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Abstract 
 

The alleviation of symptoms of debilitating neural conditions via neural probes is an 

increasingly important area of research. However, the effectiveness of these probes 

decreases over time due to the formation of a glial scar around them. In order to design 

probes that can function long-term, this research study developed two main approaches 

to reduce the inflammatory response: one focusing on reducing the inflammatory 

response around the probe via a coating with controllable surface topography and drug 

delivery capabilities and the other on designing a neural probe utilising cooling as an 

alternative therapy to electrical stimulation to reduce the inflammatory response at the 

functioning tip. 

In order to assess material topographical effects in vitro, PC12 cells, primary neuronal 

cells from rats and human astrocytes were plated onto hydroxyapatite (HA) discs of 

various degrees of roughness. A method of encapsulating astrocytes in a gelatin 

methacryloyl (GelMA) hydrogel was also devised in order to allow studies of over a week 

to be carried out. HA was found to be non-cytotoxic, with PC12 and primary neuronal 

cells surviving and attaching to the moderately rough surface best, implying there is an 

optimum roughness to promote neuronal survival. This was further corroborated by 

astrocytes, as they exhibited the highest expression of inflammatory cytokines TNF-α 

and IL-6 when plated on the very rough surfaces.  

As topographical control alone was found to be insufficient to significantly reduce the 

inflammatory response, a drug eluting coating was also developed. This consisted of a 

dual layered microfluidic system capable of delivering multiple anti-inflammatory 
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factors to brain tissue long term. This system offered the added benefit of being able to 

be inserted in its thin dry state before reswelling to provide anchorage against 

micromotion. Diffusion tests showed the system could release cytokines over a 4 day 

period from one infusion and could release small drugs with minimal burst release. 

Repeated infusions of IL-4 upregulated anti-inflammatory M2 phenotype macrophages 

and downregulated the expression of pro-inflammatory markers in astrocytes over a 3 

week period. 

An experimentally validated thermal model was created in Comsol® to assess 

temperature profiles around a cooling probe in the human brain. This was linked with a 

Peltier chip and heat sink model in order to create a tool allowing for the prediction of 

Peltier and heat sink settings required to deliver a desired temperature at the probe tip. 

A 4mm probe consisting of silver core coated with HA was suggested as the current best 

method of ensuring therapeutic temperatures at the tip. This probe would also offer 

mild cooling along the probe length to reduce glial activation and therefore the 

formation of a glial scar. 

These two strategies were initially proposed as complementary ideas, however, the 

results of the investigations indicated that the cooling along the length of the cooling 

probe and the potential to release anti-inflammatory factors preferentially at the 

functioning tip of the probe resulted in an overlap in function between the two 

strategies. They are therefore presented as two separate solutions – a novel cooling 

probe or alternatively a coating system to increase the efficacy of current electrodes. 

With further work, both of these probe designs have the potential in the future to be 

clinically relevant and improve the lives of patients with neurological conditions. 
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1 Introduction 
 

Neurological disorders are becoming more prevalent as advanced economies generally 

experience a steady aging of their population profiles. In the UK alone, almost 500,000 

people suffer from epilepsy6 and 127,000 from Parkinson’s disease7, with other 

debilitating neural conditions such as motor neurone disease, dystonia, paralysis and 

depression also requiring huge investments in research for therapeutic solutions.  

Some patients will respond well to treatment via medication where available, but others 

do not and have to cope with their symptoms on a daily basis. In recent decades, this 

has led to an increasing emphasis on the search for alternative solutions. One of the 

most promising areas of research has involved physically disrupting the signals in the 

problematic area of the brain. This can be done either via electrical stimulation or 

localised cooling of the target region. Over the years, the more prevalent of these two 

methods has become that of electrical stimulation in the form of Deep Brain Stimulation 

(DBS). DBS has shown very promising results in vivo, in clinical trials and in patients, 

resulting in Food Drug and Administration (FDA) approval for its use as treatment in the 

United States for dystonia, Parkinson’s disease and essential tremor.  

However, despite appearing to be effective in the early stages of treatment, DBS has 

failed to offer a long term solution to these conditions. Although significant reductions 

in the symptoms associated with these conditions  ̶  such as the seizures that occur 

during an epileptic fit   ̶  are evident in the first few months, as time goes on the 

electrodes’ therapeutic effects become less and less effective, which can leave a patient 

more distressed than before. This reduction in effectiveness is normally attributed to 
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the encapsulation of the electrode in scar tissue over time as the result of one or more 

of the following: the initial insertion-associated injury (acute response); the presence of 

a foreign material (chronic response); the damage caused by micro-motion of the 

inserted electrode; the repeated electrical over-stimulation of the tissue.  

In order to address this loss of effectiveness, research has focused on a number of 

research areas, including making the probes smaller and designing biomimetic coatings 

with properties close to that of native brain tissue to reduce the brain’s inflammatory 

response to the probes or utilising adaptable surface topography to promote neuronal 

cell survival alongside the implant. The inclusion of anti-inflammatory factors or drugs 

into the probes’ coating is also a promising area of research, as these can be used to 

target precise timepoints in the process of inflammation of the brain tissue and prevent 

the formation of this inhibitory glial scar. Many studies have shown this can be effective 

in its short term effects by reducing the acute inflammatory response, however, there 

is limited success reported in maintaining these reductions in inflammation long-term. 

Furthermore, as well as improving current electrode designs and strategies, 

investigation into an alternative therapeutic mechanism of the probe itself may also be 

advantageous. Although electrical stimulation has been the favoured method thus far, 

some research has indicated that repeated electrical over-stimulation of the tissue is 

further aggravating the problem. For this reason, a return to researching focal cooling 

probes could result in more positive outcomes, as they have been shown to interrupt 

brain signals in a reversible way with no long-lasting damage. As well as this, the focal 

cooling may be able to reduce inflammation in situ and therefore the encapsulation of 

the functioning tip by the glial scar. The design of cooling probes introduces several new 
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challenges as coating materials need to be thermally insulating and the probe will by 

nature need to be thicker in order to cool tissue deep in the brain as, unlike electrical 

conductivity, thermal conductivity is dependent on thickness. While many biomimetic 

polymers currently utilised as probe coatings are not sufficiently thermally insulating, 

there are several potential options for multifunctional thermally insulating coatings. 

Ceramic materials traditionally used in orthopaedic implants such as hydroxyapatite 

(HA) are widely regarded as being highly biocompatible and providing good thermal 

insulation. It is also possible to incorporate porosity into their structure which could be 

used to release anti-inflammatory drugs to reduce the brain’s immune response to the 

probes. Alternatively, thermally insulating polymers could also offer sufficient insulation 

while allowing the introduction of microfluidic systems for sustained drug delivery 

within their structure. The optimisation of the materials used to fabricate such a probe 

are important to minimise the total size and therefore injury of a probe capable of 

delivering therapeutic temperatures to the depth required for human applications.  

This outline of the ongoing challenges faced by researchers attempting to develop new, 

more successful interventions to mitigate neurological disorders provides the context 

for this research study. In turn, the rationale for the study emerges from this context, a 

context which has highlighted the need for further more specific research that builds on 

previous advances and offers the possibility of significant improvements in the long-

term outcomes for patients with debilitating neurological disorders who opt to use Deep 

Brain Stimulation as a treatment method to control their symptoms. Any significant 

advances in this field  would result not only in an improved quality of life for these 

patients over a longer time period, but also facilitate a higher degree of independent 
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living for older people as well as an associated reduction in medical and welfare costs 

for Government.  

The overall aim of this study is to develop a functional neural probe with additional 

potential to reduce inflammation of brain tissue upon insertion into the brain, a probe 

that will thus limit the development of a surrounding glial scar, allowing it to function as 

required for extended periods of time.  

