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Abstract

Stability of thin-�lm PEDOT:PSS electrodes for neuromodulation

Poppy Jo Oldroyd

Implantable electrodes that can reliably measure brain activity and deliver an electrical

stimulus to a target tissue are increasingly employed to treat various neurological diseases

and neuropsychiatric disorders. However, their long-term stability has yet to be proven in

neuromodulation applications where electrical stimulation over months to years is desired.

This thesis addresses this critical challenge. An accelerated aging platform enabled high-

throughput screening of various electrode con�gurations. Metal-free PEDOT:PSS electrodes

exhibited the best stability, with a failure rate of only 4.3% after 800 days. They signi�cantly

outperformed pristine and PEDOT:PSS-coated gold electrodes, which failed at rates of 89.7%

and 82.1%, respectively. Delamination and gold corrosion were identi�ed as key degradation

mechanisms.

Further aging revealed limitations with traditional polymeric encapsulation materials

during stimulation. Introducing a PDMS elastomeric substrate signi�cantly reduced device

failure rates (< 1%) and prolonged the device lifetime twenty-fold. This device architec-

ture, consisting of stretchable PDMS/PEDOT:PSS electrodes fabricated using lithographic

techniques, conformed to dynamic tissues like the gastrointestinal tract and simultaneously

recorded electrical activity and mechanical strain. This holds immense potential for studying

and treating complex gastrointestinal disorders.

Beyond the gastrointestinal system, the long-term stability of metal-free PEDOT:PSS

electrodes opens doors for chronic disease monitoring and treatment, eliminating the need

for repeated surgeries. These electrodes represent advancements in both the nanofabrication,

and bioelectronics �elds. This expands prospects for long-term neuroscience studies such as

mapping neuromodulatory pathways, improving our understanding of neural communication

and treatment of neurological disorders.
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Chapter 1

Introduction

This chapter is based on the following publications:

Achieving long-term stability of thin-�lm electrodes for neurostimulation

P. Oldroyd, G. G. Malliaras+ , Acta Biomaterialia, 2021, DOI:10.1016/j.actbio.2021.05.004

Authorship note: P.O and G.G.M conceived and designed the review. P.O conducted the

review, analysed the data, wrote, and revised the manuscript. G.G.M supervised, provided

funding support, and revised the manuscript.

Thin �lm implants for bioelectronic medicine

P. Oldroyd, S. El Hadwe, D. G. Barone, G. G. Malliaras+ , under review

Authorship note: P.O, S.E.H, and G.G.M conceived and designed the review. P.O and

S.E.H conducted the review, wrote, and revised the manuscript. G.G.M and D.G.B supervised,

provided funding support, and revised the manuscript.

1.1 Overview

The nervous system plays a central role in a vast array of physiological processes, and its

dysfunction underlies numerous chronic medical conditions. The ability to monitor and

manipulate its dynamics over extended periods presents a transformative opportunity for both

diagnosis and treatment. Such long-term neuromodulation holds immense potential to im-

prove patient outcomes and advance healthcare research. However, a critical limitation exists

– the scarcity of bioelectronic devices capable of stable operation for durations exceeding 10

years.

While numerous devices exist for short-term, acute applications, a signi�cant gap remains

in the development of tools suitable for long-term monitoring and intervention. This gap

stems, in part, from a lack of in-depth understanding regarding the mechanisms of device
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failure. Understanding these mechanisms is a prerequisite for the development of robust and

stable long-term neuromodulation devices.

This thesis addresses this critical need by focusing on the root causes of device failure

in chronic neuromodulation applications. The research centers on thin-�lm bioelectronics

devices. Through a thorough review of thin-�lm electrode designs, the critical issue of

adhesion between electrode layers and their interactions with the surrounding biological

environment is examined.

This thesis provides a comprehensive analysis of the different failure modes that affect

such electrodes. Furthermore, to stimulate further investigation into failure mechanisms,

systematic methods for their characterisation and analysis are proposed. Using an ISO-

informed reactive accelerated aging set-up the degradation mechanisms of different thin-

�lm electrodes are investigated. Additionally, the signi�cant potential of organic thin-�lm

devices as a strategy to minimise device failure is explored. A detailed discussion of

promising materials like PEDOT:PSS is presented, highlighting their potential contributions

and remaining challenges in enhancing the long-term stability of neuromodulation devices.

