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Abstract 

The brain machine interface BMI describes a group of technologies capable of 

communicating with excitable nervous tissue within the central nervous system (CNS). 

BMI’s have seen major advances in recent years, but these advances have been impeded 

due to a deterioration in the signal to noise ratio of recording electrodes over time. This 

deterioration has been attributed to an intrinsic host tissue response, namely reactive 

gliosis. Gliosis results in implant encapsulation via the synthesis of pro-inflammatory 

signalling molecules and the recruitment of glial cells. Thus, there is a clinical need to 

reduce tissue encapsulation in situ and improve long-term neuroelectrode functionality. 

Physical modification at the neuroelectrode active site could satisfy these requirements 

by integrating topographical signals to modulate neural cell behaviour and enhance 

electrochemical performance through increase in active surface area.  

In this study, commercially available platinum iridium (Pt/Ir) microelectrode probes and 

planar Pt/Ir and platinum substrates were nanotopographically (NT) functionalized using 

femtosecond/picosecond laser processing to generate laser induced periodic surface 

structures (LIPSS). Four different topographies and their physical properties were 

evaluated by scanning electron microscopy, interferometry, and atomic force microscopy. 

The electrochemical properties of these interfaces were investigated using 

electrochemical impedance spectroscopy and cyclic voltammetry. From these 

spectroscopy methods the impedance, electroactive surface area and charge injection 

capacity were determined. The in vitro response of mixed cortical cultures (embryonic 

rat E14/E17), was subsequently assessed by confocal microscopy, ELISA and multiplex 

protein array analysis. The recording ability of LIPSS functionalized and pristine controls 

were also assessed using ex vivo hippocampal slice cultures. An alternative laser 

processing technique (two photon lithography) was also optimized to facilitate the 3D 

printing of microfeatures through gold electroforming.   

Results indicated that LIPSS features improved the electrochemical properties of the 

electrodes, promoted cell alignment and modulated ion channel expression in mixed 

neuronal populations. To the best of our knowledge, neuroelectrodes functionalized with 

nanotopographical LIPSS features were demonstrated on a microwire probe for the first 

time. In this thesis we indicate the feasibility of LIPSS functionalisation of commercially 

available microelectrodes which is suggested could improve chronic neuroelectrode 

functionality whilst promoting an aligned cell network at the electrode interface. 
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1.1 Introduction  
Neuroprosthetics have been proven to be safe and effective treatments for those suffering 

from severe neurological disorders. These systems aim to restore lost sensory or motor 

function, either by directly replacing the function which has been lost, or by providing a 

therapeutic effect through electrical neuromodulation. The long term functionality of 

chronically implanted devices, designed to interface with nervous tissues, is an active area 

of research, yet advances in the field of chronic stable neural interfacing have been 

impeded due to the significant challenges associated with gliosis [1-5]. The human brain 

possesses amazing cognitive, motor and sensory capabilities and yet it has limited ability 

to repair itself in response to injury [6]. To reduce anatomical disruption and tissue 

damage during implantation, ongoing developments in neuroelectrode technology have 

focused on  electrode miniaturisation for functional stimulation/recording [7]. Such 

miniaturisation gives rise to challenges associated with recording and stimulating such as 

high impedance [8]. To facilitate necessary field potential recording, neural systems 

should exhibit low impedance, and high signal to noise ratio, for the successful translation 

of neural signals into prosthetic motor actuation. One of the greatest challenges in 

microelectrode design, however, is the maintenance of electrical impedance stability 

whilst avoiding tissue damage [9] and glial scar formation [10]. 

Within the field of biomaterial functionalisation, the mechanical, chemical and structural 

properties of implantable systems have been investigated extensively with the goal of 

influencing the cellular response at the neural tissue-device interface. Indeed, it is now 

widely recognised that the physical properties of the material surface, including 

topography, surface charge, wettability and rigidity significantly modulate cellular 

function [11-14]. In particular, physicochemical patterning with nanofeatures has been 

shown to modulate both cellular adhesion and cellular function in vitro [15-17]. This 

process is thought to be mediated by the influence of these nanofeatures on integrin 

clustering, focal adhesions reinforcement and cytoskeletal reorganisation [17-20]. The 

next sections will describe in detail how neuroelectrode interfaces may modulate neural 

cell populations and how different topographical functionalization approaches may 

improve neural electrodes functionality as well as biointegration.  

 



Chapter 1. Literature Review  

 

3 

 

1.2 Non-Invasive Neural Recoding Technologies 

Approximately 5.4 million people live with some form of paralysis today. The leading 

causes of paralysis is stroke (33.7%) followed by spinal cord injury (27.3%), multiple 

sclerosis (18.6%) and cerebral palsy (8.3%) [21]. Recent technological advances in 

recording systems such as brain machine interfaces (BMI) can increase access to 

neurorehabilitation, thus increasing operative recovery and quality of life for the patient 

[22]. Neural recording techniques, commonly used to promote functional movement 

restoration, encompass invasive and non-invasive approaches. Non-invasive neural 

recording technologies in the field of BMI have been employed to measure neural activity 

since the 1970s [23].  

Although electrical measurement of extracellular neural firing has been employed in 

neural recording approaches, non-electrical recording of neural activity has also been 

documented. Examples of non-electrical BMI recording systems include functional 

magnetic resonance imaging (fMRI), near infrared spectroscopy (NIRs), and functional 

transcranial Doppler sonography (FTCD). These systems are often considered safe and 

convenient methods of recording neural ensemble data. fMRI detects neural activity 

based on the changes in local blood flow and level of oxygenated blood. Despite having 

a high spatial resolution, variability in the level of oxygenated blood from haemodynamic 

response and metabolic changes can cause the temporal resolution of fMRI to remain low 

[24]. NIR measures optical changes in brain tissue and relies on backscattered light to 

measure two chromophores (oxy- and deoxyhemoglobin (O2Hb and HHb)) in the NIRs 

spectral range (650 nm -900nm) [25]. One of the shortcomings of NIRs is its low spatial 

resolution. Current research suggests that the signal is sensitive to changes in the cerebral 

vessels on the brain surface [26], whilst others suggest that the light signal is greatly 

affected by the cerebral spinal fluid composition [27, 28] . Similarly, FTCD is a technique 

that measures changes in cerebral perfusion during neural activation.  More specifically, 

it compares average event-related changes in blood velocities within the regions of the 

two cerebral hemispheres using transcranial Doppler sonography. It can be used to 

evaluate high cognitive functions such as language lateralisation [29, 30]. However, yet 

again, it is another technique that is limited in spatial resolution [29].  

Magnetoencephalography (MEG) and electroencephalography (EEG) are considered 

sisters within the electrophysiological field. MEG relies on magnetic induction that is 

produced from electrochemical (ionic) currents generated from postsynaptic potentials. 
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MEG acquires signals from frequencies of 500-1000 Hz [31].  MEG can confine 

recording to a smaller area in the brain due to the “transparency” of the skull to the 

magnetic fields. MEG is an order of magnitude greater in terms of spatial resolution than 

EEG [31, 32]. However MEG itself is quite sophisticated and maintenance of the device 

is extremely expensive [31].   

The most popular non-invasive recording instrument is EEG. EEG macroscopic brain 

activity with electrodes located on the scalp. More specifically, it measures the electrical 

activities of excitatory and inhibitory postsynaptic potentials [33]. EEG was discovered 

by Berger in 1929. Berger observed neural oscillations (characterised by their frequency, 

amplitude and phase) when measuring neural activity with silver electrodes [34-36]. The 

most prominent oscillation was shown to have a frequency band of 8-12 Hz, which we 

now consider as the alpha oscillation [34]. Other oscillations which can now be detected 

include Beta oscillations which occur at a frequency range between 12-30Hz and Gamma 

oscillations which occur at a frequency of 30-100Hz.  Gamma oscillations play a  

fundamental process for understanding elemental operations between neuronal dynamics 

and structural connectivity [34, 37].  

Stability over time, spatial resolution and spatial sensitivity remain major challenges with 

EEG [38]. Nevertheless, EEG has provided the most research information on  neocortical 

dynamic function and relation to cognition events [39]. However spatial resolution 

remains quite low. To overcome some of the major challenges facing each one of these 

recording systems some have developed hardware combinations  such as EEG -FMRI 

[40-42], EEG-MEG [43] and EEG - NIRS [44, 45] to improve accuracy and increase the 

number of commands detected [46] see Table 1.1. Some concerns, however, still remain 

in terms of feature selection and window range of neural activity detection [46].   
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Table 1.1 Example Applications of Non-Invasive BMI  

Study  Electrode 

type 

Conclusion drawn from study Reference 

Prevention 

Alcoholism 

 

Motion sickness  

 

EEG 

 

EEG 

Reduced delta power and synchronisation between α2 

(10-12Hz) and β rhythm (12-20Hz) compared to controls 

Occipital midline brain area is more correlated with 

motions than other brain regions. More specifically the 

alpha and gamma frequency bands are associated with 

motion sickness. 

Tcheslavski et al. 2012 

[47] 

 

Lin et al. 2013 [48] 

Detection of tumours  EEG  With tumours the delta activity is consistently detected, 

with slowing of the alpha rhythm and beta activity.  

Sharanreddy et al. 

2013[49]  

Diagnosis: Parkinson’s 

disease   

 

 

Seizures  

 

MEG  

 

 

EEG-fNIRs  

Abnormally slow frequencies and differences in 

auditory evoked magnetic fields in PD patients 

compared to healthy control groups.  

Haemodynamic changes were detected with fNIRs in 

close timing with EEG-detected seizures in the temporal 

lope. With fNIRs detection oxygenated haemoglobin 

was observed to increase as the seizures began with an 

initial decrease in deoxygenated haemoglobin (HbR). 

However, HbR progressively increased with seizure 

duration. 

Stam, 2010  

[50] 

 

Nguyen et al. 2012 [51] 

 

Rehabilitation & 

Restoration:  

Neuroplasticity  

 

 

Stroke 

 

 

fMRI 

 

 

EEG-FES 

Induces highly selective activity patterns in the visual 

cortex allowing specific functions to be manipulated. 

The visual cortex was so plastic that mere repetition of a 

specific activity can cause visual perceptive learning 

through BMI.  

BMI along with neuromuscular electrical stimulation (as 

a closed loop feedback system), improved motor 

function of patient with severe paralysis compared to 

neuromuscular stimulation alone. 

Shibata et al. 2011 [52] 

 

 

 

Mukaino et al. 2014 

[53] 

Control a prosthetic arm MEG and EEG Integrated robot arm-gripper system was driven by 3D 

hand trajectories from MEG and EEG input neural 

signals. The robot arm approached the object but the 

grasping effect of the object was relatively low due to 

neural signals detected being less accurate.  

Kim et al. 2015 [43] 

Predict pharmacological 

response  

 
 

 

 
 

 

 
 

EEG  EEG was used to predict the response of serotonin 

reuptake inhibitor (antidepressants) on those with major 

depressive disorder. Identifying the responders to non-

responders of antidepressants through the identification 

of EEG biomarkers.  

Khodayari-Rostamabad 

et al. 2013 [54] 
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1.3 Invasive Neural Recoding Technologies 

Current brain machine interface (BMI) devices are posed to solve the limitations of non-

invasive neural recording systems by communicating with excitable nervous tissue within 

the central nervous system (CNS). Invasive recording techniques measure microscopic 

spikes and mesoscopic local field potentials (LFP), requiring neurophysiology and 

anatomical expertise for electrode placement [23]. Implantable BMI electrodes are 

considered superior in terms of their signal-to-noise ratio and spatial resolution to non-

invasive BMIs [23].  

There four major components to an invasive BMI system: 1) signal acquisition, 2) 

features extraction 3) feature translation and 4) device output (see Figure 1.1).  Signal 

acquisition detects the neural activity using invasive electrodes, neural activity is then 

converted to the digital signals, which are then analysed and extracted (i.e. signal features 

relating to the person’s intent) from peripheral content. These signal features are passed 

to the feature translation algorithm where neural information is decoded to determine the 

functional command for the external device [55]. Ideally  BMI systems would extract as 

much information as possible for the actuation of external devices to the same degree as 

nerve cells driving skeletal muscle [56]. BMI information gathering is represented in units 

called bits/second. One bit of information at a 100% performance level describes the 

ability to obtain a response once per second [56]. The information encoded in action 

potentials ranges from ~1 bit/second to 12 bit/s [57, 58]. Currently, only 1-2 bits/s are 

achieved with invasive BMI whilst non-invasive EEG based systems are between 0.25 

and 0.5bits/sec [58].  

Invasive BMI techniques use a number of electrodes (> 20 electrodes) to be inserted into 

the cortex region of the brain. The signals that are detected are called signal units and 

refer to the action potentials of one or more neurons. Often, when one or more signal units 

are detected, a spike sorting algorithm is necessary to separate them. Other electrode 

arrays detect multi-unit signals and local field potentials [58, 59]. These signals represent 

large populations or ensembles of neurons [58]. The electrodes are separated by at least 

150 µm so that no two action potentials are detected from the same recording site [58].  

Multi-unit arrays are the most invasive and are implanted into premotor cortex, parietal 

cortex or the primary motor cortex [60]. When implanted into the primary cortex, the 

pyramidal neurons, are considered the target neurons for encoding, due to their large 

amplitude extracellular action potentials [61].  These pyramidal neurons align 
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perpendicular to the cortical surface and have long apical dendrites. When an action 

potential occurs, the extracellular current flows from the apical dendrites to the axon 

hillock yielding a maximal extracellular peak that is detectable by electrodes lateral to the 

dendrites [61].  Invasive BMI can detect spikes at frequencies of 0.1-7kHz (5-500µV) 

and LFP >200Hz (<1mV). ECoG can detect activity at < 200Hz (0.01-5mV) in 

comparison to EEG which only detects <100Hz (5-300µV) [62].  

 

Figure 1.1 Brain Machine Interface for control of external devices.  

Microelectrodes are inserted into the motor cortex region of the brain to detect neural activity. Neural 

activity is sent to a computer where the signal is decoded and translated for the intention of motion of a 

prosthetic device [63]. Image source: published by Kelly et al. 2017 [63].  

 

BMIs not only improve mobility but also improve patients’ motivation, which is 

considered an important psychosocial factor to improving patients’ rehabilitation. BMIs 

can also be coupled with functional electrical stimulation to control relevant muscles 

involved in movement [22, 64]. Their application in neuroscience research has greatly 

advanced correlating neural signals with observable behaviour as well as neural 

monitoring during specific treatments [22].  

1.4 Commercial Invasive BMI Neuroelectrodes  

There are a number of different  types of recording systems used to acquire various forms 

of neural information through variable levels of invasiveness [65]. Electrodes that are 

placed on the scalp are used to gain functional information whilst those inserted into the 

cortex region of the brain are necessary for monitoring signals more predisposed for BMI 

application [65].There are many different neuroelectrodes used commercially for 

recording invasive neural activity (see Table 1.2) such as microelectrode arrays or 

microwires are used for stimulation and extracellular recording.  Optogenetics is also 
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another method employed which uses genetically encoded light sensitive proteins to 

record large ensembles of neurons [66].   

Single unit recording (SU) recording systems such as single microwires have been widely 

used in research models (rodents) to detect neural activity at high resolution (see Table 

1.2) [61]. Multi-unit arrays (MUAs) are often used in human and primate research [53]. 

They usually consist of an ensemble of electrodes 10-200μm in diameter and are 

fabricated through metal oxide semi-conductor technology [67]. The most successful of 

these commercial arrays are the Michigan and Utah arrays.  Michigan type arrays are 

available for purchase from NeuroNexus and have a probe length of 3mm, probe width 

of 90μm (at the base) and narrowing to 20μm tip, silicon substrate shank thickness of 

approximately 15μm, and  a recording site pitch of 100 to 400μm2 [68]. Neuroelectrode 

recording tips are usually made of gold or iridium. The Utah array, another commercially 

available MEA, was originally designed for neural stimulation, but now has been widely 

used as a recording tool. The Utah array itself consists of up to 100 silicon penetrating 

probes (platinum or iridium oxide tip) with needle lengths of 1.5mm [68].  

Both MEAs and microwire electrodes can be made of  platinum, gold, titanium, iridium 

or alloys of these metals [69]. These materials need to be safe, conductive, resistant to 

bodily fluids and by-products of metabolism [67].There are many mechanical issues with 

conventional multi electrode arrays (MEAs). For example, most are fabricated on silicon 

which can become brittle with time, leading to electrode fractures and fragmentation. This 

compromises on safety as well as structural reliability [65].  Although MUA electrode 

recordings can be used to efficiently measure the electric affinity of ensembles of neurons. 

However SU recording systems are sometimes preferred among researchers due to their 

specificity in terms of brain location and the neuronal signals detected [70]. Microwires 

can also exhibit stable recordings for up to 84 days in vivo, compared to Michigan probes, 

which exhibited higher blood brain barrier (BBB) breach and failed to record after 10 

days in one study [71].  Although these MUA and SU array systems have provided 

important information for BMI progress, maintaining the long-term stability of these 

neuroelectrodes over time remains a major challenge in neuroenegineering.    
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Table 1.2 Examples Applications of Invasive BMI Electrodes  

Study  Model Electrode Effect/Comment Reference 

Long term neural spike 

recording 

In vivo  

Rat model 

Michigan Effective recording beyond 28 weeks in a rat brain 

model. 

Kipke et al. 

2003 [72] 

Rehabilitation 

&Restoration:  

Brain function after 

motor cortex injury  

 

 

 

 

Arm movement  

 

 

 

 

  

 

Neuroplasticity 

 

 

 

Auditory function  

 

 

In vivo 

Rat model 

 

 

 

 

In vivo  

Human 

model  

 

 

 

 

In vivo 

Monkey 

model 

 

Human  

 

 

Michigan 

 

 

 

 

 

Utah  

 

 

 

 

 

 

Microwires 

 

 

 

ECoG 

cochlear 

Implant  

A closed loop BMI connecting premotor cortex 

PM to somatosensory cortex S1 was created. 

Individual spikes were detected at the PM and 

stimulation delivered to the S1. Improved 

connectivity was observed between the cortical 

locations with rapid improvement in motor 

function particularly with M1 cortical damaged 

rats. 

Utah arrays were used to record multiunit activity 

from the motor cortex. Machine learning 

algorithms were used to decode neural activity 

and control the patient’s arm. Patient re movement 

was achieved with an overall accuracy of 70% arm 

movement.  

Using closed loop decoder adaptation to improve 

cortical mapping and neuroprosthetic skill, whilst 

resisting interference from other neural inputs. 

The most successful BMI application to date is the 

cochlear implant restoring hearing and speech to 

those who are profoundly deaf. However, early 

implantation of these devices at a young age are 

critical to the success of these implants.   

Guggenmos 

et al. 2013 

[73] 

 

 

 

 

 

Bouton et al. 

2016 [74] 

 

 

 

 

 

Orsborn et al. 

2014 [75] 

 

 

 

Kral et al. 

2019 [76] 

Controlling a 

neuroprosthetic arm  

In vivo  

Monkey 

model 

Utah Monkeys used prosthetic arm to feed itself. Velliste, et al. 

2008 [77] 

Diagnosis- epilepsy  In vivo  

Rat Model 

Microwires  Identified three stages in rhythmic ictal spiking 

within the CA3 hippocampal network. 1) Rythmic 

ictal spiking with interneurons coherent with theta 

LFP oscillations 2) interictal to ictal, interneurons 

being coherent with gamma oscillations with 

increase in firing rate 3) dominant ictal oscillation, 

where initially interneuron firing was high only to 

decrease as pyramidal neurons fire increased.  

Grasse et al. 

2013 [78] 

Cortical mapping at the 

single cell neuronal level   

In vivo 

Mice model  

Injectable 

electronic 

flexible mesh  

Stable neuron recordings were achieved ~8 

months post implantation with impedance values 

remaining relatively similar throughout recording. 

However, there was an initial increase in 

recording amplitude as glial cells (astrocytes and 

microglia) surrounded the implant 100-300μm 

after 2 weeks post implantation  

Fu et al. 2016  

[79] 

Optogenetic stimulation  In vivo 

Rat model  

ECoG  Primary visual cortex (V1) was transfected with 

channelrhodopsin-2 (ChR2). The Opto-μECoG 

array was then capable of simultaneously 

providing optical stimulation and recording of 

cortical neurons. LED light stimulation evoked 

Kwon et al. 

2013 [80] 
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neural activity within deep cortical layers 

~600μm, as well as superficial cortical layers.  

 

1.5 Cell signalling Between Neurons 

1.5.1 Basic mechanism of neural signalling  

To achieve overall functionality of the central nervous system, neurons have both 

intracellular and intercellular signalling capabilities.  For cell – cell signalling to be 

initiated, a process known as chemical neurotransmission needs to occur. This requires 

an influx of Ca2+ ions into a presynaptic neuron terminal promoting vesicles (which are 

filled with neurotransmitters) to be released. These vesicles move into the synapse and 

fuse with the post synaptic membrane, discharging the neurotransmitters, which then bind 

to postsynaptic receptors [81]. Depending on the neurotransmitter released, and its 

binding receptor, a postsynaptic neuron may or may not fire to a neighbouring neuron. If 

a neurotransmitter binds to a post synaptic receptor, voltage gates open and close and a 

positive membrane potential is generated. This change in membrane potential increases 

the likelihood of an action potential (an electrical signal travelling all the way down to 

the axon to the axon terminals) firing and is called excitatory post synaptic potential 

(EPSP). An example of such EPSP activation is when glutamatergic neurotransmitters 

bind to glutamate receptors and cause N+ and K+ to flow across the postsynaptic 

membrane, depolarising the cell membrane and increasing the probability that the 

postsynaptic neuron will fire an action potential [82].  On the other hand, 

neurotransmitters such as G-aminobutiric acid (GABA) are less likely to result in 

postsynaptic firing and are known as inhibitory postsynaptic potential (IPSPs)  [83]. 

GABA receptors open Cl-channels, which cause charged chlorine ions to flow across the 

membrane. The membrane potential becomes more negative (hyperpolarising the cell) 

than the action potential threshold, thereby reducing the likelihood the postsynaptic cell 

firing [82].  

 

1.5.2 Pyramidal Neuron signalling  

Pyramidal neurons represent 70-85% of all neurons in the cerebral cortex [84] and are 

critical in encoding neurons for BMI. Pyramidal neurons differ from other neurons in the 

cerebral cortex in regards their soma size (conical shape) and dendritic length (long and 

multiple dendrites) [84]. For pyramidal neurons the Ca2+ voltage gate channels can be 
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activated by another signalling mechanism called backpropagation signalling  [84]. 

Neural backpropagation occurs where a voltage spike is generated and travels down the 

axon towards the terminals while another impulse travels back in the opposite direction 

towards the soma, depolarising the cell and triggering voltage gated Ca2+ channels, 

initiating a dendritic action potential. Backpropagation depends on which dendritic 

domain the base (basal) and apex (apical) of the soma of pyramidal cells is activated. 

Basal dendrites are typically activated through receiving input from EPSP, however 

apical dendrites are key for synaptic activities mostly associated with backpropagation 

[84, 85]. Layer V pyramidal neurons have complex apical dendritic tufts and high density 

dendritic spines that receive extensive intracortical input from widespread neocortical 

areas [85]. Only a small fraction of the brains neurons respond to stimulus and cognitive 

tasks [86] the most responsive are the largest of the pyramidal neurons and are known as 

Betz cells. They are in layer V of the cerebral cortex and represent about 10% of the 

pyramidal neural population (see Figure 1.2). They are responsible for transmitting 

cerebral cortex input towards the spinal cord  to initiate and modulate voluntary 

movement  [87]. Layer V pyramidal neurons are therefore critical in influencing the 

computation power of neurons [85]. Their high density apical dendrites can display 

electrical resonance which amplify the duration and intensity of neuron activity, which 

impacts the surrounding local field potentials and thus the ability to  neural record [84]. 

It is important to consider that individual neurons are exposed to an array of excitatory 

inputs from a number of different neurons. Target neuron recording via a single pre 

synaptic neuron, therefore becomes very unreliable [86].  Instead, today encoding is 

achieved through recording an ensemble of neurons receiving and projecting to other 

neurons [86].  
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Figure 1.2 The Six Layers of the Primary Motor Cortex.  

The molecular layer (layer I) consists of apical dendrites of pyramidal cells. The outer granular layer (layer 

II) contains small pyramidal cells and stellate cells. The inner granular layer (layer III) consists of mostly 

stellate cells whilst the inner pyramidal layer (layer IV) consists of large pyramidal cells. The fusiform layer 

(layer VI) consists of pyramidal cells projecting to the thalamus.   Image obtained by Neupsy Key [88]   

 

1.6 Charge Transfer Reactions at the Neuroelectrode Interface  

As discussed in the last section, an influx of ions can change the neuronal cell potential. 

This influx alters the concentration of ions in the extracellular fluid (ECF), which in turn 

modifies the electric field. A neuroelectrode can detect these changes in the electric field 

(recording) or can alter this electric field through inhibition or excitation (applied 

stimulation). It is important to note that ionic conduction occurs at the neural tissue, whilst 

electron conduction occurs at the electrode interface [81]. Therefore, sufficient charge 

transfer between ions and electrons at the neural interface is critical for successful 

recording or stimulation of neuronal cells i.e. the purpose of the neuroelectrode is to 

convert bioelectric signals (ionic signals) to and from electronic signals [81, 89, 90]. 

Neuroelectrodes (depending on their properties) are either deemed capacitive or Faradic. 

Capacitive reactions are often preferred for stimulating neuroelectrodes because no 

chemical species are created or consumed during stimulation [89]. Capacitive behaviour 
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also enables the redistribution of ions between the electrode and ECF interface [81, 91]. 

This leads to the formation of a double layer with a plane of charge at the surface of the 

electrode and opposite plane of charge at the ECF [91]. These capacitive reactions are 

often reversible, leading to higher storage capacitance of the electrode. For Faradic 

reactions, charge is ejected from the electrode to the ECF. Faradic reactions can have 

reversible and non-reversible processes [91]. Non reversible Faradic reactions cause high 

rate of charge and changes in electrode and electrolyte composition, which can lead to 

electrode or tissue damage, especially if the applied voltage exceeds the potential 

window, i.e., the voltage range in which the electrode does not induce water oxidation 

nor reduction, this window range prevents cells being exposed to changes in ionic species 

and changes in pH [81, 89, 92]. Therefore, reversible faradic reactions are preferred.  

A highly conductive electrode does not always indicate higher electroactivity [81]. 

Electroactivity is highly influenced by the surface morphology of the substrate. A change 

in the surface morphology can increase the surface area of an electrode by increasing the 

number of reaction sites (thus increasing the capacitance) [81]. For this reason, many 

researchers have investigated the surface morphology of neuroelectrodes through the 

application of various coatings and surface roughening techniques. The electroactivity of 

neural interfaces is often measured by the impedance, charge injection capacity and 

charge storage capacity. Impedance is a measure of the resistance a circuit has to an 

applied alternating voltage and is one of the most vital parameters for successful neural 

recording. A low impedance electrode increases the signal to noise ratio by reducing the  

thermal noise during recording [93]. A lower impedance will also improve signal 

intensity [94]. To improve recording often partial stimulus is required to coactivate a 

group of neurons. Therefore parameters such as charge storage and charge injection 

capacity are vital for neural stimulation which requires enough charge to be delivered 

under safe physiologically conditions to prevent tissue damage [89]. However, over time 

the impedance and the signal to noise ratio decreases due to the sheath of scar tissue 

surrounding the electrode after implantation. This neuroelectrode encapsulation is called 

the glial scar.  
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1.7 Glial Scar Formation  

The implantation of both skull-anchored and free-floating electrodes can cause local 

vascular and neuronal damage as a result of chronic or acute inflammation mechanisms. 

Neuroelectrodes are typically composed of mechanically stiff materials (platinum, 

iridium, gold, silicon) with a Young’s modulus much greater than that of brain tissue. 

This physical mismatch between the CNS and an implanted electrode triggers an immune 

response and initiates a cascade of pro-inflammatory cell signalling processes [61]. It is 

thought that macrophages are the first cellular initiators of peri-implant fibrosis, when the 

blood brain barrier is disrupted [95].  Other cells such as microglia, oligodendroyctes, 

oligodendrocyte precursors, such as NG2+ cells , as well as meningeal cells also relocate  

to the site of injury [95]. Reactive states of these cells lead to secretion of extracellular 

matrix components such chondroitin sulphate proteoglycans contributing to electrode 

encapsulation [2]. Microglia and macrophage recruitment to site of injury also leads to 

activation of reactive astrocytes through the secretion of pro inflammatory cytokines IL-

1, IL-2, IL-6, TNF-α  (see Figure 1.3) [96, 97]. Reactive astrocytes, identified in vitro 

through an upregulation in glial fibrillary acidic protein (GFAP), proliferate and migrate 

to peri-electrode site, encapsulating the neuroelectrode and leading to glial scar 

encapsulation [96, 98]. This process prevents the injured neurons from regenerating, 

drives neurite processes away from the neuroelectrode and increases signal impedance by 

increasing the distance between the electrode and its target neurons. Other molecules that 

trigger this encapsulation process  include protease inhibitors (such as protease-activated 

receptor 1 and 2 ) and proteases (matrix metallopeptidase 3 and 9) [95].  Pro inflammatory 

cascades such as these can lead to elevated nitric oxide (NO) production leading to further 

cell reactivity across the BBB. It is thought that elevated NO production can also reduce 

the functionality of anti-inflammatory cytokines IL-10 and IL-4 [99].  Electrode 

penetration and the mechanical stress associated with it can  increase calcium  levels in 

neural somas and neurites causing neurodegeneration [100, 101]. High concentration of 

calcium levels is also associated with excessive production of reactive oxygen species 

(ROS). Other biomolecules such as plasma proteins (albumin, fibrinogen, globulins, 

plasmin, thrombin) are also adsorbed onto the electrode overtime as a result of these pro 

inflammatory responses, preluding to glial scar formation [101] 
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Figure 1.3 Glial Scar Formation.  

Neuroelectrode insertion into the motor cortex region of the brain causes vascular and capillary damage 

(a). 14 days after implantation an immune response leads to the formation of a glial scar around the 

neuroelectrode, resulting in neural recording infidelity (b). Image source: Adriona Kelly and Maciej 

Doczyk. 

 

Despite the negative implications of glial scarring, it is now considered that gliosis in fact 

plays a role in the healing process [2], with some studies showing immature astroglial 

cells forming physical bridges at the electrode interface enabling the regeneration of 

axons past the lesion site and protect some circuit elements from damage due to intense 

inflammation  [102, 103]. Nevertheless, the physical barrier that the glial scar creates 

prevents overall long term neural regeneration and recording fidelity [102].  

1.7.1 Neuronal Connectivity and Cytoarchitecture on Electrode 

Neurons within a specific brain region are not randomly distributed throughout the brain 

but are rather structurally aligned within defined cytoarchitectural layers [104]. One of 

the main complications therefore, with implanted neural recording devices, is maintaining 

this well aligned cytoarchitecture and neuron interconnectivity near the electrode site 

[104]. Previous in vitro studies by Kristensen et al. 2001 investigated cell distribution 

post implantation on a platinum electrode. The study demonstrated both neurons 

(microtubule associated protein 2 positive stained cells) and astrocytes (GFAP positive 

stained cells) of the hippocampus were equally distributed at the neural interface [104]. 

GFAP-positive fibres were found to be orientated perpendicular to the neuronal layers on 
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the electrode site [63, 105].  Similar patterns of uniformity of glial cells around the 

electrode site 7 days ex vivo have also been observed by Konoeman et al. 2004 [106].  

However, this has not observed in vivo where meningeal fibroblasts (vimentin-positive, 

GFAP-negative cells) ECM and astrocytes surround the electrode and decrease neuron 

interconnectivity and proximity to the electrode site [2, 107]. In order to prolong the 

lifetime of the neuroelectrode device therefore, it is vital to study the biotic factors 

(inflammatory response) and abiotic factors (materials of the electrodes and electrode 

surface area).  

1.7.2 Electrode Implantation and Initial Tissue Response In vivo 

Following 30 min after probe insertion into the brain, microglial cells have been shown 

to extend processes to the site of injury at a rate of (1.6 ± 1.3)µm min−1[108]. Microglial 

cells migrating to the site of injury are found to be less than 130μm from the probe site, 

exhibiting a ramified state following 6 hours after implantation. This ramified state 

activation is associated with a reactive microglial phenotype in response to blood brain 

barrier damage [108]. It is important to note that microglia can take on a neuroprotective 

role or cytotoxic role depending on the severity of the tissue damage. Microglia cells 

become amoeboid and phagocytic when subject to excessive stress and damage [109]. In 

response to neural electrode implantation, microglial cells undergo morphological and 

molecular changes and home-in on regions of damage [109, 110].  As a consequence of 

this activated state, microglia release proinflammatory cytokines  and cytotoxic factors 

such as nitric oxide (NO) and reactive oxygen species (ROS) [111-113].  In response to 

these secreted proinflammatory factors more microglia migrate  from the parenchyma as 

well as other monocytes and myeloid cells to the electrode[111].  After 24 hours of device 

implantation a soft glial sheath begins to engulf the neuroelectrode [114]. It has also been 

reported that the reactive astrocyte marker, GFAP, dramatically increases after 24 hours 

at the site of insult  with further proliferation and migration from 1 day to 1 week post 

implantation [115]. This  GFAP increase is thought to initiate the transition from acute to 

chronic inflammation [115]. After 2 weeks, a reactive astrocytic region can extend 500-

600μm, from the electrode site [2, 4].  Over time, this neuroelectrode encapsulation results 

in an increase in neuroelectrode impedance due to a 40% decrease in the neuronal bodies 

within a 100μm radius of the electrode site. Neurodegeneration is also observed at 

distances greater than 230μm from the electrode after 4 weeks of electrode implantation 

[112, 114]. Critically, research has shown that recording of action potentials greater than 



Chapter 1. Literature Review  

 

17 

 

130μm away from the electrode site cannot be distinguished from the surrounding noise 

level, decreasing the stability and fidelity of long term recording [116].   

1.7.3 Challenges in Neuroelectrode Design and Tissue Response 

For successful integration, reliability and durability, microelectrodes/microwires should 

be biocompatible (non-toxic to cells), capable of biomimicry (resemble/mimic the 

physiological and mechanical characteristics of the ECM and promote neuronal growth) 

and biostable (maintain their physical and electrochemical integrity, as well as resistant 

to a highly corrosive tissue microenvironment) [101].   

1.7.3.1 Biocompatibility 

Materials (platinum, platinum iridium, titanium, silicon) are known for their chemical 

inertness and cytocompatibility with cells [89, 117]. Despite these materials being non 

cytotoxic they can, however, trigger a foreign body response. For a material to be deemed 

as biocompatible within the neuroelectrode context, it is not simply good enough to 

observe cell growth in vitro, it is must also evade the initiation of glial scar formation 

[111, 117, 118]. The materials used in neural recording are not considered equal in terms 

of ‘biocompatibility’ as shown by  Dymond et al. 1970 and Geddes et al. 2003 [119, 120] 

and must be considered carefully when trying  to reduce cell reactivity, without reducing 

the electrical performance of a recording device.  

1.7.3.2 Biomimicry  

Chronic stresses are often generated in vivo due to a mismatch in the mechanical 

properties between neural tissues and electrode devices. The Young’s modulus of the 

materials employed in electrode systems can range from ~30-100 GPa (metals, silicon) 

to ~1GPa (parylene and polyimide insulating layers), which is significantly higher than 

the modulus of soft brain tissues ~1-3kPa [121, 122]. This mechanical mismatch further 

exasperates inflammation and neural degeneration at the peri-electrode site [101, 121]. 

These commercial metallic recording surfaces also do not resemble/mimic the 

cytoarchitecture of cortical layer reducing the likelihood of further integration with neural 

tissue.  

1.7.3.3 Biostability  

Abiotic and biotic factors are both thought to contribute to electrode  instability and 

electrode failure [123]. Abiotic refers to the electrode strain experienced with implanted 

probes leading to cracking, delamination and change in surface area. This corrosion of 
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the metal and insulating layer causes an increase in impedance due to electrical leakage 

pathways [5, 120, 124-126]. Biotic factors refer to the colonialization of microglia, 

macrophages, astrocytes and monocytes cells around the electrode. This immune 

response results in secretion of enzymes along with the production of ROS and other free 

radicals causing oxidation of the electrode surface and eventual corrosion of the material 

[127].  

1.7.3.4 Neural Micromotion   

Material failure, due to factors such as delamination, corrosion and cracks in electrical 

traces [128, 129], is further provoked by micromotion [130, 131]. Although the electrode 

insertion is the initial physical injury to the brain, micromotion is thought to cause a 

chronic  secondary injury (post insertion) leading to enhanced glial scar formation [131].   

Much of this micromotion is associated with vascular pulses (propagating waves inside 

the blood vessels), respiration motion and rotational accelerations, increasing neuron and 

electrode displacement and inflammatory response [132-134].  A study by Gilletti et al. 

2006 investigated tissue disturbance caused by micromotion and  respiration activity 

which caused on average <30µm tissue displacement [135].  It has been suggested that 

continuous repetitive 30µm displacements are sufficient to induce glial activation up to 

600µm away from the implant [132].   Utah array designs have been shown to counteract 

this micromotion effect by sitting on top of the brain (rather than anchored to the skull) 

and moving along with its relative  motion [61]. However, research has shown that, due 

to such events following insertion, the elastic modulus around the surrounding brain 

tissue tends to fluctuate and increase from a mean of 6.8kPa to 35.2kPa after 4 -6weeks, 

thus indicating a progressive increase in inflammatory response in the brain tissue [136, 

137].   

It is important to understand the mechanotransductive components in neural cells so that 

technological advancement in neuroelectrode design can be achieved, with the sole goal 

of promoting biointegration.                                                                                                                                                                                              

1.8 Mechanotransduction  

In response to neuroelectrode implantation and in addition to proteins being adsorbed 

onto the site of the neuroelectrode implant, integrin proteins (consisting of heterodimeric 

α /β subunits) initiate cellular response to the changes in ECM by transmitting force to 

the cell cytoskeleton. First filopodia (bundles of filamentous actin) probe the 
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topographical surface of the electrode. Molecular receptors such as integrins and 

cadherins reside at the electrode tip and sense the extracellular environment. Then, in 

response to the ECM environment, integrins bind to the ECM proteins and transmit force 

across the cell membrane through focal adhesion kinase (FAK) and other adapter proteins 

[138]. Adapter proteins then bind to actin in the cytoskeleton and transmit forces to the 

intermediate filaments (which have access to filaments in the nucleus). This leads to 

cytoskeletal rearrangement, alterations in the cell morphology, gene expression and 

activation of signalling pathways involved in cell differentiation and downstream 

phenotypic pathways [138].   

Neural mechanotransduction, by cellular traction forces or externally applied forces 

produced by the cytoskeleton, is critical for maintaining the homeostasis in vivo [139]. 

Following implantation, the maintenance of a functional interconnected neural network 

is vital in promoting neuroelectrode efficacy in vivo [140, 141]. Although biochemical 

processes are severely perturbed by the trauma of neuroelectrode insertion, it is 

hypothesized that, as well as biochemical gradient signalling processes, the overall 

generation of neural circuits is significantly dependent on physicomechanical cues from 

the extracellular matrix [139]. Emphasis in this cellular response has been placed on 

neural cell adhesion, representing the initial step of interaction with implanted materials, 

critical for the development and maintenance of peri-electrode tissues [142].  It has been 

observed that despite the material used, nano patterned surfaces can elicit dramatic 

changes in protein activities [139]. Mechanosensitive stimuli such as stress/strain, traction 

forces, stiffness etc. have huge implications for neuronal signalling pathways (Wnt 

canonical signalling pathway), as they determine association/dissociation of specific 

proteins by controlling the exposure of various protein binding domains [143]. 

1.8.1 Stiffness/Stress  

Matrix stiffness can influence growth dynamics as well as alter neuronal behaviour, with 

stiffer substrates promoting dendrite arborisation and increased extension/retraction 

events with respect to neuronal dynamics [144].  It is important to note that cells respond 

differently to the stiffness and structure of their surrounding environment i.e. 2D/3D. 

Seidlits et al. 2014 showed that under 3D rigid (5 kPa) gel formulations conditions reduce 

neurite extensions [145], whilst neurons cultured in 2D environments in vitro are able to 

more-readily polymerise F-actin and extend neurites on both hard and soft substrates 

[146, 147].   
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Mechanical stress has also been shown to influence mechanotransduction in vitro, which 

can arise from external sources such as shear forces due to fluid flow, tensile forces from 

the ECM or cytoskeletal contractile forces. Focal adhesions (FA) are complex 

macromolecular structures which form as a result of clustered integrins recruiting cellular 

proteins and signalling proteins to the inner surface of the plasma membrane [148]. 

Studies in vivo have observed cytoskeletal contractile force leading to stress at FAs site 

due to equal and opposite reactive forces arising in the ECM. One of the most important 

signalling pathways initiated in response to mechanical stress is the Rho GTPase 

signalling pathway which regulates cell adhesion and spreading [138, 149, 150]. This 

mechano-signalling pathway through the cytoplasm is extremely fast and has led some to 

believe that surface architecture, rather than surface chemistry is more influential in 

cellular morphology [138].  However in vitro studies have shown that excessive stress 

conditions can lead to neuronal death and increase of reactive astrocytes [151, 152].   

1.8.2 Focal Adhesions 

Two pivotal mechanotransductive processes occur when neurons come into contact with 

any physiochemically foreign substrate; firstly they interpret morphological contact 

guidance and chemotaxis on the nanoscopic scale to steer the outgrowth of neurites in a  

process known as neuronal polarity establishment [153] and  secondly, they probe the 

topographical information of the surrounding environment to locate a target destination, 

a process known as neurite pathfinding [153].  This neurite pathfinding and neuronal 

polarity is often established through the maturation and redistribution of  focal adhesions 

(FAs) caused by interaction with surface topography [154].  

FAs are flat elongated structures that evolve (<1μm2 in diameter) from adhesion sites 

during lamellipodial protrusions [155]. FA core proteins include cytoskeletal elements 

such as vinculin and talin, and signalling proteins like focal adhesion kinase and paxillin 

[156, 157]. These FA proteins play a key role in many cellular functions,  including 

direction of cell migration, proliferation and differentiation [158-161].  FA are formed 

through the interactions of αVβ3 integrin with ECM in response to mechanical stimuli. 