This aim encompasses two broad objectives representing two separate strands of 

research, which, if both are successfully achieved, have the potential to mutually 

reinforce the effectiveness of the treatment: 

1. To design a clinically viable cooling probe capable of delivering 10°C of cooling to 

brain tissue up to depths of 10cm in order to eradicate the need for electrical 

stimulation during treatment. 

2. To design a probe coating capable of mitigating the chronic inflammatory 

response of brain tissue as well as the acute response. 

With these objectives in mind, Chapter 2 will provide a wide-ranging literature review 

that examines and evaluates the significant previous studies carried out in these two 

areas of research. This will in turn help highlight any knowledge gaps and form the basis 

for the specific research questions to be addressed and hypotheses to be tested in the 

subsequent experiment-focused chapters. The discussion of the experimental results 

and their findings and limitations will allow conclusions to be drawn and aligned with 

the overall aim and objectives. 
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2 Literature Review 
 

 Introduction 
 

The field of neural engineering is becoming increasingly significant within the 

bioengineering research community. Considerable advances have been made in recent 

years, regarding the use of neural electrodes to not only measure and record brain 

functionality, but to suppress or stimulate different areas of the brain in order to treat 

a variety of conditions. There has been successful employment of these electrodes to 

minimise the effects of motor neurone disease5,8, Parkinson’s disease9–12, epilepsy8,9,11,13 

and to overcome the effects of paralysis2,14. As well as this, advancements are being 

made in the use of electrodes to combat deafness and blindness through cochlear10,11,15 

and retinal implants9,11 and to reduce the effects of mood disorders by deep brain 

stimulation (DBS)11,13. 

 Neurobiology16 
 

In order to begin understanding and treating neural conditions, we first need to 

understand the physiology of the brain. The brain is the body’s central control system; 

it receives signals from nerves throughout the body and responds to them based on its 

interpretation of these signals. The brain itself and the spinal cord make up the central 

nervous system (CNS) and works in conjunction with nerves throughout the body which 

are known collectively as the peripheral nervous system (PNS). 

The brain is made up of three main areas: cerebrum, cerebellum and brain stem. The 

cerebrum is divided into two halves, the left and right cerebral hemispheres and further 
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divided into four lobes (Fig. 2.1). The left and right hemispheres control the right and 

left hand side of the body respectively and are connected by a bridge of fibrous neural 

tissue. The outer surface of the cerebrum is called the cortex and is where nerve cells 

make connections (synapses) that control brain activity. It is also sometimes referred to 

as “grey matter” as it contrasts in colour to the “white matter” underneath. This colour 

of the inner area of the cerebrum comes from the myelinated sheaths of axons – the 

insulated parts of the neural cells which act as messengers between the brain and the 

spinal cord. The cerebrum as a whole controls movements, speech, hearing, vision, 

emotions and intellectual functioning. The next largest section of the brain is the 

cerebellum which is located at the back of the brain underneath the cerebrum. It also 

consists of white and grey matter and controls complex actions such as walking by co-

ordinating actions and also controls reflexes and collecting sensory information from the 

body. Finally, the brain stem is a bundle of nerve tissue connecting the brain to the spinal 

cord and transmitting messages between the two. It also has an important role in 

respiratory and circulatory function and regulates the CNS to control consciousness and 

create a sleep cycle. 

As well as these 3 main areas of the brain and a few smaller sections, there are other 

constituents of brain tissue that serve important purposes. The brain contains 

cerebrospinal fluid (CSF) that surrounds protects the brain from damage and delivers 

nutrients to and removes waste products from the brain. The blood brain barrier (BBB) 

is a specialised system of capillaries throughout the brain that help maintain a constant 

environment for the brain and protects it against chemicals or toxics produced by 

bacteria via enzymes. 
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Figure 2.1. Diagram of the human brain1 

 

  Brain Cell Types and Functions 
 

Within every section of the brain, there are different cells with different roles and 

neurological disorders are a result of these not functioning correctly. Neurons are 

generally considered the most important cell in the brain as these are the cells that send 

signals to specific target cells. These cells are made up of a cell body, dendrites and axons 

which are long protrusions that vary hugely in length depending on the location of the 

cell they are trying to reach. They transmit signals via synapses which are the junctions 

between cells. Signals travel through cells as electrochemical pulses which cause 

neurotransmitters to be released at a synapse. These chemicals are detected by the 

receiving cell, converted back into neurotransmitters and the message is passed on. 
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As well as neuronal cells, there are also glial cells in the brain. These are broken up into 

three predominant categories: microglia, astrocytes and oligodendrocytes17. These cells 

serve to protect the neurons via insulation and ensure they get enough nutrients as well 

as killing pathogens and removing dead cells from the brain when necessary. They also 

enable the formation and maintenance of synapses between cells18. The glial cells are 

set apart from neurons by their lack of axons, inability to form action potentials and 

ability to readily proliferate. In the CNS, one key feature of the glial cells is their reaction 

to cell damage – microglia are the first line of defence and will infiltrate the injured area 

within hours and release signals to astrocytes causing them to enlarge and proliferate 

to form a scar and contain the damage17–19. Microglia are the resident macrophages of 

the brain: they engulf and destroy infectious agents and decrease initial inflammation 

at the site of injury or infection and make up 10-20% of glial cells19. They can also release 

cytotoxic materials in order to destroy infections. This can result in large scale neural 

damage if chronic inflammation occurs as the microglia repeatedly try to eliminate the 

cause and destroy healthy cells at the same time18. In this state they are described as 

being activated2 (Fig. 2.2). Astrocytes are the most prevalent cell in the brain and form 

scar tissue by filling the area left behind by dead cells and also enter an activated state 

during brain injury17,19 (Fig. 2.3). They also promote the myelination of oligodendrocytes 

which is their main role – to support and insulate axons; oligodendrocytes do not play a 

major role in the brain’s response to injury2,17. 
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Figure 2.2. The differences between resting and activated microglia in the brain2. 

Figure 2.3. The differences between resting and activated astrocytes in the brain2. 
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 Electrode Design and Functionality 
 

2.4.1 History of DBS 
The utilisation of electrical stimulation on brain tissue dates as far back as the first 

century whereby a physician to the Roman emperor Claudius prescribed the use of an 

electric ray to alleviate headaches20,21. It was not until the 19th century that 

experimentation seriously began, with tests being carried out on the cortex of recently 

deceased prisoners and animals in order to ascertain which areas of the brain 

corresponded with which functions20. The first instance of modern therapeutic brain 

stimulation was that of electroshock therapy for the treatment of psychosis devised by 

Ugo Cerletti in 193822, however, the first reported instance of chronic Deep Brain 

Stimulation for the treatment of movement disorders came from the University Hospital 

of Grenoble, France23–25. The interest in these results led the medical device industry 

developing a specific neurostimulation device, with Medtronic being the first in 1968, 

followed by Avery Laboratories in 198224. Medtronic went on to collaborate heavily with 

the Grenoble group and a consortium of experts known as the Movement Disorder 

Society who developed the Unified Parkinson’s Disease Rating Scale (UPDRS)24. This led 

to the presentation of clinical trial results to the FDA in 1997, with DBS being an 

approved therapy for the suppression of tremors due to essential tremor or Parkinson’s 