1.2 Neuromodulation

Drug administration and surgical intervention have long been the cornerstones of medicine,

aiming to restore health through chemical or mechanical ways. Neuromodulation is an

emerging way to practice medicine by harnessing the body's electrical signalling pathways

[1]. Neuromodulation refers to interfacing and intervening with the nervous system through

electrical, electromagnetic, chemical, or optogenetic methodologies with the goal of long-

term activation, inhibition, modi�cation, and/or regulation of neural activity [2]. Within

the scope of this thesis, neuromodulation will solely refer to therapies relating to electrical

methodologies. Neuromodulation uses implantable electronic medical devices (IEMDs)

to deliver electrical stimulation to targeted tissues, thereby modulating neural activity to

treat diseases or restore physiological function. This approach offers a promising avenue

to address limitations associated with conventional therapies, such as poor ef�cacy, off-

target effects, and high costs [3]. The origins of neuromodulation can be traced back to the

18th century, with Luigi Galvani's experiments on electricity's effect on living tissues. In

1958, the development of the �rst fully implantable pacemaker marked a signi�cant turning

point. Advancements in materials, circuits, and packaging have enabled the development

of increasingly sophisticated IEMDs for stimulation and recording at different parts of the

nervous system, targeting an expanding array of indications. This rapid progress fuels market
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growth, with projections estimating a global market size of$16-60 billion within the next

decade [4].

1.2.1 Need for neuromodulation

The ever-growing burden of neurological disorders necessitates the exploration of novel ther-

apeutic approaches such as neuromodulation. Understanding the complexities of information

processing within the mammalian nervous system remains a fundamental challenge, but it

holds signi�cant clinical implications. Neurological disorders, including Parkinson's disease,

Alzheimer's disease, and multiple sclerosis, affect a staggering number of people globally.

The World Health Organisation estimates that over 1 billion people worldwide suffer from

neurological conditions, with an aging population expected to exacerbate this problem [5–8].

This public health crisis extends beyond neurodegenerative diseases. Psychiatric conditions

like major depressive disorder and traumatic brain injuries also contribute signi�cantly, with

millions of cases reported annually [8]. Furthermore, peripheral nerve dysfunction, linked to

common ailments like hypertension and arthritis, adds to this ever-growing number [9].

Neuromodulation offers a compelling alternative to traditional therapies for neurological

disorders. Unlike oral medications with widespread effects, neuromodulation allows for

highly targeted intervention with superior spatial and temporal precision [1]. This enables

stimulation or inhibition of speci�c neural populations directly implicated in disease pro-

cesses [10]. Furthermore, unlike ablative neurosurgery which is destructive and irreversible,

neuromodulation offers a reversible and non-destructive approach [11]. This allows clinicians

to adjust or discontinue treatment as needed, minimising the risk of permanent side effects.

1.2.2 Physiology behind neuromodulation

Neuromodulation involves the targeted delivery of stimuli to modulate nervous tissue function

in speci�c neural sites [2], in�uencing neuronal populations and modulating their �ring

patterns and excitability within neural circuits. This modulation arises from altering the

membrane potential, a voltage difference across the cell membrane due to ionic gradients

of ions like sodium and potassium. However, the mechanisms of action are diverse. The

effects (short- and long-term) depend on the targeted disorder, patient factors, speci�c neural

pathways, and the stimulation parameters: modality, duration, settings (amplitude, polarity,

frequency, pulse width, and phase) relative to ongoing neural activity. Proposed network

mechanisms include depolarising blockade, stochastic normalisation of neural �ring, axonal

blockade, reduction of neural �ring keratosis, and suppression of neural network oscillations

[12] (Figure 1.1A). However, growing evidence also suggests that neuromodulation may
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also in�uence gene expression potentially leading to long-term changes in neural network

properties (Figure 1.1B) [13]. The ultimate goal is to "normalise" a dysfunctional neural

network. This normalisation can involve restoring balanced activity within the network or

re-establishing disrupted communication patterns between different neural regions [14].