This interaction leads to strong connections between the ECM and actin cytoskeleton 

[154, 162-164] enabling FAs to control actin polymerisation and cell shape [154]. It is 

hypothesised that FA size is proportional to the force applied to it by the cell [165]. In 

order for neurons to increase their adhesion onto the neuroelectrode active site, it is 
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important that transmembrane integrins on the cell membrane bind in a complimentary 

manner to patterns on the electrode surface [166].  

 

1.9 Advanced Materials Approach to Neuroelectrode Design and 

Functionalisation 

1.9.1 Neuromimetic ‘Soft’ Electrode Designs 

Histological analysis of peri-implant region of stiff rigid silicon neural implants reveals a 

significant reduction in neuron density [167]. Many reports have shown that a reduction 

in electrode surface area can mitigate the process of gliosis, yet this also has been shown 

to compromise the electrical performance of the device in vivo. Therefore, the next step 

in the evolution of neuroelectrode design is to reduce the device rigidity to improve neural 

device integration. Over the past decade, extensive research has looked into flexible or 

soft neuroelectrodes in overcoming chronic tissue response and recording infidelity [168-

171]. Most recently, Luan et al. 2011 investigated flexible nanoelectronic thread (NETs) 

neuroelectrodes that were found to be mechanically and electrically robust for long term 

implantation with no chronic tissue response being observed at the interface, even five 

months after implantation [172]. Despite the benefits that flexible neuroelectrodes 

provide, they do not come without their own complications. It has been reported that 

flexible neuroelectrodes bend or buckle prior to implantation and upon penetration the 

probe can stray from the targeted brain region rendering implantation difficult [115, 173].  

Insertion shuttles have helped in overcoming some of these issues [173-175], 

nevertheless, these are limited to planar or simple 3D geometry designs and are not suited 

to complex 3D structured MEAs [115]. Agorelius et al. 2015 have shown that these 

flexible electrode array limitations can potentially be overcome using a dissolvable, yet 

hard, gelatin neuroelectrode coating [176].  Upon implantation, the gelatin coating retains 

its hard conformation only to dissolve overtime, exposing the highly flexible 

neuroelectrode arrays.  

Other researchers are looking into the development of ‘smart’ neuroelectrode coatings 

that match the mechanical characteristics of brain tissue [167, 177].  Nguyen et al. 2014 

explored the possibility of coating neuroelectrodes with poly vinyl acetate composites 

(PVCc), which possess a Young’s modulus (E’) of ~5 GPa prior to implantation and a 

E’~12 MPa upon penetration into the brain tissue. It is thought that exposure of this PVCc 
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coating to physiological conditions could initiate swelling (due to water) reducing the 

tensile strength of the material [178].  Further, histological analysis in this study showed 

there was a reduction in microglia accumulation around the nanocomposite electrode 

features, compared to the silicon control electrode. A reduction in cell death and a 

reduction in BBB permeability was also observed [167].  

1.9.2 Nanotopographical Electrode Functionalisation  

Advanced neuroelectrode designs have focused extensively on the use of nanomaterials 

to promote electrode integration and miniaturization whilst maintaining signal integrity. 

In particular nanopatterning has been explored to promote adhesion at the electrode/cell 

membrane interface to reduce signal loss and to maintain a low impedance at the 

electrode-tissue interface [138, 179].  

1.9.2.1 Carbon Based Nanomaterials  

Graphite is a  macromolecular structure consisting of stacked layers of hexagonally 

arranged sp2 carbons and is considered one of the most used materials of the natural world 

[180]. Graphite can be synthesized into a variety of different carbon-based nanomaterials 

such as carbon black, carbon nanotubes, nanodiamonds, and graphene. These carbon-

based biomaterials have excellent electrical, thermal and physical properties and can be 

used for various applications. Some of these carbon based materials (CNTs, 

nanodiamonds, graphene) are considered as biocompatible making them an ideal 

candidate for BMI applications [180].  Carbon black however, has been known to induce 

reactive astrocytes and decrease positive interneurons in the prefrontal cortex therefore 

making it unsuitable for neural applications [181]. 

On the other hand, carbon nanotubes (single and multi-walled carbon nanotubes 

SWCNTs and MWCNTs) synthesized by chemical vapour deposition or arc discharge of 

graphite [180]  have been extensively investigated for neural application. Their relatively 

low rigidity and high current injection density make them especially promising for 

incorporation into neural prostheses [7, 180, 182-185]. CNTs have been found to 

positively affect neuronal growth with higher growth cone activity being observed for 

cells seeded onto CNTs than those without [186]. 

Nanodiamonds (NDs) have properties that lean towards the requirements of modern 

biomaterial applications [187]. Their chemical resistance, desirable electrochemical 

properties, versatile surface functionality, cytocompatibility and their high surface area 
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has highlighted their potential use as coatings for neural electrodes [187-190]. 

Nanodiamonds are produced through the detonation of TNT and hexogen in an oxygen-

deficient environment [191]. The roughness of these detonated formed NDs can lie below 

that required for successful neuron adhesion i.e. between 10 -70 nm and 20-100nm 

respectively [192]. Studies show that this roughness range can successfully increase cell 

adhesion as well as support formation of neural networks, which can contribute to neurite 

extension and enable spontaneous recording of action potentials [188, 193].  

Nanodiamonds are often doped with boron to improve electrochemical properties [194].  

Graphene is a two dimensional hexagonally arranged carbon atom lattice [195] which has 

also been investigated for neural interfaces due to its excellent electrochemical properties, 

high surface area and mechanical strength [196]. One of the huge benefits of graphene is 

that it can be chemically vapour deposited onto a 3D structure.  It has been shown that 

cells grown on a 3D graphene environment promoted varying degrees of microglia 

activation, which significantly influenced neural stem cell behaviour. 3D graphene 

substrates also promoted greater cell adhesion compared to its 2D graphene counterpart 

[197]. To improve biocompatibility graphene oxide and reduced graphene oxide (rGO) 

have been successfully applied to neural interfaces. GO can also be successfully used as 

dopants with the conducting polymers such poly(3,4-ethylenedioxythiophene) PEDOT. 

It has been shown that GO/PEDOT as a composite supports higher cells densities and 

greater neural differentiation than the traditional PEDOT and dopant 

poly(styrenesulfonate) PEDOT:PSS alone [166, 198].  

1.9.2.2 Metallic Nanostructures  

The neuronal response to topography is complex and depends on the cells ability to sense 

the physicochemical properties of small features.  Researchers are now looking into ways 

to promote neuron-electrode coupling to maintain recording stability and efficient charge 

transfer to and from neurons in vivo. Nanostructuring of noble metals such as platinum 

(Pt) and gold (Au) using various surface roughening techniques is one method currently 

being investigated. For example, Chapman et al. 2015 investigated nanoporous (np-Au) 

gold as a potential topographical functionalisation approach for neural electrodes [199]. 

They observed  more neurons than astrocytes growing on these nanoporous gold features. 

This was thought to be due to the astrocytes inability to form FA complexes [200]. This 

same group also showed the electrochemical benefits of these features with an increase 

in signal to noise ratio being observed compared to that of pristine gold electrodes [200].  
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Similarly, platinum nanograss structures have also been shown to significantly enhance 

the electrochemical capabilities of neuroelectrodes in vitro compared to non-patterned Pt 

controls [201].  

One of the most successful metallic coatings applied to commercial microelectrodes is 

iridium oxide. Iridium oxide is typically formed from iridium (Ir) using a variety of 

techniques such as  sputtered iridium oxide film (SIROF), chemical bath deposition 

(CIROF), electrochemical activation (AIROF), thermal decomposition (TIROF) and 

electrodeposition (EIROF) [202]. Compared to Pt alone, Iridium oxide coated 

microelectrodes possess a lower impedance, higher charge storage capacity (CSC) and 

charge injection capacity (CIC). It is believed that the oxide layers formed increase the 

electroactive surface area of the coating. [81, 203, 204]. Its hydrophilicity also enables 

enhanced cell compatibility [81] and has been shown to promote cell alignment and 

neurite length upon electrical stimulation [205]. The electrochemical properties of iridium 

oxide makes it an excellent candidate for neural recording, with some reporting high-

definition recordings of spontaneous spiking activity relative to Pt electrode alone [81, 

206].  

1.9.2.3 Conducting Polymers  

Conducting polymer (CPs) such as polypyrrole (PPy) [207, 208], polythiophene (PTh), 

polyaniline (PANI) [209, 210] and poly-3,4-ethylenedioxythiophene (PEDOT) [211-

216], have been widely explored in neural engineering for the development of implantable 

stimulating and recording systems with enhanced biocompatibility, chronic functionality 

and environmental biostability observed in many studies [217, 218]. CP are characterised 

by the presence of conjugated double bonds along their polymer backbone chain, which 

in the presence of a dopant, allows the free migration of charge along its backbone, 

resulting in electrical or ionic conductivity [81]. PPy and PEDOT are the most 

investigated conducting polymers for neural interfaces due to their superior 

biocompatibility and electrical performance. PPy is less subject to delamination relative 

to PEDOT [219]. However, PEDOT overall has better biocompatibility and is more 

electrochemically stable than PPy  [220]. CPs have the added benefit of being easily 

electrodeposited as coatings onto neuroelectrodes as well as being capable of forming 

composite coating films with other carbon-based materials or nanostructured surfaces, to 

overcome some of the limitations often experienced by carbon-based materials. PEDOT 

is often explored as a coating with graphene structures  [221-223] or with metal 
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nanostructure fillers [224, 225], with reported increase in electrochemical properties and 

a reduction in delamination.  

1.9.3 Neural Contact Guidance In Vitro Through Nanotopographical 

Functionalisation  

Neurons actively respond to surface nanotopographies in vitro, with variations of just a 

few nanometers (nm) been shown to influence cell processes [226].  For example, rat 

primary cortical neurons grown on surfaces of 10-100 nm roughness, demonstrated 

increased adhesion relative to cells cultured on planar surfaces [192]. It is worth noting 

that by controlling substrate roughness, the wettability of the surface can also be tuned 

from hydrophobic to hydrophilic, with cells favouring hydrophilic conditions [227]. 

Living cells can be represented as a ‘drop of liquid’ with the roughness of the surface 

substrate effecting the adhesion of the cell due to increased or decreased contact area 

[228]. It is important to consider that surface energy (in influencing cell adhesion) is not 

solely dependent on the roughness of the surface substrate  nor on the surface chemistry 

but rather largely on the synergy of the two parameters [227].  

Roughness can also impact the association neurons can have with other glial cells. Surface 

roughness (Rq) above and below 32nm were shown to promote neuron association with 

astrocytes, whilst at an Rq of ~32nm, neurons were found to be separated from astrocytes 

[229].  Neuron–astrocyte interaction is critical for neuron differentiation and overall 

functionality. It was also shown, in the same study, that an Rq above 60nm promoted cell 

death [229].  

Microglia have also been shown to have increased mobility with increase in roughness. 

De Astis et al. 2013 investigated microglia response on nanostructured titanium oxide 

TiO2 and flat TiO2 substrates. They observed an increase in proinflammatory enzymes, 

nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-2) when cells were seeded on 

nanostructured titanium oxide TiO2 (roughness ~29nm). This increase in NO was not 

observed for cells seeded on flatter titanium oxide substrates (roughness ~20nm). The 

group concluded that although nanostructured rough TiO2 substrates induced a slight 

increase in the proinflammatory profile of microglia, a slight decrease in the 

proinflammatory cytokine IL-1β and a slight increase in anti-inflammatory cytokine 1L-

10 were observed when compared to flat 20nm TiO2 substrate [230].  
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The response of neural cells to nanotopographical cues is a significant consideration, in 

neural device design, particularly in respect to neural orientation and the restoration of 

neural networks through contact guidance [231]. Axon alignment in vitro has been 

observed through the use of graphene nanoparticles [231] collagen conduits [232] aligned 

CNTs [233] and nanowires [234, 235]. However, one of the most explored approaches in 

promoting cell alignment (especially in the peripheral nervous system) has been through 

the use of anisotropic 3D topographies. It is thought that these features can impact patterns 

of mechanical stress by directing focal adhesion orientation, thus aligning the cells with 

the nanogrooves/ridges. It is observed that neuronal cells grown on nanogrooves receive 

topographically mediated positive feedback and grow longer neurites and maintain higher 

stability over time than cells grown on flat substrates [236]. There are three theories that 

can be used to explain the effect that anisotropic topographies, especially ridges, have on 

promoting alignment: 1) when surface topography is present, but surface composition is 

not affected, the adsorbed protein accumulates on the top of ridges, 2) ridge edges can 

cause adsorbed protein to unfold and expose more RGD binding sites, potentially leading 

to cell elongation and alignment and 3) the adsorbed protein layer on the topographical 

feature (influenced by spacing and depth) is different to flat controls [237]. It has been 

widely hypothesised that ridge width (rather than grooves) plays a more significant role 

in the orientation of neurons [12, 238, 239]. 

Testing of ridges and grooved patterns of various dimensions show that anisotropic 

grating features with periods between 300–600nm were the most influential in guiding 

neurite outgrowth [240].  Previously research has also shown that neurons can align 

parallel to nanogrooved surfaces between 100-400nm in depth and pattern periods 

between 200 width <1000nm pitch width (width of groove and width of ridge) [241, 242]. 

It has further been observed that bipolar neural cells are more tolerant in a ridge width 

range between 500-1000nm with multipolar cells being more tolerant with ridge width 

environments beyond 2000nm [153]. 

Similarly, nanogrooves have been found to modulate FA maturation and alignment in 

vitro [243] since nanogrooves with spacing of  >500nm prevent FA complexes bridging 

gaps [153].  Therefore, control of this inter-ridge (groove) spacing is critical in mediating 

neurite expansion [244, 245].  
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Differences in ridge height have also been shown to impact cell adhesion, alignment and 

growth in vitro [246]. Specifically, anisotropic topographies with feature heights ranging 

from 100-1000nm promoting neural alignment [247].   

Ridge and groove width topographies may also have a prominent role in astrocyte 

differentiation as investigated by Erefej et al. 2012. Here a significant decrease in GFAP 

gene expression and fibronectin adsorption was observed in astrocytes cultured on 

nanogroove width spacing of 277nm (day 7) compared to non-patterned substrates  [248]. 

It should be noted that microglia grown on these grated substrate also exhibited marked 

morphological changes, adopting a non-reactive flattened appearance with elongated 

bipolar morphology [249].  

Previously concentrated acidic solutions or expensive lithographic approaches were used 

to create nanostructures or anisotropic cues on metals surfaces such as Au, Pt and silicon 

[201, 250-254]. These techniques have several limitations associated with them, 

including high start-up costs, slow throughput and low-resolution structures. On the other 

hand, photo derived techniques such as lasers or two photon lithography, can form high 

resolution nano and submicron features in quasi 3D/3D design in a relatively inexpensive 

process.  

1.10 Photon-Derived Techniques for Nanofabrication 

In 1917 Albert Einstein first discovered that light travels in packets of energy known as 

photons [255] and that most atoms exist in lower energy states which, upon excitation, 

move from a lower energy configuration to a higher energy configuration [255]. The 

subsequent excitation to higher energy configurations (mostly by electrons), initiates the 

release of energy in the form of photons or electromagnetic waves as the atom returns to 

a lower energy state. Einstein proposed that when a photon of light interacts with an 

excited state it can stimulate the transition to a lower energy state [255]. Einstein’s 

discoveries are the concepts behind stimulated emission radiation today [255]. However, 

it was not until the early 1960s when the first commercial laser (light amplification by 

stimulated emission radiation)  was built by Theodore H. Maiman, based on theoretical 

work carried out by previously Townes and Schawlow [255].  

Lasers produce a beam of coherent light, using an optical resonator to amplify this 

stimulated emission. Laser beam machining refers to modification of a material by a laser 

beam interacting with its target material [256] and includes processes such laser cutting, 
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welding, curing and drilling [257]. Laser machining has three major components: an 

energy source, a laser medium (such as  a solid state neodymium doped yttrium–

aluminium–garnet Nd:YAG,or yttrium-doped potassium itrium tungstate YB:KYW or 

CO2 molecules,) and mirrors to form the resonator and to deliver  the beam to its target 

material [258].  

Lasers high peak fluence and associated minimal thermal damage, mean they can be used 

in a wide variety of high precision applications such as micro and nanofabrication for 

dielectric, transistors, photonic and solar cell devices [259]. Laser surface structuring has 

also being extended into the medical sector with structuring being investigated on a 

number of medical devices such as biosensors [260] neural interfaces [261, 262] and 

stents [263]. By altering laser parameters such as pulse duration, wavelength, repetition 

rate and fluence a wide range of structures can be generated [264]. One of the most 

recognised and studied laser structures are laser induced periodic surface structures 

(LIPSS), which were discovered by Birnbaum in 1965 [265]. These LIPSS features are 

composed of periodic quasi lines or ripples with dimensions in the 100nm range. LIPSS 

are processed in a single step and enable functionalisation of the material surface i.e. 

control of the mechanical, chemical and electrical properties of the surface material  [265, 

266].  LIPSS have also been shown to increase conductivity and biocompatibility of 

surfaces making them an ideal candidate as a coating for neural devices [262, 267]. The 

concepts behind LIPSS generation are outlined in the following section. 

1.11 The Effect of Laser Beam Material Interaction    

As the light from the pulse of the laser interacts with the material, the electromagnetic 

energy can either be reflected, transmitted or absorbed depending on the wavelength and 

angle of incident radiation [268]. Reflection occurs everywhere there is a difference in 

refractive indices of the medium through which the light propagates. Reflection can be 

considered to arise from the instantaneous absorption and re emission of the incident light 

by nearby surface electrons, which re-emit light at the same frequency [269]. 

Transmission and absorption occur when these apparent transitions are not instantaneous. 

Transmittance occurs when the object is optically transparent; the electromagnetic 

frequencies from the light wave are not absorbed by the electrons and atoms in the bulk 

material and electrons are emitted at the other side of the material. It is believed that free 

or very loosely bound electrons absorb light which become energised leading to 

thermalisation and LIPSS formation on the material surface.  
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When laser light is absorbed on the surface of a material two processes can occur, namely 

thermionic emission or photoelectric effect. Thermionic emission occurs when electrons 

are ejected from a heated material. Photonic emission refers to when electrons becomes 

excited and are immediately ejected from the surface of the material. However, some of 

the excited electrons are retained in the material, which become thermalized by the 

phonons and return to a state of equilibrium by undergoing collisions leading to the 

conversion of electric energy into heat energy.  

More specifically, on exposure to an ultra-short laser pulse, the pulse energy is absorbed 

by the free electrons of the target material (inverse Bremsstrahlung) causing the electrons 

to rapidly increase in the electron kinetic energy. The energy distribution between the 

excited electrons and the lattice or phonons is no longer equal. Formation of highly 

energised electron subsystem leads to electron – electron scattering and results in an 

electron temperature being established. This electron temperature is high while the overall 

lattice temperature on this timescale remains constant at room temperature. This process 

is often referred to as a two sub-equilibrium system (with one system being the hot 

electrons and the other the cold lattice) and is based on the principle of the two 

temperature model equations (1.1 and 1.2) as outlined by the following equations [270-

272].  

                          𝐶𝑒(𝑇𝑒)
𝜕𝑇𝑒

𝜕𝑡
= ∇[𝑘𝑒(𝑇𝑒)∇𝑇𝑒] − 𝐺(𝑇𝑒 − 𝑇𝑙) + 𝑄(𝑟, 𝑡)               equation 1.1          

                        

                                     𝐶 𝑙(𝑇𝑙)
𝜕𝑇𝑙

𝜕𝑡
= ∇[𝑘𝑙(𝑇𝑙)∇𝑇𝑙] − 𝐺(𝑇𝑒 − 𝑇𝑙)                        equation 1.2          

Ce and Te   is the electron heat capacity (J m-3K-1) and electron temperature (K), ke and kl  

is the electron and lattice thermal conductivity (Wm-1K-1),   G is the electron-phonon 

coupling coefficient (Wm3K-1)  with Q(r,t) the laser source term (Wm-3). Cl and Tl lattice 

heat capacity (J m-3K-1) and lattice temperature (K).  

According to the two-temperature model theory, thermal equilibrium depends on the 

incident laser pulse energy and electron-phonon (atomic vibrations) interactions [270, 

271] i.e. if the laser pulse duration is shorter than the electron-phonon energy transfer 

time, a state of non-equilibrium occurs. This state of non-equilibrium arises when the 

laser pulse energy rapidly heats the free electrons on the surface while the overall all 

lattice remains cold. 
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1.11.1 Short and Ultra -Short Pulses  

Depending on the pulse length, different beam matter interactions can occur. Short pulse 

lasers (like nanosecond laser pulses) generate a heat affected zone due to the pulse 

duration being longer than the thermalisation time of the metal [273]. Longer pulse 

duration leads to heating of the target material. The applied laser energy to the metal is 

spread to the surrounding regions as the laser pulse interacts with the highly excited 

electrons, the molten lattice and possibly the vapour phase causing a complex less 

confined interaction. Ultra-short pulses, on the other hand, such as picosecond and 

femtosecond laser, have a pulse duration less than <10ps. Ultra-short pulses interact with 

the electrons and cold lattice, and due to the short pulse duration have limited capacity to 

spread thermal damage to the surrounding materials [274]. The interaction of the laser 

pulse with the vapour or plasma phase is also an important consideration. For ultra-short 

pulses, plasma is produced after laser irradiation (irreversible removal of material) has 

occurred, whilst for short laser pulses (nanosecond pulse) the plasma is produced during 

laser exposure (see Figure 1.4). When a laser pulse interacts with the vaporised plasma, 

the vapour heats, expands and exerts pressure on the surface which often results in 

mechanical and thermal damage to the surrounding target area. Depending on the energy 

of the laser pulse, the vapour plasma phase can expand rapidly resulting in the formation 

of a shock wave [274].  
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Figure 1.4 Short and Ultra-Short Pulse Interaction with a Material Surface. 

Laser pulses of short duration causes thermal damage to the surrounding material during ablation. 

Conversely, ultra-short laser pulses reduce surface damage and thermal tension with little to no structural 

changes to the surrounding area. Image source: Adriona Kelly and Maciej Doczyk. 

 

Ultrashort pulse lasers such as picosecond and femtosecond lasers are more suitable for 

high precision laser processing i.e. the production of molten material is minimised and 

less debris is produced with a smaller heat diffusion depth [275]. Differences in shock 

wave and crater depth has been reported between short and ultrashort pulses [276] with a 

reduction shock wave and crater depth being observed for ultra-short pulses.  

The formation of shock waves is a by-product of the liquid, vapour and plasma phase 

phenomena [274]. In particular, a fluence value slightly higher than the melting threshold 

produces a liquid zone (melting) with a small amount of vapour. This vapour becomes 

ionised upon irradiation leading to the formation of a plasma plume. Recoil of the plasma 

plume (due to interactions with the laser beam) leads to the formation of a pressure wave 

which compresses the surrounding material [277]. This compression leads to expulsion 

of material in its molten state. The ejection of the molten liquid leads to nanoparticle 

formation that can be deposited to the surrounding area. This usually occurs in the micro 

or milli second range and is mostly associated with short pulse techniques like 

nanosecond lasers [274].  Nanosecond laser exposure can produce larger size 
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nanoparticles [274, 278]. With femtosecond laser exposure, the ejected material does not 

interact with the laser beam, producing a smaller plasma plume shape and smaller 

distribution of nanoparticles to the surrounding material. In general the laser plasma 

plume depends on the laser  wavelength  [274].  

Although considered under the category of ultra-short pulse laser exposure (high peak 

power and low material removal threshold fluence), picosecond laser exposure has a 

longer duration than femtosecond laser exposure and a pulse duration of ~10ps (1 x 10-

12s) whilst a femtosecond laser exposure of <1ps (1 x10-15s ) less than 1 quadrillionth of 

a second [279]. Laser pulse exposure duration consequentially leads to differences in 

material interaction and particle formation. Picosecond laser exposure has been reported 

to result in a larger material removal rate and a more prominent plasma plume generation 

during laser material interaction compared to femtosecond laser exposure. Picosecond 

laser exposure therefore generally results in the generation of coarser features with larger 

structures/feature sizes than femtosecond laser. Despite the differences in pulse duration, 

the stages of formation of periodic surface structures remain relatively similar [274].  

1.12 Laser Ablation  

Laser ablation or photoablation is the removal of a material when exposed to intense ultra-

short laser pulses. There are several proposed mechanisms of this laser material removal 

interaction: spallation, fragmentation, vaporisation and explosive boiling.  

• Spallation occurs when a sharp rise in the temperature of the target material leads 

to generation of compressive stresses. Interaction of compressive stresses with the 

surfaces of the material transform compressive stresses into tensile stresses. This 

causes mechanical fracture of the targeted material and ejection of material 

particles. Spallation or photomechanical ablation is the term given to these ejected 

particles initiated by relaxation of these induced stresses [280].  

• Fragmentation occurs when the irradiated surface material disintegrates and forms 

clusters/molten droplets due the mechanical stresses associated with rapid thermal 

expansion. The stresses present in the material are converted to large strain rates, 

thus converting the material into supercritical fluid, dispersing molten droplets 

[281].  

• Vaporisation occurs if the high temperatures induce phase changes such as 

melting. If the temperature continues to rise it can cause translation of the solid 
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liquid phase into the bulk material. This causes some of the absorbed energy of 

the bulk material to convert into heat of vaporisation. Significant surface recession 

can occur at rapid vapour formation [282]. 

• Explosive boiling or phase explosion occurs with ultra-short pulse duration where 

the sample is heated beyond its boiling point. As the temperature of the molten 

material layer approaches the thermodynamic critical point, huge density 

fluctuations occur leading to homogenous nucleation. The superheated layer 

causes vapour bubbles to explode into liquid droplets and vapour leading to 

material removal [283].  

1.13 Laser Induced Periodic Surface Structures  

If the beam approximates to a typical Gaussian beam profile, then the laser intensity is 

greatest at the beam peak. This means that the ablation rate is highest at the centre. Using 

the Gaussian intensity beam profile a relation can be drawn between the crater diameter 

D, the material threshold fluence ϕth and the Gaussian beam radius w0(1/e2) and the peak 

fluence ϕ0 [284]. To create nanostructures (or any laser application), the threshold fluence 

must be calculated. The threshold fluence is the fluence (energy per unit area of material) 

required to induce visible alterations/modifications to the surface of a material.  Threshold 

fluence is critical to determine the optimal laser power and minimise material damage. 

When the laser power is just above the calculated threshold fluence of a material, 

modification is observed on the surface of the material. After successive generation of 

these laser pulses (again all above its threshold fluence) on the surface of a material a 

wavelike/ripple formation known as laser induced periodic surface structures (LIPSS) is 

generated.  

LIPSS can be generated on a range of materials such as metals [285-290] polymers [291-

293], ceramic materials [294] and even boron doped diamonds [262]. Depending on the 

wavelength and direction of polarisation, LIPSS can be classified into low spatial 

frequency LIPSS (LSFL) and high spatial frequency LIPSS (HSFL). LSFL usually occurs 

on metals and semiconductors and the orientation direction of the LIPSS features are 

perpendicular to the linearly polarised electric field vector of the incident beam [291].  

For LSFL the period within the ripples closer to the irradiation wavelength. However, 

HSFL have ripple periods significantly shorter than the laser wavelength with its 

orientation parallel to the polarisation of the incident radiation. The generation of HSFL 

is not fully understood and controversially discussed throughout literature [291, 295].  
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1.13.1 Theory of LIPSS Generation  

Factors affecting LIPSS formation include laser fluence, wavelength, polarisation number 

of pulses and the angle of the incident laser beam. According to the literature, however, 

there are several mechanisms through which LIPSS can be generated. One of the most 

prominent three theories (but not limited to) are surface plasmon polaritons, organisation 

and interference.  

1.13.1.1 Surface Plasmon Polaritons  

Surface Plasmon Polaritons (SPP) are electromagnetic modes that propagate along the 

surface of a material. LIPSS are thought to be generated when SPP become excited from 

laser light interacting with mobile surface charges (electron from a metal surface) [296, 

297]. SPP metal interactions have greater momentum than laser light of the same 

frequency. As a result electromagnetic fields cannot propagate away from a dielectric and 

metal surface, [297] but rather the strength of the electric field  decays exponentially with 

increase in surface distance [297]. SPP modes are therefore bound to the surface and 

propagate until eventually their energy is converted into heat energy [297]. This along 

with SPP 𝜆𝑆𝑃𝑃 having a shorter wavelength than that of the polarised laser light 𝜆0 gives 

rise to LIPSS and the following equation 1.3-15 [296].  

                                                   𝜆𝑆𝑃𝑃 = 𝜆0√
𝜀𝑚

′ + 𝜀𝑑

𝜀𝑚
′ 𝜀𝑑

                                        equation 1.3 

The real permittivity of the metal substrate is represented as  휀𝑚
′ , the electric field 

decaying exponentially has a penetration depth of the metal surface 𝛿𝑚 and dielectric 𝛿𝑑   

[296, 297]. In metals, the magnitude of the permittivity is determined by the concentration 

of free electrons allowing the propagation of SPPs [284].    

It is important to note that SPP also determines the pattern of polarisation and according 

to literature  is often associated with the beginning of  LSFL formation [296].  

 

1.13.1.2 Self-Organisation  

Ablation upon the material surface can give rise to instabilities termed self-organisation. 

Instabilities occur under a very short time scale giving rise to two competing processes: 

1) desorption leading to surface roughening and 2) diffusion leading to surface smoothing 

[298]. Due to material removal upon ablation, surface roughening will develop whilst 

interfacial tension leads to smoothing of the surface again. For this process to occur the 
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ablated surface undergoes a state of non-equilibrium where subsequent relaxation time is 

much faster than the thermodynamic equilibrium process,  giving rise to self-organised 

structures [299]. This self-organisation theory is often compared to ripples produced by 

ion beam sputtering.  However, it is important to remember that for ion beam sputtering 

there is direct transfer of the kinetic energy from the beam to the lattice, by a cascade of 

collisions exciting the phonons.  Whilst with ultra-short laser pulse the energy transfer 

from the beam to the lattice occurs via multiphoton excitation.  With multiphoton 

excitation the energy transfer  to the lattice happens on the timescale of electron-phonon 

relaxation (which is larger than the laser pulse duration) [298].   

1.13.1.3 Interference   

Another proposed mechanism of LIPSS generation is due to interference. Interference is 

generated when the scattered laser light (due to surface defects) forms a tangential wave 

that propagates along the surface of the material [300]. The scattering effect maybe due 

to material surface defects [284]. For ultra-short lasers, constructive interference of the 

laser beam with surface defects leads to formation of a non-uniform pattern of ripples i.e. 

a tangential wave in the molten liquid layer of the materials surface [284, 301]. If the 

surface wave has a longer lifetime than that of the molten liquid layer, the waves/ripples 

will remain in place i.e. upon resolidification the ripples are ‘frozen’ in place. However, 

if the wave lifetime is shorter than of the molten liquid layer, the ripples will not remain 

in place and will disappear upon resolidification [301].  

1.13.2 Laser Roughening and LIPSS Application in Microelectrode Design  

Laser roughening/patterning can increase the electrode surface area of the electrode, 

which  increases the ability to apply higher charge densities and thus increase electrode 

charge transfer capabilities [302-304]. As well as ultrashort lasers ability to produce high 

quality and highly precise features, laser patterned structures have also been shown  to 

direct neural outgrowth [305] and promote cell attachment [13]. LIPSS structures in 

particular have been shown to decrease impedance, increase the charge storage capacity 

and injection limit of platinum electrodes [306]. LIPSS features have also been shown to 

promote cell proliferation and alignment of cells [307]. Another benefit of laser patterning 

with LIPSS is that they can be applied to both metallic and polymeric surfaces [262], with 

very little change to surface chemistry. LIPSS patterning is a relatively inexpensive 

technique that could be applied to various microelectrode design, even those with small 

geometric surface area such as microwires.   
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1.14 Theory of Photolithography  

Whilst laser structuring presents itself as an ideal technique for direct roughening or 

surface structuring of a material, numerous other indirect techniques may be employed to 

create nanostructures on a material surface. Lithographic techniques such as soft 

lithography [308], nanolithography [309], colloidal [310] and nanosphere lithography 

[311] have been well studied in the context of the generation of repeating material surface 

structures. One of the most exploited of these lithography techniques is photolithography. 

Photolithography in its basic terms involves transferring a geometric pattern to a 

film/substrate using an optical process.  Photolithography process is carried out in six 

steps:  

1) Cleaning of the substrate surface using solvents such as isopropanol and acetone to 

remove organic and inorganic contaminants. 

2) Heating the substrate surface to remove any moisture or solvent residue remaining after 

cleaning. 

3) Spincoating a photoresist layer onto the clean surface substrate, then prebaking the 

spincoated substrate to remove photoresist residue or moisture remaining behind. The 

substrate can be placed on a hot plate at 90-100 for 60 -90 seconds for example.  

4) Exposing the photoresist to UV (10-400nm wavelength range) or IR laser light (780-

1000nm wavelength range) causing the photoresist to undergo a chemical change that 

enables the photoresist to be removed by photographic developer i.e. developing solution. 

(Once the substrate is developed sometimes a hard baking step is needed to solidify the 

remaining photoresist). 

5) Once developed, etching is required, which is necessary to define the pattern [312]. 

There are two types of etching, dry etching (such as  reactive ion etching, plasma etching 

and ion beam milling) and chemical etching (wet etching ) [312].  

6) The photoresist layer is removed itself. This usually involves the use of a stripping 

solution, which detaches the photoresist layer from the surface substrate. There are many 

commercially available stripper/remover solutions and can be heated at various 

temperatures to remove any photoresist residue remaining behind. Alternative solutions  

include acetone  or alternative techniques such as plasma etching [313].   
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Photolithography can be further sub-divided into direct (direct laser writing) and indirect 

(contact, close proximity and projection) photolithography, depending on the distance 

between the light source and the material surface. Contact and close proximity 

lithography use a UV light source which passes through a photomask near or in contact 

with a photoresist. Exposure to the photon energy source initiates reaction in the 

photoactive resist. Etchants and developers pattern the coated photoresist substrate with 

the irradiated resist area being rendered soluble (positive) or insoluble (negative) [314] 

following light exposure. Contact and close proximity are relatively inexpensive, 

however their design resolution is somewhat limited [315]. Projection photolithography 

uses a UV light source and an optical image projection system. A pattern is formed on 

the photomask by the optical image projection system, which projects the pattern onto the 

photoresist using a demagnification ratio. Projection photolithography has relatively high 

resolution, nevertheless, running cost and capital investment is  quiet high  [315].  

Direct lithography such as stereolithography is a maskless technique that uses computer 

aided design and UV light to develop a layer by layer 3D construct in a photosensitive 

polymer resin. Stereolithography can be described as a one photon polymerisation 

technique whereby a single photon is absorbed when exposed to UV light, in a linear 

process. This type of polymerisation usually occurs at the material surface using a layer 

by layer approach producing micron scale topographies [316].  Another direct lithography 

technique is two photon polymerisation or multi photon polymerisation where two photon 

of IR light are absorbed simultaneously.  

1.15 Two Photon Polymerisation  

The use of 2PP has exploded in recent years due to its ability to produce micro and 

nanotopographical features for biomedical applications [316].  One photon absorption 

(stereolithography) uses UV light to excite the molecule of interest, when a single 

absorbed photon is equal to the energy gap between the ground and excited states, 

excitation occurs.  

As an alternative to the use of UV light, two- photon DLW employs a femtosecond IR 

laser system to produce ultra-short pulses. Ultra-short pulses effectively reduce structure 

size on the nanometre scale with polymerisation at any desired location on the resist layer. 

Short laser material interaction along with high intensity focal areas enable non-linear 

process to occur i.e. two photon polymerisation or multiphoton polymerisation [317].  
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Two photon polymerisation describes when two photons of light are absorbed 

simultaneously. First, a single photon is absorbed to the intermediate state and then it is 

brought to its final excited state, through the absorption of a second photon.  After 

excitation, the fluorophore relaxes to its ground state via vibrational processes (see Figure 

1.5). This relaxation leads to subsequent florescence emission [317].  

 

Figure 1.5 Mechanism of One and Two Photon Absorption.  

Linear process absorption of one excited photon (hf) from ground (E0) to excited state (E1) upon exposure 

to UV light (~480 nm wavelength). Upon returning to the ground state fluorescence is emitted a). Non-

linear process of two photons becoming excited and simultaneously absorbed. Simultaneous absorption of 

two photons transforms to a single photon of the sum energy being absorbed (hf) and half the wavelength 

b). Image source: Adriona Kelly. 

 

1.15.1 Types of Resist  

2PP systems must have two specific types of material to enable photointeraction: positive 

and negative tone resist. Positive resists work on the principle that when two photons of 

light are absorbed, monomer chain scission occurs, leading to changes in the chemical 

structure of the exposed resist (see Figure 1.6). This alteration in chemical structure of 

the exposed resist causes it to become more soluble in developing solution upon 

completion of writing.  Once development has been achieved the underlying conductive 

material is exposed. Positive tone resists consist of three components 1) a resin e.g. 

novolak resin that is easily soluble in an organic solvents, 2) a photoactive component 

(diazonaphthoquinone) that when unexposed to laser light is insoluble and 3) solvent 

(usually alcohol) to reduce the viscosity of the resist and enable spin coating [318].  
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With negative tone resist on exposure to IR light a chemical chain reaction occurs that 

leads monomers of the polymer to cross link and polymerise. Structures containing weak 

pi bonds form strong sigma bonds upon exposure. This polymerisation prevents the 

exposed resist dissolving in the developer.  Upon exposure to the developing solution 

(after the fabrication step) the unexposed laser resist is washed away, while the 

polymerised material remains. Negative tone resist consist of photoinitiatiors (needed for 

excitation) and  monomers (which form a solid upon exposure) [317].  

   

Figure 1.6 Two Photon Polymerisation of Pillars using a Positive Tone Resist.    

Resist is spin coated onto ITO coated glass. The resist is then exposed to the laser.  2PP occurs at the focal 

plane of beam where laser peak intensity is highest one voxel at a time. Image source: Adriona Kelly and 

Maciej Doczyk. 

 

1.16 Theory of Energy Absorption  

Absorption within lithography is based on the Beer Lambert relationship where 

transmitted light intensity is dependent on the linear coefficient α, path length and 

concentration of initiator absorbed. The following equation 1.6 is used to represent single 

photon absorption [319].  

                                                                  −
𝜕𝐼(𝑟,𝑧)

𝜕𝑧
= 𝛼𝐼                                         equation 1.6 

I is the laser beam intensity, r is the radial position from the beam axis with z being the 

axial distance within the resist layer, α is the absorptivity coefficient of a single photon 

being absorbed at a specific wavelength [319]. The Beer lambert relationship however 
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changes for the intensity of a Gaussian laser beam and is represented as the following 

equation 1.7:  

                                                      𝐼(𝑟, 𝑧) =
2𝑃

𝜋𝜎2 exp(−
2𝑟2

𝜎2(𝑧)
)                               equation 1.7 

Where P is the transmitted power of each pulse, r is the radial axial position from within 

the beam focal plane, σ is the laser beam size which is equivalent to the  radial position 

where the beam intensity falls to within (1/e2) times the intensity of beam axis [319].  

With two photon polymerisation, the linear coefficient α represented in equation 1.6 

changes to the non-linear coefficient β as seen in equation 1.8. This coefficient becomes 

negligible at high intensity and is either positive (indicate absorbance saturation) or 

negative (for multiphoton absorbance) [320].  

                                                                   −
𝜕𝐼(𝑟,𝑧)

𝜕𝑧
= 𝛽𝐼2                                        equation 1.8  

The number of pulses absorbed nA per fluorophore per pulse is given by the following 

equation [321]: 

                                                        𝑛𝐴 ≈
𝑝0

2𝜕

𝑡𝑝𝑓𝑝
2 (

(𝑁𝐴)2

2ℎ𝑐𝜆
)2                                     equation 1.9 

The pulse duration 𝑡𝑝, laser repetition rate   𝑓𝑝, the average laser intensity 𝑝0, fluorophores 

two photon absorption 𝛿, numerical aperture 𝑁𝐴,  planks constant h, speed of light c and 

wavelength  𝜆. This equation implies that the probability of excitation increases by 

increasing the NA of the objective lens and by reducing the pulse width of the laser whilst 

maintaining the same average power and repetition rate [321]. Two photon absorptivity 

depends on the type and concentration of photo initiator used as well as wavelength [319]. 

The SI unit for 2PA cross section is named after its founder Göppert-Mayer (GM). Where 

GM is equal to 10-58 m s photon-1. The lowest electronic transition that a two photon is 

allowed is in the range of tenth to the tens of a GM [317].  

1.16.1 Advantages of 2PP 

One of the main advantages of using ultra short laser pulses in 2PP, is that efficient 

absorption <1 picosecond, can be achieved, thus enabling low average power utilisation. 

The laser has an excitation power output in the milliwatt range whilst the writing speed 

can occur in the tens of micrometers per second range [317, 322]. Typical 2PP systems 

have a 100fs pulse duration with a 80MHz repetition rate and 700-1000 wavelength range 
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[321]. Two photon absorption also occurs at the focal plane (rather than the width of the 

gaussian beam), where the photon flux is highest [321, 323]. This means that photoresist 

exposure occurs one voxel at a time, i.e. excitation occurs within a femtolitre size focal 

volume. Voxels can be smaller than 100 nm, which is made possible through the non-

linear process observed with 2PP [317, 324, 325].  With 2PP there is also a threshold 

intensity limit to which exposure can occur [317], lower laser intensity exposure can 

reduce the focal volume producing smaller voxels [317]. This localised voxel region 

enhances axial depth perception, image contrast, whilst reducing photobleaching and 

photodamage to the surrounding material (due to the limited photoreaction region) 

compared to one photon techniques [321].  