Disease in the same year20,23–25. The FDA would go on to approve the use of DBS for 

control of the symptoms of both dystonia and OCD in 2003 and 2009 respectively via 

the Humanitarian Device Exemption method23. Medtronic were consistently the first 

company to receive FDA approval for DBS devices for various applications but are 

currently joined on the market by St. Jude Medical and Boston Scientific, with their 

current technologies to be discussed in the next section.  
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2.4.2 Current Electrode Design 
DBS is already a Food and Drug Administration (FDA) approved treatment for controlling 

tremors during Parkinson’s disease and dystonia in the US, whereas effects on other 

conditions are still at the testing stage26. The precise mechanisms of how DBS 

counteracts these tremors is still not fully clear, but it is thought that passing an 

electrical current through the affected area of the brain either interrupts the mis-

functioning signals or induces the correction of these signals, much like a pacemaker 

does in the heart26. In order to develop ways to improve the efficacy of therapeutic 

probes, a review of current clinically relevant electrodes is necessary. The current 

industrial design of these electrodes consists of a lead with 4 electrode tips that can be 

inserted into the brain and connected to a neurostimulator which generates a current 

and is normally implanted under the skin on the chest. Medtronic is the world’s largest 

medical technology company and is a key market shareholder in DBS electrodes27. As 

such, key features of its most commonly implanted electrode are outlined below as an 

example of a typical electrode on the market. Medtronic designs all of its leads to be 

40cm in length so they can be inserted to any depth. The electrode itself has 4 electrode 

tips spaced 0.5mm apart along the length which can be activated all at once or 

individually when required (Fig. 2.4). This is to give doctors some flexibility with 

positioning the electrode in the precise area to be stimulated. This results in a device 

being inserted into the brain that is 1.27mm wide with the electrodes for stimulation 

being 1.5mm in length each. Although 0.5mm is Medtronic’s standard electrode spacing, 

they also produce electrodes with 1.5mm spacings27. These electrodes are inserted in 

the subthalamic nucleus for most current treatments28,29 (Fig. 2.5).  
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Figure 2.4. Medtronic DBS electrode design3. 

Figure 2.5. Cross-section of the brain showing DBS electrode placement in the sub 

thalamic nucleus4. 

The electrodes currently on the market from St. Jude’s Medical consist of a similar set 

up to those of Medtronic, however, they offer a baseline electrode with a diameter of 

1.27mm and 1.5mm height or a larger cylindrical electrode with a diameter of 1.41mm 

and a height of 1.5mm or 3mm30 with each lead having 4 electrode contact points30. 
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Boston Scientific’s Vercise® DBS system was approved by the FDA for Parkinson’s, 

dystonia and essential tremor in 2015 and is marketed as the first commercially available 

eight contacted lead system31. These 1.3mm diameter leads can be purchased in 30 or 

45cm configurations, with electrode contacts of 2mm in length with 1.5mm spacings31. 

2.4.3 Ideal Electrode User Requirements 

Ideal User Requirements are regularly devised during the development of medical 

devices in order to improve the safety and usability of the devices, therefore reducing 

the recall of devices and improving patient outcomes and satisfaction32. The principle 

user requirement for a DBS device is that it reduces or eradicates the symptoms of the 

relevant neurological condition – it needs to help the patient manage their symptoms. 

It should also be minimally invasive in order to cause as little damage upon initial 

implantation as possible. Furthermore, the device should have multiple electrodes along 

the length of the lead, that can be activated or deactivated by a controller outside the 

brain region as required if a larger volume of tissue or a slightly different area needs 

targeted. It should remain in place for a number of years and maintain function through 

that time period, without any adverse side effects. The device itself should also be fully 

implantable in order to reduce the risk of complications via infection, particularly upon 

initial implantation. For a cooling probe there are several additional user requirements. 

Firstly, the probe should reduce the temperature of the target brain area by 10°C at a 

depth of 10cm. It should only interrupt the function of the brain via cooling at the tip of 

the probe, therefore it should be sufficiently insulated. It should also reach this 

temperature very quickly in case it can be linked to a feedback loop for pre fit warnings 

for epilepsy.  



14 

 

2.4.4 Current Electrode Limitations 
All neurological disorders that are suitable for DBS treatment require on-going 

intervention and so an electrode must be chronically implanted in the brain for long-

term benefits. Maintaining the effectiveness of these electrodes has proved difficult 

long-term which has been reported in clinical follow ups and in vivo studies. A follow up 

study on 27 patients who had a total of 31 electrodes implanted to control symptoms of 

essential tremor found that 4 electrodes had lost their stimulation effects entirely by an 

average of 39 months33. As well as this, at an average of 40 months follow up, 10 

electrodes required a voltage supplied to the electrode of over 3.6V compared to a 

starting voltage of 2.2V. This increased voltage to have an effect on tremor reduction is 

described as an unsatisfactory result and at higher voltages more adverse side effects 

occur33. Pelitsis et al (2008) also compiled and summarised similar data from other 

papers, showing that 13-40% of patients experienced tremor worsening after a 

minimum of a year’s implantation though it highlights some of these failures may have 

been due to suboptimal placement of the electrode33. A follow-up of up to 7 years (an 

average of 56.9 months) after DBS surgery for essential tremor in 22 patients assessed 

the electrodes success via Fahn-Tolosa-Marin tremor scores, whereby the lower the 

number, the less severe the tremor is. Scores over a two year period increased from 

0.33±0.49 to 0.67±0.7234. The difference was not statistically significant and was still an 

improvement from zero stimulation scores of 3.27±0.87 but the mean voltage to achieve 

these scores was also steadily increasing and 2 patients ceased to use the system due to 

persistent paraesthesias - tingling or burning sensations under the skin34. 

These reductions in the effectiveness of probes have also been shown in in vivo studies. 

Two separate studies in cats have shown that in vivo cortical cell responses to 
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stimulation degrade after 100 days35 and that recordings from the sciatic nerve last for 

a maximum of 7 months36. Microelectrode arrays suffer similar loss of function with 

arrays implanted in macaque monkeys reporting a 35% loss in function over 18 months37 

and in a study using cats, after 6 months only an average of 60% of original 

microelectrodes could still record signals38. 

 Problems with Design 
 

In order to obtain a viable chronically implantable working probe, it is important to 

understand why so many systems fail over time and many investigations have focused 

on identifying the problem. Most studies attribute the failure of electrodes to the 

formation of an inhibitory glial scar around the electrode (Fig. 2.6), either due to the 

insertion-associated injury (acute response), presence of a foreign material (chronic 

response) or damage caused by micro-motion of the inserted electrode2,10,39,40 with 

intensity of electrical stimulation also included as a factor41,42. However, some studies 

have indicated that although there is a change in impedance due to the scar, it does not 

significantly affect an electrode’s ability to record43. They instead suggested that chronic 

local inflammation of the tissue occurs due to the continued presence of the electrodes, 

which correlates with local neurodegeneration resulting in neuronal loss, dendritic loss 

and taupathy43. All of these theories are centralised around the inflammatory reaction 

of brain tissue and therefore current research is heavily focused on reducing this 

inflammatory response in vivo. 



16 

 

 

Figure 2.6. Schematic of cellular changes induced by electrode insertion into the brain, 

resulting in glial scar formation and encapsulation of the electrode5. 

 Strategies to reduce Inflammatory Response 
 

Regardless of therapeutic strategy or probe function, reduction of the brain’s 

inflammatory response to the implant is crucial to maintaining its function long-term. In 

order to achieve this, a number of key strategies for optimisation of probes, electrodes 

and microelectrodes have been investigated. These include looking at the probe 

material, the probe shape, the coating and incorporating anti-inflammatory drugs into 

the design. The progress and unanswered questions from these investigations are 

outlined below in order to develop further areas or strategies for investigation.  

