0.015 

W 0.982 ± 0.013 0.607 ± 0.091 0.993 ± 0.003 0.988 ± 0.006 

5D 
A 0.993 ± 0.004 0.850 ± 0.137 0.996 ± 0.005 0.995 ± 0.003 

W 0.974 ± 0.088 0.828 ± 0.098 0.994 ± 0.008 0.992 ± 0.008 

10D 
A 0.991 ± 0.003 0.932 ± 0.031 0.998 ± 0.001 0.997 ± 0.001 

W 0.978 ± 0.017 0.600 ± 0.113 0.992 ± 0.005 0.979 ± 0.015 
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B.4.  Representative Dwell-Indentation Graphs for r20 PDMS 

 

  

A-1D r20

W-1D r20
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A-3D r20
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Figure 0.1: Dwell indentation graphs for A and W-1D, 3D, 5D, 10D r20 PDMS. The top graph 

for each section is the complete force-time (F-t) graph. The bottom four graphs correspond to 

fitting the dwell region (orange line in the F-t graph) with SLS, MW, GMM-2, and GMM-3 

models, respectively. 

A-10D r20

W-10D r20
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Table B.2: A summary of mean R-squared value for the r20 sample dwell curve fitting using 

different models. A represents the air-stored sample, and W represents the DI water-stored 

sample. 
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Table B.2: A summary of mean R-squared value for the r20 sample dwell curve fitting 

using different models. A represents the air-stored sample, and W represents the DI 

water-stored sample. 

 

 

  

Day SLS MW GMM-2 GMM-3 

1D 
A 0.997 ± 0.003 0.926 ± 0.041 0.997 ± 0.005 0.995 ± 0.003 

W 0.994 ± 0.004 0.884 ± 0.056 0.999 ± 0.001 0.995 ± 0.004 

3D 
A 0.997 ± 0.005 0.881 ± 0.004 0.999 ± 0.001 0.993 ± 0.003 

W 0.981 ± 0.018 0.592 ± 0.184 0.992 ± 0.006 0.991 ± 0.005 

5D 
A 0.982 ± 0.017 0.747 ± 0.076 0.996 ± 0.003 0.991 ± 0.010 

W 0.970 ± 0.019 0.728 ± 0.119 0.988 ± 0.007 0.973 ± 0.016 

10D 
A 0.979 ± 0.015 0.688 ± 0.079 0.991 ± 0.005 0.983 ± 0.014 

W 0.982 ± 0.008 0.850 ± 0.042 0.997 ± 0.001 0.996 ± 0.001 
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C. Chapter 4 Appendix  

Appendix C includes details of AFM images of PEDOT in air, in PBS, and after different 

pre-drying times before imaging in deionized water; AFM height and phase images data; RMS 

roughness comparison in deionized water and in PBS; reproducibility of the film RMS 

roughness after swelling; CV scans of coated and bare Pt electrodes; image of cracked PEDOT 

thick film. 

 

Figure C.1: Scanning electron microscope (SEM) image of a thick PEDOT: PSS film deposited 

(charge density ca. 1Ccm-2) on the Pt macro disk electrode after blowing with dry nitrogen.  
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Figure C.2: Surface morphology of 5s coating PEDOT film. The modified electrodes were 

coated for 5s potentiostatically at 1.0V, dipped in DW, and blown with nitrogen gas to remove 

excess liquid. All scale bars represent 200nm (a) The film was dried in air for less than 10min 

before being imaged in air. Small structures are visible but not clear. (b) The film was dried in 

air for less than 10min before being imaged in DW. The image has a much better resolution 

than (a). (c) The film was dried in air for 60min before being imaged in DW. The resultant 

image has not only an improvement in resolution, but also smaller features such as a finely 

meshed and porous structure can be observed. (d) Natural cotton balls and zoom-in features.  

DW: deionized water.   
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Figure C.3: Comparison of film root-mean-square (RMS) roughness imaged in DW and in 

PBS. The electrodes were coated with PEDOT: PSS for 60s potentiostatically at 1.0V. The 

modified electrode was dipped in DW and blown with nitrogen gas to remove excess liquid. 

Then they were placed at room temperature for 60min before imaging under DW or PBS with 

AFM tapping mode. DW: deionized water. PBS: Phosphate buffered saline.  