Fig. 1.1 (A) Electric �elds from transcranial stimulation can in�uence how brain cells
communicate (left). A minimum electric �eld strength is needed for successful effects (around
0.3 mV/mm). tACS works in three main ways (middle): 1) by directly in�uencing the timing
of neural �ring, 2) by inducing long-term changes in connections between neurons, and 3) by
synchronising activity across brain regions. Ultimately, tACS can enhance communication
within and between brain networks, impacting information processing (right). Reproduced
from [14]. (B). Neural stimulation triggers genetic changes (epigenetics and DNA breaks)
leading to different genes being expressed. This, along with signaling molecules, drives
plasticity - the ability of neurons to physically reshape and adjust connections with others.
Reproduced from [13].

The dynamic nature of the nervous system necessitates considering plasticity and brain

state during neuromodulation application. The intricate interplay between experimental

factors and stimulation parameters makes elucidating the physiological mechanisms of neuro-

modulation challenging yet crucial. Undoubtedly, future advancements in neuromodulation

therapies will hinge on a deeper understanding of these mechanisms. The devices discussed

in this thesis will focus on recording and stimulation of the cell membrane potential.

1.2.3 Clinical applications of neuromodulation

Neuromodulation is used in both short-term (acute/subacute) settings, such as intracranial

monitoring for epilepsy or trauma [15], and long-term (chronic) settings such as deep brain

stimulation (DBS) for movement disorders [16, 17]. IEMDs provide real-time data, aiding

diagnosis, management, and treatment, revolutionising patient care. Such devices have

established themselves as a valuable tool for treating neurological disorders. Vagus nerve
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stimulation (VNS) offers a treatment option for epilepsy [18], and spinal cord stimulation

(SCS) is a sustainable solution for chronic pain management [19]. Cochlear implants have

shown success in treating hearing loss by directly stimulating the auditory nerve [20]. The

potential of neuromodulation extends beyond these established applications. Clinical trials

are underway for using these devices to treat various conditions under FDA investigational

use, including focal and generalised epilepsy, pain, and Alzheimer's disease [21]. The

�eld of neuropsychiatry is also embracing bioelectronic medicine. Studies suggest that

stimulation techniques may hold therapeutic value for obsessive-compulsive disorder (OCD),

and depression [22, 23]. Brain-computer interfaces (BCIs) are actively being explored to

restore movement in paralyzed individuals [24, 25]. Results from ongoing clinical trials

showcase its ef�cacy in treating chronic medical conditions such as rheumatoid arthritis [26],

and metabolic dysregulation such as diabetes [27].

1.2.4 Current neuromodulation technology

Despite signi�cant advances in neuromodulation technology, the manufacturing process

for many IEMDs remains surprisingly manual (Figures 1.2a and b), with techniques that

have seen little evolution since the �rst cochlear implants were developed in the late 1960s

[28, 29]. Current IEMDs typically feature an electrode array with a small number of mm-

sized Pt/Ir electrodes connected to an implantable pulse generator in which the electronic

components and battery are housed within a hermetic casing, often made of titanium [30].

Medtronic's Activa RC neurostimulator for DBS, with two electrode arrays for bilateral

implantation, is shown in Figure 1.2c. Cochlear's Nucleus CI512 cochlear implant utilises

22 platinum-iridium (Pt/Ir) electrodes encased within a thick layer of silicone [31]. Boston

Scienti�c's percutaneous leads for spinal cord stimulation employ a similar structure [32],

with 16 electrodes on a linear array with a diameter of 1.3 mm. The bulkiness of current

IEMDs makes them rather invasive, as illustrated by the DBS system in Figure 1.2d. It also

results in high electrode migration rates, leading to a loss of ef�cacy [33]. The materials used

have dramatically different properties than living tissue, leading to a pronounced foreign

body response (FBR) that also compromises ef�cacy [34]. Moreover, the small number

of relatively large electrodes leads to poor treatment speci�city and off-target effects [35].

These characteristics prohibit neuromodulation from reaching its full potential.
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Fig. 1.2 (a) and (b) Fabrication of current implants for neuromodulation. The process involves
a manual assembly line. Reproduced from [30]. (c) An example of current bioelectronic
medicine is the Activa® RC neurostimulator from Medtronic, which can deliver stimulation
to one side of the brain through one lead for the treatment of symptoms of essential tremor.
Reproduced from [36]. (d) Postoperative lateral X-ray shows DBS leads implanted in the left
and right subcallosal cingulate region. Reproduced from [37].