2.6.1 Coating Material 
Probes may be coated with a material to ensure insulation of the brain tissue from the 

probe function for everywhere except the probe tip or to reduce the inflammatory 
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response to the probe or for a combination of the two. Biomimetic coatings are designed 

to mimic brain tissue as closely as possible to assist with tissue integration and prevent 

an immune response. As such, many of the investigated coatings are derived from 

natural materials such as collagen and laminin10. Both of these materials are found in 

the human body as part of the extra cellular matrix (ECM) – the support structure for 

the cells in the body, which also carries out other duties such as storing chemical growth 

factors and aiding wound healing. Collagen is the predominant protein within the ECM 

and laminin is often present to assist with adhesion and keep the tissue connected, 

making these materials of significant interest44.  

Large scale isolation of ECM proteins can be challenging and the use of such bulky 

structures can also result in steric issues as the large polymers get in the way of each 

other. Another approach is to look at the integrins – the trans-membrane receptors that 

bind a cell to the ECM, providing it with stability and passing messages both ways. It has 

been shown that integrin binding to ECM proteins actually relies on short peptide motifs 

– the sequences of amino acids that determine the properties and identify individual 

peptides. The sequence known as the trimer RGD peptide sequence is the most effective 

and most utilised sequence to enhance cell adhesion onto synthetic surfaces45. It is 

found throughout the body and can address more than one cell receptor. When looking 

specifically at neural cells, research has indicated that other sequences such as IKVAV 

and YIGSR, present in laminin, may be the most effective at increasing neuronal 

adhesion46. One study concluded that RGD peptide grafted substances promoted 

fibroblast and glial cell adhesion which implied that it would be useful where tissue 

anchorage is required to prevent micromotion39. In contrast, the IKVAV peptide grafted 
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substances promoted substantial neuron cell adhesion and neurite growth and 

minimised fibroblast and glial cell adhesion, indicating potential to promote signal 

transfer between neurons and implants39. These sequences can also be incorporated as 

part of a longer structure such as DCDPGYIGSR. In vivo studies of this peptide co-

deposited with the conducting polymer polypyrole on neural electrodes were carried 

out on guinea pigs. The tissue was analysed at 1, 2 and 3 weeks and it was found that 

glial scarring was not prevented but that neuron attachment was promoted and strong 

connections with the neural tissue occurred47. Polypyrole coatings alone have also been 

investigated as a method of integrating electrodes, without affecting electrical 

transmission of stimuli, another important consideration of any coating. It was 

ascertained that if polypyrole was grown up through a layer of hydrogel rather than used 

as a film, the electrical impedance could be reduced from 100kΩ to 7kΩ48. Polypyrole’s 

advantageous properties are also used in the integration of cochlear implants to 

promote neuronal cell adhesion15. 

Another conducting polymer that can be utilised in neural electrode coatings is 

poly(ethylenedioxythiophene) (PEDOT) which outperformed polypyrole in terms of rate 

capability and stability at higher charge rates49. PEDOT’s electronic and ionic 

conductivity makes it a good alternative and anion doping (PEDOT+A- formation) results 

in the high electronic conductivity that is required for low impedance recordings49. 

Ludwig et al (2006) investigated a PEDOT film covered electrode system and found it 

had an improved signal to noise ratio and that over 6 weeks implantation in rats, the 

mean impedance at day 40 was 30 times less than the non-coated electrodes50. As well 

as this, 58% of the covered electrodes after 6 weeks were still producing quality 
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recordings versus only 41% of non-coated electrodes50. The effects of the improved 

impedance were thought to have been lessened by the remaining persistent glial 

scarring caused by the immune response. A study by Green et al (2009) investigated the 

use of large synthetic laminin molecules as anionic dopants and ascertained that 

although impedance was improved, there was a reduced electrochemical stability and 

film adherence to the electrode51. They concluded that a smaller molecule would be 

preferable. As part of more recent work they tested a variety of different smaller 

dopants including p-toluene sulfonate (pTS), polystyrene sulfonate (PSS) and 

perchlorate (ClO4). PEDOT/pTS and PEDOT/Cl04 performed best and showed promise as 

a potential chronic implant coating whereas PSS was likely to delaminate with time52. 

Another study also showed doping PEDOT with carbon nanotubes improved the 

impedance and stability of uncoated electrodes and resulted in a 10 times higher charge 

storage capacity than versus PEDOT/PSS films, though no comparison with pTS was 

carried out53.   

Many of the coatings that are investigated are hydrogels or are incorporated into a 

hydrogel. This is because hydrogels possess a structure very similar to most tissues – 

they consist of a network of polymer chains which are water insoluble and super 

absorbent. Their ability to swell is thought to anchor implants in the tissue into which 

they are inserted and improve integration48. One study used a combination of 

polyvinylalcohol (PVA) and polyacrylicacid (PAA) to improve the electrode/neural tissue 

interface and found that the coated electrodes had a good electrochemical performance 

with a good bulk ionic conductivity and proper swelling ratio9. The gel discouraged non-

specific protein absorption and therefore promoted nerve cell attachment. In order to 
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monitor glial scarring, glial fibrillary acidic protein (GFAP) staining was carried out in rats 

implanted with coated and uncoated electrodes for 6 weeks and scarring was shown to 

be significantly less (p<0.05) in the coated electrodes with a GFAP zone of only 50-

100µm around the insertion site9. However, the study also acknowledged that this could 

have been partly attributed to the hydrogel causing a smoother insertion phase and less 

acute trauma rather than a better chronic response9. 

Another study tested a polyethylene glycol (PEG) containing polyurethane (PU) hydrogel 

coating which resulted in a 93% decrease in protein absorbance10. The GFAP scarring in 

rats after 6 weeks was also significantly lower in the coated group, with the glial scar 

measuring 22µm versus 35µm on the uncoated electrodes10. 

2.6.2 Flexible Probes 

Micro-motion is also thought to be a contributing factor to glial scarring. Insufficient 

anchorage means electrodes can shift position as the subject moves, causing tearing and 

irritation of the surrounding tissue.  As brain tissue is soft, it has been predicted that 

small flexible wires will result in a reduction of this problem – a study by Lee et al (2004) 

achieved this by using thin wires with a silicon backbone in order to retain enough 

stiffness for easy insertion54. As well as utilising polymers to ensure the coating of a 

probe has similar mechanical properties to brain tissue, there is increasing work to 

construct entirely flexible probes for better integration into the neural tissue. One study 

investigated the use of parylene-C coated with PEDOT as a flexible material for 

microelectrodes, however, it focused on in vitro recording quality of electrodes rather 

than confirming its mechanical properties or the brain’s immune reaction to such an 

implant55. Probes made of sputtercoated aluminium covered in epoxy resin have also 
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been designed and tested mechanically in an agar gel brain model and cadaveric porcine 

tissue. Although still significantly mechanically stiffer than brain tissue, compared to 

silicon probes these arrays had a much lower Young’s modulus and compressive 

strength as well as bending up to 0.8mm before breaking under tension56. No cellular 

testing was undertaken so it remains to be seen if these reductions in mismatch in 

mechanical properties reduce the inflammatory response to implants. SU-8 has also 

been investigated as a flexible probe material with mechanical tests showing sufficient 

strength for insertion into an agar brain phantom or a rat’s brain and bending flexibility 

of up to 60° before probe failure occurred. Primary cortical neurons survived on the 

probes surface comparably to the positive control and when implanted in vivo, 

astrocytic aggregation around the lesion site occurred no glial sheath formed57. All of 

these studies stress the importance of having a probe with enough mechanical strength 

for insertion into the brain without dimpling but having improved flexibility post 

insertion to reduce damage due to mechanical mismatch and micromotion. One 

approach that could be applied from another area of bioengineering involves the 

utilisation of a swellable polymer polacrylic acid (PAA) in microneedles to ensure easy 

insertion followed by mechanical interlocking to reduce micromotion58. This approach 

was designed following the study of a parasitic worm that uses a similar method to 

attach to its host’s intenstinal wall and could prove useful in a neural probe. 