 

  

5μm
5μm
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Figure C.4: The morphology of PEDOT: PSS coated Pt electrode surface. The electrode was 

coated with PEDOT: PSS for 60s potentiostatically at 1.0V. The modified electrodes were 

dipped in DW and blown with nitrogen gas to remove excess liquid. Then they were placed at 

room temperature for less than 10min up to 60min before AFM imaging to observe the effect 

of different extra drying times on the polymer. Images were taken in AFM tapping mode in 

DW. Deposition times range from 0.5s to 60s. Images were taken with a 2μm scan frame. All 

scale bars represent 400nm. DW: deionized water. 
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Figure C.5: The morphology of PEDOT: PSS coated Pt electrode surface soaking in 0.01M 

PBS. The electrode was coated with PEDOT: PSS for 60s potentiostatically at 1.0V. The 

modified electrode was dipped in DW and blown with nitrogen gas to remove excess liquid. 

Then they were placed at room temperature for 60min before soaking in 0.01M PBS. Images 

were taken in AFM tapping mode in 0.01M PBS. The scale bars represent 1μm, 400 nm, and 

200 nm from the top to the bottom row respectively. PBS: Phosphate buffered saline.    
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Figure C.6: 0.5s coating imaged in DW with tapping mode AFM. All scale bars represent 

100nm. The positions of the pores are labeled on the left images, and their corresponding 

heights are on the right. DW: deionized water. 

Figure C.7: 5s ~ 120s coating polymer surface. Images were taken in DW with tapping mode 

AFM. All scale bars represent 1μm. The contrast is adjusted to highlight the formation and 

growth of nuclei. DW: deionized water. 
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Figure C.8: Test on the reproducibility of the 60s coating RMS roughness after swelling. The 

film swelled back to its average roughness illustrated in Figure 5b (dashed lines) for all scales. 

PBS: Phosphate buffered saline.  

Figure C.9: CV of 60s-coated and bare Pt electrode immersed in 0.01M PBS. The scan started 

at -0.10V and was swept anodically up to 0.10V and reverse scanned back to -0.01V. The scan 

continued for 5 cycles. By comparing the area enclosed (A), the capacitance of the 60s-coated 

electrode is about 80-fold larger than the bare Pt electrode. (+i$O = 38.9Ä+S, +\)1+ = 0.5Ä+S). 

PBS: Phosphate buffered saline. 
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D. Chapter 6 Appendix 

This section includes details of the data smoothing, and details of the potential step 

experiment and analysis.  

 

D.1.  PEDOT:Cl Potential Step Experiment Figures 

Figure D.1 presents the results of the potential step experiment following Scheme 6.2, 

using a tetrode with WE2 coated with PEDOT:Cl and immersed in 0.01 M PBS. 
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Figure D.1: The currents recorded on WE2, where WE2 was held at 0.25 V/0.15 V/0.35 V, 

respectively, when the potential on WE1 jumped from 0.25 V to a range of final potentials. The 

left column graphs (a, c, e) illustrate the situations where the potential step on WE1 triggered 

little response on WE2. The right column graphs (b, d, f) show the potential steps that led to 

significant responses on WE2. Blue lines: Bare Pt. Red lines: PEDOT:Cl coated Pt. All 

potentials are reported relative to the SCE. 

 

D.2.  Potential Step Data Analysis and Preprocessing 

This section presents the method of fitting the current transient recorded at WE2 using the 

equation:  

 ] = ]$ + +<-pq r−
5
5<
s (0.1) 

]$ denotes the steady-state current; 5< is the response time, reflecting how ions around WE2 

respond to the sudden potential change at WE1; the sign of +< indicates the direction of the 

resulting current after the potential step, where a positive +< suggests a positive current, and 

vice versa.  

Data fitting was carried out using the software Origin 2024. If any smoothing was required, 

MATLAB was applied. Examples of data preprocessing and fitting for bare Pt WE2 electrodes 

have been presented in the main text, Chapter 6, Section 6.3.4.1. Examples of the fitting 

procedures for PEDOT-coated electrodes are presented in the following sections. 

 

D.2.1.  PEDOT:PSS Coated Electrodes   

In contrast to bare Pt, PEDOT:PSS coated electrodes exhibited a longer response time, 

hence the full dataset of 10 s was used for fitting. Figure D.2 provides a fitting of the current 

measured at WE2 (held at 0.15 V) after WE1 potential jumped from 0.25 V to -0.1 V. Initially 

using the same smoothing parameter as in main text Section 6.3.3.2 (ps = 0.999991, hereafter 
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referred to as pi), the fit yielded an R-square of 0.341 (Figure D.2(a)). A stronger smoothing 

on the raw data was therefore performed to check the reliability. The R-square value increased 

to 0.486 when ps = 0.9999 is set (Figure D.2(b)), and the fitting parameters are well within the 

error range of the ones in Figure D.2(a). Care was taken to avoid over-smoothing and 

associated loss of data integrity. 