1.16.2 Applications of 2PP  

There have been many applications for 2PP, with many specifically using the technique 

to design photonic crystals and templates [323, 326-329].  Due to 2PP’s ability to form 

intricate 3D structures it was only a matter of time before it was investigated for 

biomedical applications. The introduction of biocompatible negative tone  photoresist 

OrmoComp (inorganic -organic hybrid polymer with Si-O-Si linkages) has made 2PP a 

very attractive method for developing complex 3D  microenvironments to study cell-cell 

and cell-matrix interactions [330-333]. Most recently it has also been applied to study 

neural cell growth guidance for peripheral nerve regeneration [334, 335]. Negative tone 

resist IP dip can also be used to guide neural cells [336]. It is well established that 3D 

substrates support culture viability over a longer period of time and have greater neuron 

viability when compared to 2D/quasi 3D cultures [172, 173].  However, for CNS 

neuroelectrode application, a conductive resist is necessary. Negative tone resist 

OrmoComp despite its excellent biocompatibility it is not a conductive material. CNT 

doped composites could potentially be used to overcome this issue however CNT 

dispersion remains an issue [337].  For neuroelectrode applications positive tone resists 

must be incorporated to enable electroforming of metal such as platinum or gold. An 

excellent example of a metal 3D complex features can be seen in a paper by Gansel et al. 

2009 where 2PP was used to scribe helix arrays into a positive tone resist (AZ 9260). The 

arrays were electroformed with gold plating solution and the remaining resist was 

removed using plasma etching. On completion of resist removal the gold features 

remained upright and secure on the ITO surface [313].  
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It is therefore one of the objectives of this thesis to create similar 3D gold features (as 

observed by Gansel et al. 2009) using a positive tone resist (AZ MIR 701) and gold plating 

solution.  These features will be designed at the neuroelectrode active site to increase the 

electrode surface area and facilitate single cell resolution.  
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1.17 Project Hypothesis and Objectives:  

Advances in laser manufacturing process and an understanding of biological responses to 

implanted devices have resulted in the rapidly emerging field of bioengineered neural 

interface design. However, it can be reasoned that the advancement of neuroelectrode 

functionality heavily depends on miniaturisation techniques to increase electrode 

recording efficacy and chronic functionality through two principal mechanisms: Firstly, 

advances in nanofabrication techniques must be explored as a means to increase 

neuroelectreode charge transfer  and subsequent recording efficacy in vivo. 

Secondly, an increased understanding of the foreign body response and in particular how 

fibrotic response can be modulated through physical functionalisation approaches is 

paramount in next-generation neuroelectrode design. 

In this thesis it is hypothesised that topographical functionalisation will promote long 

term neuroelectrode functionality by 1) increasing the electrode surface area and 

subsequently, charge transfer capability 2) by promoting neural integration through cell 

alignment and increased neuron connectivity.  

To this end, this work will focus on the following objectives: 

The Fabrication of quasi 3D structures on macro and microwire electrodes by 

femtosecond and picosecond laser processing.  

My objectives are: 

• To fabricate of quasi 3D structures on macro and microwire Pt and Pt/Ir 

electrodes.  

• To assess the electrochemical properties of the laser induced periodic surface 

structures (LIPSS) on microwires and to investigate LIPSS ability to increase 

PEDOT adhesion. 

• To investigate the in vitro response of LIPSS functionalised electrodes with 

cortical embryonic neural populations. 

• To fabricate quasi 3D features using two photon lithography and assess the 

electrochemical properties of these quasi 3D features. 
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2.1 Introduction 

In recent years the use of lasers to processes material have received a considerable amount 

of attention due to the excellent quality of features produced as well as their low cost and 

high processing speed [1-4].  Lasers have a wide range of applications in industry 

especially in  manufacturing, where the thermal energy provided by the laser beam 

enables solid state restructuring [5].  Lasers therefore dominate in the industrial field of 

welding, cladding and drilling [6].  

Ultra-short pulses delivered by femtosecond and picosecond lasers can produce a surface 

structural phenomenon known as laser induced periodic surface structures. Laser induced 

periodic surface structures (LIPSS) have been extensively investigated for many technical 

applications, however their potential use in the biomedical field has gained more attention 

in recent years. Previous research has identified a strong correlation between surface 

morphology and cell function [3, 7, 8].   

LIPSS are generated when the material is irradiated with a laser beam just below the 

energy required for the onset of material removal, this is known as the ablation threshold 

fluence [9]. The formation of these features are extensively investigated in terms of the 

following parameters: laser wavelength, polarisation, number of laser pulses, laser 

fluence, pulse duration and repetition rate [3]. It is the effect on materials electronic, 

mechanical and optical properties more specifically, that gives rise to the continued 

investigation of these LIPSS features for photodetectors, field emission panels, dielectrics 

[10], solar cells [11] and more recently for their use in medical devices [12, 13].  

The ultra-short light matter interactions are core to the LIPSS formation and proceeds as 

follows:  The laser light is absorbed by the electrons. An electron temperature is 

established through electron – electron scattering, typically 30fs after the onset of the 

laser. After 500fs the duration of the pulse has expired, and the laser energy is no longer 

incident on the material.  The hot electrons heat the cold lattice of ions in the metal, this 

excited electronic energy is then transferred to the lattice within a few picosecond via 

electron phonon interactions, leading to a temperature increase and expansion of stress 

within the lattice. If the intensity of the absorbed energy is enough, mechanical stress can 

arise. Eventually after 10 nanoseconds, the material can expand. It is estimated that 

appreciable ablation will occur a few tens of picoseconds after the onset of the laser pulse 
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once sufficient energy has been coupled to the lattice; structure formation occurs within 

the few hundreds of picoseconds [14].  

This electron and lattice interaction is a non-equilibrium process related to the two-

temperature model. For metals, the heat capacity of the lattice is larger than that of the 

electrons. Which simply means, the electrons heat very quickly when the metal is exposed 

to an ultra-short pulse; the lattice heats more slowly after the electron phonon coupling 

occurs. The mechanism of formation of the laser induced period surface structures occurs 

within this timescale. However, it is not year clear when exactly it occurs.  

There are many proposed mechanisms for the onset of material removal from a surface 

during the first ultrashort laser pulse. These include spallation, fragmentation, 

vaporisation and explosive boiling. However determining the exact physical mechanism 

at play can be difficult to fully comprehend [10]. Regardless of which is at play, 

femtosecond laser exposure can often produce structures on the nano and sub-micron 

scale with the added benefit of being achievable in a single pulse exposure. These 

nanostructures can be easily incorporated into the manufacturing process therefore 

proving an attractive alternative to other cleanroom based processes such as  patterning 

lithography and dry etching which often require a number of processing steps [15-17].  

One proposed mechanism for LIPSS formation involves the hydrodynamic response 

when the pulse encounters the material. After the deposition of the laser energy defined 

by the laser gaussian beam, the surface is expected to recoil leading to a textured surface.  

On further irradiation with an additional pulse, the surface gives rise to further 

imperfections from which scattered waves can result [10, 14]. This interaction of the 

incident of light from subsequent laser pulses with the scattered surface waves (also 

known as surface plasmon polaritons) gives rise to LIPSS ripple formation [18]. LIPSS 

have recently been investigated for enhancing neuroprosthetic device performance [19-

21].  Recently Sartori et al. 2018 investigated LIPSS on boron doped diamond electrodes 

with features at high and low fluence value. The study showed that charge density was 

increased significantly as a result of these features compared to normal boron doped 

diamond [15].  

This chapter provides an overall description into LIPSS generation as well as pilot studies 

into LIPSS electrochemical performance as a function of pulse number. More specifically 

in this chapter, LIPSS structures were generated on metals currently used in neural 



Chapter 2. Laser Induced Periodic Surface Structures  

 74 

 

recording such as platinum (Pt) and platinum Iridium (Pt/Ir). With features such 

nanopillars, nanoparticles and more definitive ripple LIPSS structures fabricated, based 

on the fluence value of the material. Investigation of these different LIPSS surface for 

their electrochemical properties could pave the way in enhancing electroactivity of 

current neural electrodes, through rapid scale laser processing.  

 

2.2 Materials and Methods  

2.2.1 Femtosecond Laser Parameters   

For Pt and Pt/Ir foil substrates, a femtosecond (Amplitude Systems S-pulse) laser with a 

of wavelength 1030 nm and pulse duration of 500 fs was used. Ultra-short lasers such as 

femtosecond and picosecond lasers are used in many applications due to their ability to 

generate well defined craters with minimum heat damage to the surrounding area.  

Ultrashort pulse widths (<1picosecond) enables very high peak laser intensity even at low 

pulse energies [22]. Longer pulses on the other hand leads to absorption at the critical 

plasma density layer. Leading to an unwanted coupling between the laser and the plasma 

complicating the process between the energy delivered and the response of the surface.  

The main features of ablation with femtosecond laser include i) a sharp fluence threshold 

for material removal ii) fast ablation and rapid heat dissipation without appreciable shock 

affected zones and iii) controllable ablation and production of high quality structures [23].   

The Amplitude Systems S-pulse HP femtosecond laser set up includes a laser head, a 

galvanometer, a XY scanner, an interface box, power supplies and lenses. The laser head 

itself contains an oscillator, a pulse stretcher, a Pockels cell, an amplifier, a pulse 

compressor and is cooled by a closed loop chiller [9].  

The oscillator has a Fabry-Pèrot (FP) cavity with a Ytterbium crystal (the active laser 

medium) positioned at the centre of two dielectric mirrors. The crystal becomes excited 

at a specific wavelength pumped by the two diodes either side of it. Emitted photons are 

reflected between these two mirrors and travel through the laser medium stimulating other 

photons to emit. When photons reflect between these two mirrors, multiple reflective 

photons are generated resulting in a laser pulse. The laser pulse emitted from the FP and 

travels to a pulse stretcher. A pulse stretcher stretches the pulse by increasing the pulse 

duration time which decreases the peak power of the pulse. After the pulse is stretched it 

is then sent to the Yb:KYW (ytterbium doped potassium itrium tungstate) regenerative 
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amplifier. The regenerative amplifier is used to intensify the energy of the optical pulses 

[9]. The amplifier itself contains a cavity with a Pockel cell and a Farday rotator. Within 

the amplifier cavity is another Ytterbium doped medium and two dielectric mirrors. The 

cavity amplifies the laser pulse before it is released by the opening Pockel cell. The 

amplified pulses then reach the Faraday rotator which separates input and output pulses 

before exiting the amplifier. The pulses are then sent to the pulse compressor where they 

are compressed to their original pulse duration (~500fs). Pulses are then directed towards 

the pulse picker; there an acoustic optic modulator controls the emitted repetition 

frequency range (See Figure 2.1). Only pulses that have the same required frequency of 

the acoustic optic modulator have picked them from the beam. A closed loop chiller 

dissipates heat from the laser diodes, crystals and Pockels cell. The working temperature 

of the chiller is 22oC while the flow rate is approximately is 2.5ml/min [9]. 

On exiting the laser head, the laser beam enters the interface box which consists of a 

motorised attenuator, second and third harmonics generator (SHG/THG) to generate 

515nm / 343 nm wavelengths, mirrors and lenses (see Figure 2.1 b). The amplified laser 

beam (at this point with a wavelength 1030nm) enters the interface box and is guided 

towards the motorised attenuator. Within the motorised attenuator is a half wave plate 

and polarised beam splitter [9]. This half wave plate can determine whether the amplified 

beam is directed towards the 1030 or 515nm exit. The harmonic separators allow one 

wavelength to transmit while reflecting another wavelength. Once the laser beam leaves 

the interface box it, it passes through a series of mirrors (Figure 2.1 b and Figure 2.2 a) 

and then sent to the galvanometer where it is directed to a beam expanding telescope and 

focused on the sample (Figure 2.1 and Figure 2.2 b). Before it enters the galvanometer it 

enters through the camera adapter [9]. 
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Figure 2.1 Amplitude Systems S-pulse Femtosecond Laser Set Up.  

Flowchart of femtosecond laser set up a) corresponds with the process flow diagram b) IR laser beam leaves 

the interference box, enters the motorised attenuator and through a series of mirrors and lenses enters the 

galvanometer where the laser beam is focused on the sample stage.  Image adapted by McDaniel. M, 2015 

[9] 

 

The camera adapter has a dichroic beam splitter and an objective lens unit. The camera 

adapter is connected to the beam entrance of the galvanometer which allows lens 

visualisation of the laser beam. The galvanometer itself has an x and y scan head 
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controlled by the software) WinLase® Laser Marking Software. The sample also has its 

own stage that moves in the x, y and z position (Figure 2.2 b) controlled by the software 

(Aerotech. Inc). 

 

 

Figure 2.2 Femtosecond laser 

Laser beam (1030nm) leaves the interference box and passes through a series of mirrors a) and is directed 

towards the galvanometer b) and then to the sample stage.  
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2.2.2 Fluence Threshold  

The value of fluence threshold is defined as the minimum amount of laser energy per unit 

area needed to remove material from a substrate. Both ablation threshold and rate are 

largely dependent on fluence values with lower fluence values typically meaning lower 

rate of ablation [24].  To calculate the spatial fluence profile 𝜙(𝑟) for a gaussian beam 

the following equation (equation 2.1) is used.  

                                                              𝜙(𝑟) = 𝜙0𝑒
−2𝑟2

𝑤0
2

                                            equation 2.1

  

ϕ0 is the peak fluence value at the centre of the beam (Jcm-2), r is the distance from the 

centre of the beam located at r=0, ω0 is (1/e2) radius of the Gaussian laser beam at focus.  

The laser pulse energy (Ep) is given by: 𝐸𝑃 =
P

Q
 , where P is the average laser power and 

Q is the repetition rate (Hz). The diameter of each crater produced by various pulses 

energies is related to of the pulse energy and the peak fluence as outlined in equation 2.2. 

                                                             𝜙0 =
2𝐸𝑃

3.14.𝜔0
2                                           equation 2.2     

The diameter squared (D2) for each of the various power values is plotted against the 

natural log of pulse energy EP see Figure 2.3 a). From the slope of the best fit line to this 

graph we can calculate the radius of the beam using the following equation, where 𝜔0
2 

=√
𝑠𝑙𝑜𝑝𝑒

2
. This can then be used to estimate the corresponding fluence values for each pulse 

energy used in experiments. 

                                                                                                            

D2 is then again plotted against natural log of the fluence values to get the threshold 

fluence value where the onset of damage occurs, as shown in Figure 2.3 b. Where the line 

meets the x axis the exponential of that value gives us the fluence for that particular 

number of pulses delivered. These equations/calculations were also used to calculate the 

fluence of platinum iridium substrates (see Figure 2.4 a-b).  

 



Chapter 2. Laser Induced Periodic Surface Structures  

 80 

 

 

Figure 2.3 Calculation of Fluence for Platinum  

The slope from the plot D2 vs Ln EP was calculated as 1132.9μm2 a). This slope was used to calculate the 

fluence of each of the energy values. The line cuts the x axis at -1.1872 b). Exponential of -1.18 gives us a 

fluence value of 0.30Jcm-2. This value is the minimum damage threshold value for 10 pulses.  

 

 

 

Figure 2.4 Calculation of Fluence for Platinum Iridium.  

Again, the slope from the plot D2 vs Ln EP was calculated and was 927.18 a). Exponential of -0.72 gives 

0.48J cm-2 which is the fluence value b). This value is the minimum average damage threshold value for 1 

pulse. By calculating the fluence value for 1 pulse, the power was determined using the repetition rate and 

was estimated as 0.4W and was used for fabricating all pulses on Pt/Ir.     

 

Flat substrates of platinum iridium Pt/Ir alloy (70/30% Sigma) approximately 10 x 10 mm 

(0.125mm thick) were cleaned in acetone, ethanol and water for 10 minutes each and 

dried using nitrogen gas. For flat substrates, a S pulsed femtosecond laser system 

(Amplitude) with a wavelength of 1030 nm operating at pulse duration of 500fs and 100 

kHz repetition was used for the generation of LIPSS on planar Pt/Ir substrates. 0.125mm 

thick Pt/Ir substrates were placed on a 3D computer controlled stage (Aerotech) which 

enabled the sample position to change. The laser was focused on the sample through a 

100 mm focal length lens coupled with an XY scanning system (Scanlabs). The scanning 

system allowed control of the pulse overlap on the sample by adjusting the speed of the 
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steering mirrors of the beam scanning system. The laser was operated at maximum power 

and attenuated using a combination of a half-wave plate and a polarizer to keep the 

optimal beam shape and pulse to pulse stability.  

The microelectrode position was determined through a live camera attached to scanning 

system using the Camiscope software. A 10 × 10mm2 area on flat samples were scanned 

at a different scan speeds (see Table 2.1 for details) and the distance between two scanned 

lines (hatching) was 30m. 

Table 2.1 Parameter for Femtosecond Laser Scanning   

Repetition rate 100kHz 

Pulse duration <500fs 

Operating temperature 20-24
0
C 

Wavelength 515nm, 1030nm 

Pulse to pulse stability 0.5RMS 

Diffraction Index M
2 <1.2 

 

Different topographies were created by modifying the overlap or the number of 

femtosecond pulses. The overlap (%) or number of pulses per spot -shots per area (SPA) 

were determined using the using the equation 2.3;   

                                                       SPA =
𝐷−

𝑆

𝑄

𝑑
∗ 100                                       equation 2.3 

where D is laser spot diameter, s is scanning speed, d is the spot diameter and Q is laser 

repetition rate.  The laser spot diameter at the focused position was determined using 

Liu’s method [25] and to be ~ 43 m. See Table 2.2 below for more details for line scan 

speeds.  
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Table 2.2 Parameters for Different Pulses on Platinum.  

The femtosecond laser was operated at 100kHz, 0.394Jcm-2 and 0.35W, the scanning speed was varied to 

change the number of overlapping laser pulses-shots per area (SPA) using equation 3. 

Shots per area  Mark Speed m/s % overlap  

1 2 16.00 

5 0.48 79.84 

10 0.22 90.76 

20 0.12 94.96 

40 0.06 97.48 

 

2.2.3 Incubation  

Incubation or “damage incubation” is a phenomenon in which the optical properties of 

the material change due to repeated exposure of laser pulses [26]. Damaged incubation is 

used to explain and measure the observed decrease in fluence when the sample is 

irradiated with pulses [26]. The following equation 2.4, relates to the damage threshold 

for multi shot laser pulses ϕthN  is related a single pulse damage threshold ϕth,1 where S is 

the incubation coefficient [27].  

                                                       ϕ𝑡ℎ𝑁 = 𝜙𝑡ℎ,𝑖𝑁
𝑆−1                                     equation 2.4 

By plotting the natural log (Ln) of the number of pulses multiplied by the fluence 

threshold against the natural log of the number of pulses, the incubation coefficient S can 

be determined from the slope (see equation 2.5).  

                                      Ln (ϕ𝑡ℎ𝑁) = Ln(ϕ𝑡ℎ,𝑖) + (𝑠 − 1)𝐿𝑛(𝑁)                        equation 2.5 

2.2.4 Scanning Electron Microscopy  

Scanning electron microscopy (SEM) characterisation technique used to investigate and 

characterise the surface of semi-conductive materials.  SEM produces an image by 

focusing a beam of electrons on the surface of the material. A column consisting of an 

electron gun and magnetic coils is used to focus the beam on the surface and scan the area 

in a rectangular raster pattern. On interaction with the surface of the material there is a 
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generation of elastic and inelastic scattering. Inelastic scattering reduces the beam energy 

by transferring energy to the surface atoms causing interaction with inner shell atomic 

electrons [28]. This interaction causes tightly bound inner shell electrons to be ejected in 

the form of secondary electrons. Elastic scattering occurs when the electron beam is 

deflected by the electric field of the atom causing the beam to deflect into a new trajectory. 

The detection of backscattered and secondary electrons is used to produce an image and 

provide qualitative information such as elemental composition [28, 29]. Flat substrates 

and microelectrodes were physically characterised using a SEM.  A Hitachi S-4700 Cold 

Field Emission Gun Scanning Electron Microscope was used with an accelerating voltage 

of 5-15kV, spot current of 10 µA and magnification of 1.5 – 40k.  

2.2.5 Atomic Force Microscopy  

Atomic force microscopy measures the topography of a surface often with atomic 

resolution [30]. To generate a topographical image, a tip mounted on a cantilever spring 

(placed on a holder) scans over the surface area of the sample. The force between the tip 

and the samples is measured by the deflection of the cantilever which is then transduced 

into an electrical signal. To record this signal an optical detection system consisting of a 

laser beam is directed towards the cantilever reflective surface with photodiodes 

measuring vertical and lateral displacements [31].  This displacement is calculated in 

accordance with Hooke’s Law (equation 2.6).  

                                                           𝐹𝑠𝑢𝑚 = 𝑘∆𝑧                                           equation 2.6 

where 𝑘 is the cantilever spring constant and ∆𝑧 is proportional to the force between the 

tip and the sample [30, 31].  By plotting the deflection of the cantilever and its position 

on the sample a topographical image can be obtained [30].  

Nanotopographical LIPSS were further characterised by atomic force microscopy (AFM). 

using a Veeco Nanoscope dimension 3100 AFM. Rigid silicon TESPA tips (NanoWorld) 

with < 8nm tip radius, 42Nm−1 spring constant, 320kHz nominal resonance frequency 

were used to scan 3 images of each topography 10 x 10μm2 (technical replicates 3), with 

a scan rate of 0.5Hz, amplitude 0.5V [32]. Gwyddion software was used to calculate the 

average surface roughness (Sa) using 2D Fast Fourier Transform filtering system.
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2.2.6 Profilometer  

Interferometry measures the surface profile of a substrate using a monochromatic light 

that is split into two beams by a partial mirror. These two beams of light travel through 

two different path lengths before being recombined. When two coherent beams are 

superimposed on each other they generate an interference. One beam is reflected by the 

test surface and the other is reflected by a reference surface [33].  This interference 

presents itself as light and dark waves on screen. The light areas are when the two beams 

are in phase (constructive interference) and the dark areas are where the two beams are 

out of phase destructive interference). These optical interference fringes give us 

information on optical path differences generating a 3D image [34]. Profilometer Zygo 

Niew View 200 interferometry profilometer model instrument (20 x objective) was used 

for measurement of particle size distribution of LIPSS substrates with MetroPro software 

8.3.2. Objective 2.5 x magnification and a scan rate of 5µm bipolar (5 second) was used 

to obtain raw data images.  

2.2.7 Electrochemical Characterisation 

 Electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV) 

experiments were performed using a Princeton Applied Research 

Potentiostat/Galvanostat model Parstat 2273. A 1ml three-electrode electrochemical cell 

was used to record impedance measurement in saline solution (137mM NaCl, 29mM 

NaHCO3 1.7mM Na2HPO4 and 0.7mM NaH2PO4 in deionised H2O) with the Pt/Ir or 

nanostructured Pt/Ir microelectrodes as the working electrodes, platinum wire as the 

counter electrode and a Ag/AgCl (3.5M KCl) reference electrode. An AC sine wave of 

40mV amplitude was applied with 0 V DC offset. Power suite software was used to 

measure and analyse the impedance module in the frequency range between 100 kHz and 

0.1Hz. For the cyclic voltammetry measurements an area of 0.4486cm-2 was used with an 

initial potential of -1.00V and vortex potential of 0.7V (vs Ag/AgCl). The scan rate was 

0.1V/s.  The charge storage capacity (CSC) was calculated based on the CV curves 

according to the formula (equation 2.7), t1 is the CV of the first circle and t2 is the end of 

the last cycles (after 90 cycles/270 cycles) and I is the current [35].  

                                                      𝐶𝑆𝐶 = ∫ 𝐼(𝑡)𝑑𝑡
𝑡2

𝑡1
                                       equation 2.7 
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2.2.8 X-Ray Photoelectron Spectroscopy 

X- ray photoelectron spectroscopy (XPS) is a widely used technique analysing the 

elemental composition and chemical bonding of surfaces by irradiating the sample with 

X rays.  The beam interacts with the core electrons and simultaneously the number of 

electrons and kinetic energy being emitted from 1-10nm depth of the sample surface is 

measured. The system consists of four components x ray source, UHV analysis chamber, 

hemispherical electron mirror analyser and detector [36]. XPS is based on the 

photoelectric effect where electrons are emitted on exposure to electromagnetic radiation.  

By knowing the energy of an x ray ~1486eV at a particular wavelength and measuring 

the emitted electrons kinetic energy (KE), the binding energy (BE) of the electron can be 

determined based on the following equation: 

                                                        𝐾𝐸 = hv − BE                                           equation 2.8 

with hv being the energy of the x ray photon. One can therefore determine the elements 

near the surface of the material, its chemical state and the binding energy of the electrons. 

Often the sample is bombarded with Argon to remove any contaminants that might remain 

on the surface [36].  

XPS of LIPSS substrates was carried out using a Kratos Ultra AXIS-165 spectrometer 

located at the Material and Surface Science Institute (MSSI) in the University of 

Limerick.  Within the XPS system, an X -Ray Gun mono 150mW (10mA, 15kV) was 

aimed at an aluminium target and low energy aluminium x rays  were emitted (AI Kα 

1486.58eV) in a sampling temperature range of 20-30oC [37]. The gun itself consist of a 

negative plate to focus the electrons towards the sample, these electrons are then confined 

by the magnetic field of the magnet immersion lenses. The X-rays emitted from the 

aluminium target is directed towards a sample but propagates through a quartz crystal 

which spectral filters the beam. The incident rays then cause the ejection of a core level 

electron from the sample. This causes an outer level electron to fill the vacancy in the 

core level, the electromagnetic energy which is emitted is a function of its binding energy 

and enables the chemical composition to be determined [36]. The number of 

photoelectrons is represented as a surface composition spectrum. Each peak on the 

spectrum corresponds to binding energies that is characteristic of an element present [38]. 

The area under each peak also provides the quantity of this element present [38].   
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Pt/Ir samples were lightly sputtered with Ar cluster beam for ~3 sec before analysis took 

place. All samples were subjected to a pass energy of 160eV to obtain surface spectra and 

20eV for narrow regions. Dwell time was 50ms for survey spectra and 100ms for regions 

Step: 1.0eV (survey), 0.05eV (regions). For calibration C1s line was used at 284.8eV was 

used as a charge reference. Spectra were collected normal to the surface direction [32].  

Data containing synthetic peaks in narrow region were constructed and processed using 

Shirley type background and Gaussian-Lorenzian type. Data was also cross sectioned 

with CasaXPS library containing Scofield cross sections.  
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2.3 Results: 

2.3.1 Topographical Analysis of LIPSS Functionalisation of Pt using a 

1030nm Wavelength Femtosecond Laser 

A femtosecond laser was used to generate different topographies on a Pt foil substrate at 

a fluence greater than the minimum damage threshold of the material.  The damage 

threshold was calculated in section 2.2 (Figure 2.3) and different rippled topographies 

were created for 2, 5, 10, 20 and 40 pulses (or shots per area). Although in section 2.2 the 

fluence was calculated as 0.30Jcm-2, a slight increase in fluence value (0.39Jcm-2) was 

necessary to observe prominent nanotopographical features. Each of the topographies 

were produced using 1030nm wavelength, 100kHz repetition rate, power of 0.35W and 

using a beam width of 25μm. SEM images reveal the surface structure of platinum when 

it is exposed to 2 pulses at 0.39Jcm-2.  On the outer edges of the pulse there are individual 

droplet shaped features (where the fluence is less than ablation threshold fluence) see 

Figure 2.5 b). Each of these nanodrops are surrounded with an elliptical/spherical ring of 

varying nano-rim size. However, as you move towards the centre of the crater produced 

by 2 pulses there is an increase in the number of these droplet-like features that seem to 

merge as observed in Figure 2.5 c). They appear to overlap with each other at the centre 

of the crater, where the beam intensity is at the highest (Figure 2.5 d) As you increase the 

number of pulses the rippled structures emerge becoming more and more defined with 

increase in pulse number.  Figure 2.5 e-h) shows the centre of the crater for 5-40 pulses. 

The LIPSS that emerge are generated in the direction of the electric field of the incident 

laser beam.  
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Figure 2.5 LIPSS Processing of Pt using a 1030nm Wavelength Femtosecond IR laser, Operating at 

a 100kHz Repetition Rate, and a Power of 0.35W, producing 0.394J cm-2.  

SEM image of example pulsed line scan a). Image of beyond the outer edge of a crater formed using 2 

femtosecond laser pulses b), along the edge of a 2 femtosecond laser pulses crater c), and the centre of a 2 

femtosecond laser pulse crater d). Image of the centre of a crater formed using 5 femtosecond laser pulses 

e). Image of the centre of a crater using 10 femtosecond laser pulses f), and image of the centre of a crater 

formed using 40 femtosecond laser pulses g).  
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2.3.2 Electrochemical Analysis of LIPSS Functionalisation of Pt using a 

1030 nm Wavelength Femtosecond Laser 

To evaluate the electrochemical performances of LIPSS functionalised Pt, EIS and CV 

analysis was performed on LIPSS formed with10 femtosecond laser pulses and compared 

to a planar control Pt foil. LIPSS functionalised Pt had a significantly lower impedance 

relative to the control at the lower frequency range. However, from 100 Hz onwards the 

LIPSS and the control electrode possessed an equivalent impedance profile (Figure 2.6 

a). Pristine control and LIPSS functionalised Pt were assessed using a CV to evaluate 

their charge storage capacity (CSC) after subjecting the materials to 90 cycles of current. 

Charge storage capacity measures the storage and transfer of charge as a function of time 

of the macroelectrode. The higher the CSC the greater the charge delivery ability of the 

neuroelectrode during electrode stimulation. To measure CSC, the absolute area of the 

cyclic voltammetry curve was measured after 1 cycle and after 90 cycles as represented 

in Figure 2.6 b). LIPSS functionalised Pt had a higher CV curve area after 90 cycles 

relative to planar control Pt. However, the area of the CV curves for LIPSS functionalised 

Pt had a greater decrease in CV area (30% decrease) after 90 cycles compared to the 

control Pt (20% decrease in CV area). Nevertheless, LIPSS functionalised Pt indicated a 

higher capacity for storage of electrical energy than planar Pt (~30 millicoloumbs (mC) 

compared to control with ~5mC).  
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Figure 2.6 Electrochemical Characterisation of LIPPS Functionalised Pt macroelectrodes Formed 

using 10 Femtosecond Laser Pulses.  

Representative bode plots indicate that the electrochemical impedance was reduced at the high frequency 

range for LIPSS functionalised Pt formed with 10 femtosecond laser pulses compared to. planar control 

substrates a).  Cyclic voltammetry curves of platinum control (n=1) had a smaller CV curve area than LIPSS 

(10 pulses, average n=2) b). The absolute area of the CV curve was recorded as 77.27mC after 1 cycle and 

48.93 after 90 cycles for LIPSS substrates whilst the control had a CV area of 10.31mC after 1 cycle and 

8.22mC after 90 cycles c).  

 

2.3.3 LIPSS processing of Pt/Ir using a 1030nm and 515nm Wavelength 

Femtosecond Laser, Operating at a 100kHz Repetition rate.  

Due to Pt/Ir being the gold standard material for electrodes employed in neural recording 

we investigated LIPSS formation on Pt/Ir macroelectrodes through the delivery of 

femtosecond laser pulses of two different wavelengths 515nm (Green radiation) and 

1030nm (infra-red). The wavelength producing the most prominent structures would be 

used for fabricating different LIPSS structures on Pt/Ir. A pulse range from 50 to 200 

pulses was tested. The threshold fluence values for a wavelength of 515nm was lower 

than the threshold fluence for 1030nm.  For 50 pulses (100kHz repetition range) no 

defined ridges and grooves within the centre of the pulse were present, however, towards 

the outer circumference of the pulse a slight ripple formation was observed (Figure 2.7 

b). For 100 and 200 pulses (again 100kHz repetition range) more defined outer edge 
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features were observed (Figure 2.7 e & h), however again for both 100 and 200 pulses, 

no ripple structures were observed at the spot centre (Figure 2.7).  

 

Figure 2.7 High Pulse Numbers Delivered to Platinum Iridium using 515nm Wavelength @ 100kHz.   

SEM low magnification image of 50 pulses a), high magnification of outer crater of 50 pulses b), and centre 

of 50 pulse crater c), 100 pulses at 515nm wavelength at low d) and high magnification e). High 

magnification of show formation of ridges and grooves at the outer edge of 100 pulses crater and nanopillars 

at the centre of the crater f). 200 pulses at 515nm wavelength were similar to 100 pulses nanostructure 

formation and are shown in images g-i). 

 

A 1030nm wavelength femtosecond laser was subsequently employed, delivering 100, 

150 and 200 pulses to Pt/Ir macroelectrodes as seen in Figure 2.8. At higher 

magnification, 100 pulses at 0.39Jcm-2 produced ridges at the spot outer edges and 

nanopillars at the spot centre. 150 pulses produced LIPSS features which possessed more 

prominently defined ridges compared to 100 pulses at 0.39Jcm-2. Again, nanopillar 

formation was noted at the spot centre for LIPSS produced with 150 laser pulses at 

0.33Jcm-2, however with 0.39Jcm-2 a topography of ridge and groove features was 

achieved (see Figure 2.8 k). For 250 pulses this effect was increased, with greater ridge 

widths at the outer spot edges, topographical ripples were also noted near spot centre. 

Hence 1030nm wavelength was used for the continuation of the study.  
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Figure 2.8 High Pulse Numbers Delivered to Platinum Iridium Using a 1030nm Wavelength @ 

100kHz.  

SEM image of 100 pulses at low magnification a), and high magnification, with high magnification images 

showing ridges in outer edge of crater b), and nanopillars at the centre of the crater c). SEM images of 150 

pulses at two different powers using 1030nm wavelength, were also observed at low magnification d & g), 

and at high magnification. Again, defined ridges were observed at the outer edge of 150 pulses crater e & 

h), with nanodrops again observed at the centre of the crater f & i). 200 pulses using 1030nm wavelength 

are observed in images j-l). 

 

The optimisation process explored varying the pulse number and laser wavelength in 

order to generate LIPSS topographies with distinct ripple features. However, if the 

fluence value was not correctly identified, too much or too little power could be delivered, 

resulting in irregular shaped spots and/or severe Pt/Ir ablation. For example, Pt/Ir 

macroelectrodes exposed to 400 pulses with a fluence of 0.20Jcm-2 (0.15W) were 

associated with irregular and ill -defined LIPSS features (see Figure 2.9 a). However, by 

changing to fluence value to 0.46J cm-2 and delivering 400 pulses to a 10 x10 mm2 region, 

resulted in LIPSS ridges that were severely ablated, forming almost bubble shaped melted 
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material on the Pt/Ir surface. Optimisation of the fluence/power, laser wavelength and the 

number of delivered pulses were identified critical parameters influencing LIPSS 

formation.   

 

Figure 2.9 Incorrect Power and Fluence Values Led to Inadequate Formation of LIPSS.  

Pt/Ir exposure to 0.20J cm-2 for 400 pulses a), and 0.46Jcm-2@ 0.35W for 400 pulses b).  

 

2.3.4 Number of Pulses and Applied Threshold Fluence Values  

The change to the ϕth as a function of pulse number is shown in Figure 2.10 a). These 

were calculated using the same approach as shown in figure 2.2 a and b).  An increase in 

the pulse number delivered to the Pt/Ir macroelectrodes resulted in a decrease in the ϕth 

value (Figure 2.10 a). The ϕth value decreased from N =1/2 to N = 50 pulses. Beyond 

N=100 pulses to N=150 pulses the threshold fluence value remained constant. A further 

important factor in LIPSS generation was identified as the incubation threshold, as 

represented in Figure 2.10 b).                                                                                                                                                  

The incubation effect was described briefly in section 2.2.3. and was calculated from the 

slope of the graph in figure 2.10 b) where the natural log of the pulse number was plotted 

against the natural log of the pulse number multiplied by fluence threshold represented as 

Ln N*ϕth. For Pt/Ir at 100kHz the incubation effect was calculated as 0.76.  
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Figure 2.10 The Applied Threshold ϕh and Incubation Effect of Pt/Ir.  

As the number of pulses increase the damage threshold decreases a). The incubation effect (the slope) of 

Pt/Ir was 0.7697 b).  

 

2.3.5 Generation of Surface Topographies on Pt/Ir 

Whilst the minimum damage threshold was calculated for a range of pulses, in order to 

produce rippled topographical features on Pt/Ir, a threshold fluence ϕth of 0.48Jcm-2 was 

identified as optimal for LIPSS generation with a broad range of pulse numbers. The 

number of pulses delivered in a line per shot exposure area were determined by 

calculating the speed from the laser spot diameter ~ 43µm and repetition rate as outlined 

in section 2.2 and equation 2.3. The following table -Table 2.3 shows the mark speed and 

the % overlap for each of the pulses or (SPA). The pulses number were decided based on 

their distinct topographical differences and the severity of ablation induced.  
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Table 2.3 Parameters Used to Determine Number of Pulses.  

The femtosecond laser was operated at 100 kHz and the scanning speed was varied to change the number 

of overlapping laser pulses (SPA) using equation 3. 

Shots per area  Mark Speed m/s % overlap  

2 2.1 51.23 

50 0.086 98 

150 0.028 99.34 

250 0.017 99.6 

 

Different LIPSS features were generated on Pt/Ir when exposed to a femtosecond laser 

line scan at a fluence value greater than the damage threshold fluence.  The line scan 

speeds for each of the SPA (number of pulses) covered a 10 x 10mm2 area.  SEM analysis 

showed that 2 pulses produced ripple features towards the outer spot edge, with nanopillar 

formation at the spot centre. High magnification SEM images showed these nanopillar 

features become more aligned, parallel to the degree of polarisation (see Figure 2.11 a), 

e) and i). As observed with Pt substrates, an increase in pulse number/ SPA led to the 

production of more defined LIPSS features i.e. ridges and grooves. Unlike single shot 

exposures which were elliptical in shape, line scan speeds represent an overlap of number 

of pulses moving along a continuous line and therefore do not have defined elliptical 

circular shape, Figure 2.11 d), g) and j).  It was only at lower pulse number i.e. 2 

pulses/SPA, that an individual pulse could be identified. This was due to the lower % of 

shots overlapping as seen in Figure 2.11 a). A slight increase in ridge width was observed 

(at high magnification) from 50 pulses/SPA to 150, 250 pulses/SPA (figure 2.11 f)-l).   
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Figure 2.11 Pt After Exposure to 0.48Jcm-2 @ 100kHz and 1030nm Wavelength.  

For 2 pulses at low magnification a), high magnification b), and c). For 50 pulses at low magnification d), 

high magnification e) and f). 150 pulses at low magnification g), high magnification h) and i) and 250 

pulses at low magnification j), high magnification k ) and l). 

 

2.3.6 Further Characteristion of Surface Topographies on Pt/Ir   

The surface area for each of the topographies were further characterised with AFM. A 10 

x 10µm scan area was used to analysis the surface features. Surface plots of each of the 

topographies reveal the spacing and height of the ridges and grooves as shown in Figure 

2.12 a-e). Differences in ridge and groove width are observed between the pulses (Figure 

2.12 c & d).  
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Figure 2.12 High Resolution Surface Plot Images using AFM.   

Surface plot of pristine Pt/Ir a) and Pt/Ir exposed to 2 pulses b), 50 pulses c), 150 pulses d), and 250 pulses 

e).  

 

Using AFM and gwyddion software ridge, groove width and height of features as a 

function of pulse number were quantified (Figure 2.13). LIPSS formed with 50 pulses 

possessed greater groove widths (~314nm) and depth (~225nm) relative to LIPPS formed 

with 150 (~195nm groove width and depth ~136nm) and 250 pulses (~214nm groove 

width, depth ~153nm). The average ridge width for 50 pulses was ~541nm, 150 pulses ~ 

603nm and 250 pulses ~562nm. The greatest average roughness was observed on Pt/Ir 

substrates functionalised with 150 and 250 femtosecond laser pulses (~ 30nm), relative 

to 2 pulses (~16nm) and control (~6nm). Pt/Ir substrates functionalised with 50 pulses 

also possessed a significantly higher roughness with an average of Sa (extension of Ra-

represented as an absolute value) of ~25 ± 3nm (Figure 2.13 c). An increase in surface 
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area and roughness can significantly affect electrochemical parameters as well as cell 

function. From the AFM results obtained 150 and 250 are morphologically very similar.  

To further verify any potential differences between 150 and 250 pulses, groups were 

analysed for their nanostructure distribution on both ridges and grooves.  

 

Figure 2.13 Surface Analysis via AFM.  