2.6.3 Topographical Control of Coating Surface 

As well as the composition of the surface itself, the texture of the surface can also have 

an effect on tissue response. It is thought that manipulation of the surface can result in 

a surface that neural cells are more likely to adhere to, reducing the glial response and 
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improving anchorage of the electrode. Several studies have been undertaken to show 

how roughening the surface affects neural cells. Green et al (2012) found that laser 

roughening of an electrode’s surface pre-polymer coating resulted in a roughened 

polymer surface52. This not only reduced the likelihood of the coating delaminating from 

the electrode surface but was found to elicit improved cell response and neurite 

outgrowth in PC12 cells (a cell line developed from rat’s adrenal glands that behave 

similarly to neural cells when treated with nerve growth factor(NGF))52. As well as 

“random” roughness, precise nano-engineering of surfaces has been investigated. 

Parallel grooves have been added to materials at the micro and nano scale in order to 

analyse the effects on cell attachment.  

Ereifej et al (2013) used nano-imprint technology to create grooves of 120nm width of 

electrode pin coatings and insert them into “living” brain tissue culture slices59. It was 

shown that the neural cells grew in an aligned manner on the patterned pins but that 

cell number and distribution were not significantly different between patterned and 

smooth surfaces59. However, the expression of inflammatory markers such as GFAP and 

tumor necrosis factor(TNF)-α did significantly decrease on the patterned pins, 

suggesting that there was less inflammation of the tissue which could potentially lead 

to a reduction in scar tissue formation59. It has also been shown that mouse axons tend 

to adhere along ridges and elevations rather than the grooves of a channel and that if 

microchannels are over 40µm wide, the neurites will extend horizontally across grooves 

rather than along them46. 
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Chen et al (2010) used surface lithography to create grooves in polymer surfaces ranging 

from 250nm to 2mm in width and compared how macrophages attached to their 

surface60. Results showed that the macrophages elongated in line with the grooves and 

had significantly more attachment to the rough surfaces than the smooth60. Microglia 

are the brain’s resident  macrophages and form the first initial response of scar tissue in 

the brain, so this improved attachment could be an undesirable property60. The idea of 

guiding the growth and attachment of neurons can also include the addition of 

mechanical or chemical cues near the electrode surface, to encourage axon growth 

towards it61. 

2.6.4 Size, Shape and Insertion 

Another important consideration is the shape and size of the probe. These properties 

can have a large effect in terms of reducing the initial insertion trauma, one of the key 

causes of inflammation, although very small probes may require a novel insertion 

method62. An increasing number of electrode array systems use microwires to try to 

limit the scarring but research by Polikov et al (2009) indicates that microwires of 50µm 

thickness still result in a scar index (based on their new measuring protocol) of 7.6±0.66 

– significantly higher than the suggested upper limit of “minor scarring” of 463. A study 

by Szarowski et al (2003) investigated the shape and size of electrodes using two basic 

shapes, a chisel shape with sharp corners and a smooth round tipped one with diameters 

varying from 50 to 140µm in rats over a 12 week period40. The results showed that 

although the small rounded tips showed the best initial response with a smaller amount 

of reactive tissue generated, at the end of the 12 week period all devices had similar 

compact glial sheaths surrounding them40. A better initial response is an improvement, 
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however, the study indicates that for chronic use, another method of reducing scarring 

tissue other than size or shape needs to be utilised. A study carried out by Karumbiahi 

et al (2013) compared the acute (3 day) and chronic (12 week) responses of several 

electrodes currently available on the market64. The smaller diameter M15 (15µm 

diameter) Michigan probes elicited a smaller glial scar and resulted in reduced neuronal 

death than the larger diameter M50 probes. Cylindrically shaped microwire electrodes 

also performed much better than the M50 probes chronically. This was attributed to the 

reduction in the breach of the blood brain barrier improving survival rate of neurons and 

therefore reducing glial scarring64. The probes tested also included both tethered and 

untethered probes and the study concluded that chronic glial scarring was reduced in 

untethered probes as there was a reduction in tether included micromotion of the 

electrode. This corroborated work carried out by Biran et al (2007) investigating the 

effect of tethering on the brain’s foreign body response to electrodes whereby increased 

levels of ED-1+ and GFAP+, antibody markers for glial cells, were present and reduced 

levels of NeuN neuronal markers were apparent with the tethered implants65. 

The size of the electrode also affects the method of insertion into the brain which can in 

turn affect acute damage. A study by Bjornsson et al (2006) investigated different tip 

shapes and speeds of insertion to determine the optimum conditions. They found that 

a lower insertion speed resulted in increased vascular damage and came to the 

conclusion that a sharper tip inserted quickly produced the lowest mean effective 

strain62. 
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As well as insertion speeds, different methods of insertion have also been investigated. 

This can become a problem with smaller electrodes as traditional methods can result in 

buckling. A study by Rennaker et al (2005) compared the mechanical insertion of an 

electrode array with manual insertion. Mechanical insertion resulted in no brain 

compression and 60% of the electrodes were still recording after 6 weeks, whereas 

manual insertion compressed the brain and no electrodes were functional after 3 

weeks66. Another array used electrodes of staggered lengths (5-6mm) to prevent 

dimpling of the brain during insertion67. Jaroch et al (2009) innovated a new magnetic 

insertion system in order to allow soft flexible thin probes to be used. The system used 

tension based propulsion by accelerating a ferromagnetic tip within a pulsed magnetic 

field. The probe tip, attached to a conductive tether, held the tether in tension due to 

its pulling force during acceleration68. All electrodes were thinner than 0.6mm and could 

be inserted to depths of at least 4mm68. This could also be an interesting insertion 

method as it could be combined with the neuroprotective effects of low intensity static 

magnetic fields against apoptosis in primary neuronal cell cultures69. One insertion 

methodology demonstrated by Eliades et al (2008) in monkeys, involved first attaching 

a head cap to the brain, following the removal of a section of skull and the underlying 

muscle. The electrodes can then be fitted into guide tubes, where a bent end holds them 

in place and allows deeper electrode placement if required70. This ability to move 

improves the chances of finding the best signal along a channel and the subtle 

movement is thought to prevent scarring to an extent70. The removable pushing devices 

also reduce the weight on the head but mean that electrodes can only be placed further 

into the skull, not then withdrawn70. 
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2.6.5 Drug Delivery 
The concept that glial scarring occurs due to the brain tissue rejecting the probe as a 

foreign body is a common one. As such, a method to inhibit this response using anti-

inflammatory drugs could prevent or significantly reduce the scarring and allow an 

electrode system to reliably record or stimulate the brain long term. Several problems 

exist with this hypothesis; firstly, it is generally not considered to be practical to 

administer drugs as a long term solution2 and secondly, there is a higher chance of 

infection as the brain’s immune system is effectively weakened. However, particularly 

when reducing the brain’s acute response to injury, it could have a significant positive 

effect. In situ drug delivery is also preferred as it allows localised reduced dosages, 

particularly important in the case of strong corticosteroids such as dexamethasone 

(DEX). Systemic doses of drugs can cause problems in other parts of the body including 

the kidneys and liver as well as requiring higher dosages so that enough of the drug 

reaches the required area71. Although there have been advances in manufacture of drug 

delivery particles that can traverse the blood brain barrier including magnetic nano 

particles that can be conjugated with peptides and antibodies for further treatments13, 

this review will focus on the in situ deliveries.  