 

Figure D.2: The current recorded on WE2, when WE2 was held at 0.15 V, respectively, and 

the potential on WE1 jumped from 0.25 V to -0.1 V. (a) The data was preprocessed with a 

smoothing parameter ps = pi = 0.999991 (b) ps = 0.9999. All potentials are reported relative to 

the SCE. 
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D.2.2.  PEDOT:Cl Coated Electrodes 

In the case of PEDOT:Cl-coated WE2s, the response to potential changes on the adjacent 

electrode is fast (< 0.1 s). Therefore, the fitting was performed using data from the initial 4 s 

instead of the entire 10 s recorded (Figure D.3). 

As the smoothing level was progressively increased, using ps = pi, 0.9999, and 0.999, the 

R-Square value improved from 0.105 to 0.242, and lastly to 0.718 (Figure D.3). Moreover, the 

fitting parameters derived from these varying levels of smoothing all fall within the margin of 

error for the least smoothed data (ps = pi). Specifically, for ps = 0.9999 and 0.999,  5< 	=

	0.029	 ± 	0.005	d and 0.025	 ± 	0.002	d, respectively. These values are within the error range 

of 5< 	= 	0.023	 ± 	0.007	d obtained with the gentlest smoothing ps = pi. 
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Figure D.3: The current recorded on WE2, where WE2 was held at 0.35 V, respectively, and 

the potential on WE1 jumped from 0.25 V to 0.85 V. (a) The data was preprocessed with a 

smoothing parameter ps = pi = 0.999991 (b) ps = 0.9999. (c) ps = 0.999. All potentials are 

reported relative to the SCE. 
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E. Chapter 7 Appendix 

A pilot study testing the biocompatibility of the PEDOT-coated tetrode is discussed in 

Chapter 7 of the main text. This section includes detailed experimental procedures and data 

collection. 

 

E.1.  Surgical Procedure 

One adult mouse was involved in the pilot study. Experimental procedures were carried 

out in strict accordance with the Animals (Scientific Procedures) Act, 1986 (United Kingdom), 

with a final ethical review by the Animals in Science Regulation Unit of the UK Home Office. 

All surgical procedures were performed under deep anesthesia using isoflurane (0.5–2%) and 

oxygen (2 l/min), with analgesia provided before (0.1 mg/kg vetergesic) and after (5 mg/kg 

metacam) surgery 3, 4. For the in vivo recording, the mouse was implanted with a single 

microdrive containing 14 independently vertically adjustable tetrodes (4 W tetrodes, 3 Pt 

tetrodes, 4 PEDOT:PSS coated Pt tetrodes, 3 PEDOT:Cl coated Pt tetrodes. Tetrode fabrication 

and polymer deposition procedures are introduced in Chapter 2 and Chapter 6). Each tetrode 

was loaded into a cannula on the microdrive. Every cannula is connected to a screw (M.10, 

length = 6mm,) to allow independent control of a tetrode’s depth. The target layer was the CA1 

region of the hippocampus. After implantation, the exposed parts of the tetrodes were sealed 

and covered with paraffin wax. Subsequently, the drive was affixed to the skull utilizing dental 

cement and stainless-steel anchor screws. Two of these anchor screws, both positioned above 

the cerebellum, were connected to a 50 μm W wire (California Fine Wire) and served to provide 

a ground potential 3, 4 .For the recordings, each tetrode was carefully adjusted downwards to 

target the CA1 pyramidale layer of the hippocampus. This adjustment was made by turning a 

screw connected to each cannula that controls the tetrode’s position. The correct placement of 

tetrode is determined by observing the electrical signals, specifically the electrophysiological 
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profile of the local field potentials in the hippocampal ripple frequency band, which is 

characteristic of this brain region 3, 4.  

 

E.2.  Recording Procedure and Data Acquisition 

Following full recovery from surgery, signal recording started by the end of the fifth week 

after the surgery. Before starting the recordings on the day, the positions of the tetrodes were 

finely adjusted to achieve optimal clarity and quantity of spike waveforms, as determined by 

visual inspection. The extracellular signals from each recording channel were then amplified, 

combined, and digitized using a single integrated circuit on the head of the animal (RHD2164, 

Intan Technologies; http://intantech.com/products_RHD2000.html; pass band 0.09 Hz to 7.60 

kHz) 3, 4. These processed signals were digitized at a rate of 20 kHz and subsequently stored on 

a disk. 

 

E.3.  Spike Detection and Unit Isolation 

Spike sorting and unit isolation were conducted using an automated clustering pipeline 

implemented in Kilosort through the SpikeForest framework 3-6. When processing data acquired 

from tetrodes, Kilosort confines its templates to channels within a specified tetrode bundle and 

excludes all other recording channels. The operator then verified the resulting clusters by 

analyzing cross-channel spike waveforms and examining both auto-correlation and cross-

correlation histograms. 
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