AFM revealed that Pt/Ir substrates subjected to 50 femtosecond pulses possessed the greatest groove widths 

(314.7 ± 87nm) a), whilst 250 pulses resulted in groove widths of 214.4 ± 38nm b).  The average groove 

depth was also greatest for 50 pulses at 225.5 ± 72nm b). Surface analysis revealed Pt/Ir roughness was 

greatest when exposed to 150 and 250 femtosecond pulses, which possessed a Sa of 30.45 ± 6 and 30.58 ± 

3nm respectively c). Results are mean ±STD n=3, p≤ 0.05*, p≤0.005**.   
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2.3.7 Nanostructure Distribution as a Function of Number of Pulses  

On further analysis of nanostructures as determined by the surface roughness with the 

profilometer, a clear difference was observed between the traces due to the different 

number of pulses (Figure 2.14). LIPSS formed with 250 pulses had the highest roughness 

as represented by the greatest amplitudes for the spatial frequencies (or spatial cycles per 

unit distance) contributing to the surface texture. The highest roughness corresponds to a 

spatial frequency at 10mm-1 is fitted to the surface structure with an amplitude of 62 ± 

30nm for the lowest spatial frequency. This is larger compared with 150 pulses which has 

an amplitude for the low spatial frequency (10mm-1) of 45 ± 17nm, 50 pulses 20 ± 11nm 

and 2 pulses 12 ± 8nm (Figure 2.14 b-d). The topographical surface features formed at 

high spatial frequencies do not contribute to surface roughness whilst at low spatial 

frequencies (larger wavelengths do significantly contribute to roughness) the values are 

relatively constant. Significantly larger roughness/aggregate size on ridges was observed 

with Pt/Ir substrates functionalized with 250 pulses (99 ± 41nm) at 10 mm-1 relative to 

Pt/Ir substrates functionalized with 150 pulses (44 ± 41nm) and 50 pulses (23 ± 13nm), 

Figure 2.14 f-g. The physical morphology of 2 pulses is more representative of grooves 

rather than ridges, hence its particle distribution is only shown in the groove particle 

distribution plot. The control (plain Pt/Ir foil) had the low spatial frequency of 6 ± 2nm 

at 10mm-1.  Despite AFM results showing little to no differences between the morphology 

of 250 and 150 pulses. The interferometry results show there is significant differences 

between groups 250 and 150 pulses for grooves at spatial frequencies at ~13.5 mm-1 and 

at spatial frequencies 10 and 13mm-1 for ridges. There was also significance for ridges 

and grooves between 2 pulses and 150, 250 pulses at the low spatial frequency range 10-

60mm-1. Significance was also observed between 50 and 250 pulses (both ridges and 

grooves) again at the low spatial frequency range <15mm-1. 
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Figure 2.14 Nanostructure Distribution of Ridges and Grooves as a Function of Pulse Number.   
Roughness of grooves (between ridges) showed LIPPS formed with 250 femtosecond pulses had the highest 

roughness for all spatial frequencies a), compared to 150 pulses b), 50 pulses c), and 2 pulses d). Surface 

interferometry analysis of roughness on topographical ridges was also performed and indicated that Pt/Ir 

substrates functionalized with 250 had significantly higher surface protrusions at 10mm-1 and 13.5mm-1. At 

spatial frequency of 13.5mm-1 250 pulses had an amplitude of 110 ± 34nm, whilst 150 pulses had an 

amplitude of 53 ± 34nm f), and 50 pulses 25 ± 13nm g). Control (along with 2 pulses) had the lowest 

amplitude values along the spatial frequency range compared to other experimental groups h). The axial of 

the spatial frequencies for both ridge and groove were horizontally calculated.  
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2.3.8      Pilot study: Enhanced Electrochemical Properties with LIPSS 

The different LIPSS features were tested for their electrochemical capabilities. Both 

impedance and the charge storage were measured and compared to a pristine control Pt/Ir. 

All samples subjected to laser treatment (i.e. pulses) showed a decrease in impedance at 

both high and low frequency range compared to the control Figure 2.15 a). Mean 

impedance measured at 1kHz (which is the frequency benchmark for the analysis of 

neural electrodes) is ~53 ohms for the control, 17 ohms for 2 pules, ~23 ohms for 50 

pulses, ~30 ohms for 150 pulses and ~12 ohms for 250 pulses.  Nyquist plot is used to 

indicate the electrode/electrolyte double layer capacitance behaviour of the different 

substrates. 2, 50, 150 and 250 pulses indicated lower charge transfer resistance compared 

to the control (Pt/Ir) which showed a much higher charge transfer resistance (red line) 

(Figure 2.15 b). Whilst 250 pulses had the lowest impedance, it did not have the biggest 

CV curve area as shown in the Figure 2.15 c.  To calculate the CSC for all the different 

substrates, the area of the CV curves was measured after 1 cycle and then after 270 cycles 

of current. 250 pulses had the smallest CV curve area when compared to the other LIPSS 

substrates. However, 250 pulses had the lowest CV curve area decrease i.e. CSC % loss 

(~0.7%), after 270 cycles of current. The CV curve area for 250 pulses after 1 cycle was 

~14 millicoloumbs) and after 270 cycles ~ 13.9 millicoloumbs mC.   The highest CV 

curve areas was observed for 150 pulses after 1 cycle (~20mC) and after 270 cycles 

(~19mC). 50 pulses had one of the highest % loss of CSC with ~18mC after 1 cycle and 

~14mC after 270 cycles (Figure 2.15 d and Table 2.4). Pristine control had the smallest 

CV curve area after 1 cycle (~9mC) and then again after 270 cycles (~ 7mC). With a CSC 

% loss of 21%. 2 pulses had a charge storage of ~12mC and had a gain in % CSC of 3%. 

This is unusual and maybe limited to experimental error. Substrates functionalised with 

250 pulses had the lowest impedance and the lowest % CSC loss after 270 cycles. 

Electrodes that have lower impedance and higher CV curve area (with low CSC % loss) 

tend to have greater recording and stimulating ability over the lifetime of the device. 
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Figure 2.15 Electrochemical Characterisation of Pt/Ir with Increase Number of Pulses.  

Impedance was reduced at both high and low frequency range for pulses (n=2) a). Nyquist plot is another 

representative graph of impedance, as a complex function b).  Cyclic voltammetry curves of platinum 

control (n=1) had a smaller CV curve than all LIPPS substrates after 1 cycle and after 270 cycles c).  Control 

Pt/Ir and 50 pulses had the highest % loss of 21 and 28%, whilst 150 (~2%) and 250 (~0.7%) had the lowest 

% loss after 270 cycles d).  

 

Table 2.4 Electrochemical CV Analysis of Pt/Ir LIPSS substrates and Pt/Ir Pristine Control    

Shots per area 

(pulses) 
After 1 Cycle 

~mC 
After 270 Cycles 

~mC 
CSC 
Loss 
% 

Control 9 7 21 

2 12 13 3 

50 18 14 28 

150 20 19 2 

250 14 13.9 0.7 
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2.3.9 Surface Chemistry Analysis Through Contact Angle Measurements  

Contact angle measurements were investigated to clarify if there were differences in 

surface energies between laser patterning LIPSS functionalised substrates compared to 

pristine control. Contact angle measurement is also used to indicate hydrophobicity of a 

material surface i.e. surface wettability (see Figure 2.16 a-b). Ideally the surface 

substrates would be hydrophilic indicated by a contact angle <90o.   Contact angles results 

on all experimental substrates indicated there was no statistical difference in angle 

between the LIPSS functionalised substrates and the control. Average water contact angle 

for 150 pulses had the lowest contact angle with 53.9 ± 6.8o, followed by 2 pulses 55.1 ± 

11.7o, then 50 pulses 57.9 ± 7.7o, 250 pulses 62.2 ± 3.1o and control 65.6 ± 5.1o. No 

significance changes in hydrophilicity between the LIPSS substrates (250, 150, 50 and 2 

pulses) and pristine control, indicated that laser patterning had a minimum effect on the 

surface energy of Pt/Ir substrates (see Figure 2.6 c).  

 

 

Figure 2.16 Measurement of Contact Angle on Control and LIPSS Substrates.  

Images of water droplet on control a), and 150 pulse LIPSS substrate b). Average water contact angle 

measurements for control and pulse substrates, ± SD, n=3, p≤0.05.  
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2.3.10 Elemental Composition with Increasing Number of Pulses  

Further surface chemistry analysis involved using X ray photoelectric spectroscopy 

(XPS) to determine the elemental composition of the LIPSS functionalised substrates and 

pristine control. Results are represented in Table 2.5. Values of XPS analysis are 

represented as % atomic number. Chromatograms revealed prominent peaks of oxygen, 

carbon, platinum and iridium. There were no significant differences in elemental 

composition between the experimental and control Pt/Ir substrates. There was however a 

significant percentage of carbon present in all substrates. Control substrate had the highest 

percentage of carbon (~64%) and the lowest percentage of platinum (~6%) and iridium 

(~1%). 50 pulses had the highest (on average) percentage of platinum (~20%) and one of 

the highest % of iridium (~5%), compared to other groups. Data is represented as a mean 

(n=3, ±SD). No significance was observed between groups confirming that laser 

patterning does not affect the elemental composition of substrates.  

Table 2.5 Elemental composition of LIPSS Features and Planar Control.  

Values of XPS analysis are represented as % atomic number. Data is represented as a mean (n=3, ±SD). 
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2.4  Discussion 

LIPSS have been fabricated on a number of different metal surfaces for various 

applications. Some of these successful LIPSS structures on metal surfaces include gold, 

silicon  [39], steel [40] and titanium [41]. LIPSS structures have also been applied to 

metal alloys for example platinum and stainless steel [42], steel and titanium [43] and 

Zirconium based alloys [44]. To apply this LIPSS phenomenon for its use in 

neuroprosthetics devices, LIPSS were fabricated on the Pt metal foil and Pt/Ir the “gold” 

standard material used in neural recording.  

Platinum was first investigated for its potential to create LIPSS features.  Laser 

roughening on platinum has previously been investigated for its use in neural stimulation 

[21]. However, the formation of these so called structured layered interference patterning 

was not shown in this study.  Here investigation of the events that lead to the formation 

of LIPSS on platinum surface was shown Figure 2.4.  LIPSS nanostructures (nanopillar 

nanorims) and submicron structures (ridges and grooves) formation depends on the 

fluence and number of pulses delivered.     

A low interfacial recording resistance is one of the main electrochemical properties 

needed for chronic neural recording [45-47]. The frequency range to record and amplify 

a broad range of neural electrical activity occurs between 300-1000 Hz [48]. A pilot study 

of LIPSS Pt (10 pulses) compared to pristine control had a lower impedance at the lower 

frequency range (1-100Hz).  At the higher frequency range > 100kHz however, the 

impedance remained approximately the same for both LIPSS and control. The observed 

decrease with applied pulses in the low frequency range is most likely due to change in 

surface morphology leading to increase in surface area. Another important electrical 

parameter associated with neuroprosthetics is CSC. CSC is a measurement of how much 

charge an electrode is capable of transferring during stimulation (within safe 

physiological conditions), over the lifespan of the device [49]. This CSC measurement is 

taken from the area of  the CV curve [49]. CSC, just like impedance, depends on the 

material physical morphology and the chemical composition of the material [35]. The 

CSC can also be increased due to an increase in electrode surface area [35].   Despite 

LIPSS having a much higher % loss (30%) than the control (20%) after 90 cycles of 

stimulation. Overall LIPSS platinum has a much greater charge capacity of ~30mC/cm-2 

compared to Pt control 5mC/cm-2. A higher CSC indicates a greater ability of LIPSS to 

store more electrical charge. It is hypothesized that the increase of LIPSS surface area led 
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to the development of a solid/liquid interface enabling more charge to be encapsulated in 

electrical double layer [35, 50].  

A comparative study of the use of different wavelengths for producing LIPSS was carried 

out. This was an optimisation step for generating different LIPSS topographies on Pt/Ir. 

The different structures once identified, would then be tested and compared with current 

pritine Pt/Ir electrode electrical performances. The two wavelengths (IR 1030nm and 

green UV 515nm) were exposed to Pt/Ir with a frequency of 100kHz. According to 

literature, there is usually a decrease in the absorbed fluence from 1030nm wavelength to 

515nm wavelength due to differences in reflectivity  [42, 51]. Within the fluence and 

pulse numbers investigated at 515nm wavelength, nanopillar features appeared for the 

different pulse numbers. LIPSS (ripple formation) however was only observed on the 

outer pulse edge for 100 and 200 pulses at 515nm wavelength (Figure 2.7). Therefore, a 

wavelength of 1030nm was continued for the duration of LIPSS formation study on Pt/Ir 

foil. The importance of fluence value is clearly demonstrated with Figure 2.9 where 

incorrect fluence values and pulse energies can lead to severely ablated material.  

With an increase in pulse number there is an observed decrease in the fluence value 

required from 1-100 pulses. This indicates that the amount of energy in each pulse 

required to cause minimal ablation decreases with increase in pulses Figure 2.10 a &b). 

The fluence value almost plateaus after 100 pulses to 150 pulses due to the reduction in 

surface reflectivity [42]. The calculated incubation value (from the slope of the line) is 

0.789. According to theory an S value <1 indicates that with each pulse there is some 

residual damage left behind reducing the reflectivity, thus reducing the damage threshold 

with increase in number of pulses [9]. More specifically the first several pulses cause 

craters to be formed in the centre of the laser spot. The subsequent pulses then interact 

with these craters inducing formation of LIPSS i.e. ripples throughout the pulse [52] 

reducing the refractive index. S>1 would require an increase in fluence value with pulses.  

Distinct difference in topographical LIPSS features were most prevalent when using the 

same fluence value calculated from 1 pulse for all other pulse numbers (as observed for 

Pt in Figure 2.4). However as observed with Figure 2.9 using the same fluence values for 

large number of pulse number (400 pulses) can also result in severely ablated surface. 

Therefore, LIPSS features were produced with pulse numbers 2, 50 ,150 and 250 pulses 

on Pt/Ir, using the same fluence value calculated for 1 pulse, 0.481Jcm-2. Table 2.3 shows 
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the different mark speeds calculated to obtain the difference pulses. SEM (Figure 2.11) 

and AFM (Figure 2.12, 2.13) were show the different surface morphologies for the 

different pulses. It was thought an increase in pulse number would lead to an increase in 

ridge formation from 50 to 250 pulses. Unfortunately, this was not the case there was no 

significant differences observed for the high pulse numbers 50 – 250 pulses for ridge and 

groove width as well as vertical height. 50 pulses on average had the highest vertical 

height and groove width, whilst on average 150 pulses had the greatest ridge width. 

However, 50, 150 and 250 pulses had a significant increase in roughness compared to 2 

pulses and control.  

Interferometry analysis was used to investigate if there was any further differentiation 

between 150 and 250 pulses. The interferometry results show there is significant 

differences between groups 250 and 150 pulses for grooves at spatial frequencies at ~13.5 

mm-1 and at spatial frequencies 10 and 13mm-1 for ridges. There was also statistical 

difference for grooves particle distribution between samples 2 and 250 pulses, with 

significance being observed from 10 to 60 (1/mm) of the spatial frequency range. There 

was also significance between 2 pulses and 150 pulses at the low frequency spatial range 

i.e. between 40-60 (1/mm). It is thought that 250 and 150 pulses have the highest particle 

size due increased debris caused by successive ablation of the Pt/Ir substrates.  Seeing 

these differences on the nanoscale could potentially lead to difference in electrochemical 

characterisation and in vitro cytocompatibility. 

Electrochemical analysis indicated that 250 pulses throughout the frequency range had 

the lowest impedance compared to the control. Between 0.1 and 100Hz the pulses 

decrease in impedance, in succession of each other with a decrease in impedance from 2 

to 50, 50 to 150 and 150 to 250 pulses. Beyond 100Hz, 2 pulses began to decrease beyond 

50 and 150 pulses. All pulse numbers had a reduction in impedance compared to the 

control. Again, like platinum, this is thought to be due the change in the physical 

morphology and the increase in the surface area. Nquist plots showed that all 

experimental Pt/Ir pulse groups had a much lower charge transfer resistance than the 

control.  

CVs for all substrates were analysed within a potential window of -0.4V to 1.0 V. All 

LIPSS substrates had a higher charge storage capacity than the control. The CSC % loss 

was calculated by measuring the CV curve area after 1 cycle and then measuring the CV 
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curve again after 270 cycles of current. The highest % CSC loss was expressed for control 

(21%) and 50 pulses (28%). Despite having the lowest impedance, 250 pulses did not 

have one of the biggest CV curve areas even after 1 cycle of current. However, it did have 

one of the lowest % loss after 270 cycles of current. 150 pulses had the highest CSC 

before and after 270 cycles with only a 2% loss of CSC after 270 cycles. These LIPSS 

CV trends are indicative of how the surface topography can influence electrochemical 

response as CV curve areas increased for all the LIPSS features, leading to an increase in 

CSC [35]. A typical CSC would decrease exponentially with cycle currents; however, 2 

pulses had an increase in CSC (3% increase) after 270 cycles. Originally it was thought 

there was possibly silver contamination during analysis, but the exact same 

electrochemical set up and solutions were used when measuring CVs for all substrates. 

Another possibility was that the electrical double layer simply being rearranged with time. 

Either way limitations prevented this from being further investigated with one of the main 

issues being lack of Pt/Ir foil (n=2 for impedance and n=1 for CSC) and time 

constrictions, as Pt/Ir was needed for future cell studies. No conclusions can be drawn 

from these pilot studies due to the low n number, but rather they imply what type of 

electrochemical behaviour we expect to see when applying LIPSS to Pt/Ir 

microelectrodes as discussed in chapter 3.  

Surface chemistry analysis was carried out with contact angle measurements and XPS. 

Contact angle measurements revealed there was no difference in surface chemistry 

between the substrates. A low contact angle of ~53 to 65 degrees was observed between 

the substrates indicating that the planar Pt/Ir and LIPSS Pt/Ir had hydrophilic substrates 

with θ < 90o [53] as see in Figure 2.16. Hydrophobic conditions are usually indicated with 

θ > 90o [53]. This shows our LIPSS and pristine Pt/Ir are suitable for investigating cell 

substrate interaction.  XPS quantified the elemental composition of all the Pt/Ir substrates. 

There were no significant differences between the groups, however a significant amount 

of carbon was present on all groups especially pristine Pt/Ir. The only possibility for this, 

was that high contamination of carbon occurred during XPS analysis. This presence of 

carbon severely diminished any potential differences in platinum and Iridium between 

the pulse numbers and planar control.   
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2.5 Conclusion  

Threshold fluence was estimated for Pt and Pt/Ir using 1030 nm wavelength at 100 kHz. 

Different pulses numbers were generated on both Pt and Pt/Ir, with increasing number of 

pulses and a decrease in the damage threshold fluence was observed. The incubation 

coefficient was determined from the applied fluence. The pilot studies for LIPSS Pt and 

LIPSS Pt/Ir revealed the LIPSS features showed a promising topography for improving 

the electrical performance of neuroelectrodes as a decrease in impedance and increase in 

CSC was observed. This is due to the increase in electroactive surface area from the 

nano/submicron structures. Overall, it seemed with increase in pulse number there was 

an increase in roughness, with 50, 150 and 250 pulses having significantly higher 

roughness than control and 2 pulses. There were no apparent differences in surface 

chemistry between LIPSS functionalised substrates and control. However, the positive 

electrochemical results indicated in this study meant that LIPSS could be further applied 

and studied on commercial Pt/Ir microelectrode wires as outlined in chapter 3.   
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3.1 Introduction 

The field of neural interfaces for BMI is rapidly progressing [1, 2]. To advance neural 

interface biointegration, new approaches of neuroengineering electrodes must be applied 

with an increased ability to record neural signals over the lifespan of the device. 

Sensitivity and selectivity are key parameters for overall microelectrode functionality. 

Nevertheless, there is often a trade-off between these two parameters in terms of 

microelectrode design. In theory, a neuroelectrode recording site should be as small as 

technologically possible for communication with single neurons and thus increasing 

neuron selectivity  [3]. Unfortunately, a reduction in electrode size leads to an increase in 

electrical impedance reducing the electrode sensitivity [4]. On the other hand, if the 

neuroelectrode size is large, the impedance is reduced and so too is its ability to 

selectively record specific neural populations. Reduction  in recording performance of 

neural populations is seen just two weeks after implantation in patients [5, 6].  

Nanostructured or sub-micron recording surfaces may provide a means to overcoming 

these miniaturisation associated challenges, by increasing the electrode capacity for 

charge transfer through increased electroactive surface area [3, 7-9]. Zeng et al. 2017 have 

shown that electrodeposition of iridium oxide on Pt gray nanocones (adhered onto bare 

Pt microelectrodes) can reduce impedance by 82.2% at 1kHz compared to Pt alone [10].  

Applying a rough topography onto the microelectrode surface is considered an important 

electrochemical measure to improving electrode electrical properties.  

Many techniques are used to generate roughened patterns or  quasi 3D/2D surface 

topographies on microelectrodes including electron and ion beam lithography [11-15], 

nano imprint lithography [16] and direct write laser lithography microprinting [17]. 

Lasers, in particular, femtosecond and picosecond pulsed systems have the advantage of 

generating ultra-short pulses which produce less debris (compared to short pulses) and 

facilitate the formation of high-fidelity, high-resolution machined structures on metallic 

surfaces [18, 19]. Conversely, picosecond and femtosecond laser processing is a rapid 

and relatively inexpensive process and through the optimisation of the laser fluence and 

careful alignment of the beam, it can be employed to reliably generate laser spot sizes as 

low as 20µm [20].  

Laser roughening of Pt microelectrodes has been previously explored  with observations 

of enhanced electrical transfer capabilities as a result of the increase in rough surface area 
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[18, 21, 22]. Platinum (Pt) and platinum iridium (Pt/Ir) are widely used for 

microelectrodes as they are chemically inert, relatively biocompatible have the ability to 

resist corrosion and enable transfer between ionic and electric currents [23, 24]. Pt/Ir is 

considered superior to Pt in terms of its mechanical properties, electrical impedance and 

charge injection capacity [9]. Therefore Pt/Ir was subject to laser roughening in this study.  

Another means of overcoming neuroelectrode miniaturisation issues are neural interface 

coatings such as conducting polymers (CPs) [25]. CPs such as poly(3,4-

ethylenedioxythiophene) (PEDOT) [26-29] polypyrrole (PPy) [30, 31] poly(aniline) 

(PANI) [32], polythiophene (PTh) [33] have all been successful applied on neural 

interfaces to improve electrochemical properties and recording. PEDOT is considered one 

of the most attractive CPs to use due to its significantly lower impedance, higher signal 

to noise ratio and electrochemical stability [4, 34]. PEDOT also exhibits soft mechanical 

properties which is critical for conforming to cortex tissue [34]. CPs unfortunately have 

adhesion limitations due to the lack of strong covalent bonds formed between the polymer 

and the metallic surface underneath [34]. Depending on the underlying substrate used, 

weak adhesion can lead delamination of the PEDOT over time [34-37]. In order to 

improve this adhesion, researchers investigate two very distinct methods. One of the 

approaches is functionalising the PEDOT with an amine group [38, 39]. Unfortunately, 

this method can still lead to delamination as seen with Ouyang et al.  2017 when P(EDOT-

NH2) was observed to delaminate after 300 cycles of cyclic voltammetry [40].  These 

modified monomers are also less prone to electro polymerisation than their unmodified 

forms [41]. This additional modification step is also more time consuming and costly. 

Another method to prevent delamination is physical roughening of the electrode metal 

surface using either acidic solutions or laser processes to mechanically interlock or anchor 

the electrodeposited CP onto the device [34, 37, 42, 43].  Lasers have the added benefit 

of being highly efficient, clean and precise and have been successfully used in the past to 

improve adhesion of CPs onto Pt arrays [42]. To investigate if laser roughening with 

LIPSS can improve PEDOT adhesion, PEDOT was electrodeposited onto LIPSS 

microprobe electrodes.  

Thus, this study was focused on investigating the effects of laser roughening on Pt/Ir 

microprobes using Laser Induced Periodic Surface Structures (LIPSS).  Ultra-short pulse 

lasers (picosecond and femtosecond laser) were used to produce LIPSS on microprobes. 

Three different electrochemical tests were performed electrochemical impedance 
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spectroscopy, cyclic voltammetry (CV) and biphasic current chronoamperometry to 

establish their electrical characteristics. Electrodeposited PEDOT on LIPSS microprobes 

were also tested for their stability and adhesion properties by evaluating their 

electrochemical properties before and after an ISO F1980-07 accelerated aging test.  

Surface characterisation was carried out using SEM and EDX. We hypothesis that the 

LIPSS will improve charge transfer on microprobes as well as improve adhesion of 

PEDOT compared to non-patterned PEDOT controls.   

 

3.2 Materials and Methods   

3.2.1 Picosecond Laser Parameters    

Picosecond laser processing delivers ultra-short pulses to the surface of a material. The 

picosecond laser is a Nd:YAG neodymium yttrium–aluminum–garnet type, which 

delivers a pulse just one trillionth of a second (for comparison a femtosecond laser 

delivers a pulse just under a trillionth of a second). The picosecond set up consists of a 

diode which supplies the electrical power to generate a laser beam in the pump module, 

from the pump module the laser beam is transmitted to the laser head via a pump light 

cable. Within the laser head the seed laser then releases the laser pulses which is then 

amplified by the disk laser. An external modulator controls the laser pulse output. A 

collimator then narrows the laser beam which emerges from the opening of the laser head.  

Just like the femtosecond laser set up, the picosecond laser also consists of a motorised 

attenuator, second and third harmonics generator (SHG/THG) to generate either 1064nm, 

515nm / 343 nm wavelengths. Once the laser beam leaves the interface box it is then sent 

to the galvanometer (Figure 3.1) using a series of mirrors and lenses (Figure 3.2 a) where 

it is directed to a beam expanding telescope and focused on the sample (Figure 3.2 b). 

There is also camera adapter connected to the beam entrance of the galvanometer which 

allows lens visualisation of the laser beam. 
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Figure 3.1 Picosecond Laser flow chart  

IR laser beam leaves the interference box, enters the motorised attenuator and through a series of mirrors 

and lenses enters the galvanometer where the laser beam is focused on the sample stage.   

 

 

 

LIPSS on Pt/Ir microelectrodes (Microprobes) were fabricated with a pulsed IR 

picosecond laser (Trumpf TruMicro 5050) with a pulse duration of 10 picoseconds, a 
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1064nm wavelength, and a repetition rate of 40kHz. The laser was manually aligned and 

directed to the scanning system using combination of mirrors. The laser beam was 

subsequently focused with 100 mm focal length lens by adjusting the sample position 

using a controlled stage (Aerotech).  

 

 

Figure 3.2 Trumpf TruMicro Picosecond Laser System 

Trumpf TruMicro system contains a pulse module, a laser head and a series of mirrors that direct the IR 

laser beam towards the galvanometer a). Laser beam enters the galvanometer and is directed towards the 

sample on the stage b).   

 

Beam width was measured with a beam profiler (BeamScope-P7, DataRay) presented in 

Figure 3.3.  Laser scan speed and laser parameters such as line width and distance etc 

were set up using LaserDESK software.             
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Figure 3.3 Measurement of Beam Width for Microelectrode Modification.  

The beam width was measured using a beam profiler (BeamScope-P7, DataRay Inc). Pink shows the higher 

intensity and blue-low intensity a). The intensity in the centre is higher as the beam resembles Gaussian 

beam distribution b).          
             

SEM carbon coated stub secured the microelectrode which was placed underneath the 

laser focus point with the help of live camera attached to scanning system.  Once LIPSS 

were fabricated on one side of the microelectrode, the Pt/Ir microwires were rotated 

manually on the carbon stub. A fixed scan speed of 86mm/s was used to generate the 

LIPSS on microwire electrodes tips. A laser scan line directed along the axis of the 

microprobe 20 SPA with 80% overlapping at an applied fluence of 0.38J/cm-2 was the 

optimum conditions to generate LIPSS on microwires without damaging the surface (See 

Table 3.1 for picosecond laser parameters). All the experiments were performed at 

atmospheric pressure and room temperature. 

 

Table 3.1 Parameter for Picosecond Laser Scanning   

Repetition rate 40kHz 

Pulse duration <10ps 

Operating temperature 20-24
0
C 

Wavelength 1064nm 

Pulse to pulse stability 0.5RMS 

Beam diameter 50μm 

Diffraction Index M
2 <1.3 
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3.2.2 Femtosecond Laser Parameters  

A pulsed femtosecond laser system (Amplitude) with 1030 nm wavelength operating at 

pulse duration of 500fs and 100kHz repetition was used to generate LIPSS on the parylene 

C (microwire insulating layer). The laser spot diameter at the focused position was found 

to be ~43µm. A fluence of 0.42Jcm-2 was used to generate line scan speed of 86mm/s, 

28.6mm/s and 17.6mm/s, equivalent to 50 pulses, 150 and 250 pulses.  Once LIPSS were 

fabricated on one side of the microelectrode, the microelectrode was rotated manually on 

the carbon stub to expose the unfabricated parylene. 

A femtosecond laser system (Amplitude) with 1030nm wavelength operating at pulse 

duration of 500fs and 100kHz repetition was also used for nanostructuring on the Pt/Ir 

microwire tip. Microwires were obtained from Microprobe for Life Science -Pt/Ir 70/30% 

microprobes code P12PT30.1A10). A 3D computer-controlled stage (Aerotech) enabled 

the sample position to change with micrometre accuracy. The laser energy was focused 

on the sample with 100mm focal length lens of an XY scanning system (Scanlabs). Again, 

an SEM carbon coated stub secured the microwire and placed underneath the laser focus 

point with the help of live camera attached to scanning system. Once LIPSS were 

fabricated on one side of the microwire, the Pt/Ir microwire was rotated manually on the 

carbon stub. Scan speed of 86mm/s was used to generate the LIPSS. Using a laser scan 

line directed along the axis of the microwire ~50 SPA (shots per area), 100kHz repetition  

rate, with ~98% overlapping at an applied fluence of 0.15Jcm-2 was the optimum 

conditions to generate LIPSS on microwire using a femtosecond laser.   

 

3.2.3 3D Electrochemical Printed Cell  

To ensure stability of the microelectrode during analysis an electrochemical cell was 

designed with Inventor software (AutoCad). The design was 3D printed using Ulitmaker 

3D printer machine with poly lactic acid as the 3D printing material. Compared to 

standard electrochemical cells, this cell had much larger holes to facilitate the insertion 

of the microelectrode holder (see Figure 3.4).   
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Figure 3.4 Electrochemical Cell Lid Design.  

The top of the lid with and without dimensions. The overall lid diameter was ~ 17mm, with the three 

smallest holes measuring ~1.5mm, 2mm and 3mm in diameter with the largest in the centre 6.35mm a). A 

side view of the electrochemical lid with the total length of the 3D printed lid ~10mm in total b).  

 

3.2.4 Physical Characterisation  

Platinum Iridium Microelectrodes (MicroProbes Pt(70%):Ir(30%) with Polyimide 

Tubing-PI2PT30.1A10) were physically characterised using scanning electron 

microscopy (SEM). A Hitachi S-4700 Cold Field Emission Gun Scanning Electron 

Microscope was used with an accelerating voltage of 5kV, spot current of 10µA and 

magnification of 1.5 – 40k. Energy dispersive X ray spectroscopy (EDX) was used to 

determine the chemical difference, if any, between fabricated LIPSS structures and 

pristine control microwires. EDX was also used to confirm the presence of PEDOT on 

LIPSS and control microwires.  

3.2.5 Electrochemical Characterisation  

Electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV) 

experiments were performed using a Princeton Applied Research 

Potentiostat/Galvanostat model Parstat 2273. A 1ml three-electrode electrochemical cell 

was used to record impedance in saline solution (137mM NaCl, 29mM NaHCO3 1.7mM 

Na2HPO4 and 0.7mM NaH2PO4 in deionised H2O) with the Pt/Ir or nanostructured Pt/Ir 

microelectrodes as the working electrodes, platinum wire as the counter electrode and a 

Ag/AgCl (3.5M KCl) reference electrode. An AC sine wave of 10mV (vs. Ag/AgCl) 

amplitude was applied with 0V (vs. Ag/AgCl) DC offset. Power suite software was used 

to measure and analyse the impedance module in the frequency range from 100kHz and 

0.1Hz. 

Cyclic voltammetry curves were also recorded in the three-electrode electrochemical set 

up, again with Pt/Ir or nanostructured Pt/Ir microwires as the working electrodes, 
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platinum foil as the counter and a Ag/AgCl (3.5M KCl) reference electrode, and measured 

in an electrolyte solution of 0.3g/ 60ml potassium ferrocyanide (Sigma Aldrich P3289) 

in 0.1M potassium chloride (Sigma Aldrich). CV curves were recorded within a scan 

window of -0.2V to 0.8V (vs. Ag/AgCl) for each sample and a scan rate of 100mV/s for 

two cycles. Recorded CV curves were used to calculate electroactive surface area (ESA), 

that was estimated according to the Randles–Sevcik equation (equation 3.1) [44]: 

                                          𝑖𝑝 = 2.69 𝑥 105𝐴𝐷
1

2⁄ 𝑛
3

2⁄ 𝑣
1

2⁄ 𝑐                             equation 3.1  

where ip is the reduction/oxidation peak current (A), A is the electrode area (cm2), D is 

the diffusion coefficient of Fe(CN)6
4− in KCl solution (6.3 × 10−6 cm2s−1 [45]),  n is the 

electron number contributing to the redox reaction, , υ is the scan rate (Vs−1), and C is the 

concentration of the ferrocyanide (Fe(CN)6
4−) in the bulk solution (molcm−3) [46].  

To determine this potential application to electrical stimulating devices, the charge 

injection capacity (CIC) was determined using the equation 3.2. The CIC is defined as 

the amount of charge transferred through an electrode to ensure that all reaction are 

reversible within the electrolyte [47, 48].  For stimulation signal Cinj is the charge storage 

capacity mC/cm2, Pw is the pulse width of the stimulation signal μs and A is the geometric 

area of the probe (cm2)[48].  

                                                           𝐶𝑖𝑛𝑗 =
𝑃𝑤

𝐴
                                            equation 3.2 

The CIC was measured using a three-electrode electrochemical set up and Princeton 

Applied Research Potentiostat/Galvanostat model Parstat 2273. To imitate physiological 

safe conditions single biphasic stimulation of 200µs of a reduction potential of - 0.6V (vs. 

Ag/AgCl) was followed by 800µs of an oxidative potential of + 0.6V (vs. Ag/AgCl). The 

voltage was chosen  based on the water window of the electrode [49-51].  Charge injection 

limit (CIL) is the maximum amount of charge delivered from the electrode to the 

surrounding tissue without exceeding predefined limits [52]. CIL was determined from 

the calculated CIC value by dividing the CIC value mC/cm2 by the potential 0.6V.  

 

3.2.6 PEDOT: Acceleration Aging Test  

Poly(3,4-ethylenedioxythiophene):p-toluene sulfonate (PEDOT:PTS) was deposited on 

LIPSS and control microwire electrode tips using Princeton Applied Potentiostat/ 
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Galvanostat model Parstat 2273. A 1ml three electrochemical set up was used to deposit 

a thin film of PEDOT:PTS. The reaction comprised of 21.4μl of EDOT, 19.418mg of 

PTS, 0.806ml of water and 0.806ml acetonitrile. A 1.5mA/cm2 current density was 

applied for 450 seconds.  

Impedance measurements were taken before and after to ensure deposition occurred. This 

was carried out using an AC sine wave of 10mV amplitude applied with 0V DC offset. 

Power suite software was used to measure and analyse the impedance module in the 

frequency range between 100kHz and 0.1Hz. 

To test LIPSS and control microwire adhesion properties, microelectrodes were subjected 

to acceleration aging according to the ISO ASTM F1980 – 02 [53].  To determine the 

accelerating aging factor AAF, the following Arrhenius equation with Q10 equal to 2, 

was used: 

                                                     𝐴𝐴𝐹 = 𝑄10

     [
𝑇𝐴𝐴−𝑇𝐵𝑇

10
]
                                    equation 3.3 

Where TAA is accelerated aging temperature (°C), and TBT is the ambient temperature 

(°C). 

Samples were heated to 89°C for three weeks in phosphate buffer saline to obtain an 

estimated acceleration aging test of two years. Both PEDOT, LIPSS and control 

microelectrodes were subjected to electrochemical characterisation before and after 

aging.   

3.2.7 Statistical Analysis  

All the statistical analysis was carried out with Minitab/GraphPad Prism with data 

represented as the mean ± standard deviation or ± standard error mean. At least 3 ≥ 

technical replicate samples were assessed for the generation of electrochemical data and 

subsequent non-parametric (Kruskal Wallis) and parametric (One-way ANOVA and 

paired t test p ≤ 0.05) statistical analysis was carried out. Note: only 2 microwires were 

tested after PEDOT accelerated post aging n=2. 
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3.3 Results 

3.3.1 LIPSS Functionalisation of the Microwire Insulating Layer of 

Parylene-C 

The generation of LIPSS is not just confined to metallic and ceramic surfaces but can also 

be applied to polymer substrates. In this study Pt/Ir microwire electrodes were insulated 

with a polymer layer called parylene C. This parylene layer covers nearly all the 

microwire except for the exposed Pt/Ir tip (See Figure 3.5 a). Different pulses were 

generated on parylene using a femtosecond laser 100kHz repetition rate and fluence value 

of 0.42Jcm-2. See Figure 3.5 for generation of LIPSS 50 pulses c) 150 pulses Figure 3.5 

d) and 250 pulses Figure 3.5 e). Ridges on the polymer can be seen to increase with 

increase in pulse number especially those observed from 50 to 150 pulses. This pattern 

was also seen on Pt/Ir macroelectrodes in chapter 2.  

 

Figure 3.5 SEM images of LIPSS Fabricated on the Microwire Insulating Layer of Parylene C.  

Low magnification of pristine microwire electrode with parylene coating and exposed Pt/Ir tip a), high 

magnification of pristine parylene C b), and fabricated LIPSS 50 pulses (using 86mm/s laser line scan 

speed, with approximate ridge width 510nm and groove width 200nm) on parylene C c). 150 pulses (using 

28.6mm/s line scan speed with approximate ridge width 546nm and groove width 178nm) d), and 250 

pulses (using 17.6mm/s line scan speed, with approximate ridge width 515nm and groove width 77nm ) e). 

The images and data collected are purely representative.  
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3.3.2 Physical Characterisation of Picosecond Generated LIPSS 

Functionalised Pt/Ir Microwire Electrodes  

To study the effects of LIPSS on Pt/Ir tip microwire electrochemical properties, just the 

Pt/Ir tip was laser patterned. A picosecond laser 1064nm wavelength was used to generate 

LIPSS on Pt/Ir microwire electrode tip (approximate area of Pt/Ir microwire tip is shown 

in appendix section 7.2). The LIPSS pulses on the Pt/Ir tip were parallel to the polarisation 

of the beam. A fluence value of 0.38Jcm-2 and laser line scan speed of 86mm/s was used 

to generate LIPSS of approximately 20 SPA on Pt/Ir tip, see Figure 3.6 c & d). Anything 

above 86mm/s resulted in complete ablation of the Pt/Ir tip.  Different LIPSS orientation 

on the microwires were also achieved see Figure 3.6 e & f.   

 

Figure 3.6 SEM Characterisation of Control and Picosecond Laser Processed Pt/Ir Microwire.   

Low and high magnification SEM images of control Pt/Ir electrode tip respectively (a-b). Low and high 

magnification SEM images of fabricated LIPSS features on Pt/Ir microwire tip (c-d). Dimensions of 

microwire were between ~10-11μm in diameter at the base and possess a height of ~20-23μm.  Vertical 

orientation of LIPSS on Pt/Ir microprobe electrodes (e-f). Ridge width was approximately 390nm whilst 

the groove width was approximately 165nm. The images and data (ridge/groove width) collected are 

representative.  
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3.3.3 Physical Characterisation of Picosecond Generated LIPSS 

Functionalised Pt/Ir Microwire Electrodes  

For comparison purposes a femtosecond laser of 1030nm wavelength was also used to 

generate LIPSS on Pt/Ir microprobe tips.  A fluence value of 0.38Jcm-2 and laser line scan 

speed of 86mm/s was used to generate LIPSS of ~50 SPA (see Figure 3.7 c-d). Different 

LIPSS orientations were also achieved through different microwire positioning on the 

specimen stage Figure 3.7 e-f).  More highly defined ridges are formed compared with 

that of picosecond laser.  

 

Figure 3.7 SEM Characterisation of Femtosecond Laser Processed Pt/Ir Microwire.   

Low magnification SEM images of Pt/Ir electrode tip (a-b). SEM images of fabricated LIPSS features on 

Pt/Ir microwire electrode tip (c-d). High magnification SEM images of fabricated LIPSS features on Pt/Ir 

(e). SEM images of fabricated LIPSS features on a microwire electrode tip at different orientation f). Ridge 

width was approximately 339nm whilst the groove width was approximately 227nm. The images and data 

(ridge/groove width) collected are representative.  
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3.3.4 Analysis of the Electrochemical Properties of Picosecond Generated 

LIPSS Functionalised Pt/Ir Microwire Electrodes  

To evaluate the resistivity and capacitive behaviour of the modified Pt/Ir microprobe tips, 

their impedance characteristics was determined. On average the impedance was much 

lower for LIPSS (both femtosecond and picosecond) than the control especially at the 

high frequency range, Figure 3.8 a). The mean impedance at 1kHz, which is used as a 

bench mark for neural recording, was found to be significantly lower for femtosecond 

laser (76.3 ± 31.9kΩ) and specifically for picosecond laser processed electrodes (23.4 ± 

16.7kΩ) compared to control electrodes (353.5 ± 136.2kΩ) see Figure 3.8 b). The phase 

angle is representative of the phase shift between the voltage and the current and is 

inversely related to the impedance. Control electrodes demonstrated a capacitive 

behaviour in the high frequency range, approaching a 45o phase angle at 100Hz. Highly 

resistive interface consist of phase values near 0o, while capacitive interface have a phase 

values closer to 90o. At the lower frequency range, LIPSS functionalized electrodes 

possessed a higher phase angle then control Pt/Ir microwires. However, at the higher 

frequency range LIPSS microwire electrodes displayed more resistive behaviour than as-

received Pt/Ir control electrodes [54] See Figure 3.8 c). The control Pt/Ir microwires 

therefore displayed more capacitive behaviour than the LIPSS functionalised microwires.  

But capacitance is only one parameter that influences total resistance. Even though the 

resistance associated with the accumulation of charge on the surface of the electrode is 

higher, the total resistance of the whole system (namely impedance), is still lower for 

picosecond and femtosecond when compared with the control, as seen in Figure 3.8 a.  
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Figure 3.8 Electrical Impedance Spectroscopy of Picosecond and Femtosecond Fabricated 

Microelectrodes.  

Impedance Bode chart microwire electrodes process via femtosecond and picosecond laser exposure and 

pristine control microwires a). Analysis of the impedance @1kHz indicated that microwire electrodes 

process via picosecond laser exposure had the lowest impedance compared to microwire electrodes process 

via femtosecond laser exposure and to control electrodes b). Analysis of the phase angle plot microwire 

electrodes process via femtosecond and picosecond laser exposure showed less capacitive behaviour at the 

high frequency range compared to control c). p≤0.05 * p≤0.01**, p≤0.001*** n=5, ±SD. Most microwires 

were vertically orientated.  

 

3.3.5 Enhanced Charge Transfer Capabilities of LIPSS Picosecond 

Microwires 

Cyclic voltammetric (CV) curves were collected in the presence of a redox probe, 

potassium ferrocyanide, as described previously [55], and revealed a dramatic increase in 

the CV curve area and the presence of two redox peaks (associated with the 

ferrocyanide/ferricyanide redox couple) on LIPSS functionalised electrodes compared to 

control Pt/Ir microwire electrodes. Undergoing the processes of reversible oxidation and 

reduction, ferrocyanide showed a distinct system of peaks at the potentials of 0.4V vs. 