2.6.5.1 Scaffold Degradation 
Firstly, drugs may be delivered by the progressive degradation of a scaffold or by 

diffusion13. The regulation of dosage is controlled by the correct ratio of drug to scaffold 

material and a precise scaffold porosity and density13. A review by Willerth et al (2007) 

highlighted many of the key studies focusing on scaffold based drug deliveries in the 

neural region72. Some of the successes include a study whereby ECM molecule LN-1 was 

coupled with NGF and incorporated into an agarose scaffold which was predicted to 
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release the molecules for up to 42 days73. This mathematically modelled release was not 

confirmed experimentally but scaffolds eluting this combination of molecules into 

10mm defects in rats’ spines were the only scaffolds that showed a comparable growth 

of myelinated axons to autografts – the current clinical “gold standard” – after two 

months in vivo implantation73. As well as this, neurotrophins were successfully 

encapsulated in a polyethylene glycol (PEG)-based hydrogel and released via 

degradation for up to 3 weeks, although there was a significant initial burst release74. 

The release of these neurotrophins, despite the presence of the hydrogel breakdown 

products, stimulated proliferation of a TF-1 cell line and increased neurite outgrowth in 

retinal explants versus the controls over a week of culture74. This effect was further 

investigated using a polyethylene glycol-polylactic acid (PEG-PLA) hydrogel coating on a 

multi-electrode array which was tested in vitro. These coatings could release 

neurotrophins for up to a week with increased neurite outgrowth from PC12 cells as a 

result, though it was noted coatings broke down more quickly than anticipated once 

cells were added to the environment75. Another study looked at the effects of releasing 

the anti-oxidant curcumin from a polyvinyl alcohol (PVA) film coating on an intra-cortical 

implant in rats up to 12 weeks. Interestingly, although the curcumin releasing implants 

showed improved neuronal survival at 4 weeks despite only releasing the anti-oxidant 

for 48hrs, this improvement could not be seen at 12 weeks76. This supports the 

hypothesis that a mechanism to increase the expression of an anti-inflammatory factor 

long term is required to ensure probes can function in chronic applications.  

2.6.5.2 Liposomes and microspheres 
Liposomes are microscopic vesicles with phospholipid bilayers and are a common drug 

delivery mechanism as they can improve drug loading efficiencies and prolong the 
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activity of active drugs in vivo77. These particles have successfully been utilised to 

transport DEX to injured liver models in mice and reduce the expression of inflammatory 

cytokines IL-1β and IL-6 as and reduce the advancement of necrotic tissue over a period 

of 4 weeks78. This encapsulation and delivery method can also be used to transport NGF. 

One study determined NGF to be present in the striatum, hippocampus and cortex post 

intravenous injection of NGF encapsulated liposomes in vivo, highlighting the success of 

the liposomes in helping the NGF traverse the BBB79. However, when looking at glial 

scarring, as discussed previously, a more localised delivery would be advantageous80. 

Microspheres and nanoparticles can be polymeric and proteinaceous in nature and are 

also investigated as encapsulation methods to increase the efficacy and duration of drug 

release77. They can also have the advantage of allowing the administration of multiple 

drugs with individual release profiles as shown by the extended delivery of multiple 

neurotrophins from poly(lactic-co-glycolic acid) (PLGA) microspheres in vitro with 

further work to be done to confirm the positive effects of this74. Anti-inflammatory 

cytokines such as IL-1α have also been encapsulated into PLGA microspheres, resulting 

in increased survival rates in mice at days 7 and 12 after tumour cell inoculation81. The 

release of the cytokines in vitro was measured up until 20 days, however, this came with 

a reduction in bioactivity to 11.2% but this may not be reflective of what occurs in vivo 

as breakdown products of microspheres would be removed in this case81. For example, 

an in vivo study in guinea pigs whereby DEX was encapsulated in PLGA nanoparticles and 

released from alginate gels for up to two weeks, showed that the electrical impedance 

of a conducting electrode due to the formation of the glial scar was unchanged in the 3 

week period, whereas the impedance of the non-eluting control had tripled by 2 
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weeks82. In order to address the issue of sustained release, one study suggested a 

method of predegrading PLGA microspheres with encapsulated DEX for one and two 

week periods and then mixing these with undegraded microspheres83. This mix of 

microspheres was then able to release DEX for up to a month in vitro and it was 

suggested that the addition of 10% PEG to the microspheres could further extend this 

release by up to 10 days. However, it was noted that the effectiveness of DEX was 

reduced over time and that cell studies would have to be carried out to assess the effect 

these microspheres could have on reducing inflammatory response long term83.    

2.6.5.3 Surface Coating 
Simple surface coatings are another method of delivering drugs in vivo. One study 

showed clearly how surface coatings of alpha melanocyte stimulating hormone (α-

MSH), an anti-inflammatory peptide, reduced the expression of inflammatory cytokines 

IL-1 and TNF-α and consequently reduced the glial response13. Another study showed 

that immobilising alpha-MSH to the electrode surface could significantly attenuate the 

glial response to implants in rats over a 4 week period8 after confirming that the 

molecule being released would still be bioactive after 21 days and would be released 

steadily84. A review by Bridges et al (2005) discussed a variety of in-situ drug delivery 

methods. Firstly, the anti-inflammatory agents can be immobilised onto non fouling 

polymeric surfaces or delivered in soluble form from a surface80. This release can be 

achieved by a number of mechanisms including diffusion, biodegradable coatings, 

swelling coatings and enzyme degradable linkages80. The bio active electrode coatings 

used for retention and release of these drugs can be basic polymers such as 

nitrocellulose11 or more commonly hydrogels such as polyethylene glycol-polylactic acid 

(PEG-PLA)75. 
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2.6.5.4 Microfluidics 
The neural probes can also incorporate microfluidic channels in order to deliver 

molecules in situ11. These channels result in a more flexible system with more precise 

control over quantity and delivery area, but result in a much more complicated device 

that could fail more easily11. One design involved the centre of the probe being hollow 

in order to allow administration of drugs through this channel. Dielectric shutters 

allowed some control of release of anti-inflammatory compounds with a 25 fold 

improvement versus an open orifice but there was still a lack of precision with the 

dosages varying by up to 10%85. A further study involved the integration of 

polydimethylsiloxane (PDMS) microchannels of 50µm by 200µm onto microelectrodes 

and studied the release of Rhodamine B as a drug model into an aqueous environment 

and an agarose gel as a brain model86. It found that drugs could be released at 20% of 

their total amount for the first two days and 4% in each of the next 10 days which, 

although not be long enough to reduce inflammatory response long term as the 

channels are not refillable once implanted, could be optimised further by adapting the 

geometry of the microchannels and the initial drug loading to extend drug release 

time86. 

2.6.5.5 Encapsulation in Ceramic Coatings 
A limited number of studies have also investigated the release of drugs from ceramic or 

ceramic polymer compounds. Ceramics such as hydroxyapatite (HA) are traditionally 

cheap to make, biocompatible and their porosity is easily controllable by a variety of 

techniques such as: gel-casting, the use of hollow spheres or surfactant foaming87,88. 

These porosity inducing techniques are also very versatile as they can be used on a wide 

range of ceramics including zirconia and alumina. Netz et al (2001) used a gel casting 
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technique to create a porous HA structure with open micropores and closed macropores 

ranging in size from 15-34µm87. By creating a cylindrical gap in the samples, filling this 

with cisplatin (a compound for treating tumour cells) and sealing the gap with 

photoresin, a particle with drug delivery potential was created87. Over a 7.5hr period 20-

40% of this cisplatin was released into the test medium, with samples with larger pores 

resulting in a higher but more irregular release profile87. A similar study was also 

conducted whereby microparticles of different commercially available forms of HA were 

vacuum loaded with different acidic solutions including benzoic acid and hydrochloric 

acid. It was discovered that there was an initial burst release of chemicals attributed to 

the particles lying on the HA surface, followed by a period of sustained release89. It also 

confirmed the idea that finer pores result in a slower release profile in general but that 

solution concentration and the ceramic’s bulk density also has an effect89. 