1.3 Thin-�lm bioelectronics

The issues facing current neuromodulation devices have spurred the development of implants

using techniques developed for the microelectronics industry, including thin-�lm deposition,

photolithography, and etching [38, 39]. This allows electrode arrays to be fabricated to a

smaller size (typical thickness of a fewµm compared to a few mm in current electrode arrays),

meaning they signi�cantly attenuate the foreign body reaction [38, 39]. In the form of 2D

microelectrode arrays (MEAs), they feature 100s or 1000s ofmm-sized electrodes (compared

to 10s of mm-sized electrodes in current implants), and conform to large areas of tissue,

providing exceptionally high resolution [40]. As a result of these desirable properties, they

have gained attention over the past few decades for their use in neuromodulation [41–47],

addressing the growing need for minimally invasive [48], highly selective devices, enabling
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precise stimulation and recording of the nervous system [49]. Recent literature provides

powerful demonstrations of thin �lm-implants that are ultra-conformal [50], stretchable [51],

multiplexed [52], and bioresorbable [53].

1.3.1 The challenge of thin-�lm bioelectronics

To translate thin-�lm electrodes from a research to a clinical application, the electrodes

must demonstrate long-term safety and ef�cacy in pre-clinical evaluations; both properties

require stable electrodes [54, 55]. Due to the electrodes' thin nature, thick-�lm physics and

modelling cannot be directly applied [56]. Smaller electrodes result in more signi�cant edge

effects, have higher impedance, and require a higher current density meaning the electrode

is under more stress. One such stressor is electromigration, a phenomenon where the high

current density can cause the metal atoms within the electrode to physically move, potentially

leading to device failure. To complicate matters further, electrodes need to be thin enough to

remain �exible while maintaining mechanical stability upon implantation. As a result, the

electrode design is crucial, providing the physical interface between the biological neural

tissue and the implanted electronics [57]; this has led to a plethora of new materials being

developed for electrode fabrication [58, 38].

1.3.2 Fabrication methods and material choices

Thin-�lm electrodes commonly have a three-layer architecture (Figure 1.3): a substrate, a

metallisation layer, and an insulation or encapsulation layer. The metallisation layer features

two key regions. One end terminates in contact pads for connection to external circuitry. The

opposing end features exposed electrode sites for interfacing with neural tissue. Insulated

interconnecting tracks bridge these two regions, ensuring electrical continuity while providing

insulation to prevent any short circuiting. The manufacturing process of the chosen electrode

design must be reproducible, scalable, and have a minimum de�ned resolution. Today, the

current state of the art microfabrication techniques include photolithography [59], electron

beam lithography [60], and focused ion beam milling [61], all of which enable precise

patterning of thin metal �lms and insulation layers on a variety of substrates. More recently,

advances in laser technology have also made it possible to fabricate ultra-small electrodes

with resolutions down to a few microns [62]. Innovative approaches such as 3D printing [63]

are being explored to create �exible and soft thin-�lm electrodes that can conform to the

complex shape of the brain surface or with the target tissue. This thesis will predominately

focus on the fabrication of thin-�lm electrodes using photolithographic techniques due to

their scalability of manufacturing, cost, and commonality [64].
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Fig. 1.3 Example schematic of a thin-�lm electrode. Open electrode pads (top) and insulated
electrode tracks (bottom). Stars mark weak areas of the electrode, namely the adhesion
between the layers and areas open to attack from the aqueous environment.

The standard protocol for electrode fabrication involves the deposition of a substrate layer

coated with a thin-�lm of metal using physical vapour deposition, from which electrodes

are patterned photolithographically. A thin layer of insulation material is then deposited

on top of the metallisation and patterned such that the electrode contacts are open, and

the interconnects are encapsulated. Additional layers are often deposited onto the open

electrodes to reduce the electrode impedance and increase the charge injection capacity. The

next subsections will provide a more in-depth review of the material choices for each of the

layers described above with a focus on stability as the primary factor, providing a nuanced

debate on material selection.