Ag/AgCl (oxidation) and 0.2V vs. Ag/AgCl (reduction), that was significantly more 

pronounced on LIPSS functinalised Pt/Ir microwire electrodes. Using the Randles Sevcik 

equation and measuring the current at the redox peaks, the electroactive surface area 
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(ESA) was determined and represented in Figure 3.9 b) as ESA enlargement factor. It was 

shown that through LIPSS patterning of the surface of the electrode, its surface was 

expanded by a factor of ~21 whilst for femtosecond laser electrodes the enlargement 

factor for LIPSS was ~3 times larger compared to prisitine control electrodes. A 

significantly greater charge injection capacity was also observed in LIPSS picosecond 

processed Pt/Ir microwire electrodes (3.05 ± 1.3mC/cm-2) relative to control Pt/Ir 

microwire electrodes (0.47 ± 0.18mC/cm-2), as assessed through the application of a 

pulsed biphasic current chronoamperometry (Figure 3.9 c & d). This CIC was also very 

similar to that observed by Boehler et al. 2017 [56]. LIPSS femtosecond microwires had 

a higher charge injection capacity on average compared to control but no statistical 

significance was observed between LIPSS femtosecond and control for enlargement 

factor or injection capacity. LIPSS picosecond microelectrodes was used for the 

continuation of the experiments due to LIPSS picosecond having significantly enhanced 

electrochemical properties.  

 

Figure 3.9 Charge Transfer Capabilities of LIPSS Functionalised and Control Microelectrodes.  

Representative cyclic voltammetry curve of LIPSS functionalised and control Pt/Ir microwire electrodes in 

the presence of a redox probe a). The average ESA enlargement factor for LIPSS picosecond 

microelectrodes is 21 (p≤0.05, n=4) b).  Biphasic current for picosecond, femtosecond and control 

microelectrodes c). Average of LIPSS picosecond, femtosecond and control CIC d). (P≤0.05, n=3, error 

bars ±SEM).  
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3.3.6 SEM and Energy dispersive X ray (EDX) Analysis of Control and 

LIPSS Functionalised Electrodes  

EDX measurements of the microelectrode probe were taken to compare with the 

elemental composition of the LIPSS femtosecond macroelectrodes (seen in chapter 2). 

From the EDX spectrum it is clear that a high carbon content was also present for LIPSS 

picosecond microwires and pristine control Figure 3.10 c-d). However, compared to 

macroelectodes, there is a much higher % of platinum detected.  

 

Figure 3.10 SEM – EDX Analysis of Pristine and LIPSS Picosecond Microwire Electrodes. 

SEM images of pristine and LIPSS picosecond microwire electrode. The area used for detecting elemental 

composition is enclosed in the purple rectangle a-b). The elements and quantity of element detected is 

shown in the EDX graphs c-d).  

 

On average the atomic % number for platinum was 51.4% for the control and 39.0% for 

the LIPSS picosecond. Both microwires had on average the same amount of iridium 

detected (~8%), see Table 3.2. There was no statistical significance between pristine and 

LIPSS picosecond microwire electrode in terms of elemental composition. However high 

carbon content on both functionalised and non-functionalised microwires indicate that 

EDX results may have been influenced by the surface of the parylene layer or organics 

from the air may have also been absorbed on the surface of the Pt/Ir.  
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Table 3.2 Elemental Composition of Pt/Ir Pristine and LIPSS Picosecond Microwire Electrodes.  

Values are represented as % atomic number. The control microelectrode on average had 39.2% carbon, 

9.8% oxygen, 51.4 % Platinum and 8 % Iridium detected. The LIPSS picosecond microelectrode on average 

had 53.1% carbon, 39% platinum and 7.7% Iridium.  

Atomic Number % 

Sample  C O Pt Ir 

Control 
SD 

39.28 
±25.52 

9.825 
±8.61 

51.49 
±30.44 8.01 

LIPSS 
SD 

53.19 
±11.70  

39.01 
±10.10 

7.79 
±2.09 

 

 

3.3.7 Electrochemical Deposition of PEDOT on Microwire Electrodes  

As discussed in the introduction, mechanisms of improving adhesion of CPs onto neural 

electrodes often involve roughening of the electrode surface. To determine if LIPSS 

microelectrodes provide better anchorage/adhesion of the PEDOT layer compared to non-

patterned control, PEDOT:PTS was electrodeposited onto both LIPSS and PEDOT 

microwires and subject to accelerated aging analysis.  Because the surface area of the 

microwire tip was so small, the PEDOT deposition could not be observed by eye. Instead 

the impedance was measured before and after electrodeposition. An example of this 

impedance measurement is shown in Figure 3.11 a), of a LIPSS microwires, where 

impedance is reduced at the low frequency range after deposition of PEDOT. An example 

of PEDOT electrodeposition graph on LIPSS microwire electrodes is shown in Figure 

3.11 b). The potential was limited to 1V to ensure that PEDOT is formed in its conductive 

form. If the potential is too high, then overoxidation of the polymer and formation of a 

non-conductive deposit can occur [57].  
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Figure 3.11 Electrodeposition of PEDOT onto Commercial Microwire Electrodes.  

Impedance measurement before and after electrodeposition of PEDOT:PTS onto LIPSS functionalised 

microwire a). The impedance was only reduced at the low frequency range a). Representative 

electrodeposition graph using 1.5mA current density and 450 seconds b).  

 

To further ensure coating of PEDOT on both LIPSS and control microwire electrode tips 

SEM-EDX analysis was carried out, see Figure 3.12 a-d). The detection of sulphur using 

EDX is used as an indicator for the presence of a thiophene ring which is clearly indicated 

in the EDX spectrum Figure 3.12 c-d) for both control and LIPSS microelectrodes.  
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Figure 3.12 SEM – EDX Analysis of Electrodeposited PEDOT on Control and LIPSS Microwire Pre-

Accelerated Aging.  

SEM images of PEDOT control and LIPSS microwire. Again, the area used for detecting elemental 

composition is enclosed in the purple rectangle a-b). The elements and quantity of element detected is 

shown in the EDX graphs c-d).  

 

Again, the amount of carbon detected was substantial with 70% being detected for the 

control and 83.1% detected for the LIPSS microwire as seen in Table 3.3.  On average 

both had approximately the same % atomic number for sulphur (S) with control having a 

detection level of 6.7% and LIPSS 5.7%. Control electrodes on average contained a 

higher amount of oxygen (19.1%) than LIPSS microwire electrodes (10.5%). Zirconium 

(Zr) was also found to be present on the microelectrodes (for control and LIPSS).  
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Table 3.3 Elemental Composition of PEDOT Control and LIPSS Microelectrodes.  

Values are represented as % atomic number. The control microwire electrode on average had 73% carbon, 

19.7% oxygen, 6.7% sulphur and 3.1 % zirconium detected. The LIPSS pico microelectrode on average 

had 80.1% carbon, 10.5% oxygen, 5.7% sulphur. A small % of zirconium was detected on one of the 

controls and LIPSS microwire electrodes (3.1 and 10.4%).  

Atomic Number % 

Sample  C O S Zr 

Control 
SD 

73.08 
±3.94 

19.17 
±6.5 

6.71 
±1.64 3.11 

LIPSS 
SD 

80.13 
±1.71 

10.58 
±3.86 

5.79 
±2.18 10.45 

 

 

3.3.8 Electrochemical Characterisation of PEDOT Control and LIPSS 

Microwires.  

For neural recording it is essential that polymer coatings remain stable and functional 

throughout the lifetime of the device [58]. It has been reported previously that PEDOT 

electroactivity can last up to six weeks under voltage pulsing (non-stop) [59]. However 

long-term mechanical stability during in vivo experiments still remains a concern due to 

delamination issues overtime [58]. To examine the adhesion and electrical behaviour of 

PEDOT control and LIPSS microwire electrodes, the EIS measurements were recorded 

before and after accelerated aging. Impedance measurements show a reduction in 

impedance for PEDOT LIPSS microwire electrode compared to PEDOT control for both 

low and high frequency ranges pre aging see Figure 3.13 a). However, there was a 

dramatic decrease in the PEDOT control impedance throughout the frequency range after 

accelerated aging. At 1kHz the impedance of preaging PEDOT control was 72.3 ± 37kΩ, 

however post aging the impedance PEDOT control was recorded as 12.8 ± 8kΩ. On the 

other hand, PEDOT LIPSS preaging @ 1kHz was recorded as 31.7 ± 21kΩ, whilst post 

aging EIS @ 1kHz was 23.1±19.7kΩ see Figure 3.13 b). There was no significant 

difference between the preaging PEDOT control and LIPSS microwire electrodes before 

and after accelerated aging. The phase angle for PEDOT control and LIPSS electrodes 

demonstrated a capacitive behavior in the high frequency range. PEDOT LIPPS and 

PEDOT control microwire electrodes pre- and post-aging are approaching a 45o phase 

angle at ~10kHz. PEDOT LIPPS microwires preaging are approaching 45o phase angle 
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much earlier in the frequency range ~1kHz, indicating a more capacitive behavior over a 

range of frequencies. PEDOT LIPSS microwires post aging however resembled a phase 

similar to that of PEDOT control microwires with capacitive behavior being observed 

only at the higher frequency range 10kΩ (see Figure 3.13 c).  

 

Figure 3.13 Electrochemical Impedance Spectroscopy Measurements of PEDOT Control and 

PEDOT LIPSS Microwire Before and After Accelerated Aging.  

Impedance measurements before and after accelerated aging. Indicated that PEDOT control electrodes had 

the lowest impedance post-aging, whilst PEDOT LIPSS had a decrease in impedance only at the very high 

frequency range a). No statistical significance was observed between the groups pre and post aging b). 

Phase angle plots show capacitive behaviour for PEDOT control and PEDOT LIPSS microwires at the high 

frequency range c). p≤0.05, n≥3, error bars ± SEM.   
 

3.3.9 Charge Transfer Capabilities of PEDOT Control and PEDOT LIPSS 

Functionalised Microwires  

To investigate the electroactive surface area of the PEDOT coated microelectrodes pre 

and post aging, CV curves were measured in potassium ferrocyanide in the presence of a 

redox probe as shown in Figure 3.14 a). It was observed that the area of the CV curves 

pre-aging was larger for PEDOT LIPSS microelectrodes compared to PEDOT control. 

However, both PEDOT control and LIPSS microelectrodes demonstrated a higher CV 



Chapter 3. Laser Induced Periodic Surface Structures on Microelectrodes 

 138 

 

curve area post-aging. The electroactive surface area (ESA) was determined using 

Randles–Sevcik equation (equation 1).  The ESA for PEDOT control pre aging was 0.003 

± 0.002 and post aging 0.012 ± 0.008cm2. The ESA for PEDOT LIPSS pre and post aging 

were measured as 0.020 ± 0.014cm2 and 0.008 ± 0.011cm2. No statistical significance was 

observed between the groups pre and post aging (Figure 3.14 b). Enlargement factor for 

the reduction peak in the CV curve for PEDOT LIPSS was shown to be ~2.7 greater than 

PEDOT control preaging. Whilst post aging revealed a decrease in enlargement factor of 

PEDOT LIPSS ~ 0.5 times less than the control see Figure 3.14 c).  

 

Figure 3.14 Charge Transfer Capabilities of PEDOT Control and PEDOT LIPSS Microwires Pre and 

Post Accelerated Aging.  

Representative cyclic voltammetry curve of PEDOT control and PEDOT LIPSS functionalised Pt/Ir 

microwire electrodes in the presence of a redox probe a). The ESA measurements of PEDOT control and 

PEDOT LIPSS pre and post aging b). The average enlargement factor for the reduction peak for LIPSS 

pico microwires is recorded as being ~2.7 times greater than the control pre aging, however the same trend 

was not observed post aging c).  (p≤0.05, n=4) b (P≤0.05, n=3 for control and LIPSS pre aging, n=2 post 

aging for LIPSS, error bars ±SEM).  

 

PEDOT LIPSS functionalised microwires may also improve performance for electrical 

stimulating neural interfaces. Ideally a desired neural electrode for electrical stimulation 

would have a high injection capacity. PEDOT LIPSS microelectrodes and control 
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microelectrodes were tested for their CIC under a pulse stimulation current, see Figure 

3.15 a) [47]. PEDOT LIPSS had on average a higher CIC (3.2 ± 1.5mC/cm2) compared 

to the control pre aging (1.1 ± 0.7mC/cm2). This trend was reversed post aging with 

PEDOT LIPSS having a lower CIC (8.8 ± 4.4 mC/cm2) than control (16.7± 7.4 mC/cm2). 

See Figure 3.15 b). The charge injection limit was also determined and is defined the 

cathodic charge that results in cathodic or anodic voltage exceeding 0.6V versus the 

Ag/AgCl reference electrode [47].  The same trend was observed for the charge injection 

limit (CIL) as for CIC. PEDOT LIPSS had a higher CIL (5.3 ± 2.2mC/cm2) compared to 

the control pre aging (1.8 ± 1.3mC/cm2). This trend was again reversed post aging with 

PEDOT LIPSS having a lower CIL (14.8 ± 7.4mC/cm2) than control (27.8 ± 

21.5mC/cm2). See Figure 3.15 c). 

 

Figure 3.15 Biphasic Current Stimulation Analysis of PEDOT Control and PEDOT LIPSS 

Microwire Pre and Post Accelerated Aging.  

Biphasic pulses over 10ms pre and post aging of PEDOT microelectrodes a). Charge injection limit of 

PEDOT control and PEDOT LIPSS pre and post aging b), and charge injection limit of a biphasic pulse of 

PEDOT microelectrodes c).  p≤0.05, n=3, error bars ± SEM.   
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3.3.10 SEM and Energy Dispersive X Ray (EDX) Analysis of Control and 

LIPSS Functionalised Electrodes Post-Aging  

The enhanced electrochemical properties shown for the PEDOT microelectrodes post 

aging was unexpected and indicated some form of delamination might have occurred. 

This was further confirmed through SEM and EDX analysis post acceleration. PEDOT 

control microelectrodes underwent severe delamination not only of PEDOT on the 

electrode tip but also of the insulating parylene layer. See Figure 3.16 a). Some minor 

delamination occurred for the PEDOT LIPSS microelectrode also. However, the parylene 

layer remained mostly intact as shown in Figure 3.16 b). PEDOT residue was also found 

on the PEDOT LIPSS microwire electrode tips through EDX confirmation of sulphur. 

See figure 3.16 c-d).  

 

Figure 3.16 SEM – EDX analysis of Electrodeposited PEDOT on Control and LIPSS Microwires Post 

Accelerated Aging.  

SEM image of PEDOT control electrode delamination post aging a). PEDOT LIPSS electrode post aging, 

most of the parylene layer remains b), with residue of PEDOT still detected at the Pt/Ir tip post aging c-d).    
 

3.4 Discussion  

The electrochemical performance of neural electrodes influences the quality of recordings 

detected and determines the stimulation safety limits to the surrounding neural tissue [3]. 

One of the key characteristic in terming the signal to noise ratio performance of the device 

is the impedance which is inversely proportional to the size of the microelectrode [60]. 

As previously mentioned in the introduction, a possible means to overcoming high 

impedance issues with smaller neuroelectrodes, is to increase the surface area of the 

recording site, using either conducting coatings or apply roughening surface techniques 

to the electroactive site. Thus, reducing the compromise between sensitivity and selective 

communication with specific neurons[5].  
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Surface coating or roughening techniques can be costly, time consuming and inefficient 

for mass production.  Laser roughening with LIPSS, can deliver extremely precise high-

resolution surface structures through very efficient means. Therefore, facilitating its 

potential use in high throughput production of roughening on neural interfaces. In this 

study LIPSS was applied to microelectrodes Pt/Ir tips using both femtosecond and 

picosecond laser, and their overall electrochemical properties were investigated.  

The strength of the signal being recorded highly depends on the proximity of neurons to 

the probe [61]. It is therefore vital that neurons are encouraged to grow and adhere around 

the neural probe and electroactive sites [61]. To reduce in situ encapsulation post 

implantation and facilitate neural growth around the probe, researchers are investigating 

into biomimetically structuring the probe (not just the recording site) to increase neural 

integration. Probe nano-structuring via focused ion beam etching (FIB) and its effects 

have been recently investigated by Ereifej et al. 2017. The nanopatterned grooves on the  

Michigan styled silicon probe had significantly more neurons within 100-150 µm distance 

of the probe following 4 weeks post implantation compared to nonpatterned silicon 

probes [13]. To investigate this type of patterning on microprobes LIPSS was applied to 

the insulting layer (parylene C).  Using different laser scan speeds, different patterns of 

ridges and grooves (equivalent to 50, 150 and 250 pulses) were achieved along the 

parylene layer. The successful application of LIPSS using a femtosecond laser to pattern 

parylene inevitably provides an opportunity to investigate how nanopatterning of 

polymers may further improve proximity of neurons to electrodes as seen by Ereifej et al. 

2013 [61].  

It has been observed in chapter one that LIPSS features could potentially improve the 

impedance properties of Pt/Ir through modification of its surface morphology. As a 

continuation of this study it was critical to see if these features could be successfully 

applied to commercially available microwires. Using a picosecond laser and fluence value 

of 0.38Jcm-2, LIPSS features were fabricated on the Pt/Ir tip and represented 20 

SPA/pulses.  The femtosecond laser was then used to deliver 50 SPA on the Pt/Ir tip using 

a power of 0.15Jcm-2. To compare the laser fabrication process and the difference of SPA 

on electrochemical properties of the Pt/Ir recording tip, electrochemical impedance 

analysis was performed. Results revealed a reduction in impedance for both picosecond 

and femtosecond LIPSS functionalised compared to pristine microwires across all the 

frequency ranges with significant reduction at 1kHz. However, phase angle results for 
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both picosecond and femtosecond LIPSS revealed a more resistive behaviour at the high 

frequency range >100Hz compared to the control, this could be due to Faradic processes 

occurring at the electrode/ electrolyte interface. Capacitive behaviour was observed at the 

lower frequency range where Faradic processes were prohibited. Nevertheless, the total 

impedance, being the sum of all effects associated with electron transfer, were still lower 

for modified electrodes investigated in this study.  

It has been reported that the material subjected to picosecond and femtosecond laser 

pulses can undergo instantaneous ionization producing multiple charged atomic ions 

under significant deformation [62]. These multiple charged ions as well as increase in 

surface roughness, might explain the superior properties of the picosecond (pico) 

fabricated LIPSS with a CV enlargement factor of ~21 times larger than the control. To 

assess the polarisation of the electrodes at the tissue interface, LIPSS (both femtosecond 

and picosecond functionalised microwires) and control microwires were also subjected 

to recurrent biphasic pulses to determine the CIC. For effective and safe stimulation, the 

CIC should be high and safe enough to depolarise neuron cell membrane just beyond the 

its  action potential threshold [63]. Typically neuroelectrodes  require a  CIC larger than 

0.5mC cm-2 for effective stimulation and recording [64]. Again, LIPSS picosecond 

microwires showed significantly higher CIC (two orders of magnitude greater) than 

pristine control because of modification of the surface morphology, leading to an increase 

in electroactive surface area. LIPSS femtosecond microwires, however, only showed 

slight increase in enlargement factor and CIC measurements compared to control. This 

was unexpected and suggests there is less surface area available. It has been widely 

reported that both picosecond laser and femtosecond laser have a high peak power and 

thus a lower material removal rate. However, despite the fluence value being lower for 

LIPSS femtosecond microwires, the repetition rate was much higher (100kHz) and the 

number of SPA was more than double that of LIPSS picosecond fabricated microwires 

(20 SPA). This suggests there may have been some melting or removal around the edges 

of Pt/Ir tip with the increase in pulse number. This removal could potentially be seen for 

some of LIPSS femtosecond microwires See Figure 3.7 d). Removal of material can cause 

a  reduction in electroactive surface area and CIC, as charge transfer directly depends on 

the number of adsorption sites available [65].  

One of the main concerns with using picosecond and femtosecond lasers is the high power 

that can cause thermal expansion, stress and damage of the metal tip or polymer. Thus 
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eventually leading to cracking and delamination [66]. However, through optimisation of 

the laser fluence and careful alignment of the beam can be employed to reliably generate 

25µm diameter regions of exposure to microfabricated wire tips. Critically, laser exposure 

can be employed to generate LIPSS features on both curved [67] and thin film substrates, 

facilitating nanopattening of electrodeposited or evaporated electrode sites. Also the 

benefit of using  LIPSS functionalisation is that the widely approved and conductive Pt/Ir 

remains the metallisation material [3].  

PEDOT is considered one of the leading contenders for coatings in neural interfaces due 

to its exceptional charge transfer capabilities [35, 64, 68]. It is imperative, therefore, that 

adhesion and stability of PEDOT is maintained throughput the lifetime of the device to 

ensure transition into  chronic implantation [69]. Strategies to improve PEDOT adhesion 

have currently remained insufficient. Recently, Boehler et al. 2017 investigated 

nanostructured Pt as an adhesive for PEDOT and saw a 10 fold increase in adhesion 

compared to control, with the PEDOT surviving up to 10000 CV accelerated aging cycles 

[37]. This study showed that nanostructures may be an ideal adhesive promoter compared 

other micro structured features i.e. fuzzy gold which started to delaminate when exposed 

to ≥15 CV cycles [43]. CV scans, however are not a very realistic method of accelerated 

aging/stress conditions due to stimulation often being delivered through biphasic currents 

[37]. In this report, LIPSS was studied as an alternative adhesive promoter for 

PEDOT:PTS. Both PEDOT:PTS was electrodeposited onto LIPSS (picosecond) 

microwires and pristine microwires (as a comparative), and were subject to accelerated 

aging.  Both PEDOT LIPSS and PEDOT control microwires had improvement in 

impedance measurements preaging compared to uncoated. However, the impedance 

results of the PEDOT control microwires post aging suggests excessive delamination of 

not just the PEDOT but also of the parylene layer due to the significant reduction in 

impedance across all the frequency ranges. This delamination was further confirmed 

through ESA, CIC (increase post aging) measurement and SEM analysis. For PEDOT 

LIPSS, there was reduction in impedance at the high frequency range after acceleration. 

Despite this, impedance measurement at 1kHz remained relatively the same suggesting 

some PEDOT residue remained behind. PEDOT coated LIPSS and control microwire 

preaging CIC was almost similar to that of uncoated LIPSS and control microwire. This 

could potentially be due to the small surface area of the microwire Pt/Ir tip and perhaps 

the potential limitation that PEDOT can deliver in terms of increasing CIC and CIL on 
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nanostructured surface  despite increase in surface area, as seen in [64]. A limitation with 

this PEDOT study is that the n number was relatively small especially after aging with 

one of the aged PEDOT LIPSS microwire being severely damaged post ESA analysis i.e. 

only n=2 was analysed. However, overall delamination of parylene insulating layer and 

PEDOT was considerably lower for PEDOT LIPSS than that of PEDOT control, post 

aging and suggests that LIPSS is a good mechanical anchor for adhesion.  

This decrease in impedance is problematic as it indicates the coating could easily separate 

from the electrode, and PEDOT could easily diffuse to the organism of the patient. 

However, it should be noted that stress levels mentioned in this study do not resemble 

realistic clinical applications. The temperature range  used in this study has been noted to 

cause breakdown of the polymer insulating layer [70, 71]. This was a huge limitation to 

the study as well as time restrictions. It has been suggested that accelerated temperatures 

should be no more than 60oC [72]. Yet,  others  have reported delamination with 

accelerated aging even at 60oC temperature [69]. Nevertheless, many have reported some 

form of cracking or minor delamination with other forms of stress testing such as CV 

cycles or continuous application  of biphasic pulses [35, 37, 70].  

 

3.5 Conclusion  

It was demonstrated that both picosecond and femtosecond lasers can successfully 

generate LIPSS features on a Pt/Ir microwire tip. This is the first time to our knowledge 

that LIPSS have been fabricated on a curvature metal probe of this size.  LIPSS versatility 

was demonstrated through its generation at various orientations and its application on the 

parylene insulating layer. LIPSS picosecond functionalised microelectrode also showed 

significantly reduced impedance, increased electroactive surface (almost ~21 times 

larger) and charge injection capacity compared to pristine controls. This observed 

improvement in charge transfer capabilities could enhance the signal to noise ratio for 

neural recording.                                                                                                                       

LIPSS also showed to be a potential adhesion promoter of PEDOT, with PEDOT 

remaining after extreme thermal stress conditions. This rapid and relatively simple 

technique for developing nanostructures on neuroelectrodes paves the way for overall 

enhancement of Pt/Ir recording characteristics and long terms stability of CPs. 
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Collaborations: In vitro cell studies such as cell alignment, neurite length and focal 

adhesion quantification were carried out with the help of undergraduate and master 

students: Nicole Beslie, John Groarke and Shraddha Ubale. Assays were carried out with 

the help of Enrico Bagnoli. Protein array analysis was carried out in collaboration Dr. 

Michelle Kilcoyne and Dr. Elaine Waters. Neural recording experiments were carried out 

in collaboration with Dr. Tomasz Walski and Dr. Leo Quinlan. Introduction  
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4.1 Introduction  

Despite the advancement in the recording ability of BMIs, their long-term functionality 

is hindered due to a cascade of neuroinflammatory responses at the site of implantation.  

This response is mediated by the synthesis of pro-inflammatory cytokines leading to the 

recruitment of glial cells to the electrode region, resulting in fibrosis and encapsulation.  

This process is known as  reactive gliosis and reduces overall electrode recording 

functionality, by driving neurons and neurite processes away from the electrode site [1]. 

Therefore, a comprehensive study investigating the molecular pathways of inflammation 

is crucial for facilitating new approaches to electrode design and neuroelectrode 

functionality [1, 2].  

To alleviate the neuroinflammation many researchers have focused on the effect of 

micron-scale surface  topographies on cells’ cytoskeleton and morphology in order to 

enhance simple  neural networks, to selectively drive axonal growth [3-5] and to control 

orientation [6]. Neuronal cell dimensions are on the micron-scale, with the neuron soma 

ranging from 5-20μm and the diameter of axons ranging from 1-20μm [7]. However, 

subcellular structures such as transmembrane proteins, fibrillary proteins and filopodia 

are all organised within the nanoscale range [8]. Nanotopographical functionalisation has 

been employed extensively both in vitro and in vivo for the promotion of nerve 

regeneration, with the aim of promoting neurite alignment and directing anisotropic 

neural outgrowth [9-13]. This orchestrated neuronal alignment has also been observed to 

occur with nanoparticle polymer composites [14], CNT derived materials [6] and with 

nanopillar topographies [15, 16]. To date, it has been shown that cells can interact with 

features of a vertical dimension of less than 5nm [17].  However, the mechanism of how 

nano/sub-micron topographies affect cell function has yet to be clarified [18].  

Previous research has shown that features which replicate the natural environment 

(irrespective of surface chemistry) can increase cytocompatibility in vitro [19, 20]. In 

particular, roughened features like ridge/grooved topographies have been extensively 

investigated with many different cell types in vitro [21-24]. These anisotropic 

topographies of varying ridge/groove dimensions have also been used to investigate 

neuronal outgrowth and contact guidance [25-29].  It is hypothesised, that this topography 

can mimic the in vivo environment by presenting a similar anisotropic architecture as the 

extracellular matrix [21] with applications in peripheral nerve regeneration. Topographies 
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such as these, through physical confinement or alignment, guide the shape and motility 

of the cell resulting in whole cell contact guidance [21, 30].  

Previously described processes for the nanostructuring of gold and platinum neural 

electroactive surfaces involve using concentrated acidic solutions or expensive multi step 

lithographic approaches [31-36]. Previously, high-throughput approaches, employing 

laser processing, have shown promise for the generation of topographical features and 

textures of various implants surfaces [37]. Laser roughening of Pt microelectrodes has 

been previously explored [38-40] with observations of reduced electrical impedance as a 

result of the increase in surface area [40]. Laser induced periodic surface structures 

(LIPSS) in particular are a universal nano/submicron structure phenomenon that can be 

spontaneously generated through the delivery of pulses to the surface of a metallic, 

ceramic or polymeric material. The laser interacts with the material causing constructive 

and destructive interference which results in the formation of nanoparticles on the surface 

of the material. Through the generation of subsequent pulses and thermionic effects 

(electron emission of the material leading to the surface becoming positively charged in 

its molten state) a ripple formation (ridges and grooves) on the surface of a material occurs 

[41].  

In vitro studies have shown that laser modified surfaces have had no negative impact on 

cell survivability or on cell adhesion, with some studies observing greater axonal 

outgrowth on  laser rippled Pt topographies relative to planar Pt controls [42-45]. Laser 

patterning of the electrode with LIPSS (through its gradient design) may help mimic the 

extracellular environment and promote anchorage of cell junctions to the electrode 

surface. Therefore it is hypothesized that LIPSS, through its biomimetic design, will 

improve the proximity of neurons to the device as well as their ability to grow past the 

lesion site increasing neuronal communication [46].  In this chapter, patterned LIPSS 

substrates 2, 50, 150 and 250 pulses were investigated for their effect on cell alignment 

(neurons and astrocytes), morphology, and adhesion and compared to non-patterned 

controls. Furthermore, the proinflammatory response and protein adsorption in response 

to LIPSS functionalisation was also investigated. Finally, neural recording was carried 

out ex vivo on rat hippocampal slices, comparing the recordings observed on LIPSS 

microwires to pristine controls (see chapter 3 for details on fabrication of LIPSS 

microwires). 



Chapter 4. In Vitro Response of a Cortical Neural Population to Laser Induced Periodic Surface 

Structures 

 

 

155 

 

4.2 Materials and Methods  

4.2.1 Dissociation of Primary Postnatal Rat Pups  

Research and animal procedures were performed in accordance with the European (EU) 

guidelines (2010/63/UE) and Health Products Regulatory Authority. Cortex tissue was 

obtained from Sprague Dawley rat pups aged P3-P11 who were sacrificed by inhalation 

of isoflurane followed by decapitation. Two types of cortex dissociation methods were 

used.  

4.2.1.1 DNase Dissociation  

After decapitation, the brain was carefully removed from the skull. The cerebellum and 

olfactory bulb were then removed, and the two hemispheres divided. Each of the 

hemispheres were then turned upside down to remove the hippocampus and other non-

cortical tissue. The cortex tissue was then minced into small pieces using a scalpel blade 

and transferred into a falcon tube (15ml), centrifuged at 1100 rpm for 5 minutes and 

supernatant removed. The tissue homogenate was then washed with dissection media and 

followed by digestion media.  

This media was then removed and solution 1 (5ml of Trypsin EDTA + 625µl DNAse, in 

2 ml digestion medium) was added for 5 minutes:  1.5 minutes at 37oC and 3.5 minutes 

room temperature RT. Solution 1 was removed and the tissue was again washed with 

dissection medium twice. Solution 2 (5ml of neuron medium+10%FBS in 5ml dissection 

medium) is then added to the tissue for 10 minutes at 4oC. Solution 2 was removed and 

tissue was washed with dissection medium. After washing, 1ml of solution 3 was added 

(625µl DNAse in 2.5ml dissection medium), a Gilson pipette (1ml) was then used to 

pipette the tissue up and down 20 times. The remnants of solution 3 was added to the 

tissue and pipetted up and down 10 times more. Dissection medium was added to the 

tissue containing solution and made up to 5ml. cells were then collected by centrifugation 

at 800 rpm for 5 minutes. Supernatant was then removed and cells were resuspended in 

plating media (Neuron media +2% FCS +1% B27). Cells were seeded at a density of 

250,000 cells on Poly L lysine (PLL-10μg/ml) coated IBIDIs. They were placed in the 

incubator for 37oC for 1-2 hrs to enable adhesion onto the surface of the IBIDI glass. 

After every 2 days half the media was removed and replaced by fresh plating media.   

The dissection medium was composed of Hanks Balanced Salt Solution  (Ca/Mg free) 

500ml Sigma H6648, 1.415g HEPES, 2g D-glucose, 1ml kinurenic acid 100mM stock 
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(final concentration 200uM-Sigma K3375) 1g, 0.5ml APV stock 25mM (final 

concentration. 25μM-Tocris 0106), 250µl P/S, BSA 0.150g, 0.7g Mg SO4. The dissection 

media pH was adjusted to 7.3 and stored at 4oC.  

The dissociation media contained 0.4g NaCl, 0.0185g KCl, 0.0495g Na2HPO4, 0.3g 

HEPES, 0.0175g NaHCO3, 100ml kinurenic acid (stock 100mM), 50ml APV (stock 

25mM) dissolved in 50ml of distilled water.  

4.2.1.2 Mechanical Dissociation  

As with DNase dissociation, post-natal rat pups  were decapitated, and the brain carefully 

removed from the skull and the two hemispheres divided. Each of the hemispheres was 

then turned upside down to underlying tissue beneath the cortex, hippocampus, 

cerebellum and the olfactory bulb and other excess tissue removed. The cortex tissue was 

then placed in a petri dish and chopped with a scalpel blade for 5 minutes in 1-2ml of 

DMEM 1% P/S into approx. 1mm pieces. 5ml of 1x Trypsin EDTA was added to the 

tissue and incubated at 37°C on shaker for 15-20 minutes to make sure that tissue was 

completely ruptured to ease out individual cells. An equal volume of trypsin inhibitor 

solution i.e. 10% FBS was then added and shaken for another 5 minutes. The tissue was 

further digested by triturating it through various needles gauges (g) 19g (x2), 18g (x2) 

and then 23g (x1) the digested tissue is then expelled through a cell strainer i.e. 70μm 

Nitex Mesh Falcon, filter to eliminate clumped cells or undigested tissue. The cells were 

then centrifuged for 5 minutes at 1200 rpm and resuspended in media. Cells were then 

seeded on PLL coated IBIDIs and incubated at 37°C and 5% CO2.  

4.2.2 Primary Mixed Cortical Cultures  

Research and animal procedures were performed in accordance with the European (EU) 

guidelines (2010/63/UE) and Health Products Regulatory Authority. Sprague Dawley 

(E14/E17) rat embryos were obtained from timely-mated female rats following 

decapitation, under anaesthesia induced by inhalation of isoflurane. Once embryos were 

removed, embryonic sacs were placed in ice cold Hanks Balanced Salt Solution (HBSS). 

Embryos were then carefully removed from their sacs and the brains isolated from the 

heads in HBSS. An incision was made to cut out the forebrain. The hemispheres were 

then divided, and the ventricles were opened in each hemisphere to make one layer. The 

edge region of the layers was discarded, followed by the meninges, leaving the cortex 

tissue. Following dissection of cortex tissue, the tissue was centrifuged (1100 rpm) and 
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then incubated at 37°C for 4 minutes in a solution of Trypsin (2ml) and HBSS (3ml). 

Subsequently, 1.5ml of the trypsin-HBSS solution was removed, 500μl of foetal bovine 

serum was added and the suspension centrifuged at 1100 rpm for 5 mins. The supernatant 

was then disposed of, and the cortex tissue was mechanically dissociated, first with a 

P1000 pipette and then with a 1 ml syringe and 25-gauge needle. All in vitro experiments 

were performed in biological n ≥3. All Pt/Ir substrates were cleaned by treating in tryspin 

for 20 mins, virkon for 15 mins, sulfuric acid for 1 hr, in sonicating water bath for 

another1 hour and then in acetone, ethanol and water for 10 min each. Cells were seeded 

onto poly-d-lysine coated Pt/Ir LIPSS and planar control substrates at 100,000 cells /ml 

of plating media [47]. 

4.2.3 Immunofluorescence Imaging  

Embryonic mixed culture populations were fixed with 4% paraformaldehyde in PBS for 

20 min and then washed with PBS. The samples were then permeabilised for 3 min in a 

buffer (10.3g of sucrose, 0.292g NaCl, 0.06g MgCl2, 0.476g HEPES buffer, 0.5ml Triton 

in 100ml water pH 7.2) and then incubated for 30 min at 37oC in PBS-bovine serum 

albumin (1%). The cells were then incubated with primary antibodies (mouse anti GFAP 

1:200 (sigma) and rabbit anti β -tubulin III, 1:500 (Sigma)) for 90 mins room temperature. 

The samples were subsequently washed with 0.05% tween in PBS. Samples were then 

incubated with secondary antibodies, (Alexa 488 goat anti-mouse secondary antibody, 

1:500 (Invitrogen) to visualise the astrocytes and Alexa 594 goat anti-rabbit secondary 

antibody, 1:500 (Invitrogen) to visualise the neurons) for 1hr (see Table 4.1). Samples 

were mounted on microscope cover slides and counterstained with SlowFade Gold 

antifade reagent with DAPI for nuclear staining [48].  
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Table 4.1 Table of Antibodies, Dilutions and Incubations Time for Staining of Pyramidal Neurons 

and Astrocytic Focal Adhesions.   

Samples were again mounted on microscope cover slides and counterstained with SlowFade Gold antifade 

reagent with DAPI for staining of cell nuclei. 

 

4.2.4 Quantification of Neural Alignment and Neurite Length  

Neural cells cultured on Pt/Ir LIPSS features and Pt/Ir planar control substrates were 

analysed using an Olympus IX 81 fluorescence microscope with filters for fluorescein 

isothiocyanate (FITC) (excitation 490 nm; emission 520 nm), Alexa Fluor 594 (excitation 

596 nm; emission 615 nm), and DAPI (excitation 358 nm; emission 461 nm). At least 15 

images were taken from each sample group using the 40x magnification objective. The 

neural alignment was quantified using image J (National Institutes of Health, USA), 

Directionality Plugin, bins 30, local gradient. The neurite length was quantified using 

Image J and a previously published stereological methodology [49] . Here, 9 random 

fields of view were chosen from 3 biological replicates and subjected to grid processing. 

The following equation was used to quantify neurite length, Length= N x T x π/2, where 

N is the number of times a neurite intersected the grid lines and T is the distance between 

grid lines. Focal adhesion number and area was quantified using Image J software and 

method outlined by Horzum et.al 2014 [50]. Neurite and astrocytic alignment 

quantification were carried out by the protocol outlined by Wieringa et. al 2012 [51]. 

4.2.5 ELISA Assay 

The media supernatant was taken at day 3, 7 and 10 from E17 neural populating cultured 

on the LIPSS substrates and planar Pt/Ir control substrates.  A cytokine inflammatory 

panel: (Rat-Meso Scale Discovery, UK) ELISA was performed (IL-6, IL-1β, TNF-α, 

IFN-Y, KC/GRO, IL-4, IL-5, IL-13, IL-10) according to manufacturer’s instructions with 

4 biological replicates. In summary, 150μl of blocker H was added to the ELISA plate 

and incubated with agitation for 1 hr. In a separate plate a 1:2 dilution of sample and 
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cultured media was prepared and left under agitation for 15 mins. The ELISA plate was 

then washed three times with 0.05% Tween in PBS (150μl).  Diluted samples in media 

were then transferred to the ELISA proinflammatory plate with the addition of 25μl of 

diluent 40. Further incubation under agitation for 2hr was then carried out. Following this, 

the ELISA plate was then washed three times with PBS-tween20. Detection antibody 

solution (25μl) was then added to each well of the ELISA plate and incubated for a further 

2 h under agitation at room temperature. The ELISA plate was then further washed (x3) 

with PBS. Another 150µl of 2× read buffer T (Tris-based buffer containing 

tripropylamine) was added to each well for plate before reading using a QuickPlex SQ 

120 multiplexing instrument [47].   

4.2.6 Immunocytochemistry for Scanning Electron Microscopy  

Media was removed and cells were rinsed with Hank’s buffer twice for 2 minutes each. 

Cells were then stabilised in 4% paraformaldehyde with 1% sucrose in 0.01M PIPES (pH 

7.4) buffer for 5 mins. Samples were fixed with glutaraldehyde for 5 mins and then rinsed 

with PIPES buffer three times with for 5 mins through a series of steps of ethanol: water 

mixtures as follows: 50:50, 60:40, 70:30, 80:20, 90:10, 96:4, 100:0, followed by dilution 

series of HDMS in ethanol (25,50, 75 and 100%). Samples were air dried for one day and 

mounted on carbon stub for SEM analysis.  

4.2.7 Catalase Assay  

Catalase is an antioxidant enzyme involved in detoxification of hydrogen peroxide H2O2, 

a reactive oxygen species molecule. The following assay was carried out using a Cayman 

Catalase Assay kit and 96 well plates to detect the presence of H2O2. Using E17 cortical 

lysate previously used in the proteomics array study. Formaldehyde standard wells were 

prepared by adding 100µl of diluted assay buffer (2ml of assay buffer in 18ml of HPLC 

water), 30µl of methanol and 20µl of standard (4.25M formaldehyde) into the designated 

wells.  Positive control wells were prepared by adding 100µl of diluted assay buffer, 30µL 

of methanol and 20µl of diluted control catalase. The control consists of lyophilised 

powder of bovine liver CAT, which was reconstituted by adding 2ml of diluted sample 

buffer and vortexing. 100µl of the reconstituted sample is then taken and is further diluted 

with 1.9 ml of standard buffer. Sample wells were prepared by adding 100µL of diluted 

assay buffer, 30µl of methanol and 20µl of sample to each well. 20µl of diluted H2O2 is 

then added to initiate the reaction. The well plate was then incubated and placed on a 
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shaker for 20 mins. 30µl of potassium hydroxide (10M) is added to each well to terminate 

the reaction. 30µl of Catalase Purpaid (4- amino-3- hydrazine-5-mercapto-1,2,4-triazole 

(Purpaid) in 0.5M in HCl) was then added to each well and placed on a shaker for a further 

10 minutes at RT. 10 µl of Catalase Potassium Periodate (1.5ml of potassium periodate 

in 0.5M potassium hydroxide) which was then covered and placed on a shaker for 10 

minutes at RT. Absorbance was measured using a 540nm multiplate reader. For 

calculations, the average absorbance of standard 0 is taken away from itself and all the 

other standards and samples. The corrected absorbance of standards vs the final 

formaldehyde concentrations is plotted. The concentration of the formaldehyde for each 

sample is then calculated using the slope for linear regression line and substituting into 

the following formula (equation 4.1).  