Although ceramics have many desirable properties, they are non-biodegradable which 

limits their ability to retain drugs and release them over sustained periods of time88. The 

inclusion of biodegradable polymers within their structure increases their potential to 

elute drugs more slowly and this biodegradability can be controlled in order to release 

drugs at an optimum rate88. The introduction of polymers also reduces the brittleness 

of these ceramic materials88. There are a range of categories of polymers that have been 

tried and tested as bioceramic compounds, including those that are based on PLA and 

PLGA88. These compounds with an ester backbone can be altered via their L:G ratio and 

molecular weight to manipulate degradation rate. However, some of the faster 

degrading compounds such as PLGA have been shown to have cytotoxic effects in vivo88. 

Protein based biopolymers such as collagen and gelatin have great potential as they 
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have a similar structure to the natural human tissue. For these molecules, degradation 

rate is altered by precise chemical crosslinking as these crosslinks reduce the number of 

sites available for proteolytic degradation88. Crosslinking was also found to reduce the 

quantity of drugs released during the initial burst phase when using carbohydrate based 

polymers such as chitosan and cellulose88. However, bone cements were found to have 

better release profiles than bioceramic compounds as they did not exhibit this initial 

burst release and resulted in a more sustained and steady release profile88.  

These methods can prove complicated as it is necessary to design for the correct release 

profile, ensure the anti-inflammatory agent functions for the required duration and 

ensure sterilisation does not affect the activity of the drug80. 

2.6.5.6 Drug Choice and Effectiveness 
The choice of anti-inflammatory drug or factor itself is another important consideration. 

Heparin, often used as an anti-coagulant, can reduce protein absorption and bind 

cytokines61,80. Alpha-MSH was shown to significantly reduce levels of pro-inflammatory 

TNF-α, increase those of anti-inflammatory IL-10 in stimulated human monocytes and 

reduce the electrodes electrical impedance80. It also inhibits neurotoxic NO production 

by microglia8. A study by He et al (2007) used a hetero bi-functional crosslinker to couple 

the α-MSH to the silicon surface and reduced the NO production by nearly 50% versus 

the control setup8 and TNF-α expression was downregulated. Tissue response at 1 and 

4 weeks was also measured by monitoring the level of ED-1 positive cells. The ED-1 

immunoreactivity around the implant was measured as 67% less than that of implants 

without the α-MSH coating and the anti-inflammatory effect was still functioning after 

4 weeks of tethering8. Microglial response monitored by GFAP was also statistically 



33 

 

significantly reduced after 4 weeks, as the α-MSH modulated the expression of 

inflammatory cytokines8.  

DEX is a strong corticosteroid which is regularly used to reduce inflammation in a variety 

of situations around the body. Increasingly it is being released from photocrosslinkable 

hydrogels in order to control the speed of release and aid the biocompatibility of the 

healing matrix90. For example, DEX was successfully incorporated into a 

photocrosslinkable hyaluronic acid which degraded in media. This degradation and 

release was tested on mouse macrophages was and shown to reduce levels of 

inflammatory markers TNF-α and IL-690. This reduction in inflammation with DEX has 

also been shown in neural probe applications. A study by Zhong et al (2007) used a 

nitrocellulose based coating on silicon probes to deliver DEX and tested it on rat brains 

at 1 and 4 weeks91. It found that this attenuated the astroglial response and reduced 

neuronal loss but that EDI staining at 4 weeks was not statistically different, suggesting 

a stabilised inflammatory response by then91. It also ascertained that the drug could be 

released steadily for 16 days but could not determine the necessary duration for an 

effective treatment91. DEX loaded silicone microelectrodes were also shown to reduce 

insertion associated trauma in cochlear implanted after 3 months92. 

As well as strong nonsteroidal anti-inflammatory drugs, there is also increasing interest 

in releasing anti-inflammatory cytokines in situ. There has been a great deal of research 

into macrophages and their ability to polarise into anti-inflammatory M2 type 

macrophages or pro-inflammatory M1 macrophages, as well a range of other 

polarisations93–95. Microglia are widely viewed as the macrophages of the brain and as 
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such, several studies have also investigated and confirmed the similar polarising 

potential of microglia18,96. Primarily the positively polarising effects of cytokines has 

been studied on monocytes and macrophages, with IL-4 improving ratios of M2:M1 

polarisation versus the negative control in a number of cases97–99. This implies that it has 

the potential to do the same with microglia but has yet to be extensively tested in vitro 

or in vivo.  

2.6.6 Neuronal Cell Regeneration 
It is well documented that neuronal cells do not regenerate readily like most other cell 

types. For this reason a lot of research focuses on preventing or limiting neuronal cell 

death rather than trying to regenerate neurons. However, a number of studies have 

investigated the possibility of using stem cells to regenerate neuronal networks when 

they have been affected by some sort of trauma. Jurga et al (2011) designed a laminin 

containing cryogel scaffold seeded with undifferentiated human blood cord derived 

stem cells which was implanted into Wistar rats100. These stem cells differentiated into 

full 3D neural networks consisting of both neuronal and glial cells100. They concluded 

that the optimum pore size was 80-100µm for neural tissue engineering as it gave 

enough space for cell expansion and network formation without being too large to make 

the necessary connections between cells100. The speed of degradation of the scaffold 

was also examined and it was found that a 10 fold increase in the crosslinking of the 

cryogels resulted in a roughly 80 fold decrease in degradation rate100. Although 

biodegradability of the scaffold is important, if it happens too quickly the breakdown 

products can be cytotoxic and the neural cells can lose their structural support for 

growth before they are well developed. In light of this, 0.3-0.5% crosslinking was 

recommended100. The laminin based cryogel scaffold was also found to elicit a very 
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limited glial response once implanted, limit scar tissue formation and actually attract 

neuroblasts which indicates good neuroregeneration100. However, it is important to 

note that these experiments were only carried out over 7 days, so any chronic immune 

response if these principles were applied to an electrode system could not be observed 

during these tests. A study by Koutsopolous et al (2013) compared the performance of 

neural stem cells (mouse-derived) depending on what they were encapsulated in. They 

found that their designer self-assembling peptide hydrogel scaffolds not only allowed 

the stems cells to differentiate into progenitor neural cells, neurons, astrocytes, and 

oligodendrocytes but also exhibited improved cell survival rates after 5 months versus 

encapsulation in matrigel or collagen (despite matrigel’s improved performance over 

the first two weeks)101. They also highlighted that including the RGDS sequence in their 

hydrogels (a sequence thought to improve cell adhesion) did not have any significant 

effect on improving cell viability but did not do any statistics on whether they did indeed 

have a higher number of cells attached101. Although the chronic element of these 

experiments make them interesting, no tests have been carried out in vivo as of yet. 