Metallisation

The metallisation layer enables signal transduction between the electrode's electrical charge

and the ions �owing in the body tissue. Ideal metallisation layers will have a high charge

injection capacity (CIC) (Table 1.1) to elicit action potentials without causing any reversible

reactions and will be resistant to corrosion under stimulation. Noble metals such as Pt, gold

(Au), and Ir are often used due to their high resistance to corrosion and excellent biocompati-

bility properties [65–67]. Thin-�lm Pt layers are the industry standard as they can be easily

micromachined to nano-metre scale features. Pt has demonstrated high biocompatibility and

non-toxic use in epiretinal arrays [68] and cochlear implants [69]. However, for stimulation,

there has been investigation into the cytotoxicity of Pt-based by-products of dissolution


	Table of contents
	List of figures
	List of tables
	Nomenclature
	1 Introduction
	1.1 Overview
	1.2 Neuromodulation
	1.2.1 Need for neuromodulation
	1.2.2 Physiology behind neuromodulation
	1.2.3 Clinical applications of neuromodulation
	1.2.4 Current neuromodulation technology

	1.3 Thin-film bioelectronics
	1.3.1 The challenge of thin-film bioelectronics
	1.3.2 Fabrication methods and material choices
	1.3.3 Applications of thin-film devices 

	1.4 Organic thin-film bioelectronics
	1.4.1 PEDOT:PSS

	1.5 Stability of thin-film bioelectronics
	1.5.1 Testing stability: protocols and challenges
	1.5.2 Failure modes
	1.5.3 Failure mode detection
	1.5.4 Strategies for improving stability

	1.6 Key findings
	1.7 Research aims and objectives

	2 Stability of PEDOT:PSS coatings for thin-film electrodes
	2.1 Introduction
	2.2 Objectives
	2.3 Device fabrication
	2.3.1 Fabrication of thin-film electrodes
	2.3.2 Device design
	2.3.3 Optimisation of Au device fabrication
	2.3.4 Optimisation of Au/PEDOT:PSS and PEDOT:PSS devices

	2.4 Accelerated aging protocol
	2.4.1 Hydrogen peroxide monitoring
	2.4.2 Electrochemical monitoring
	2.4.3 Electrolyte analysis

	2.5 Comparison of electrochemical performance
	2.6 Impact of aging on electrodes
	2.6.1 Overall electrode degradation
	2.6.2 Mechanism of Au electrode failure
	2.6.3 Mechanism of Au/PEDOT:PSS electrode failure
	2.6.4 Additional failure mechanisms

	2.7 Conclusions and outlook

	3 Stability of PEDOT:PSS thin-film electrodes
	3.1 Introduction
	3.1.1 Objectives

	3.2 Development of fabrication methods for PaC/PEDOT:PSS/ PaC devices
	3.2.1 Interconnect feasibility
	3.2.2 Deposition of PEDOT:PSS
	3.2.3 Patterning of PEDOT:PSS
	3.2.4 Electrochemical characterisation

	3.3 Stability of PaC/PEDOT:PSS/PaC devices
	3.4 Development of fabrication methods for PDMS/ PEDOT:PSS/PDMS devices
	3.4.1 Motivation for PDMS
	3.4.2 Fabrication methods
	3.4.3 Deposition of PEDOT:PSS on PDMS
	3.4.4 Patterning of PDMS
	3.4.5 Electrochemical characterisation

	3.5 Stability of PDMS/PEDOT:PSS/PDMS electrodes
	3.6 Conclusions and outlook

	4 Application of PEDOT:PSS electrodes for neuromodulation 
	4.1 Introduction to neuromodulation of the gastrointestinal system
	4.1.1 Current challenges in gastrointestinal neuromodulation
	4.1.2 Objectives

	4.2 Device design and fabrication
	4.2.1 Material selection
	4.2.2 Fabrication
	4.2.3 Electrical and mechanical characterisation

	4.3 Ex vivo validation of PDMS/PEDOT:PSS neuromodulation
	4.3.1 Rationale for ex vivo experiments
	4.3.2 Monitoring peristalsis in ex vivo mouse colon tissue
	4.3.3 Simultaneous electrical and mechanical recordings
	4.3.4 Monitoring contractions in ex vivo human stomach tissue

	4.4 Conclusions

	5 Conclusions
	5.1 Limitations and future work
	5.1.1 Towards clinical translation
	5.1.2 In vivo studies

	5.2 Outlook

	6 Methods and Materials
	6.1 Device fabrication
	6.2 Electrochemical characterisation
	6.3 Mechanical characterisation
	6.4 Drop angle measurements
	6.5 Accelerated aging
	6.6 Imaging
	6.7 Particle analysis
	6.8 Swelling analysis
	6.9 Cyotoxicity
	6.10 Ex vivo

	References