           𝐹𝑜𝑟𝑚𝑎𝑙𝑑𝑒ℎ𝑦𝑑𝑒 𝜇𝑀 =
𝑠𝑎𝑚𝑝𝑙𝑒 𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒−𝑦 𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡

𝑠𝑙𝑜𝑝𝑒 
 𝑥 

0.17

0.02
𝑚𝑙           equation 4.1  

The CAT activity for each sample was then calculated using equation 4.2. A unit is 

defined as the amount of enzyme used that will cause formation of 1.0 nmol of 

formaldehyde per min at 25°C. Ideally, the catalase activity measured should fall 

between 2-35 nmol/min/ml to be reproducible.  

   𝐶𝐴𝑇 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =
𝜇𝑀 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒 

20 𝑚𝑖𝑛
𝑥 𝑠𝑎𝑚𝑝𝑙𝑒 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 = 𝑛𝑚𝑜𝑙/𝑚𝑖𝑛/𝑚𝑙       equation 4.2  

4.2.8 Nitric Oxide (NO) Assay  

Nitric oxide (NO) plays an important role in neurotransmission, inflammation and 

apoptosis. Griess reagent kit (Thermo Fisher-G7921) was therefore used to determine the 

amount of NO present by quantifying the amount of its metabolite (nitrite) present. E17 

cell supernatant was centrifuged at 1000g for 15 min. The Griess reagent was then 

prepared by mixing equal volumes of N-(1-naphthyl)ethylenediamine and sulfanilic acid 

(25mL of a 1% (10mg/mL) solution in 5% phosphoric acid). Sodium nitrate standard 

solutions with concentrations between (0-25µM) were prepared by diluting the nitrite 

standard solution (1mL of 1mM sodium nitrite in deionized water). Duplicates of the 

diluted standards solutions were pipetted into a 96 well plate. Sample were prepared by 

adding 13.3μl of Greiss reagent to 100µl of the nitrate containing sample (cell 

supernatant) and 86.7µl of deionised water. Samples were incubated at RT for 30 mins. 

Absorbance was measured using a 540nm multiplate reader. For calculations the average 

absorbance of standard (0μM) was taken away from itself and all the other standards and 
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samples. A standard curve of the concentration was then plotted against absorption. From 

the slope and the intercept of the linear regression line the amount of nitrite was 

determined using equation 4.3.  

                                𝑁𝑖𝑡𝑟𝑖𝑡𝑒  𝜇𝑀 =
𝑠𝑎𝑚𝑝𝑙𝑒 𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒−𝑦 𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡

𝑠𝑙𝑜𝑝𝑒 
                   equation 4.3 

4.2.9 Proteomics Assay  

For the proteomics study, embryonic E17 cortical populations were seeded on LIPSS 

topographies and planar control Pt/Ir substrates. After 3, 7 and 10 days in culture samples 

were subsequently placed on ice and washed twice with cold PBS. 100 μl of lysis buffer 

(radioimmunoprecipitation (RIPA) supplemented with 1% of protease inhibitors (Life 

Science‐Roche) and 1% of phosphatase inhibitors cocktails I & III (Sigma)) was added 

to each well plate. Corning cell scrapers (Sigma) were used to remove all adherent cells 

and the aspirated cell suspension were transferred to 1.5ml microcentrifuge tubes and 

placed in ice for 15 minutes. Samples were centrifuged for 15 min at 14,000 rpm at 4oC 

and placed on ice. Without touching or disturbing the pellet, the supernatant was carefully 

aspirated and placed in a fresh clean tube and stored at −80oC. Protein quantification was 

via a BioRad protein quantification dye reagent (#5000006). The dye working solution 

was diluted 1:4 using deionised water and filtered. From this a dilution of 4 different 

concentrations were prepared 0.25, 0.5 0.75 and 0.9mg/ml (See Figure 4.1).  Following 

this 5μl of each sample and a BSA standard were vortexed with 250μl of dye working 

solution  and incubated for 5 minutes at room temperature (RT) and finally read using a 

NanoDrop 8000 and the Protein Bradford module [48]. 

Protein microarray was performed as previously described [48]. All protein samples were 

labelled with CF 555 succinimidyl ester (SCJ4600022 Sigma). CF 555 (1mg) was first 

resuspended in 100μl dimethyl sulfoxide and 4μl of CF 555 solution was added to 35μl 

of protein sample and 35μl of boric acid. Samples were left to incubate for 1 hour at RT. 

All tagged samples were washed and recovered using centrifugal units, Amican, ultra 0.5, 

3kDa. Samples were washed 3 times using centrifugation at 14000 RCF at 4oC, adding 

400μl of PBS with each washing step. The tagged sample is recovered again using 

centrifugation at 500 RCF at 4oC for 5 minutes. The quantity of protein in each sample is 

measured using the Nanodrop Bradford Protein UV spectrometer instrument using 

wavelength range of ‘280’ and ‘555’ nm.   
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For microarray preparation all commercial antibodies were buffer exchanged with PBS 

and quantified by Bicinchoninic acid assay. They were then diluted and printed in six 

replicates on Nexterion N-hydroxylsuccinimide ester functionalized, H hydrogel 

(purchased from Schott AG) coated glass slide using a SciFlexArrayer S3 (Scienion, 

Berlin, Germany) under a constant humidity of 62% (±2%) at 20 °C. Each feature was 

printed using approximately 1nL diluted antibody using a 90μm (uncoated) glass nozzle 

with 8 replicated subarrays per microarray slide. Slides were incubated in a humidity 

chamber overnight to enable conjunction. The remaining functional groups were then 

blocked with 100 mM ethanolamine in 50mM sodium borate, pH 8, for 1 h at room 

temperature. Slides were washed with PBS pH 7.4 with 0.05% Tween 20 (PBS-T) three 

times 2 minutes each wash and washed again with PBS.  Slides are then dried by 

centrifugation (470 x g,  5 minutes) and stored with desiccant until use at 4 °C [48, 52]. 

For optimal signal to noise ratio one of the labelled samples were titrated. All other 

samples were incubated for 1h at 23 °C at 12μg/mL1 in Tris‐buffered saline, pH 7.2 (TBS; 

20 × 10−3m Tris‐HCl,  1 × 10−3m CaCl2, 100 × 10−3m NaCl, 1 × 10−3m MgCl2,) and 0.05% 

tween 20. All experiments were carried out using 4 biological replicates. Healthy labelled 

rat brain lysate 1.32 and 5 μg/mL) were incubated on 2 separate microarrays on every 

slide to confirm validation of quantification being carried out. After incubation samples 

are washed 3 times with TBS-T for 2 min on shaker. Slides are then dried using 

centrifugation. Slides are then scanned using Agilent G2505 microarray scanner, Cy3 

channel with 532nm excitation wavelength (90% photomultiplier tubes). All microarray 

analysis was carried out within the day. Data extraction was carried out as previously 

described by [48, 52]. Data was normalised to the control. Hierarchical clustering of 

normalised data was performed using broad institute software/morpherus (no prefiltering 

parameters were used) [48].  
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Figure 4.1 Flowchart of Proteomics study.   

 

 

 

Samples placed on ice and 

washwith PBS 

Add 100µl lysis buffer, wait 

2-3 minutes and use scraper to 

detach cells 
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radioimmunoprecipitation 

(RIPA) supplemented with 

1% of protease inhibitors 

(Life Science Roche) and 

1% of phosphatase inhibitors 

cocktails I & III (Sigma 

aldrich)

Samples E17 cortical cells at 

day 3, 7 and 10 

Transfer cell lysis and vortex 

tubes for 10 seconds 

Centrifuge samples for 15 

mins @1400rpm @ 4oC

Measure protein concentration 

with nanodrop 

Biorad protein dye reagent  

is diluted 1:4  using 

deionised water. 4 different 

concentrations were prepared 

and mixed with 5µl of 

sample and measured using 

the Nanodrop 8000. Dilution 

concentration within 0.65-

0.75 mg/ml were used. 

Supernatant after 

centrifuging is stored at -

80oC until use 

Tag samples using CF 555 

Succinimidyl ester (dying 

reagent)

For each experimental value 

add 50µl of boric acid (250µ 

M)+ 50µl + 4µl of CF 555

Leave for 1 hr @RT and wash 

3 times 

Wash with PBS for 10 mins 

@ 14000 RCF at 4oC using 

centrifugal filter units. 

Tagged sample was 

recovered using @ 500RCF 

at 4oC for 5 minutes.  

Measure sample protein 

concentration with Nanodrop 

Using 280 and 500nm 

wavelength  

Dilute protein concentration 

to a final volume of 70µl

Designate 70µl of each 

protein sample to a protein 

microarray well *

Sandwich microarray slide 

on top of the gasket slide 

with aliquoted samples. 

Incubate for 1h @ 22oC  

Designate 70µl of each 

protein sample to a protein 

microarray well *

Remove gasket and slide from 

gasket assembly and separate 

gasket 

This is done by opening the 

slide gasket into a container 

of TBS-T, this is done to 

avoid contamination. 

Slides are scanned using 

Agilent 2505  microarray 

scanner 

Cy3 channel and 523nm 

excitation wavelength is used 

(90% photomultiplier tubes) 

with maximum resolution 

(5µm) 

*

For protein microarray preparation all commercial antibodies are buffer exchanged with 

PBS and quantified by Bicinchonic acid assay, They were then diluted and printed in 

six replicates on Nexterion N hudroxylsuccinimide ester functionalised H hydrogel 

coated glass slide. Each feature was printed using a 1nL diluted antibody. Slides were 

then incubated(1h @37oC, washed (PBS) and stored (@ 4oC) until use. 
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4.2.10 Neural Recording Using Ex Vivo Hippocampal Slices  

As a continuation study from chapter 3 extracellular recordings between LIPSS Pt/Ir 

microwire and pristine control Pt/Ir microwire electrodes were carried out ex vivo on rat 

hippocampal slice cultures. 

4.2.10.1 Preparation of HEPES Solutions 

Standard recording artificial cerebral spinal fluid  ACSF solution contains 124mM NaCl, 

2.5mM KCl, 1.2 NaH2PO4, 24mM NaHCO3, 5mM HEPES, 12.5mM glucose, 2mM 

MgSO4.7H2O and 2mM CaCl2.2H2O per litre. pH was adjusted with HCl to 7.3-7.4. 

MgCl2 and CaCl2 were added as a solution to prevent precipitation within solution.  

Cutting and recovery ACSF solution contained 92mM NaCl, 2.5mM KCl, 1.2 NaH2PO4, 

30mM NaHCO3, 20mM HEPES and 25mM glucose, 5mM sodium ascorbate, 3mM 

sodium pyruvate 10mM MgSO4.7H2O and 0.5mM CaCl2.2H2O per litre. pH was adjusted 

using NaOH to 7.3-7.4.   

4.2.10.2 Slice Preparation  

Research and animal procedures were performed in accordance with the European (EU) 

guidelines (2010/63/UE) and Health Products Regulatory Authority. Sprague Dawley rat 

pups 4-5 weeks old brain were obtained under anaesthesia induced by inhalation of 

isoflurane followed by decapitation. Brains are scooped from the skull and placed into 

ice cold recovery artificial cerebral spinal fluid ACSF solution (almost a slushy 

consistency). Decapitation to brain submersion in ACSF was completed in less than a 

minute. Studies have shown that extractions taking longer than one minute leads to 

adverse effects on tissue slice viability [53]. Before complete separation of the two 

hemispheres into slushy recovery ACSF, the cerebellum was removed and approximately 

one quarter of the brain frontal lobe. The hemispheres were orientated so that the coronal 

of the frontal lope faced downwards. The tissue was then glued onto a dissection stage 

with the hemisphere in close proximity to each other and transferred to the sectioning 

stage of the vibrotome. The vibrotome reservoir was filled with recovery slushy ASCF 

solution.  Approximately 450µm section slices were prepared and collected using a paint 

brush.  

To maintain the viability of the brain slices, slices were transferred and placed in 

oxygenated ACSF solution at 32-35oC for 30 mins and then placed at room temperature 
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for one hour in oxygenated buffer before being transferred to the holding chamber for 

electrophysiological recordings at 30-35oC.   

4.2.10.3 Electrophysiological Recordings  

The set up for recording of extracellular of acute hippocampal slices, included a recording 

chamber, a microscope with 4x magnification, a perfusion system, stimulating, ground 

and recording electrodes. Macro and micromanipulators, as well as a stimulator, amplifier 

and analogue to digital converter, acquisition software i.e. lab chart and a Faraday cage. 

Recording ACSF was prewarmed using an inline microheater and flowed into the 

chamber at a rate of 4 ml/min using a perfusion pump. Another central line also connected 

to the perfusion pump which was then used to remove ACSF waste.  

Stimulation electrodes (platinum wires) were positioned near the CA3 region border of 

the hippocampus using micromanipulators. The recording electrodes i.e. Glass/LIPSS 

functionalised/ non functionalised electrodes were positioned at the CA1 stratum 

radiatum region. The glass microelectrode consists of Ag/AgCl wire in recording ACSF 

filled glass micropipette (tip resistance of ~ 1MΩ). Stimulus pulses, beginning with 

100µA, were administered, and gradually increased in intervals until activity was 

acquired using the acquisition software LabChart. Recording and stimulating electrodes 

were adjusted until artefact and excitatory postsynaptic potential amplitudes were 

detected. L glutamate was also added to initiate an extracellular response at a final 

concentration of 150µM in 2ml of recording ACSF solution in the recording chamber. 
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Figure 4.2 Electrophysiology Set Up for Extracellular Recording of Hippocampal Slices.  

A thermocouple was used to keep the recording ACSF temperature at <37oC. An Olympus 

stereomicroscope with 4x magnification was used to identify the CA3 region and CA1 region of the 

hippocampus slice. Micromanipulators were used to hold the stimulating and recording electrode in place.  

 

A sampling rate gain of 1kHz was used with a 2-pulse stimulus (of stimulus parameters 

10μA x 10ms), and an applied mains filter (3.2 digital filter). All raw data was obtained 

using Labchart software. A spike sorting algorithm IgorPro 8 was used to identify the 

individual action potentials. Spikes considered actual action potentials or ‘events’ were 

determined based on a detecting algorithm rolling average of 4ms base line with a search 

window of 2ms. Events or action potentials parameters such as rise time and full width at 

half maximum FWHM were also measured. 
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Figure 4.3 Rise Time and FWHM Measurements. 

The rise time is defined as the time taken to go from 10% of the amplitude to 90% of the maximum 

amplitude height a). FWHM refers to the measured width at half maximal spike amplitude b).  

 

E14 ventral mesencephalon cells were seeded onto PLL coated thermanox (tissue culture 

plastic) and cultured for 2 weeks before neural recording. Media was changed every 

second day using the same media formulation in section 4.2.2. Cell media was removed 

before recording took place and was washed with HBSS. Fresh saline was then also added 

to the cells before recording. The recording electrodes were gently lowered into the 

clusters of neural cells, while the stimulating electrode was placed on the thermanox.  
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4.3 Results  

4.3.1 Optimisation of Postnatal and Embryonic Rat Cortical Cultures 

The development of axons and dendrites (neurites) is critical for the overall functionality 

of the CNS, creating functional connections with other neurons to form neural networks 

[54].  It is therefore necessary to investigate how implantable neuroelectrode devices may 

alter the morphology and density of neurites to determine device integration [54].  

Different postnatal days were investigated to find the most optimum postnatal day for cell 

analysis and morphological characterisation i.e. cell culture containing both neurons and 

astrocytes. Cortical cells were extracted from postnatal pups P11, P7 and P3-4 days old 

using DNase method and seeded onto PLL coated glass IBIDIs. Cells were stained for 

both neurons (β Tubulin III) and astrocytes (GFAP) on 7 days in vitro (DIV). No neurons 

were present for P11 (Figure 4.4 a-d) and only few neurons were present at postnatal day 

7 (Figure 4.4 e-h).  Cortical cells extracted at P3 contained significantly more neurons 

(Figure 4.4 i-l) relative to that of P7 and P11. The cortical cells from the P3-4 extraction 

method was further optimised using a different culture media, however, the difference in 

neurons present between the two different media was small. The number of neurons 

quantified from 3 IBIDIs (5 different fields) using Neurobasal media was 344 (Figure 4.4 

i-l) and 294 neurons were quantified using D6421 F-12 HAM media (Figure 4.4 m-p). 

P3-4 pups were then seeded on Pt/Ir LIPSS substrates (control, 2 pulses, 50 pulses, 150 

pulses and 250 pulses) using Neurobasal media.  
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Figure 4.4 Optimisation of Isolation and Coculture of Neurons and Astrocyte from Postnatal Pups 

using a DNase Method of Extraction.   

No neurons were present for postnatal day pups P11 a-d). Few neurons were present for P7 at day 7 in 

culture e-h). Postnatal day P3-4 had more success in terms of quantity of neurons present with neurobasal 

media i-l) and D6421 F-12 HAM m-p). Cells were stained with β- tubulin III to indicate neurons (red stain) 

and GFAP to identify astrocytes (green stain). DAPI (blue stain) was used to identify the nuclei. Scale bar 

is 40μm. 

 

DNase can affect neuron survival with prolonged exposure during dissociation. 

Therefore, for comparative purposes, cells were extracted from postnatal P3-4 days using 

both DNase and mechanical dissociation.  Cortical cells using both these dissociation 

methods were seeded onto PLL coated Pt/Ir LIPSS substrates (as discussed in chapter 2) 

and stained at various time points to investigate cell response. Cells were stained for both 

neurons and astrocytes on day 7 for mechanical dissociation and at days 7, 14 and 21 for 

DNase dissociation. Cells were analysed using confocal microscopy. Very little 

difference was observed in terms of neuron viability between the dissociation methods 

(Figure 4.5 a-j). However, the quantity of neurons present was low on the different 

substrates with no neurons being observed on any of substrates at day 14 (See Appendix 

Figure 7.6) and day 21 in culture (Figure 4.5 k-o). Nevertheless, some alignment of 

astrocytes was observed for 50, 150 and 250 pulses.  
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LIPSS formed with 50 pulses have a groove width of ~314nm, depth of ~225nm and ridge 

width ~541nm. 150 pulses have a groove width of ~195nm and depth ~136nm, with a 

ridge width of ~603nm. 250 pulses have a groove width of ~214nm and depth of ~153nm 

with a ridge width of ~562nm. 

 

Figure 4.5 Mixed Neural Population Isolated from Post Natal Pups P3-4 days Seeded on Pt/Ir Control 

and LIPSS Substrates.  

Confocal images of mechanically dissociated cells a-e). Images of cells on Pt/Ir substrates using DNase 

dissociation, show few neurons were present f-j). No neurons were present at day 21 of culture, however 

some alignment was observed for astrocytes. Arrow indicates direction of LIPSS during confocal analysis.  

Cells were stained with β- tubulin III to indicate neurons (red stain) and GFAP to identify astrocytes (green 

stain). DAPI (blue stain) was used to identify the nuclei. Scale bar is 40μm. 
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Postnatal pup cultures showed by 7 DIV, neuron viability (<15% of cells) was too low to 

study the cytocompatibility of LIPSS structures, despite exploring a reduction in postnatal 

age and different dissociation methods.  To increase the neuron viability embryonic E14 

cortical cells were further explored on glass IBIDI substrates. Staining at day 3, 7 and 10 

of E14 cortical cells in culture revealed a high quantity of neurons (marker β - tubulin III 

Figure 4.6) were present. E14 cortical neurons were also analysed for the presence of 

pyramidal neurons which is vital for intracortical BMI recording. A significantly higher 

viability of neurons was present with pyramidal neurons detected.  
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Figure 4.6 Mixed Cortical Cell Population Isolated from the Embryonic E14 Cortex Stained for 

Neurons and Pyramidal Neurons  

At day 3 a-d), day 7 e-h) and day 10 i-l). E14 cortical cells were seeded onto glass IBIDI substrates. 

Pyramidal neurons are indicated by green nuclei. Dapi (blue) was used to identify other neuron nuclei. 

Scale bar 40μm. Cells were stained with β- tubulin III to indicate neurons (red stain). Ctip2 was used to 

identify the nuclei of pyramidal neurons (green nuclei stain). DAPI (blue nuclei stain) was used to 

distinguish other neurons from pyramidal neurons.  Scale bar is 40μm. 
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4.3.2 Investigation of LIPSS Modulation of Neurite Length and the Ratio 

of Astroctye to Neuron Populations  

To investigate the ability of LIPSS to modulate cell and neurite alignment, neurons and 

astrocyte morphology was quantified through image analysis of immunofluorescent 

microscopy images at 3, 7 and 10 days in vitro via β- tubulin III and GFAP staining 

respectively. Qualitative analysis of confocal images (Figure 4.7 a-o) indicate neurite 

branching and connectivity following 3 days in culture indicating the cytocompatibility 

of all the experimental and control Pt/Ir substrates. 

 

Figure 4.7 Immunofluorescent Images of E14 Cortical Cells Cultured on LIPSS Functionalised and 

Planar Control Pt/Ir Substrates.  

Confocal images of cortical E14 cells cultured on planar control on Pt/Ir LIPSS substrates at day 3 (a-e), 

day 7 (f-j), and day 10 (k-o). Cells were stained with β- tubulin III to indicate neurons (red stain) and GFAP 

to identify astrocytes (green stain). DAPI (blue stain) was used to identify the nuclei. Scale bar is 40μm. 
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Neurite length is a key morphological phenotype, highly associated with neuronal cell 

heath and function [55].  Alterations in neurite length and function can have degenerative 

or severe neurological consequences [55]. The average length was therefore quantified 

on the different Pt/Ir substrates and pristine control. The neurite length was quantified 

using a previously published stereological methodology [49] . Here, 9 random fields of 

view were chosen from 3 biological replicates and subjected to grid processing. The 

average neurite length was greatest in cells cultured on Pt/Ir substrates subjected to 50 

laser pulses by day 10 (286.93μm), however no statistically significant differences 

between experimental and control groups were noted (Figure 4.8 a). Furthermore, there 

were no significant difference in the percentage of cells expressing GFAP (represented in 

green) and β- tubulin III (represented in red) on all experimental and control substrates. 

However, significantly more GFAP positive cells were observed at day 10 relative to days 

3 and 7 on all experimental and control substrates (Figure 4.8 b). (p± 0.05, ± % SD, 3 

biological replicates).   
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Figure 4.8 Quantification of Neurite Outgrowth and the GFAP/β-tubulin III Positivity Ratio in Cells 

Cultured on LIPSS Functionalised and Planar Control PT/Ir Substrates.  

There were no significant differences in neurite length between the LIPSS and control substrates at all time 

points (a). Furthermore, there was no significant difference in the percentage of cells expressing GFAP 

(represented in green) and β- tubulin III (represented in red) on all experimental and control substrates. 

However, significantly more GFAP positive cells were observed at day 10 relative to days 3 and 7 on all 

experimental and control substrates (b). (p± 0.05, ± % SD, 3 biological replicates).   

 

 

4.3.3 Enhanced Alignment of Neurons and Astrocytes on LIPSS Substrates  

Cell alignment has the capacity for directing neurite outgrowth and extending branching 

beyond the lesion site, thus forming connections with other cells and promoting 

regeneration. Cellular alignment was observed at day 3 in mixed cortical E14 neural 

populations cultured on Pt/Ir LIPSS and planar control substrates, with an ~ 2% increase 

in the percentage of neurons aligned at 0, 6, 12 and 18o orientation on LIPSS structures 

formed with 150 pulses and 250 pulses relative to planar control substrate (Figure 4.9). 

There little difference in alignment between 2 pulses and control.  
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Figure 4.9 Neuron Alignment on LIPSS Functionalised Pt/Ir Substrates at Day 3.  

Histogram showing alignment of E14 mixed cortical neural cells (red) cultured on Pt/Ir control and LIPSS 

features. Alignment is represented as deviation from the orientation of LIPSS ripples, complete alignment 

given as 0 degrees. Astrocytes were not represented on day 3 due to a lack of GFAP positive cells. (p ≤ 

0.05, n=3 biological replicates, results are mean ± SD).   

 

Significant alignment (p≤0.05) of both GFAP and β-tubulin positive cells cultured on 

Pt/Ir LIPSS was observed at day 7 (Figure 4.10). A non-significant increase in astrocyte 

alignment was noted in cells cultured on LIPSS substrates formed with 2 pulses at  -12o 

orientation (3.99 ± 0.40%), -6 o orientation (4.17 ± 0.28%), 0o orientation (4.47 ± 0.17%), 

6o orientation (4.71 ± 0.12%), relative to cells cultured on control substrates (-12o 

orientation 3.81 ± 0.29 %, -6o orientation 3.88 ± 0.17%, 0 o orientation 4.00 ± 0.25%, 6o 

orientation 4.02 ± 0.17%) . Neuron and astrocytes alignment of 20 degrees of deviation 

from LIPSS orientation was increased on Pt/Ir LIPSS substrates functionalised with 50 

pulses with the signficiant increase in alignment being observed for astrocytes at -12o 

orientation (6.04 ± 1.30%), -6o orientation (6.44 ± 1.55%,) 0o orientation (6.31 ± 1.40%), 

6o orientation (5.67 ± 1.05%), compared to the control.  

The greatest alignment was observed in mixed neural populations cultured ion Pt/Ir 

substrates functionalised with LIPSS formed with 150 and 250 laser pulses (p≤0.05). 

Significant alignment was observed for neurons at 250 pulses at 0o orientation (6.21 

±1.71%) and -6o orientation (5.88 ± 1.38%) compared to the control (0o orientation 4.12 

± 0.26%, -6o orientation 3.97 ± 0.23%). Significant astrocytic alignment was observed 

for 150 at -12o orientation (7.51 ± 1.36%), -6o orientation (7.82 ± 1.56%), 0o orientation 
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(7.44 ± 1.22%), 6o orientation (6.49 ± 0.71%) compared to control and 2 pulses. 

Significant alignment was also observed for  250 pulses at -12o orientation (6.36 ± 

0.93%), -6o orientation 7.12 ± 2.10%, 0o orientation (8.26 ± 3.23%), 6o orientation (5.82 

± 0.49%)  compared to the control and 2 pulses.  
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Figure 4.10 Neuron and Astrocytes Alignment on LIPSS Functionalised Pt/Ir Substrates at Day 7.  

Both neurons (red) and astrocytes (green) demonstrated alignment on LIPSS features formed by 50, 150 

and 250 pulses. Statistical significance was observed for astrocytes for both 0, 6, -6 and -12 degrees of 

orientation for 150 pulses and 250 pulses compared to the control. Neurons had a significantly higher 

degrees of orientation at 0o and -6o for 250 pulses compared to the control. β tubulin positive stained cells 

were compared between the groups. GFAP positive stained cells were compared between the groups. (* p 

≤ 0.05,**p≤ 0.01 n=3 biological replicates, results are mean ± SD).   
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Conversely β-tubulin and GFAP positive cellular alignment on day 10 (Figure 4.11) was 

decreased in cells cultured on Pt/Ir LIPSS substrates functionalised with 50 laser pulses , 

150 pulses, 250 laser pulses for neurons and astrocytes respectively.  However 50 pulses, 

150 pulses, 250 pulses remained significantly greater in astrocytic alignment compared 

with astrocytic populations cultured on planar control Pt/Ir substrates [at -12o orientation 

(3.67 ± 0.16%) -6o orientation (3.72 ± 0.09%), 0o orientation (3.77 ± 0.13%), 6o degrees 

orientation (3.76 ± 0.15%)] and Pt/Ir LIPSS substrates functionalised with 2 pulses [at -

12o orientation (4.11 ± 0.06%) -6o orientation 4.27 ± 0.31%, 0o orientation (4.44 ± 0.53%), 

6o orientation (4.22 ± 0.47%)].  
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Figure 4.11 Neuron and Astrocytes Alignment on LIPSS Functionalised Pt/Ir Substrates at Day 10.  

Histograms showing alignment of E14 mixed cortical neural cells (red) and astrocytes (green) cultured on 

Pt/Ir control and LIPSS features at day 10. β tubulin positive stained cells were compared between the 

groups. GFAP positive stained cells were compared between the groups. By day 10 there was a modest 

decrease in neuronal alignment for 50, 150 and 250 pulse relative to day 7, however, astrocyte alignment 

remained constant. (* p ≤ 0.05,**p≤ 0.01, n=3 biological replicates, results are mean ± SD).   
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Despite the alignment observed for both neurons and astrocytes, the cortex at this early 

embryonic stage is not fully developed, with fewer cortical layers and little to no 

microglia present at E14. Thus, to further investigate fully developed cortex glial cell 

inflammatory response to LIPSS substrates, embryonic E17 dissociated cells were used 

for the remainder of the in vitro cell studies. Optimisation was required in terms of E17 

mechanical dissociation of cortical tissue (Figure 4.12 a-b) Once dissociation was 

optimised cells were then seeded on control Pt/Ir (Figure 4.12 c-d) and 250 pulses LIPSS 

substrates to investigate cell morphology, attachment and adhesion. Cell alignment could 

be observed for neurons and specifically in astrocytes cultured on LIPSS formed with 250 

laser pulses (Figure 4.12 e-f). Cells were stained for all groups at day 7 in culture.  

 

 

Figure 4.12 Immunofluorescent Images of E17 Cortical Cells Cultured on IBIDIs, Planar Control 

Pt/Ir Substrates and LIPSS Functionalised.  

Cortical E17 cells cultured on IBIDIs a-b), planar Pt/Ir control c-d), Pt/Ir LIPSS substrates and stained with 

β- tubulin III to indicate neurons (red) and GFAP to identify astrocytes (green) at day 7.DAPI (blue stain) 

was used to identify the nuclei. Scale bar is 40μm. 

 

Further characterisation was required to investigate whether the cells aligned with the 

ridges or the grooves of the LIPSS. Since alignment was significantly higher with 250 

pulses, immunocytochemistry (with SEM) was carried out on E17 cortical cells seeded 

on planar control (as a comparative) and LIPSS formed with 250 laser pulses. Control 
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substrates showed random arrangement of cortical cells (Figure 4.13 a-c), whilst 250 

pulses showed alignment (Figure 4.13 d-f). From the images obtained it is very difficult 

to see whether cells are aligned with ridges or with grooves due to the nanoscale 

dimensions of the LIPSS features. In some instances small branching of cells can be seen 

aligning on 250 pulse ridges Figure 4.13 f), suggesting ridges may play a more prominent 

role in alignment.  

 

Figure 4.13 Immunocytochemistry of Cortical Cells on Planar Control Pt/Ir and Functionalised 

LIPSS Substrates.  

Cells were fixed at day 7 in culture.  SEM images of cells randomly orientated on control Pt/Ir a-c), whilst 

cells are aligned with LIPSS 250 pulses d-f), more specifically cell branches were observed to align with 

ridges. 
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4.3.4 Focal Adhesion Investigation of Aligned Astrocytic Cells.  

To fully interpret the astrocytic alignment observed on LIPSS substrates, the total area of 

focal adhesions was explored at day 3, 7 and 10. Unlike E14 cortical cells, astrocytes have 

fully migrated to all the cortical layers at embryonic stage E17, hence FA investigation at 

day 3. Focal adhesions (FAs) are macromolecular assemblies thought to be involved in 

processes such as cell alignment, adhesion and migration on sub cellular 

microenvironments [56, 57]. Qualitative analysis of confocal images (Figure 4.14 and 

Figure 4.15 a-o) indicate few differences in focal adhesion number and area between 

LIPSS and control Pt/Ir substrates  

 

 

Figure 4.14 An Example of Focal Adhesion Quantification using Fiji.  

Cell were stained with GFAP (green) to indicate astrocytes and Paxillin (red) to indicate focal adhesions 

a). Using the software Fiji, channels were split to expose just the red channel b). Fiji plugins ‘Subtract 

Background’ and CLAHE plugin were then applied to the red channel, followed by application of 

mathematical ‘Exponential’, ‘Brightness/Contrast’, ‘LoG3D’ plugin and ‘Threshold’c).  Finally, the FAs 

were measured using ‘Analyse Particles’ plugin (particles no smaller than 0.14μm2 were measured d). 

Quantification parameters were kept the same for all groups at day 3, 7 and 10.  
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Figure 4.15 Immunofluorescent Images of E17 Cortical Cells Cultured on LIPSS Functionalised and 

Planar Control Pt/Ir Substrates.  

E17 cells cultured on planar control on Pt/Ir LIPSS substrates at day 3 (a-e), day 7 (f-j), and day 10 (k-o), 

Cell were stained with GFAP (green) to indicate astrocytes and Paxillin (red) to indicate focal adhesions. 

Scale bar 40μm. (biological replicates n=3). 

 

Despite the huge influence that LIPSS (150 and 250 pulses) substrates have on astrocytic 

alignment compared to the control Pt/Ir as shown in Figure 4.8 and 4.9, no significant 

difference was observed in terms of FA number (Figure 4.16 a-b). For all experimental 

groups, there was a slight decrease in FA number from day 3 to day 7 only to increase 

again on day 10.  250 pulses especially had the highest increase in FA number from day 
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7 (31 FAs) to day10 (~67 FAs).  Again, for quantification of FA area (individual FAs) 

little difference was observed between the groups at timepoints day 3, 7 and 10.  

 

Figure 4.16 FA quantification of Astrocytes Cultured on LIPSS Functionalised and Control Pt/Ir 

Substrates.  

No significant difference was observed between control and LIPSS Pt/Ir substrates for FA number a), and 

FA area b). (p≤0.05, biological replicates n=3, ± SEM). 

 

 

4.3.5 The Effects of LIPSS Functionalization on Embryonic 17 Cortical 

Cell Cytokine Expression  

Glial scar (reactive gliosis) formation is a complex progression, initiated by a number of 

inflammatory cytokines and chemokines, whose upregulation lead to the proliferation of 

glial cells at a site of insult. An ELISA assay was carried out to determine the effect of 

Pt/Ir LIPPS features on the synthesis of pro-inflammatory cytokines in a mixed cortical 

neural population. E17 cortical cells cultured on Pt/Ir LIPSS and planar control substrates 

were analysed for their chemokine and cytokine expression and represented in Figure 

4.15.  No significant increase in the synthesis of IL-6 or KC/GRO was observed in mixed 

cortical cells cultured on any of the experimental LIPSS and control Pt/Ir substrates, at 

any time point. Expression of TNF-α synthesis however decreased significantly at day 7 

and 10 in cortical cells cultured on all Pt/Ir LIPSS and control substrates (Figure 4.17 c).  



Chapter 4. In Vitro Response of a Cortical Neural Population to Laser Induced Periodic Surface 

Structures 

 

 

186 

 

 

Figure 4.17 ELISA Analysis of Cytokine and Chemokine Expression in Cells Cultured on LIPSS 

Functionalised Pt/Ir Substrates.   

Cytokine expression was analysed from cultured E17 cortical cells at day 3, 7 and 10 on planar Pt/Ir and 

LIPSS features. No significant differences in expression levels of IL-6 or KC/GRO were observed for all 

samples, at different time points b-c). TNF-α expression however significantly decreased in cells cultured 

on all experimental LIPSS and control substrates at day 7 and day 10 c). Interleukin 6, IL-6 Keratinocyte 

Chemoattractant (KC)/Human Growth-Regulated. Oncogene (GRO) and Tumour Necrosis Factor alpha, 

(TNF-α) expression levels in pg/ml, p ≤ 0.05, n=4 biological replicates ±SD. Only detected cytokines and 

chemokines are presented above.     

 

4.3.6 Analysis of Catalase and Nitric Oxide Expression 

An upregulation of enzymes and various chemical species can also be an indicator of 

reactive gliosis processes taking place. Therefore, catalase enzyme activity and nitric 

oxide production was investigated on E17 cells seeded on LIPSS and planar Pt/Ir 

substrates. No statistical significance was observed between the substrates. However, a 

drastic increase in catalase activity was shown from day 3 to day 10 for all the substrates 

(except 250 pulse with a slight decrease in activity from day 7 to day10) with 50 and 150 

pulses (598.2 and 609.5 nmol/min/ml) having the largest activity detected at day 10, 

respectively. 250 pulses on average had the lowest catalase activity 295.7 nmol/min/ml 

at day 10 (Figure 4.18 a).  

Its concentration can be quantified by measuring it in its oxidised state, nitrite. Again, no 

statistical significance was observed between the groups (Figure 4.18 b).   50 pulses had 

the highest nitrite concentration on day 3 (4.3μM) compared to all the experimental 
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groups.  However, 2 pulses showed a severe increase in nitrite concentration at day 7 and 

day 10 compared to 50, 150 and 250 pulses. 2 pulses had an average concentration of 5.8 

and 4.3μM at day 7 and day 10, in contrast to 50 pulses (1.2 and 1.0μM), 150 pulses (1.5 

and 1.7μM) and 250 pulses (1.8 and 1.2μM). Overall, the expression of nitrite was 

relatively low for all substrates.  

 

Figure 4.18 Catalase and Nitrite Analysis of E17 Cells Cultured on LIPSS Functionalized and 

Control Pt/Ir Substrates.   

A gradual increase in catalase activity was observed from day 3 to day 10 for all LIPSS (except 250 pulses) 

and control Pt/Ir substrates a). Expression of nitrite was relatively low for all substrates, 50 pulses had the 

highest concentration of nitrite (on average) at day 3 and the lowest concentration at day 10 compared to 

all experimental substrates b). 
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4.3.7 Analysis of Proteins of Reactive Astrogliosis and Ion Channel 

Expression in Mixed Neural Populations Cultured on LIPSS 

Substrates  

In order to assess the response of mixed neural population to LIPSS and control Pt/Ir 

substrates at the protein level, E17 cortical cells were seeded onto femtosecond laser 

exposed and control Pt/Ir substrates. Changes to the expression of proteins involved in 

reactive gliosis and mechanotransduction were assessed using an in-house protein 

microarray. 

Protein microarray analysis revealed significant changes to the expression of proteins 

associated with ion channel function (L-type Ca2+, Piezo 1, Piezo 2, ANKTM1 and TREK 

1), markers of a reactive astrocyte phenotype (GFAP, CD81, Cleaved Spectrin, SMAD3, 

chondratin sulfate and Nestin), and the microglia associated protein OX42.  

At day 3, cortical cells cultured on Pt/Ir substrates functionalized with 50, 150 and 250 

pulse LIPSS features were associated with upregulations of GFAP, CS and SMAD3.  E17 

Cortical cells cultured on Pt/Ir substrates functionalized with 2 and 50 pulses showed 

increases in the expression of Piezo 1, Piezo 2 and TREK1 relative to planar controls. 

Protein expression for Nestin, CD81, VR1 and L type Ca2+ were down-regulated in cells 

cultured on all Pt/Ir LIPSS topographies relative to planar controls.  

At day 7, upregulation in Piezo 1, Nestin, OX42, and C. Spectrin expression was observed 

in cortical cells cultured on all Pt/Ir LIPSS functionalized substrates relative to planar 

control Pt/Ir substrates. Piezo channels were upregulated for 150 pulses whilst piezo 2 

was unchanged in cortical cells cultured on Pt/Ir LIPSS substrates functionalized with 2 

and 50 pulses and down-regulated in cortical cells cultured on Pt/Ir LIPSS substrates 

functionalized with 250 pulses. Cortical cells cultured on Pt/Ir LIPSS substrates 

functionalized with 250 pulses also exhibited upregulations in SMAD 3 and Cleaved 

Spectrin and significant downregulations in proteins and the ion channels associated with 

reactive astrogliosis and cell toxicity ANKTM1 (0.39±0.33),VR1 (0.32±0.35) and L type 

Ca2+ (0.65±0.35) relative to Pt/Ir LIPSS substrates functionalized with 2 pulses ANKTM1 

(1.39 ± 0.40),VR1 (1.48±0.46) and L type Ca2+ (1.51±0.45). Please see chapter 7 -

Appendices Figure 7.8 for more details.  
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By day 10 expression of Nestin, CD81, OX42, Cleaved (C) Spectrin, as well as the ion 

channels piezo channels and TREK1 were upregulated in cortical cells cultured on Pt/Ir 

LIPSS substrates functionalized with 2, 50 and 150 pulses relative to cells cultured on 

planar Pt/Ir controls (Figure 4.19). Conversely, cortical cells cultured on Pt/Ir LIPSS 

substrates functionalized with 250 pulses exhibited down-regulations in all proteins 

associated with astrogliosis (except Cleaved Spectrin, SMAD3) relative to planar Pt/Ir 

controls. Cortical cells cultured on Pt/Ir LIPSS substrates functionalized with 250 pulses 

exhibited significant down-regulations in nestin (0.55 ± 0.32), VR1 (0.23 ± 0.31),  L type 

Ca2+ (0.37 ± 0.31) and ANKTM1 (0.28 ± 0.38) compared to Pt/Ir LIPSS substrates 

functionalized with 150 pulses nestin (1.10 ± 0.13), VR1 (0.95 ± 0.26),  L type Ca2+ (1.15 

± 0.18) pulses and ANKTM1 (1.00 ± 0.32) respectively (see Figure 7.8 in Appendix for 

more detail).  Again 250 pulses had significant downregulation to Pt/Ir LIPSS substrates 

functionalized with 2 pulses nestin (1.18 ± 0.18) and L type Ca2+ (1.01 ± 0.14).  
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Figure 4.19 Microarray Analysis of Protein Expression in Cells Cultured on LIPSS Functionalized 

Pt/Ir Substrates.  

Cortical E17 cells were seeded on Pt/Ir LIPSS and control substrates and protein expression analysed at 

day 3, 7 and 10 (biological replicates n=4, p≤0.05).Up-regulations in the expression of ion-channel 

associated proteins (Piezo 1 and 2, TREK1),  reactive astrocyte associated proteins  (nestin) and proteins 

associated with microglia activation (OX42) on day 7 & day 10 were noted in cells cultured on Pt/Ir LIPSS 

functionalized with 2, 50 and 150 laser pulses relative to cells cultured on planar control substrates. 

Conversely the expression of these proteins were down-regulated in cortical neural cells cultured on LIPSS 

functionalized with 250 laser pulses on day 10. Up-regulated (red), down-regulated (blue) is expressed in 

relative fluorescence units (RFU). All data is normalized to control conditions.   

 

Due to the high concentration of paxillin expressed with 250 pulses, microarray analysis 

of paxillin is represented as a bar graph (Figure 4.20). Cortical E17 cells seeded on LIPSS 

250 pulses had the highest expression of paxillin on average at day 3,  7 and 10 (1085 and 

2422, 1238 R.F.U) compared to  150 pulses (105, 458, 497 R.F.U), 50 pulses (265, 643, 

415 RFU), 2 pulses (230, 445, 417 RFU) and control (261, 390, 431 R.F.U).  
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Figure 4.20 Microarray analysis of Paxillin Protein Expression on LIPSS Substrates of Astrocytes 

Cultured on LIPSS Functionalized Pt/Ir Substrates.  

Cortical E17 cells were seeded on the LIPSS and control substrates and analysed at day 3, 7 and 10 

(biological replicates n≥3).   
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4.3.8 Ex vivo Slice Cultures Neural Recordings   

To evaluate the recording capacity of control and LIPSS microwires (outlined in chapter 

3), extracellular recording was carried out in the CA3 region of rat hippocampal slices. A 

glass KCl electrode was used, as this is the gold standard for slice recordings (Figure 4.21 

a-b). An example of a control microwire recording is shown in Figure 4.21 c-d) and for 

LIPSS neural recording Figure 4.21 e-f).  Individual spikes/events detected using the 

control microwire had a much greater amplitude range (<100μV) (Figure 4.21 d) than the 

spikes or individual events detected using the glass (<55μV) and LIPSS microwire 

(<25μV) (Figure 4.21 b&f).  

 

Figure 4.21 Extracellular Recording in Hippocampal Slices from 4-5 Week Old Rat Pups.  

Raw data recordings from glass electrode a), an individual spike/event extracted from the raw data 

recordings of a glass electrode b), raw data recording using a control microwire c), an individual spike/event 

extracted from the raw data of a control microwire d). LIPSS microwire raw data recording e), an individual 

spike extracted from LIPSS microwire raw data recordings f). Recordings were obtained in response to 

10μA x10ms stimulation. Gain 1000.  
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By extracting and analysing the spike data the number of ‘events’ was determined. Events 

are recordings that capture electrical signals/action potentials from at least one neuron 

and are determined based on negative pulses relative to a baseline (at least 4 SDs from 

the baseline). Control electrodes were associated with the highest number of events (159) 

detected compared to glass (57) and LIPSS (48) microwires. However, the glass electrode 

had the greatest amplitude measurement on average (-41μV) for spikes detected see Table 

4.2  

Table 4.2 Average Amplitude of The Total Number of Events Detected in Hippocampal Slices for 

Glass, Control and LIPSS Microelectrodes Over Different Days.  

LIPSS microwire had the lowest amplitude height detected on average (-19μV). LIPSS had also the lowest 

number of events (48) detected compared to glass and control (technical and biological replicates n=2) 

Total  Number of Events  Amplitude μV  
Events   

Glass 57 -41 
± 13 

Control 159 -31 
± 5.2 

LIPSS  48 -19 
± 4.5 

 

 

To investigate the additional parameters of recorded actional potential rise time and the 

full width at half maximum (FWHM) were measured. There were no major differences 

between the glass, control and LIPSS functionalised microwires for rise time or FWHM 

(Figure 4.22). On average LIPSS (0.1ms) had a higher rise time compared to glass 

(0.09ms) and control (0.07ms). 
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Figure 4.22 The Rise Time and FHWM Measured for the Events Recording in Rat Hippocampal 

Slice Cultures.   

No significant differences were observed in events recorded between the glass, control and LIPSS 

microwires for both rise time and FWHM. (biological slices n=2, ±SD).  

 

To explore the possibility of recording in vitro. Embryonic cells were seeded onto 

thermanox (similar material to polystyrene plastic) and investigated for neural activity 

after 2 weeks in culture. The recording of raw data and threshold crossings from these 

cell cultures are observed in Figure 4.23 a-b) for the control microwire and Figure 4.23 

c-d) for the LIPSS microwire. 

 

Figure 4.23 Intracellular Recordings of E14 VM Cells After 2 Weeks in Culture.  

Raw data recordings and threshold crossings for control microwire a-b), and LIPSS microwire tip c-d). 

Recordings were obtained without a stimulus applied (biological and technical replicates,  n=1).    
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Again, through extraction and analysis of the raw spike data the number of ‘events’ were 

determined. The LIPSS functionalised microwire recorded the highest number of events 

(125), with event amplitudes being measured in the mV range, whilst the amplitude of 

events were measured in the μV range for control microwire recordings (See Table 4.3). 

Events were determined based on changes relative to the baseline, at least 4 SDs from the 

baseline for the LIPSS and for the control.  

Table 4.3 Number of Events and Amplitude Analysis in a Mixed Neural Culture Recorded with 

Control and LIPSS Functionalised Microelectrodes.  

The control microwire had the lowest number recorded events (17) compared to LIPSS (125). LIPSS 

microelectrode had the highest amplitude recording (1800μV). 

Total  Number of Events  Amplitude μV  
Events   

Control 17 -6.6 E-06 
±1.2 E-06 

LIPSS  125 -0.0018 ± 
0.00092 

 

The average rise time and FWHM was higher for LIPSS for the total number of events 

detected relative to the control microwire Again, no major differences were observed for 

rise time and FWHM between experimental groups (Figure 4.24).  

 

Figure 4.24 The Rise Time and FHWM Measured for the Events Recorded in E14 Cell Cultures.   

LIPSS had a higher rise time (0.27ms) and FWHM (0.44ms) compared to the control (0.12, 0.23ms) 

(biological n=1, ±SD).  
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The frequency at which these ‘events’ occurred is shown in the raster plot Figure 4.25. 

Ex vivo microwire recordings are labelled from number 0-5 (on the y axis). Number 0 is 

the frequency of action potentials recorded from a LIPSS microwire, number 1 from a 

glass microwire, number 2 and 3 are action potentials recorded from a control microwire, 

number 4 is a recording from a LIPSS  microwire, 5 is a recording from a glass microwire. 

In vitro recordings are labelled number 6 and 7 with number 6 (on the y axis) a recording 

for a control microwire, number 7 is the frequency of action potentials ‘events’ for a 

LIPSS microwire recording (in vitro). The most events recorded within the shortest time 

frame was for the LIPSS microwire recordings, 125 events were recorded in less than 

4000 milliseconds (ms) (No. 7 microwire Figure 4.25) for in vitro studies. Whilst the 

highest number of event recordings in vitro over a longer time period was recorded for 

the control microwire which had 139 events (No. 3 microwire Figure 4.25) recorded over 

16x104 ms.  

 

Figure 4.25 Raster Plots of Neural Activity Events for the Different Electrodes.  

Microwire no. 3 was the most successful electrode for recording events for ex vivo recordings. However, 

No. 7 LIPSS recorded the highest number of events in the shortest time in vitro.   

 

 

 

 



Chapter 4. In Vitro Response of a Cortical Neural Population to Laser Induced Periodic Surface 

Structures 

 

 

197 

 

4.4 Discussion  

Recent observations of the role of physiomechanical cues at the sub-cellular level has led 

to the development of topographically modified substrates, with the aim to controlling 

cell growth, adhesion and providing optimum conditions for self-renewal [8]. These 

physiomechanical cues are particularly important for intracortical designed topographical 

features to promote integration and provide a platform for neuronal cell organisation.  

Ideally topographies mimic the native tissue and promote the drivers for this cell 

organisation. The drivers of cell organisation are based on energy optimisation, cell 

morphogenesis and the propagation of cell information [58]. Taking this into 

consideration and to unlock the full potential of LIPSS as a biomimetic (gradient like 

structure) topographical design for neural devices, cortical cells were seeded onto LIPSS 

patterned substrates and investigated for their manipulation of cell behaviour and physical 

domains.  

Optimisation of cell analysis using postnatal pups P3-P11 proved inadequate for 

maintaining the viability of neurons despite the use of various dissociation methods and 

culture media. This trend of neural degeneration with in vitro postnatal culture was also 

observed by James, C.D et al. 2004 [59]. Since BMI electrode recording fidelity relies 

completely on the neuronal function and interaction, it was vital that neuron population 

was obtained using an alternative source.  Neural cell lines were considered for this study 

(PC12 cells) however these types of cells consist of a single cell type and the innate  

immune response experienced with gliosis cannot be mimicked with these cells lines (as 

numerous glial cell types are required) [60]. It is widely acknowledged that the embryonic 

brain  can maintain a high neuron viability for weeks in culture [47, 61, 62]. E14 cortical 

cells were therefore used for investigation of cell alignment and neurite length on LIPSS 

substrates. It should be noted that the layers of cortex at the gestation stage E14 are not 

fully developed [63], so, to ensure pyramidal neurons (main type of neuron required for 

intracortical recording to modulate voluntary movement) were present during cell 

analysis, neurons were stained with pyramidal marker Ctip2 [64]. Due to availability and 

successful observation of positive stained Ctip2 markers, cells isolated from the E14 

cortex were used for morphological characterisation of neurons and astrocytes on LIPSS 

substrates.  
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The measurement of neurite length and the number of neurons to astrocytes revealed no 

difference between planar controls and LIPSS functionalised Pt/Ir. Nevertheless, cell 

adhesion and outgrowth of cortical cells on all LIPSS features and Pt/Ir control was 

observed. Biomimetic interfaces with anisotropic topographical cues have been 

extensively investigated in vitro and shown to guide neurite extension [65-69]. It has 

previously been reported that periods between 300-600nm and heights > 200nm have a 

significant effect on neuronal alignment, differentiation and neurite outgrowth [27-29].  

Similarly, in this study, functionalized LIPSS substrates with ridge width between 300-

600nm, were also observed to promote neural/astrocyte alignment on Pt/Ir patterned 

substrates i.e. 50, 150 and 250 femtosecond laser pulses. However, LIPSS formed with 

150 and 250 pulses possessed an average ridge height <250nm. Specifically, 250 pulses 

significantly influenced both neuron and astrocyte alignment, indicating that ridge width 

rather than vertical height may have a more prominent effect on alignment [70, 71].  

Surface roughness may also be a contributing factor to the alignment observed, as it is 

hypothesized that surface roughness between 20-50nm are optimal for cell adhesion [72]. 

This was confirmed in this study with 50, 150 and 250 pulses having a surface roughness 

no greater than ~30nm. 

Another mechanism through which cell alignment could be promoted is through the 

accumulation and localization of focal adhesions (FAs) to the ridge surfaces [73]. Mathur 

et al. 2012 reported FAs on patterned substrates were confined to the top of ridges 

surfaces, as well as aligning themselves along the pattern, thus initiating cell polarization.  

Whilst cells grown on flat substrates had focal adhesions localised all along their 

circumference [73]. It is hypothesized that ridge widths >500nm may prevent distortion 

of the cytoskeleton and thus enhance localization of FAs to ridge surfaces [74].  The 

influential role of ridge width in cell alignment was also demonstrated through SEM 

analysis of cells on Pt/Ir substrates functionalized with 250 pulses.  

It has been previously been reported that cells have larger FA dimensions on ridge width 

>400nm [75]. However, despite the astrocytic alignment observed for Pt/Ir functionalized 

LIPSS substrates (50, 150 and 250), further analysis of FA area and FA number per cell, 

revealed very little differences between planar controls and LIPSS substrates. Focal 

adhesion area can be greater than >1μm2 [76], however in this study,  FAs were 

represented as small dots with an average FA size being between 0.5-0.7μm2 for all LIPSS 
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functionalised substrates and Pt/Ir control. For 50, 150 and 250 pulses this could possibly 

be explained by the groove spacing being >100nm, initiating integrin clustering 

destabilisation due to the increase in tension [77]. Previously studies show that period 

spacing needs to be between 60-70nm for maturation to occur [77-79]. It  might also 

suggest that the LIPSS topography itself and other mechanotransduction pathways (FAK 

and Wnt) may play a more influential role rather than solely FAs alone [80, 81]. Further 

microarray analysis for a mixed glial cell population showed 250 pulses on average had 

a higher amount of paxillin compared to all the other experimental groups for day 3, 7 

and 10. Indicating that although no differences in FA was observed for astrocytes there 

may be significant differences in FA expression for neurons and other glial cells between 

the experimental substrates.  

Pro-inflammatory cytokines and chemokines orchestrate the immune response following 

neuroelectrode implantation into the brain [82]. However, a recent study by Jain et al. 

showed that topographical features (microporous environments) can have a significant 

impact on the release of these pro inflammatory cytokines and chemokines [83]. In this 

study, bone marrow derived macrophages were seeded onto confined (circular fibronectin 

substrates with an adhesive area of 200μm2) and unconfined areas and subject to 

lipopolysaccharide (LPS) treatment to initiate M1 activation proinflammatory 

macrophages.  They found a significant reduction in expression of proinflammatory genes 

IL-6, CXCL9, IL-1β and iNOS with cells seeded on confined environments compared to 

cells seeded on unconfined environments after 4-6 hrs of LPS treatment. They also 

observed significant reduction in expression levels of CXCL9 and iNOS in smaller pore 

microwell 2D environments (20-30μm) compared to larger pore microwell environments 

(355-425μm). These finding suggest that topographical confinement of cells such as 

macrophages can directly control the expression of proinflammatory gene clusters and 

that sufficient spreading of macrophages is strongly linked to proinflammatory M1 

activation [81]. Although, no statistical difference in the release of IL-6, KC/GRO, or 

TNF-α were observed in cells cultured on LIPSS features and planar control substrates. 

Laser functionalization did not increase the pro-inflammatory response relative to the 

control substrates.  

The brain is particularly vulnerable to oxidative stress and its high level of production of 

reactive radicals [84].  Exposure of oxidative stress can induce transcription of genes such 
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as gluta-thione peroxidase (GSH-Px), heme oxygenase and catalase to remove cellular 

H2O2 [85]. Catalase in particular has been shown to be upregulated in conditions such as 

traumatic brain injury, rat brain ischemia and animal models of Parkinson’s Disease [85-

87], whilst its downregulation has been  associated with neurological disorders such as 

dementia and Alzheimer’s disease [86, 88]. On average 50 and 150 pulses had the highest 

catalase activity compared to other LIPSS functionalized substrates (2 and 250 pulses) 

and planar control. However, no significance was observed between the LIPSS 

experimental groups and the control. Again, tissue reactivity during implantation would 

need to be investigated before any conclusions can be drawn.  

Excessive amount of NO can lead to neurodegeneration and neuroinflammatory response 

[89, 90].  Specifically NO increases inflammation by upregulating astroglial GFAP 

expression through  guanylate cyclase (GC)–cGMP–cGMP-activated protein kinase 

(PKG) signalling pathway [90]. Quantification of NO through nitrite concentration 

revealed no statistical significance between groups, however 2 pulses on average had 

higher nitrite concentration at day 7 and 10 compared to other experimental groups. This 

high expression of nitrite in 2 pulses could possibly be correlated with its protein 

microarray results, where reactive astrogliosis proteins were also found to be upregulated. 

Overall the concentration of nitrite for LIPSS functionalized substrates and planar control 

was below 6μM which according to literature is a relatively low  nitrite concentration 

[91].   

Further proteomic analysis indicated that Pt/Ir substrates, formed with 2, 50 and 150 

femtosecond laser pulses, induced upregulation in the expression of intracellular proteins 

and ion channels associated with reactive astrocytes following 10 days in culture relative 

to planar Pt/Ir control substrates. Intermediate proteins nestin, CD81 and OX42, have all 

been associated with upregulation of reactive astrocytes [92, 93].  However neural 

populations cultured on Pt/Ir substrates functionalized with 250 pulses exhibited down-

regulations in the expression of proteins GFAP, Nestin and CD81 following ten days in 

vitro compared to planar controls and LIPSS functionalized substrates 2, 50 and 150 

pulses. Similarly, the elevated expression of C.Spectrin is also associated with  reactive 

astrocytes, acting though a regulatory effect on intracellular Ca2+ levels [48, 94].  If 

C.Spectrin is upregulated it may also lead to the upregulation of ion channel L type Ca2+, 

inducing reactive astrogliosis. Despite upregulation of C.Spectrin  expression observed at 
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day 10, there was no correlation with that of L-type Ca 2+ expression. As a downregulation 

in L-type Ca 2+ was observed for all pulses (except 150 pulses) compared to the control. 

By day 10 no significant differences were observed in Smad 3 and C.Spectrin  expression 

in cells cultured on LIPSS formed with 250 femtosecond laser pulses relative to control 

planar substrates.  

Finally, this proteomics study revealed that anisotropic nanotopography, can impact on 

the synthesis of mediators of gliosis and ion channel expression and thus potentially 

modulate the behaviour of reactive astrocytes. Specifically, neural populations cultured 

on Pt/Ir substrates formed with 250 pulses exhibited significant down-regulations in the 

expression of VR1 Vanilloid Receptor 1 (VR1), an important transducer of noxious 

stimuli [95], L type Ca2+, and the mechanosensitive TRP-like ion-channel ANKTM1 on 

day 7 compared to 2 pulses. Again, significant downregulation of nestin, VR1, L type 

Ca2+ and ANKTM1 expression was observed for 250 pulses compared to 150 pulses at 

day 10.  250 pulses also had a significant downregulation in nestin and L type Ca2+ 

compared to 2 pulses at day 10. Despite little difference in physical characteristics 

observed for 150 pulses and 250 pulses there were huge variances in physiological 

response. The physiological changes observed could be as a result of the significances in 

aggregate size observed for 250 pulses versus 150 pulses for ridge particle distribution 

<15(1/mm) spatial frequency. See chapter 2 Figure 2.14 b.  

It is important to note that there were limitations with this electrophysiology study, the 

number of biological replicates was exceedingly small as well as the number of 

microwires used. Interchangeability between electrodes and hippocampal slices were also 

not thoroughly investigated. Also, time constraints and issues in terms of tissue viability, 

meant the aim of the study was reduced to simply show that neural activity could be 

detected for the glass, LIPSS and control microwires. Signal magnitude for neural 

recording ex vivo showed the number of events and amplitude recorded were much higher 

for the control microelectrodes compared to LIPSS and glass microwire (in the μV range). 

In this study, for extracellular organotypic slices from 4-5 weeks old pups, no recording 

exceeded the μV amplitude range. In theory the amplitude usually observed in ex vivo 

recording for MEAs are usually in the mV range [96, 97]. Nevertheless, others have 

reported activity in the μV range [98, 99]. LIPSS electrodes being the least effective in 

terms of device sensitivity and interface quality [100].  However, the kinetics of the action 
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potentials measured i.e. the rise time and FWHM between the experimental groups was 

insignificant. On the contrary analysis of in vitro cell recordings with LIPSS microwire 

showed an amplitude neural recording in the mV range, with much higher number of 

events detected compared to control microwire (amplitude in the μV range). Suggesting 

enhanced coupling between the nanoscale LIPSS electrode and the cell membrane 

occurred in vitro compared to the control, as seen by  [100]. The large discrepancies 

between ex vivo and in vitro recording, means more studies need to be carried out before 

any conclusion can be drawn.  

 

4.5 Conclusion  

Biomaterial approaches to enhancing alignment in vivo have shown great promise in  

promoting neural communication and regeneration [101]. Neural alignment however is 

principally dependent on the sensitivity of cells to respond to their extracellular 

environment [102]. In this study, we have shown the cytocompatability of in vitro 

embryonic cells to LIPSS substrates. We have also shown the sensitivity of neuron and 

astrocytes cells to the LIPSS environment with significant alignment being observed  for 

150 and 250 pulses following 10 days in culture compared to pristine controls. However, 

despite this increased alignment shown for astrocytic cells, there was no difference seen 

in focal adhesion area or length.  

LIPSS macroelectrodes did not significantly increase the expression of proinflammatory 

cytokines, catalase activity and nitrite concentration compared to the pristine control. 

Showing that LIPSS topographies especially 250 pulses are just as biocompatabile as the 

control macroelectrode.  LIPSS functionalised with 250 pulses had significantly lower 

expression of reactive proteins and ion channels involved in gliosis compared to 150 and 

2 pulses. From this thorough investigation of LIPSS substrates it seems 250 pulses is the 

most optimum LIPSS topography for increasing alignment and mitigating the gliosis 

response.  

Despite the discrepancies experienced with neural recording, we have shown that neural 

activity can be detected with LIPSS and control microelectrodes. However, it is 

hypothesised that the alignment and cell organisation at the conducting electrode interface 

for LIPSS topographies could facilitate regeneration and improve signal recording in vivo. 
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5.1 Introduction 

Anisotropic cellular orientation is a prominent characteristic of the microarchitecture of 

many biological tissues (heart, muscle and brain)[1].  Many 2D geometric surfaces have 

been extensively employed to influence cellular response in vitro. However, they are 

often considered inadequate in promoting contact guidance responses/cues, as they do not 

mimic the physical 3D extracellular environment in vivo. More recently research has 

focused on investigating 3D submicron/nanofeatures to influence cell morphology [2-5] 

polarity [6, 7] and metabolism [8-10] both in vitro and in vivo.  Neuronal cells grown on 

3D constructs have shown increased synchronisation and signal transfer [11] with studies 

reporting greater cell adhesion and formation of neural networks on 3D 

Polydimethylsiloxane (PDMS) micro lattices environments [12] 

As previously stated in chapter 2 and 3 a range of microfabrication techniques have been 

explored for the fabrication of micron and submicron 2D/3D topographical features, i.e. 

photolithography and its derivatives, electron beam lithography and ion beam 

lithography, etc. Other methods for micro/nanopatterning of biomaterials include a 3D 

printing lithographic approach known as stereolithography [13]. Stereolithography 

requires the use of a direct laser writing system to facilitate 3D printing/rapid prototyping 

of intricate geometries [13]. Stereolithographic approaches use a one photon absorption 

mechanism for curing photo initiators when exposed to UV light [13].  Despite the rapid 

fabrication of designed models using stereolithography, resolution of these features is 

relatively low. 

DLW using two photon polymerisation (2PP) represents a powerful alternative technique 

for the generation of 3D structures from any computer-generated 3D model design. It’s 

simple and fast fabrication system produces  high-resolution structures that can be 

integrated into complicated medical devices [14]. During multiphoton absorption, intense 

laser energy interacts with a photosensitive material leading to two or more photons of 

light being simultaneously absorbed [14]. For two photons to be absorbed simultaneously 

the photon density must exceed a certain threshold value, initiating the polymerisation 

process within an unit volume called a voxel [14, 15].  Limitation of initiation within this 

voxel volume unit enables high resolution features to be produced on the nano-micron 

scale [14]. Polymerisation continues to occur as the laser focus moves 3 dimensionally 

through the volume of resin. 



Chapter 5. The Fabrication of Topographically Modified Microelectrodes via Two Photon 

Lithography 

 

 

214 

 

Most two photon polymerisation approaches to date, have limited biomedical applications 

and have focused on the use of negative tone resists such as OrmoComp (inorganic -

organic hybrid polymer with Si-O-Si linkages) [16-19]. Unfortunately most negative tone 

resists contain photoinitiators which are generally toxic materials by nature and initiate 

ROS and cellular dysfunction when exposed to cells [20]. Most importantly, negative 

tone resists and other polymers are not electrically conductive making them rather 

unsuitable for the rapid fabrication of miniature neuroelectrode technologies.  To address 

this, it is possible to apply conductive coatings (sputtering or thermal deposition) or to 

use conducting micro-particulate doped composite resins to improve conductivity. 

However issues can arise with using these techniques such as metal delamination and 

dispersion [21]. Tanaka et al, 2006 demonstrated that through photoreduction of a AgNO3 

salt solution, 2D/3D metal constructs could be formed [22]. In this study silver ring 

patterns and free-standing gates could be constructed using a wavelength of 800nm. 

However, despite the addition of silver  microstructures, the resistivity remained similar 

to that of its silver bulk material [22].  Fabrication of complex 3D features with an 

enhanced electrical conductivity profile remains a huge challenge in neural engineering. 

Conversely, an alternative approach to the formation of ordered 3D microstructures 

through 2PP was outlined in a study by Gansel et al, 2009 [23].  Here, they successfully 

demonstrated the formation of gold helix arrays through the generation of complex voids 

in a photoresist material which were subsequently subjected to an electroforming process 

in a gold sulphite solution. The resulting electroformed helical arrays possessed high 

resolution as well as structural integrity, showing that complex 3D structures in noble 

metals could be achieved through 2PP methods. Taking this into account, the objective 

of this chapter was to fabricate 3D features using a Nanoscribe (two photon 

polymerisation) instrument and electroform gold pillars into these features using a 

potentiostat-derived electrochemical set up (See figure 5.1). With the overall aim of 

optimising these fabricated 3D structures onto a neuroelectrode active site to improve 

resistivity and promote tissue device integration upon brain implantation. 
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Figure 5.1 Schematic Overview of the 2PP Mediated Electroforming Process for the Fabrication of 

Gold Micropillar Substrates. 

A positive resist (AZ MIR 701) was spin coated onto an ITO coated glass substrate a). Pillar features were 

written through 2PP exposure of the spin coated positive resist b). After development subsequent voids 

were subjected to an Au electroforming process for the generation of Au microstructures c). The remaining 

resist was removed with a remover/stripper solvent d). Image source Adriona Kelly and Maciej Doczyk. 

 

5.2 Materials and Methods 

5.2.1 Nanoscribe -Two Photon Absorption 

5.2.1.1 Sample Preparation 

Initially indium tin oxide (ITO) coated (25mm x 25mm x 1.1mm thick) glass samples 

were washed in acetone, isopropanol and water for 30 seconds. To increase the surface 

roughness (and hence adhesion) of the ITO substrates, ITO glass were further cleaned in 

toluene, acetone and isopropanol in a sonicating bath for 30 min before spin coating. 

A layer of AZ MIR 701 (300μl) resist was spin coating onto the ITO glass at a rate of 

3500 rpm for 30 seconds to obtain films with a thickness of ≤1μm.  Samples were soft 

baked at 90 degrees for 90 seconds and left to cool. Substrates were secured onto a 

lithography mask and inserted into the nanoscribe GmbH (photonic professional GT 

system) motorised stage (Figure 5.2). A drop of immersion oil (Immersion oil 518F) was 

placed at the underside of the photoresist to overcome the refractive index mismatch 

between the resist and ITO glass. For AZ MIR 701 exposure, a 20x air objective (ZEISS 

EC Epiplan-NEOFLUAR 20x/0.5), a 2D and pseudo 3D lithography mode was used, a 

rapid writing mode for non-complex designs. 
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Figure 5.2 Components of Nanoscribe GmbH Photonic Professional GT system.  

Image obtained from 3Dprint.com and nanoscribe.com [24] 

 

5.2.2 Laser Parameters 

A 3D model of scalable pillar features were drawn in AutoCad Inventor software and 

saved as an STL file. The STL file was then imported into the nanoscribe writing 

software.  The pillars were subsequently scaled to a dimension of 20μm wide and ~1μm 

height (see Figure 5.3). The pillars were then divided into layers called slices with 0.2μm 

height. A hatching distance of 0.2μm (write lines separated by an angle of 30 deg) was 

also used.  The slicing, hatching and contour distances all have an influence on the writing 

time, with smaller slicing distance increasing the feature writing time. 

http://www.nanoscribe.com/
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Figure 5.3 Describe STL files of 3D designs. 

Pillar dimensions were 20 x20 x 1μm a) with the dimensions of the cuboid feature being 30 x 20 x 1μm b). 

 

A writing mode was subsequently selected for resist exposure [25]: The galvanometer 

scan mode is best suited for large area  features and so pillars were scanned in the x and 

y direction in galvanometer scan mode with z direction addressed via the Piezo mode 

(pillars height ~1μm). Galvanometer scanners are usually designed to accommodate the 

objective lens height and working distance (see Table 5.1). Within galvanometer scan 

mode there are two operation modes pulsed mode and continuous mode.  Pulsed mode 

exposes individual points whilst continuous exposes continuous lines. For the fabrication 

of pillars and due to their lack of complexity in terms of design, continuous mode was 

used. This laser mode is switched on at the first laser point and turns off reaching the last 

point.  The laser power (%), power scaling, laser scan and contour speed were optimised. 

The laser power was set at 70%, the power scaling was set at the maximum of 1.00, laser 

scan and contour speed was set at 2000μm/s.  Laser power calculation was determined 

using the following equation [25] 
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              Laser Power [mW] = LaserPower x PowerScaling x 50Mw             equation 5.1 

A 20x air objective was the used to write the pillars into the positive photoresist AZ MIR 

701. Once the interface was found the job.gwl file (all writing parameter details from 

describe) was uploaded and invertZaxis was selected as ‘1’ to activate the inversion of 

the z axis. 

The galvanometer scanner adjusts the stage in the z direction and write into the photoresist 

using a layer by layer approach i.e. slices. After each completed slice the z axis of the 

stage is moved. 

Table 5.1 Different Scan Modes Provided by the Nanoscribe for 2PP. 

Piezo stage is used for high resolution small surface area features on resist coated ITO glass. The 

galvanometer covers a larger surface area than that of Piezo. Stage scan mode can write the full area of the 

ITO substrate with less resolution. 

 

5.2.2.1 Components of the Nanoscribe 2PP System 

Nanoscribe GmbH 2PP writing uses femtosecond laser pulses of high intensities to 

confine absorption of photoinitiators to the laser focus [26] see Table 5.2. Here, a 

femtosecond titanium sapphire system relies on a series of optics and lenses to direct the 

laser beam path. These optics control the laser beam direction, pulse length and focal 

volume of the laser [27]. An acoustic optic modulator (AOM) is set in place to control 

the laser beam intensity. The scan and tube lenses function together as a beam expander, 

which overfills the back aperature [26]. The beam is reflected to the objective using 

another dichroic mirror. A beam filter barrier attenuates the laser excitation light. 

Fluorescence is then detected using a charge coupled device (CCD) (See Figure 5.4). A 

piezoelectric stage then moves the sample relative to the laser. The 2PP fabrication 

process can be monitored using transmitted light [26, 27]. 
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Figure 5.4 An Overview of the Nanoscribe GmbH 2PP System. 

A Femtosecond laser beam is manipulated by optic lenses and mirrors with the AOM controlling the beam 

intensity. A repetition rate of 80MHz, a pulse width ~100 fs, and a wavelength at 780 nm was used generate 

a laser light source.  A CCD detects the florescence, an inverted objective focuses the beam onto the resist 

and a 3D piezo electric moves the scanner in the z direction. Image source: Adriona Kelly and Maciej 

Maciej Doczyk. Adapted by Bougdid. Y, 2019 [27]. 

 

Table 5.2 Parameters for Nanoscribe Writing 

Nanoscribe Parameters 

Repetition rate 80MHz 

Pulse duration <100fs 

Operating temperature 20-24oC 

Wavelength 780nm 

Peak power 25kW 

Average output power <180mW 

 

5.2.2.2 Mechanism of Initiation 

As mentioned previously there are 3 main components within the positive photoresist 1) 

photosensitizers such as substituted diazonaphthoquinones (DQ) 2) phenol-formaldehyde 
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copolymer Novolak and 3) aqueous base solutions. Common substitutes with DQs are 

aryl sulfonates. Diazoquinones are formed by a reaction of diazonaphthoquinones 

sulfonates with alcohol to form a sulfonate ester. The sulfonate ester binds to the resin 

and prevents the resin  from dissolving in alkaline solutions [28]. 

Upon laser exposure the sulfonate diazonaphthoquinones undergo wolf rearrangement to 

form a ketene with nitrogen gas as a by-product (Figure 5.5). Ketene reacts with water to 

form an indene carboxylic acid, which increases the solubility of the resin in alkaline 

developer solution. Unexposed diazonaphthoquinones regions remain unchanged and 

insoluble in alkaline solution [29]. 

 

 

Figure 5.5 Mechanism of Initiation of Positive Photoresist. 

Photoinitiator exposed to IR light undergoes wolf rearrangement reaction, converting the compound to a 

ketene with nitrogen as a by-product. Subsequently, a reaction with water converts the ketene into soluble 

carboxylic acid, Luo et al. 2020 [29]. 

 

5.2.2.3 Development Stage 

Once fabrication is complete, samples were placed in AZ 726 MIF (2.38% of tetramethyl-

ammonium-hydroxide in water) developer (MicroChemicals) for <70 seconds to remove 

the soluble exposed resist and expose the ITO layer beneath. Samples were then placed 

in water for 10 seconds to stop the reaction and left to dry. Unexposed resist remains on 

the surface substrate. 
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Patterns are thus obtained during the development process. It is not yet clarified whether 

it is the indene carboxylic acid alone that causes the dissolution in the developer or the 

production of nitrogen gas forming porous regions within the exposed  structure  region, 

causing the developer to diffuse throughout the region increasing solubility [28]. 

5.2.3 Electroforming using Gold Plating Solution 

Before electroforming, all samples were placed in a vacuum oven for 20 minutes in a gold 

plating solution (NB SEMIPLATE AU 100 alkaline solution- MicroChemicals) to 

remove any potential air pockets in the exposed void regions. Electroforming was 

subsequently carried out using a Princeton Applied Research Potentiostat/Galvanostat 

model Parstat 2273 and 1ml three-electrode electrochemical cell. An ITO coated glass 

substrate was employed as the working electrode, a platinum wire was used as a counter 

electrode and an Ag/AgCl (3.5M KCl) was used as a reference electrode. A constant 

electrical current of -0.6729μA (corresponding to a current density of 1.5mA/cm2) was 

applied to electroform an array of 6 x 10 pillars. On application of the electrical current, 

redox reactions led to the reduction of the gold metal ions within the gold electrolyte 

solution, enabling gold deposition into the voids previously written into the photoresist. 

5.2.4 Removal of Resist 

Once Au pillars were electroformed to a desired height, the substrate was placed in a 

stripper solution to remove the remaining resist surrounding the electroformed pillars. AZ 

100 remover (MicroChemicals GmbH) stripper was found to be the most optimal for 

resist removal @ room temperature for ≥20 seconds. 

5.2.5 SEM 

A Hitachi S-4700 Cold Field Emission Gun Scanning Electron Microscope was used with 

an accelerating voltage of 5kV, spot current of 10µA and magnification of 1.5 – 40kv. 

For non-conductive samples Au sputter coating was carried out using EMSCOPE SC500 

at 2mA for 2 min (10nm gold deposition). Energy dispersive x ray spectroscopy (EDX) 

was used to confirm ITO exposure within the pillar array after development and to 

confirm the electrodeposition of gold after electroforming.  Cross section analysis of 

pillars was carried out by rotating the electroformed ITO substrate at a 90o angle and 

holding it in place on the carbon stub using silver paint. 



Chapter 5. The Fabrication of Topographically Modified Microelectrodes via Two Photon 

Lithography 

 

 

222 

 

5.2.6 Interferometry Results 

An optical profilometer (Zygo Niew View 200 interferometry model instrument) with a 

20x objective was used to determine pillar dimensions before and after electroforming 

using MetroPro software 8.3.2. A 2.5 x magnification and a scan rate of 100µm bipolar 

(100 second) was used to obtain raw data images. 

5.2.7 Electrochemical Analysis 

Electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV) 

experiments were again performed using a Princeton Applied Research 

Potentiostat/Galvanostat model Parstat 2273. A 1ml three-electrode electrochemical cell 

was used to record impedance measurement in a saline solution (137mM NaCl, 29mM 

NaHCO3 1.7mM Na2HPO4 and 0.7mM NaH2PO4 in deionised H2O) with an ITO substrate 

acting as the working electrode, NB SEMIPLATE AU 100 as the gold electrolyte, a 

platinum wire as the counter electrode and an Ag/AgCl (3.5M KCl) as the reference 

electrode. An AC sine wave of 40mV amplitude was applied with 0V DC offset. Power 

suite software was used to measure and analyse the impedance module in the frequency 

range between 100kHz and 0.1Hz. Impedance measurements before and after vacuuming 

were carried out in gold NB SEMIPLATE AU solution as opposed to saline. 

5.2.8 Scanning Electrochemical Microscopy 

Scanning electrochemical microscopy (SECM) is a scanning probe technique that 

characterises samples in a liquid environment. SECM measures the current using an 

ultramicroelectrode tip (UME), with a radius less than <25nm. As the UME scans over a 

material, the presence of a substrate alters the electrochemical response. This alteration 

provides (chemical and topographical) information about the surface of the substrate with 

micron scale resolution. For impedance measurements a small sinusoidal voltage was 

applied across the substrate [30].  The UME probe (working electrode) was scanned 

closely to the surface and measured the resulting localised current from the substrate in 

the electrolyte. Topographical information of the surface of the substrate is generated 

when changes in current as a function of probe distance over the surface of the substrate 

alters [30]. SECM like other electrochemical measurement set up involves a working 

electrode and a counter electrode. A potentiostat, camera for probe positioning and 

translators were also included in the experimental set up [30] . 
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Alternating current SECM was carried out using M470 ac/dc-SECM (BioLogic, France). 

Scans were obtained using a 10μm Pt disk UME U-23/10, Rg ratio 10 (BioLogic, France), 

which was connected to the two electrochemical set up as a working electrode and a Pt 

sheet as a counter electrode. Substrate to tip distance was established by a recording 

approach with curves obtained at five different positions, four at the corners of a 

quadrangle outside of the pillar area, and one over the pillar array surface. Measurements 

were performed in the constant height mode. Based on the superficial measurements, the 

gold pillar array scan area was 500 × 500μm (both height and width step size equal 5μm). 

The electrolyte was 0.1mM NaCl (NaCl, ACS reagent from Sigma-Aldrich, type 1 water 

(18.2MΩ/cm). The applied AC amplitude was 100mV, frequency 50kHz. Sample was 

measured using an open circuit potential. 
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5.3 Results 

5.3.1 Optimisation of Gold Electrodeposition onto Sputter Coated Pt Films 

Optimisation of electroforming gold using different current densities was carried out on 

sputter coated platinum (10nm thickness) on thermanox (area 0.4486cm2). With a 450 

second electrodeposition time, current densities of 0.5mA/cm2 and 1.5mA/cm2 were 

observed to successfully electroform gold onto platinum coated thermanox Figure 5.6 a-

b). To measure the difference in gold layer thickness of electrodeposited films, SEM 

analysis was carried out (Figure 5.6 c -f)  On average gold films electrodeposited for 450 

seconds with a current density of 0.5mA/cm2 were 0.43 ± 0.22μm in thickness, whilst 

gold films electrodeposited for 450 seconds with a current density of 1.5mA/cm2 were 

0.78 ± 0.17μm in thickness (See Figure 5.6 g -h).  For the reminder of the studies it was 

decided that a current density of 1.5mA/cm2 would be used, due to the observed increase 

in electrodeposition of gold. 
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Figure 5.6 Optimisation of the Gold Electrodeposition Process. 

Images of electrodeposited gold on platinum coated thermanox using a current density of 0.5mA/cm2 a), 

and 1.5mA/cm2 b), using a deposition time of 450 seconds. Gold electrodeposited films were subsequently 

characterised using EDX c-f) and its with SEM analysis measuring software g-h). 

 

5.3.2 2PP of Pillars into AZ MIR 701 Positive Resist 

After spin coating AZ MIR 701 onto the ITO substrate, it was then inserted into the 

nanoscribe machine where 2PP was performed to form tube-like voids within the resist 

which would subsequently enable the formation of Au micro-pillars. The dimensions of 

the cylinder voids as well as the laser power (70%) and scan speed (1000) were optimised 
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to ensure that the laser exposed the conductive ITO substrate layer underneath. On further 

analysis with the profilometer it was revealed that the depth of the cylinder voids into the 

resist were indeed ~1μm (Figure 5.7 c-d). SEM analysis indicated that laser writing at a 

height of ~1μm was enough to expose the ITO layer underneath for electroforming 

(however tin was not observed) (Figure 5.7 e-f). 

 

Figure 5.7 Optimisation of the Writing Parameter for 2PP in AZ MIR 701 Photoresists. 

SEM images of plain ITO glass a) EDX analysis shows the elements indium (In) and tin (Sn) b) 3D 

interferometry image of electroformed pillars (~1μm height x 20μm diameter) in AZ MIR 701 resist c-d). 

Identification of indium shows that ITO conductive layer is exposed using a slicing distance of 0.2μm and 

hatching distance of 0.2μm e- f). 

 

5.3.3 Optimisation of Electroforming of Gold Pillars 

Next electroformed Au pillars were deposited into the tube-like voids formed in the AZ 

MIR 701 photoresist by 2PP using a current density of 1.5mA/cm2. The possibility of air 

bubbles remaining in the pillar depths led to the inclusion of a vacuum process in which 

samples were subjected to de-gassing at 37oC in the NB semiplate gold solution before 

electroplating. To find the most suitable time for de-gassing the electrochemical 

impedance was measured at various de-gassing times intervals (Figure 5.8 a). A vacuum 
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time of 20 min was therefore necessary before each electrodeposition of gold application. 

For electroforming, current was applied in the negative potential. An example of 

electroforming of gold is shown in Figure 5.8 b).  A rapid increase in potential is observed 

followed by a potential plateau after 450 -500 seconds of electroforming time. 

 

Figure 5.8 Impedance Graph After Vacuum Oven Time. 

A degassing time of 20 min under vacuum was necessary to remove air in the pillars and increase surface 

contact of ITO glass a). An ideal potential graph for electroforming gold by applying a negative current b). 

 

 

Next, optimisation of time required to electroform an array of Au pillars (6 x 10) of 1μm 

height and 20μm diameter was assessed.  Electrodeposition times ranging from 2000 

seconds to 3500 seconds were used to find the optimal time for the growth of smooth gold 
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surface pillars. Impedance results after electroforming showed that with increased 

electroforming time a decrease in impedance was observed, this was especially observed 

in the low frequency range. 3500 seconds resulted in features with the lowest impedance 

Figure 5.9 a) compared to other electrodeposition times and impedance of control 

(exposed ITO pillars in AZ MIR 701 resist). The highest phase angle at the low frequency 

range <10Hz was observed for 3500 seconds and control. However, beyond 10Hz Au 

pillars formed at 3500 seconds showed much a lower phase angle than features formed 

with other times and control substrates Figure 5.9 b) 

 

Figure 5.9 Impedance Measurements After Electroforming. 

A decrease in electrochemical impedance was especially observed with Au pillars electroformed for 3500 

seconds and with a current density of 1.5mA/cm2 a). Au pillars electroformed for 3500 seconds showed the 

lowest phase angles at the frequency range >10Hz b). 

On further SEM analysis, Au pillars formed with an electroformation time of 2000 second 

(Figure 5.10 a) and 2800 seconds (Figure 5.10 b) were incomplete. Converesly, an 

electroformation time of 3000 seconds resulted in the formation of smooth Au pillars 

(Figure 5.10 c). Beyond 3000 seconds i.e. 3400 and 3500 seconds over electroformation 
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was observed, resulting in uneven deposited gold pillars, with many of the pillars merging 

with other neighbouring pillars (Figure 5.10 d-e). 

 

Figure 5.10 SEM Images of AU Pillars Electroformed using Increasing Deposition Time. 

Electroforming a 3 x 4 pillar array for 2000 sec a), 6 x 10 pillar array 2800 seconds b), 6 x 10 pillar 3000 

seconds c), 6x 10 pillar array 3400 seconds d), 6 x 10 pillar array above 3500 seconds e). 

 

Based on the above results, an electroforming time of 3000 seconds was used for the 

continuation of the study. Arrays of Au pillars measuring ~1μm height x 20μm diameter 

were subsequently electroformed onto ITO glass. Figure 5.11 a) shows a 32 (6 x10 pillar) 

array. To ensure that the gold electroformed evenly within the pillar and formed up to the 

resist layer, side views of the pillars were investigated using SEM analysis. SEM images 

show that electroformed gold went beyond the coated resist layer >1μm Figure 5.11 d-f). 

Nevertheless, further cross section analysis of the pillars revealed that the gold was 

deposited all the way down to the ITO coated glass (Figure 5.11 g-i) 
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Figure 5.11 SEM Images of Pillar Arrays Electroformation with a Current Density of 1.5mA/cm2 and 

Time of 3000 Seconds. 

Electroforming of (6x10) gold for 32 pillar microarrays a), resulted in a smooth surface layer of gold at the 

top of the photoresist tube voids a-c). Side view analysis of electroformed sites reveals gold pillars exceed 

the 1μm height of the resist d-f). Cross section analysis of gold pillars shows electroformation of gold all 

the way down to the ITO layer g-i). 

 

5.3.4 Removal of Resist Surrounding Electroformed Pillars 

Once the electroformation time was optimised, the next step was optimising the removal 

of the remaining resist surrounding the pillars. Several stripper solvents were used to try 

and remove the resist and were provided by MicroChem (TechniStrip P1331, AZ100, 

P1316, MLO-07). Unfortunately, TechniStrip MLO-07 and P1331 instantly removed the 

gold pillars when exposed to the remover. P1316 was successful for removing the resist 

surrounding the pillar array (<10 seconds in removal solution) but was unsuccessful in 

removing the resist in between the pillars (Figure 5.12 a-d). Excess time in P1316 removal 
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solutions (>10 seconds) caused gold pillar removal or lift off. AZ 100 remover seemed to 

be the most successful for stripping away the resist, not just around the arrays but in 

between the pillars (Figure 5.12 e-h). 

 

Figure 5.12 SEM Images of Resist Stripping with Various Commercial Solutions. 

Remover P1316 did not successfully remove the resist in between the pillars a-b). However, P1316 solution 

removed the resist surrounding the pillar array c-d). AZ 100 remover was successful in removing the resist 

in between the pillars f-g). However, some pillars were removed/uplifted in the process f). 
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A fine balance existed between the removal of the resist without the removal of the gold 

pillars. A time of less than <25 seconds of exposure in AZ 100 removal solution was 

optimal in removing the resist. However as observed in Figure 5.13 a-b) some pillars were 

removed. The height of these pillars was >5μm on removal of resist layer.  SEM analysis 

of uplifted pillars shows uneven gold electroformation at the bottom (Figure 5.13 c-d).  

These uplifted features also reveal that these so called ‘pillars’ features were not really 

‘pillar like’ but more representative of hemispheres (Figure 5.13 c-d). SEM images of 

upside down ‘pillars’ showed an uneven gold layer originally attached to the ITO layer. 

The gold underlayer most importantly reveals that only some electroformed areas formed 

greater contact points with the ITO layer. 

 

Figure 5.13 Characterisation of Pillars on Removal of Resist. 

Interferometry images reveal the height of these pillars are >5μm a).3D model image of pillars b). SEM 

images of upside down ‘pillars’ showing a rough/uneven gold surface layer c-d). 

 

There were a number of factors that could be contributing to some pillars lifting off whilst 

others remained. One of these factors could be hemisphere height (beyond that of the 

resist) and the rough uneven bottom layer of the gold that forms contacts with ITO layer. 

To reduce the electroforming height and possibly produce a more even gold coating layer 

on the ITO substrate a range of different current densities were subsequently investigated 

Figure 5.14 a-h).  However, none were successful, with either electroformation process 

proving inadequate (Figure 5.14 a-b, g-h) or features were upturned on the removal 
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process (Figure 5.14 c-f). For all current densities the electroforming time was 3000 

seconds. 

 

 
 
Figure 5.14 Physical Characterisation of Au Pillars Formed with Different Current Densities. 

SEM images of 0.2mA/cm2 low a), and high magnification b). 0.25mA/cm2 low c), and high magnification 

d). Removal was again observed after 20 seconds in AZ 100 remover solution. 0.3mA/cm2 low e), and high 

magnification of pillars f). 0.5mA/cm2 low g) and high magnification of pillars h), again uneven 

electroformation of gold was observed. 
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5.3.5 Electrochemical Analysis of Au Micropillar Arrays 

Despite some features being removed along with the resist, resist stripping was performed 

with AZ 100 remover and further electrochemical analysis was performed. All gold arrays 

and ITO glass were electrosputtered with gold (at an applied current of 20mA for 2 

minutes) before electrochemical analysis. Using a potentiostat instrument, the micropillar 

arrays were observed to possess a decreased electrochemical impedance compared to 

planar coated ITO glass substrates which was prominent in the high frequency range. 

Surprisingly, the difference in impedance between 4 and 16 arrays was negligible. 64 

pillar arrays had the lowest impedance compared to all the other group arrays, due to an 

increase in the presence of electroformed gold features (See Figure 5.15 a). The phase 

measurements showed that the arrays had a greater phase angle than that of control 

substrates. Micropillar arrays of 64 pillar arrays showed a slightly higher phase angle 

between ~40-1000Hz frequency range compared to other arrays and ITO control samples 

(Figure 5.15 b). Beyond 1000Hz the phase angle of all microarrays decreased 

dramatically. 

SECM analysis was carried out to measure the impedance profile of the different features 

within a single array (6x 10 features). SECM revealed independent pillar features 

possessed an electrochemical impedance of approximately 0.36MΩ (blue shade, Figure 

5.15 c).  The surrounding orange covers high impedance measurement of the resist layer. 

Phase angle measurements were also calculated with SECM. Phase angle measurements 

ranged from 40o up to 77o (Figure 5.15 d). 
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Figure 5.15 Electrochemical Impedance Microscopy Analysis of Feature Arrays. 

Impedance decreases for the arrays at the high frequency range (~500-1000Hz) n=1,2 a). 32 and 64 arrays 

had the highest phase angle at the high frequency range representing a more capacitive behaviour b). 

Beyond 1000Hz features represent a more insulating behaviour only to increase the phase angle again 

beyond 75kHz.  SECM impedance measurements of a gold array, 0.36MΩ was the lowest recorded 

impedance measurement for some of the features c). Phase measurement varied greatly with some 

indicating much higher phase angles than others d). 

 

To further trouble-shoot the electroforming process, cuboidal features were electroformed 

in collaboration with an MSc student (Shraddha Ubale). These features were 

electroformed for 160 seconds at a current density 1.5mA/cm2. Again, a non-insignificant 

number of features were observed to become dislodged from the ITO substrate upon resist 

removal as observed by light profilometry (Figure 5.16 a-b). SEM analysis further 

revealed that cuboidal features were relatively smooth with good design fidelity (Figure 

5.16 c-d). 
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Figure 5.16 Electroforming of Gold Au Cubes in AZ MIR 701 Photoresist using 2PP Fabrication 

followed by Stripping using AZ 100 Remover. 

Surface interferometry reveal that electroformed Au cuboidal features were ~0.5μm in height a,b). SEM 

images of 3 x 3 array indicated cube features were 30μm x 20μm x 1 μm c). SEM image of smooth gold 

plated square surface d). 

 

5.4 Discussion 

Electroforming of gold was successfully demonstrated using current densities of 0.5 and 

1.5mA/cm2.  On measuring the gold thickness, features formed with a current density of 

1.5mA/cm2 had a greater thickness (~0.78μm) than features formed with a current density 

of 0.5mA/cm2. This gold layer was closest to the height of the resist layer (~1μm) hence 

it was used for the continuation of the study as deposition with a current density of 

0.5mA/cm2 would require a longer electroforming time. Following spin coating of AZ 

MIR 701 resist onto the conductive ITO glass, it was critical that patterning with 2PP was 

continuous up to the ITO layer. This exposure of the ITO conductive layer exposure was 

critical for subsequent Au electroforming. From the SEM EDX analysis it was clear that 

the conductive ITO layer was exposed. However, no tin (Sn) was identified, this could be 

simply due to EDX experimental error or thermal ablation with the femtosecond laser. 

The height of the resist to the ITO layer was ~1μm with spin coating speeds of ~3500 

rpm. 

Errors arose when first trying to electroform, with no gold deposition occurring despite 

increasing the electroforming time. However, the additional step of electrolyte de-gassing 

for 20 minutes enabled electroformation to occur. It is believed that air pockets were 

present in the pillar voids in the photoresist preventing the gold plating solution forming 
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contacting with the ITO coated glass and hence the formation of an electrochemical cell 

circuit. This loss of contact between the gold liquid/ ITO surface interface reduced the 

electrical conductivity and thus increased the initial impedance. 

Optimisation to increase the thickness of the gold layer was carried out by increasing the 

electroforming time with a fixed current density of 1.5mA/cm2. Ideally pillars would be 

uniformly electroformed to reveal a smooth even gold surface layer. A range of different 

times revealed anything ≤ 2000 seconds had some gold electrodeposition in some features 

whilst other features had none. Electroformation with 3000 seconds revealed a smooth 

gold-plated surface however anything >3000 seconds showed over electroformed gold 

features. Due to the successful formation of smooth gold features with 3000 seconds, this 

electroformation time was used for the continuation of the study. 

The highest number of micro-pillar arrays that were successfully electroformed was 

between 32 – 64 pillar arrays. On further examination with SEM it revealed that the height 

of the pillars was greater than expected and much greater than the height of the resist. 

Severe issues arose on trying to remove the resist from the ITO substrate. Many different 

removers/strippers were tried including acetone) [31] and tested with a range of exposure 

times. Some resists were simply not compatible i.e. MLO-07 and P1331 instantly 

removed the gold features upon exposure. AZ 100 remover was considered the most 

optimal remover solution for removing the resist whilst also reducing the number of 

features removed. A dilution of AZ 100 was also tested as well as heating methods, and 

again were unsuccessful in retaining all the gold features on the substrate. On 

investigation uplifted features using SEM revealed an irregular gold layer previously in 

contact with the ITO layer. This non-uniformity could reduce adhesion contact points of 

the features to the ITO layer and therefore resulting in uplifting of gold features when 

exposed to the AZ 100 remover. 

Many different removers as well as techniques were tested to try and improve the 

photoresist removal process after electroforming. Other techniques included increasing 

the surface roughness of the ITO layer by either electropolishing or plasma etching the 

ITO glass, before spin coating on the resist. Unfortunately, again pillars were removed 

on development. Another method included sputter coating the ITO glass with gold before 

spin coating. Again, issues arose this time during the 2PP process (huge changes in 

refractive index). After much consideration, it was then decided to investigate reduced 
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current densities to possibly improve the uniformity of the gold electroforming layer to 

the ITO surface. It was hypothesised that a reduction in current density would also reduce 

the height of the features, making the features more uniform in shape and possibly reduce 

the likelihood of them being removed upon resist removal. Despite trying different 

current densities none were successful. Therefore, due to time constraints, continuation 

of the experiment was carried out using AZ 100 removal solution which was less 

hazardous and corrosive than other remover solutions. Increasing the cleaning time to 30 

minutes in toluene, acetone, isopropanol slightly reduced feature lift-off [32].  This was 

believed to be due to the increase in surface area (due to surface roughness) providing an 

exposed ITO area of greater conductivity for electroforming of gold to occur. 

Resistivity measurements were carried out using a potentiostat and three-electrode 

electrochemical set-up. The arrays had a lower impedance relative to that of the control, 

substrates with 64 pillar arrays seeming to have the lowest impedance at the high 

frequency range. However, a few discrepancies need to be considered with the impedance 

measurements. A lot of features were removed during the lift-off procedure, with some 

resist residue remaining behind. The conditions were therefore not ideal and other 

methods of removal need to be thoroughly investigated before proper impedance 

measurements can be considered significant. Interestingly, on investigation with SECM 

the difference in impedance among the features within a single array (6 x10 array) could 

be elucidated. It was considered that some features formed better contact guidance with 

ITO layer than others and thus the decrease in impedance. This further confirms the theory 

shown by the SEM images of exposed under layer of the electroformed features, Figure 

5.13 c-d). Non uniformity is one of the major drawbacks often experienced with 

electroforming [33]. 

Over recent years, there have been many successful applications of positive tone resist 

and the nanoscribe machine to form complex electroformed metal  structures with 

mechanical stability  and structural integrity [23, 34, 35]]. Wendy Gu et al, 2015 

specifically showed the electroformed copper (Cu) meso lattices had similar thermal and 

electrical properties to that of bulk copper metals [34] 

To create complex metal structures such as those shown in literature there are several 

limitations that need to be overcome. Removal of the resist is one such major issue that 

could potentially be overcome with investigation of further dilutions of  the AZ 100 
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solution [36] or plasma etching [23]. To achieve uniformly electrodeposited gold on the 

ITO layer, electrodeposition using  stimulated electrodeposition cathodic pulses as seen 

by [37] should be investigated. A few changes in the electrochemical set up could also 

improve gold deposition uniformity and attachment onto the ITO layer, with further 

investigation of altering parameters such temperature, current density and time. Ideally 

platinum would have been used instead of gold for electroforming as platinum is more 

durable and therefore more compatible with many of the removal solvents listed in this 

study. However due to significant time restraints and the complexity involved in 

electrochemical set up, a gold plating solution was used. It should also be noted that 

micron size features were used just as part of the optimisation step and ideally these 

optimisation processes will eventually lead to the formation of intricate electroformed 

nanofeatures. 

5.5 Conclusion 

Despite the limitations experienced with this study, successful optimisation of the spin 

coating parameters, Nanoscribe laser parameters (laser power, slicing, hatching etc) and 

electroformation was achieved. Sonicating the ITO glass in toluene, acetone and 

isopropanol was one of the most successful methods to reducing the removal of pillar 

features on exposure to resist remover solution. A current density of 1.5mA/cm2 produced 

the most uniform coated feature top layer. The impedance reduction observed for these 

features, indicates its potential application as a coating for neuroelectrode active sites. It 

is hoped that errors and successes in this study will pave the way for developing 

electroformed electrically conducting features at the nanoscale. With the hope that these 

future nanoscale features will not only be biomimetic in design (to enhance 

biointegration) but also enhance the conductivity of the neuroelectrode recording sites. 
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6.1 Introduction  

The brain machine interface is one of the most ambitious and advanced technologies for 

neuralogical applications to date.  Recently it has been reported that a quadrapleic patient 

regained their mobility through the manipulation of an exoskeleton suit using BMI 

electrodes [1]. The news article however, highlighted the limited number of brain waves 

detected, despite 64 electrodes being used. This tendency towards decreased neural 

recording is persistent throughout BMI research, with gliosis being considered one of the 

main contributors to this reduction in detectable neural activity. Gliosis or glial scarring 

reduces the ability of the neuroelectrode to record surrounding neurons, with many 

studies into gliosis showing that neurons are projected away from the neuroelectrode site 

and undergo degeneration as a result of the inflammatory process. The overall goal of this 

project was therefore to 1) design topographical features to enhance the conductivity and 

charge transfer abilities of the neuroelectrode using high throughput laser techniques and 

2) provide intrinsic cues for neurons to grow near the neuroelectrode active site thus 

increasing the recording capabilities.  

6.2 Summary of Conclusions  

6.2.1 Phase One.  

The objective of this study was to fabricate different nanotopographical LIPSS features 

on platinum and platinum/iridium alloys by modulating the number of incident laser 

pulses. It was observed that an increase in pulse number led to an increase in ridge width. 

Laser pulses 50, 150 and 250 significantly increased the surface roughness of Pt/Ir alloys 

compared to pristine control and 2 pulses.  Pilot studies on the effect of resulting LIPSS 

features on the electrochemical properties of Pt and Pt/Ir alloys showed that these features 

decreased the impedance and increased the charge storage capacity of these substrates 

relative to planar control materials. It is believed that this effect was mediated by the 

increase in substrate surface area due to LIPSS functionalisation.  

6.2.2 Phase Two  

The objective of this study was to fabricate LIPSS on Pt/Ir microwires using both 

femtosecond and picosecond laser processing, to promote electrochemical performance 

and polymer adhesion.  LIPSS were successfully fabricated on a microelectrode Pt/Ir tip 

without damaging the polymer layer. Microwires functionalised with picosecond LIPSS 

structures showed significantly lower impedance, higher ESA (~21 times greater) and 
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charge injection capacity compared to pristine microwire electrodes.  Picosecond LIPSS 

microwires surprisingly demonstrated better electrochemical properties than femtosecond 

laser LIPSS, possibly due to a difference in spots per area, with higher material removal 

associated with an increase in pulse number. Accelerated aging analysis of PEDOT 

coating on LIPSS functionalised microelectrodes revealed that despite parylene 

degeneration experienced with both microelectrodes (LIPSS and control), under SEM 

analysis PEDOT still adhered to the LIPSS microelectrodes despite stressful 

environmental conditions.   

6.2.3 Phase Three  

The main objective of this study was to investigate cellular alignment and the 

inflammatory response of cortical cells to LIPSS topographical features at the proteomic 

level, and to investigate the neural recording efficiency of LIPSS functionalised 

microwires in hippocampal slice cultures. Early optimisation studies showed that neural 

populations isolated from postnatal pups were unsuitable as a model for studying neural 

contact guidance response in vitro. However, E14 embryonic cortical cells were identified 

as being suitable for studies into the effect of LIPSS on neuronal morphology. In vitro 

confocal analysis of cells on LIPSS features revealed good cell adhesion and cellular 

outgrowth. Cellular alignment studies showed a significant increase in alignment by day 

7 in neurons cultured on LIPSS formed by 250 femtosecond pulses. However, astrocytes 

cultured on LIPSS formed by 150 and 250 femtosecond pulses showed the most 

significant alignment at all timepoints (day 7 and day 10).    Interestingly,  no significant 

differences were found in FA number or size in astrocytes cultured on LIPSS formed by 

150 and 250 pulses and planar control substrates. This suggest that other cytoskeletal 

mediated mechanism may be at work in neuron and astrocyte alignment on 

nanotopographies in vitro.                          

Neural populations cultured on LIPSS did not demonstrate increased inflammatory 

cytokine synthesis relative to neurons cultured on planar control substrates. However 

neural populations cultured on LIPSS formed by 250 femtosecond pulses exhibited 

significant down-regulations in the expression of VR1, L type Ca2+, and ANKTM1 on 

day 7 compared to neural populations cultured on LIPSS formed by 2 pulses. Significant 

downregulation in the expression of nestin, VR1, L type Ca2+ and ANKTM1 were 

observed in neural populations cultured on LIPSS formed by 250 pulses compared to 

neural populations cultured on LIPSS formed by 150 pulses on day 10.  Neural 
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populations cultured on LIPSS formed by 250 pulses were also associated with significant 

downregulations in the expression of Nestin and L type Ca2+ compared to neural 

populations cultured on LIPSS formed by 2 pulses at day 10.  

Interestingly, although Pt/Ir substrates formed by 150 and 250 pulses were quite similar 

morphologically, interferometry revealed significance differences in surface roughness 

which could explain the previously noted difference in protein expression levels in neural 

populations cultured on these substrates.  

Pilot extracellular recording studies with LIPSS/control microelectrodes and ex vivo 

hippocampal slices reveal that unfunctionalised microelectrodes recorded a higher 

number of neural events (peaks >4SD from the recording baseline) relative to LIPSS 

functionalised microelectrodes. Similarly, LIPSS functionalised microelectrodes 

recorded in vitro action potentials in the mV range whilst the control microelectrodes only 

recorded amplitudes in the μV range. No conclusions can be drawn from this study due 

to the low biological replicates and number of microelectrodes (both LIPSS and control) 

used.  

6.2.4 Phase Four  

The objective of this study was to design and develop microfeatures in gold using 2PP 

fabrication coupled with an electroforming process.  The parameters for the Nanoscribe 

and Describe software (slicing distance hatching distance and laser intensity) were 

optimised for 2PP writing onto positive tone AZ MIR701 resist. Electrochemical 

conditions necessary to form Au microfeatures on an ITO substrate (current density and 

deposition time) were also optimised. However, removal of the resist still posed a 

significant challenge even after a considerable number of options were exhausted. The 

substrate must be placed in remover solution long enough to remove the resist, but not so 

long that it removes gold features. Out of all the removers tested, AZ 100 remover was 

the most compatible. Nevertheless, loss of gold pillars still occurred with this remover. 

An observed decrease in electrochemical impedance indicated that these gold features 

may enhance neuroelectrode functionality.  
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6.3 Future Directions  

Based on the results obtained and the limitations outlined, a number of modifications for 

future projects are proposed.  

6.3.1 Further In Vitro and Ex Vivo Studies 

Cortical cell morphology and alignment response on LIPSS substrates should extend to 

14 and 21 days in culture. E17 cortical cells should be used in place of E14. In E14 

cultures the layers of the cortex are not fully developed, and microglial cells are only 

slowly migrating into the cortex region of the brain. Microglia cellular responses should 

also be thoroughly investigated as it is one of the first cells activated in response to 

implantation. More technical replicates of LIPSS Pt/Ir and control substrates should be 

fabricated to increase the significance of the results obtained. Extracellular recordings 

should also be further investigated to increase the number of biological as well as 

microelectrode (LIPSS and control) replicates, to observe if there are any significant 

differences in neural activity.  

6.3.2 An In vivo Study   

An in-depth in vitro study was considered necessary to evaluate any significant effects 

that LIPSS topographies had on cell survival, inflammation and protein expression. 

However, despite the many in vitro studies conducted in this thesis, it cannot be 

guaranteed that similar cellular response would be observed in vivo. It is critical to 

investigate LIPSS and control microelectrodes in vivo before any conclusion can be 

drawn, focusing on the ability of these microelectrodes to record neural activity as well 

as provide an interconnected neural network at the electrode interface (especially for 

LIPSS microelectrodes). Glial scar formation up to 12 weeks post implantation would 

also need to be investigated in vivo through histological analysis.  

6.3.3 Two Photon Polymerisation  

Annealing and plasma etching should be investigated to further optimise resist removal 

from the gold feature. It should be noted that gold ‘pillar’ features were used in this study 

purely for optimisation purposes. Going forward, more intricate biomimetic nanoscale 

features should be optimised using the Nanoscribe. Platinum plating solution should be 

used instead of gold plating solution. Platinum has greater mechanical stability and is 

considered more compatible with many of the resist remover solutions.   These platinum 

biomimetic features, once fabricated, should then be analysed for their impact on 
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electrochemical properties (impedance, charge injection capacity and electroactive 

surface area) and in vitro response.  

6.3.4 Neuroelectrode Fabrication   

Preferably, these biomimetic platinum features would be fabricated onto flexible 

neuroelectrode arrays to facilitate their use in in vivo recording studies. Future studies 

would include fabrication of a flexible neuroelectrode array using a layer by layer and lift 

off lithographic approach. The first layer would consist of a metallic surface for the 

electrode sites, interconnected lines and connection pads. A spin coated insulating layer 

of parylene would then be applied (a thin second layer of metallisation and parylene 

would be considered for structural stability purposes). This step would then be followed 

by outer laser etching to define the geometry of the neuroelectrode. Reactive ion etching 

or laser etching would then be used to expose the electrode sites and contact pads.  The 

neuroelectrode would then be inserted into the nanoscribe for 2PP features.  

A representation of how these flexible neuroelectrodes would be designed is shown in the 

image below.   

 

Figure 6.1 Representation of Flexible Neuroelectrode Design.  

Flexible thermanox material was sputter coated with platinum and subjected to laser etching (Femtosecond 

laser) to reveal the outer geometry of the neuroelectrode array.  

 

 

Reference 

1. Gallagher, J. Paralysed man moves in mind-reading exoskeleton. Health 2019; 
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7.1 Physical Characterisation of  Pulses (Pt&Pt/Ir) 

AFM images of pulses on Pt foil using a 10 x 10 μm2 scan size.  

 

Figure 7.1 AFM Surface plots of Pulses on Pt Foil.  

Surface plot of 5 pulses a), 10 pulses b), 20 pulses c), and 40 pulses d).  

 

Image J analysis revealed the width of the ridges and grooves of platinum LIPSS 

structures (Figure 7.2 a). A correlation was observed between pulse number and the ridge 

and groove width, with a greater pulse number increasing the ridge width and reducing 

the groove width. This was especially prevalent in the comparison between the 

anisotropic topographies formed using 5 femtosecond laser pulses (485.6nm ridge and 

325.5 nm groove width) relative to the anisotropic topographies formed using 40 

femtosecond  laser pulses (566.7 nm ridge and 191.9 nm groove width). It is important to 

note that this data is qualitative rather than quantitative, and the experimentation with Pt 

foil was conducted to optimise the process for subsequent studies using Pt/Ir, n=1.  
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Figure 7.2 Qualitative Analysis of Pulses on Pt Foil.  

With increase in pulses there is a slight increase in ridge width a) with increase in pulses there is a decrease 

in groove width especially between 5 pulses and 40 pulses.  

 

AFM quantification of pulses on Pt/Ir substrates was determined using Veerco software. 

Three lines were drawn across each 10 x 10μm2 scan area. By moving the arrows as seen 

in Figure 7.3 parameters such as ridge width, height and groove width were determined. 

Measurements for horizontal and vertical distance (depending on the location of the 

arrows) were made.  

 

Figure 7.3 Section Analysis of 50 Pulses.  

Vertical height value is taken from the distance between the two red arrows, horizontal and vertical 

distance are measured and shown in the lower right-hand box. In the case of this image we take the 

vertical distance.  
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Table 7.1 Picosecond Laser Parameters:  

including general software parameters, laser intensity values and laser speed parameters.  

Picosecond laser parameters 

Stage Height -1.60 to -1.30mm 

Attenuator 50% 

Laser Infra red 

Beam Expanded beam 

Power 0.15 W 

Reptition rate 10kHz 

Software parameters 

Line 1 right -4.000,0.000,0.000 

Line 1 right +4.000, 0.000,0.000 

Line 2 left -4.000,-0.030,0.000 

Line 2 right +4.000, -0.030,0.000 

Marking count 1 

Mark True 

Laser software parameters 

Laser Power 40% 

Operation mode pulsed 

Laser frequency 40kHz 

Pulse length 10μs 

Speed parameters 

Mark speed 0.086 μs 

Jump speed 3 μs 

Laser delay:on 78 μs 

Laser delay:off 156 μs 

Jump delay 700 μs 

Mark delay 130 μs 
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7.2 Calculation of Pt/Ir Microwire Tip 
The truncated cone surface area equations were used to calculate the overall area of the 

tip. The approximate height of the tip, h was 0.0021cm, the lower radius of the tip, r1 was 

0.00055cm and the upper radius, r2 was 0.00036cm. First the lateral area is calculated 

(equation 7.1) and substituted into surface area equation – equation 7.2. The approximate 

surface area of the microwire tip was calculated as 7.38x10-6cm2 

                                            𝐹 = 𝜋(𝑟1 + 𝑟2)√(𝑟1 + 𝑟2)2 + ℎ2                        equation 7.1 

                                                      𝑆 = 𝐹 + 𝜋(𝑟1
2 + 𝑟2

2)                                 equation 7.2  

 

7.3 Other Methods of Cell Quantification 

Other methods of quantification were carried out for cell alignment (Figure 7.4) and focal 

adhesion number (Figure 7.5). Cell alignment analysis was first carried out using the 

Image J plugin, Orientation J. However, Orientation J gave only one average orientation 

value. The Directionality plugin from Image J was instead used to obtain the frequency 

distribution of cellular alignment, as a more accurate representation of the cell orientation 

was needed.  

 

Figure 7.4 Cell Alignment using Orientation J Plugin.  

Neuronal alignment for 50, 150 and 250 pulses were on average greater than 2 pulses and control (i.e. fully 

aligned cells are 0o orientation) a). Astrocytic cells for 50, 150 and 250 pulses have also on average greater 

alignment than 2 pulses and control b).   

 

A second method for focal adhesion analysis was also carried out using the Image J 

software. It involved drawing a line and measuring the resulting FA length in microns 

and measuring visually the number of FA per astrocyte. However, this was a very tedious 
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form of analysis and extremely subjective. Nevertheless, these results were similar to 

focal adhesion measurements shown in chapter 3.   

 

Figure 7.5 Focal Adhesion Quantification using Image J.  

The focal adhesion number was similar for all experimental groups for both day 7 and 10 a). FA length was 

also similar for all experimental groups b).  
 

 

Figure 7.6 Confocal Images of Postnatal Pups P3-4 seeded on Pt/Ir LIPSS Substrates and Control at 

Day 14.  

No neurons were observed for control a) 50 pulses b) 150 pulses c) and 250 pulses d). However, alignment 

of astrocytes (green) was most notable for 250 pulses. Arrows indicate LIPSS orientation.  
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7.4 Protein Data  

 

Figure 7.7 Protein Array Slide - Raw Data Analysis.  

Image of a scanned 8 well microarray slide after incubation with fluorescently labelled samples a).  Example 

of one array showing fluorescently labelled printed antibodies. The greater the intensity of fluorescence, 

the greater the labelled sample binding to the antibody b). Table of antibodies printed within each array.  
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Figure 7.8 Microarray Analysis of Reactive Proteins and Ion Channel Expression in Cortical Cells 

Cultured on Pt/Ir Substrates Functionalised with LIPSS and Planar Control Substrates (Normalized 

to Control).  

No statistical significance was observed on day 3 between the groups (a). However, by day 7 cortical cells 

cultured on Pt/Ir substrates functionalised with 250 pulses exhibited a significant down-regulation in the 

expression of VR1, L type Ca2+ and ANKTM1 compared to cortical cells cultured on Pt/Ir substrates 

functionalised with 2 pulses (b). Again, these same ion channels were significantly downregulated in 

cortical cells cultured on Pt/Ir substrates functionalised with 250 pulses compared to 2 pulses and 150 pulses 

at day 10 (c). Results are mean SEM. Data is represented in terms of ratios.  
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7.5 In Vitro Protocols 

7.5.1 Cortex Dissociation Protocol   

• Prior to dissections, coat platinum/iridium with poly-d-lysine.  

• Warm plating media, FBS and tryspin aliquots at 37˚C just before dissociating.  

• Centrifuge dissected cortex tissue in HBSS at 1100 revolutions per minute (rpm) 

for 5 min at 4˚C.  

• Discard HBSS from tube.  

• For E14 cortex, add 3ml of HBSS to 2ml of warm trypsin then add 1.5ml HBSS-

trypsin solution to cortex tissue. Incubate for 4 min at 37˚C with 5% CO2. 

• For E17 cortex tissue, add 2ml of HBSS to 2ml of trypsin . Add 1.5ml HBSS-

trypsin solution to tube containing cortex tissue. Incubate for 8-10 min at 37˚C 

with 5% CO2.  

• Discard 1ml HBSS-trypsin solution and add 500µl FBS. Centrifuge again at 

1100 rpm for 5 min at 4˚C. Discard HBSS-trypsin-FCS solution from tube.  

• For E14 cortex tissue, resuspend cell pellet in 1ml of plating media using a 

P1000 pipette (set at 500µl), followed by a 25-gauge needle x 2-3 times using 

1ml syringe. Media cell suspension should turn cloudy. 

• For E17 cortex resuspend, cell pellet in 1ml of plating media using a P1000 

pipette (set at 500µl), followed by an 18-gauge needle x 2-3 times using 1ml 

syringe. Media should turn cloudy. Let tissue settle and remove the cloudy cell 

suspension on top and place in another 15ml tube. Dissociate further with a 25-

gauge needle x 1, ensuring not to add air bubbles into the cell suspension. Make 

up to 1ml.  

• Estimate cell density using a haemocytometer, as follows: dilute 10µl of cell 

suspension 1:10 in 45µl of plating media and 45µl of trypan blue. Pipette 10µl 

of cell solution under cover slip on haemocytometer. Count number of viable 

cells in 5 squares. 

• The total number of cells in the cell suspension was calculated using the 

formula: 

 Cells/ml = (number of cells counted in 5 squares/5) x 10 x dilution factor  

* Dilution factor = Total Volume/Volume of sample = 100µl /10µl = 10 

Calculate volume of cell suspension and volume of plating media needed to seed 

100,000 -125,000 cells per well of a 24-well plate.  
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• After 60 min, examine cells under microscope to ensure cells have adhered onto 

substrate and gently fill each well with 500µl of plating media. 

• Feed E14/E17 rat cortex cultures n day 2 in vitro by discarding and replacing 

250µl of media from each well.  

7.5.2 Immunohistochemistry SEM  

• Remove media from cell seeded substrates, and rinse in Hanks 2 x 2 mins.  

• Fix cells in 4% paraformaldehyde with 1% sucrose in 0.1 M PIPES (pH 7.4) 

buffer for 5 min. Remove fixative.  

• Fix cells permanently using 2.5% glutaraldehyde (9ml of pipes solution 0.1M 

and 1 ml of glutaraldehyde 25 %) solution- remove from freezer and add cold 

for 5 min and rinse three times for 2 min in PIPES buffer.  

• Stain cells with 1% osmium tetroxide in PIPES for 1h h at 22°C and then rinse 

in deionised water for 1 min.  

• Dehydrate samples using the following dilution series.  

Ethanol/water series (50, 60, 70, 80, 90, 96 and 100%)  

• Further dehydrate using the following dilution series of HDMS in ethanol (25, 

50, 75 and 100%) (1:4, 1:3, 1:2, 1:1-5 min each step). 

• Let samples dry overnight.  

• Mount samples on aluminium stubs and coat with a 12nm layer of Au. 

7.5.3 Neuron and Astrocyte Cell Staining  

• Remove media and wash samples 3 times with PBS 1x solution.  

• Fix samples in Paraformaldehyde (PFA) 4% for 20 min and wash 3 times with 

PBS 1x.  

• Add cold permeabilization buffer for 5 min. 

• Remove permeabilization buffer and wash twice with 1 xPBS.  

• Add enough PBS-BSA 1% (0.5g in 50ml) to cover the film and incubate for 30 

minutes. 

• Warm the solution of the primary antibody: (BSA+PBS) + (1:200) of GFAP + 

(1:500) of β tubulin III and vortex this solution. Antibodies details: rabbit anti β 

-tubulin III, (Sigma Aldrich T2200), and Mouse-GFAP (Sigma Aldrich G3893). 

• Remove PBS-BSA and add primary antibody solution and for 1.5 hours at room 

temperature.  

• Remove the primary antibody and wash 3x (5 min) with tween 20 -0.05%. 
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• Add Secondary antibody: (Alexa Fluor® 594-red colour to visualise neurons) 

(1:500) and (Alexa Fluor® 488-green colour to visualise astrocytes) (1:500), for 

1h. The solution is made in PBS-BSA 1%. Leave at room temperature for 1h 

covered in aluminium foil.  

• Wash 3 x (5 min) with PBX 1X. 

•  Mount and add 10ul of antifade DAPI mounting media. 

• If no DAPI mounting media is available, make a DAPI or Hoechst solution at 

1:1000 dilution in PBS. Add DAPI solution to substrates for a maximum of 3 

minutes. Remove DAPI dilution and wash 3 x (5 mins) with PBS x1.  

• Mount using normal mounting media.  

Permeabilization buffer (10.3g of sucrose, 0.292g NaCl, 0.06g MgCl2, 0.476g HEPES 

buffer, 0.5ml Triton in 100ml water pH 7.2)  

Paraformaldehyde (100ml of PBS x1, 4g PF, 1g of sucrose)  

7.5.4 Focal adhesion and Astrocyte Staining  

• Remove media and wash samples 3 times with PBS 1x solution.  

• Fix samples in PFA 4% for 20 min and wash 3 times with PBS 1x. 

• Add permeabilization buffer for 5 min. 

• Remove permeabilization buffer and wash 2 x with 1x PBS.  

• Add enough PBS-BSA 1% (0.5g in 50ml) to cover the film and incubate for 30 

minutes. 

• Warm the solution of the primary antibody: (BSA+PBS) + (1:200) of GFAP + 

(1:200) of Paxillin and vortex this solution. Antibodies details: Rb mAb to 

Paxillin (Y113) (Life Technologies, 1:200), and Mouse-GFAP (1:200 Sigma 

Aldrich G3893). 

• Remove PBS-BSA and add primary antibody solution and for 2 hours at 37oC.  

• Remove the primary antibody and wash 3x (5 min) with tween 20 -0.05% 

• Add Secondary antibody: (Alexa Fluor® 488-green colour to visualise the 

astrocytes) (1:500) + (Alexa Fluor® 594-red colour to visualise the focal 

adhesions) (1:100), for 1h. The solution is made in PBS-BSA 1%. Leave at 

room temperature for 1h covered in aluminium foil. 

• Wash 3 x (5 min) with 1x PBX. 

•  Mount and add 10ul of antifade DAPI mounting media. 
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• If no DAPI mounting media is available, make a DAPI or Hoechst solution at 

1:1000 dilution in PBS. Then add DAPI solution to substrates for a maximum of 

3 minutes. Remove DAPI dilution and wash 3 x (5 mins) with 1x PBS.  

• Mount using normal mounting media. 

7.5.5 Protein Arrays  

7.5.5.1 Protein Extraction from E17 Cells 

• Prepare lysis buffer using RIPA buffer supplemented with 1% Protease 

inhibitors and 1% phosphatase inhibitors cocktails 1 and 3. 100μl will be used 

per 6 well plate.  

• Remove media from cells and wash x 2 with PBS.  

• Place well plate, buffers, PBS on tray of ice. 

• Remove as much PBS as possible from each well.  

• Add 100μl of Lysis buffer.  

• Wait for 2-3 minutes (no longer as lysis buffer evaporates).  

• Use cell scrapers to detach the cells.  

• Place the well plate at an angle and homogenise the buffer at the bottom of the 

well by gently pipetting up and down.  

• Transfer all the cell lysis suspension into 1.5ml tube and place in ice.  

• Vortex the tubes for 10 seconds and place on ice for 15 minutes.  

• Centrifuge all the tubes for 15 minutes at 1400 rpm at 4oC.  

• After centrifuging remove the remaining supernatant (whilst avoiding touching 

the pellet) and place in a clean 1.5ml tube. Store at -80oC until use.  

 

7.5.6 Tagging Protein with CF 555 Succinimidyl Ester 

• Measure protein concentration with nanodrop and reach 0.65-0.75 mg/ml using 

undiluted BCA.  

• For sample tagging, add 7.5 g of boric acid in 500ml and adjust to a pH of 8.5 

using NaOH.  

• Resuspend 1mg of CF® 555(ref= CF 555 Succinimidyl ester SCJ4600022) with 

100μl DMSO. 

• For each experimental sample, add 50μl of boric acid (250μM)+ 50μl sample +  

4μl of CF 555. 



Chapter 7. Appendix  
 

 

261 

 

• Leave for 1 hour at RT in the dark room to incubate.   

• After 1 hour incubation, wash the samples with centrifugal filter units, (Amicon 

,ultra 0.5, 3 kDa) 3 x times for 10 min at 14000 RCF at 4ºC. 

• With each wash, add 400ul of PBS (pH 7.4) to the remaining sample in the 

column.  

• After the final wash invert the filter and recover the tagged sample using 500 

RCF at 4ºC for 5 mins 

• Store sample in the dark at 4ºC.  

• Quantify all the samples with the nanodrop at 280nm and 555nm. 

 

7.5.6.1 Preparation of Gasket Holders Containing Protein Samples  

• Prepare TBS at 10 x concentration -200mM Tris 24.22 g (Sigma), 1M NaCl 

58.44 g (Sigma), 10mM MgCl2 0.9521 g, 10mM CaCl2 1.4702 g 

• 1X = 20mM Tris, 100mM NaCl, 1mM CaCl2 and 1mM MgCl2, pH to 7.2 with 

conc HCl.  

• Prepare 2x TBS. 

• Use 1x TBS to prepare TBS-T: Add 0.5mL Tween-20 to the 1X solution (0.05% 

Tween-20 = TBS-T).  

• Remove proteins and slide samples from the fridge, leave to stabilize at RT for 

30 minutes to avoid condensation.  

• Carry out a titration curve to determine sample concentration.  

• Proteins samples are diluted to a final volume of 70μl with TBS-T.  

• With each gasket array include quality controls.   

• Designate 70μl of each protein sample to a protein array well.  

• Sandwich the printed microarray slide on top of the gasket slide with aliquoted 

samples.  

• Assemble gasket steel holder and make sure screw is finger tight and not over-

tight. 

• Incubate for 1h at 22oC in a rotatory oven system.   

• Remove gasket and slide from gasket assembly and separate gasket and slide 

under incubation solution. This is done by opening the slide gasket into a 

container full of TBS-T, this is to avoid cross contamination by encouraging 

immediate dilution.  
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• Turn on computer and laser. Check green laser and put at 90% intensity with 

maximum resolution (5μm) 

 

7.5.6.2 Washing Slides  

• Wash microarray slides in TBS-T x 3 times for 2 minin a coplin jar (on a gentle 

shake)  

• Wash again with 1x TBS.  

• Dry slides in a centrifuge at 1500 rpm for 5min at 10oC.  

• Place dried microarray in slide holder in the microarray scanner and scan ASAP.  

7.5.6.3 Washing Gaskets After Use  

• Place gaskets in a 50 ml tube containing 35ml of 0.1% SDS solution. 

• Leave on a shaker for 30 mins.  

• Remove the SDS and wash (x 3 times for 5 min each) with deionised H2O with 

gentle shaking.  

• Dry with centrifugation and place in suitable storage area until next use. 
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