 

In conclusion, there are several key strategies being employed to reduce inflammation 

caused by current neural probes and electrodes. These include minimising the size of 

the probes to prevent acute inflammation, increasing the flexibility of the probe and 

using biomimetic coatings to reduce chronic inflammation of the tissue and to reduce 

damage due to micromotion. Incorporating drugs and anti-inflammatory factors into the 

coatings is also a promising area of research, with significant progress in reducing the 

acute inflammatory response but reductions in chronic inflammation are proving more 
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difficult. Based on this review, a section of this work will focus on the design of coating 

materials with adaptable topography and the potential for incorporated chronic drug 

delivery strategies.   
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 Alternative Therapeutic Strategies 
 

As well as working to reduce the brain’s inflammatory reaction to current probes, 

investigating a different form of therapeutic probe that may elicit a reduced immune-

response at the functioning tip may be advantageous. By utilising cooling rather than 

electrical stimulation to interrupt signals in the desired area of the brain, the formation 

of a glial scar could be reduced, allowing probes to function better long-term. Not only 

has electrical over-stimulation itself been highlighted as a potential cause of glial 

scarring41, but the cooling effects of the therapy may also translate to less activation of 

glial cells around the functioning tip, allowing probes to be active for a longer period of 

time102–105. It has also been indicated that the severity of epileptic episodes could be 

connected to an increase in temperature in the brain, for which focal cooling would 

therefore provide additional benefits106. Induced epileptic activity in rats resulted in an 

increase of 0.65±0.22°C and a further 0.26±0.22°C when the level of anaesthesia was 

reduced.  

2.7.1 Cooling Strategies 
Vernon B Brooks was one of the first people to see the huge potential in cooling therapy 

electrodes and compiled a 109 page report detailing all previous experimental work that 

had been done, the history of cooling, the mechanisms of cooling and the potential 

applications107. He highlighted that the major advantage of any cooling therapy is that 

short term treatments are reversible and therefore it has no long-lasting ill effects on 

the brain tissue and that the major disadvantage is that it is hard to target one area 

without affecting the surrounding tissue too, however, this is also an issue with 

stimulating electrodes107.  
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2.7.1.1 Surface and Cortex Cooling of the Brain 
A study by Lomber et al (1999) investigated the usage of a cryoloop to deactivate brain 

function in cats and monkeys108. The loop functioned by delivering cooling via a 

methanol coolant and a double tubed structure so as only to cool the desired area. They 

found that it cooled brain tissue successfully to 20°C up to 2.5mm away from the loop 

and these devices were able to be implanted chronically and anchored using quick 

setting acrylic108. Whether the cooling was suppressing brain activity or not was 

measured by turning the cryoloops on and off and running a number of tests with the 

animals. Both monkeys and cats were unable to detect and orient towards a stimulus 

while the loops were activated and these results were found to be consistently 

reproducible up to 2.75 years after implantation108. However, the deepest tissue 

reached using these cryoloops was 2.5mm, still within the cortex, which would not suit 

the purposes of deep brain stimulation. Cerebral cortex cooling has also been tested in 

human trials and found to be safe and effective. Bakken et al (1999) found that cooling, 

using a cold saline input, could disrupt speech activity but that speech quickly returned 

once the cooling mechanism was removed109. They stated that the temperature needed 

to be reduced below 20°C to do so and this was achieved by keeping the saline below 

3°C. In line with other studies they discussed the difficulty in cooling a region more than 

4mm away from the probe and attributed the steep temperature gradient to the 

efficiency of the brains blood vessel system109. The study also highlighted that further 

work needed to be done to assess the difference between synaptic interruption using 

this method and the electrical stimulation method in order to ascertain whether they 

could be used interchangeably or not109.It is also important to note that temperatures 

reported on the cortical surface are lower than those resulting in the brain, with 
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temperature increases of approximately 5°C below the superficial layers of the cortex110. 

A further study outlined the successful control of seizures in rat hippocampal brain slices 

with a temperature of 26°C. 

More recently, cooling of the neocortex has been carried out in a range of animals from 

rodents to primates via a PDMS “cooling chip” with chilled ethanol circulating through 

silicone tubing111. They found they could drop the temperature in the brain by 17°C 

within 3min and control the temperature within 0.3°C using an implanted 

microthermocouple providing feedback. This temperature drop completely stopped 

neuronal function, which then returned once the cooling was removing, again 

demonstrating the reversible effects of this methodology. The chip was active in the 

animals for a 12 week period with no reduction in effectiveness over this time and the 

advantages in the small and lightweight nature of the chip was highlighted, however, 

the chilled ethanol needed connected to two reservoirs and passed through a dry ice 

bath which limited the movement potential of the animals111.  

A review by Rothman et al (2003) discussed the usage of focal cooling for neo-cortical 

epilepsy and explained that surgery often yields unsatisfactory results112. Tests have 

shown that focal cooling when applied immediately during a seizure in brain slice studies 

could reduce the seizure duration from 40s to below 10s and if such a system was 

coupled to a seizure detector it could potentially prevent seizures entirely, particularly 

important in areas of the neocortex that are viewed as essential whereby surgery would 

reduce patients’ ability to function in some way112. Instead of using a coolant filled 

device like previous methods, the idea of a thermoelectric cooler (TEC) Peltier chip was 
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discussed as a viable option. These devices consist of two plates: one rapidly cooling and 

one rapidly heating once a current is applied, however, they require a heat sink attached 

to the hot plate to minimise the heating up of the cold plate. This could be problematic 

as extra hardware may be required but the idea of using the brains own blood system 

as a heat sink has been discussed112. In this solution, temperatures between 20 and 26°C 

were found to suffice to control seizures effectively, but had not been tested in vivo112. 

A further study used a Peltier chip with a 37°C liquid controlled heat sink attached to the 

hot side of the Peltier and it was able to reduce induced epileptic seizures in rats by 

reaching temperatures of 30°C 2mm into cortex and eradicate them entirely below 

25°C113. It was noted that epileptic seizures actually limited the minimum temperature 

of the cortical surface to 23°C rather than 15°C as seizures increase the blood flow and 

the relatively high temperature of the cooling liquid through the heat sink was justified 

by planning to use cerebrospinal fluid to make the entire device implantable in the 

future, however, potential contact with a 60°C hot side plate would have to be carefully 

avoided114.  

2.7.1.2 Deep Cooling of the Brain 
The same laboratory that carried out the cortical cooling of the rats brains114 built upon 

this research by progressing to reducing hippocampal seizures using a silicone coated 

copper probe attached to a Peltier device115. This time they used 4°C circulating water 

as the heat sink and observed a drop in temperature to 9°C directly at the cooling tip 

4mm into their agar gel model and a drop to 20°C within a 1.6mm radius in the rat brain 

at a similar depth. These temperatures were able to reduce seizures to 68% of their 

previous amplitude, but highlighted that the 60s required to reach target temperature 
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would not be enough to prevent seizures from happening based on forecasting EEG 

signals which could only give between 5-80s warning. They also highlight the need for a 

thicker or multiple probes in human applications as the hippocampal region for seizures 

is larger and at a greater depth115. The engineering challenge involved in human 

implications is to design a probe that can sufficiently cool the brain at depths of up to 

10cm, as this is the approximate location of the subthalamic nucleus where DBS is 

normally carried out28,116. 

2.7.2 Cooling Probe Coating Design 
A cooling probe requires a highly thermally insulating coating to ensure the length of the 

probe is properly insulated. This allows cooling to only be delivered at the tip rather than 

along the whole length of the probe and therefore also maximises the temperature drop 

in this region. As thermal conduction and insulation are dependent on thickness, in order 

to reach the temperatures required and cool only the desired brain region, these probes 

and their coatings will be thicker in nature than their electrically stimulating 

counterparts. As such, in order to design a functional probe that can be inserted into the 

brain without causing excessive damage due to its size, a range of materials should be 

carefully selected and designed. 

Polymers are the most frequently selected coatings for electrically stimulating or 

recording probes, however, their thermal conductivity values vary considerably and not 

all are suitable for preventing conduction of heat along the length of a probe into the 

brain. For example, hydrogels mainly consist of water so their thermal conductivities are 

similar to that of water and are therefore unsuitable for use as thin thermal insulators. 

Other polymers such as polypyrole and PEDOT variations have thermal conductivity of 

0.3W/mK and 0.2-0.4W/mK respectively117,118. One paper assessing cooling for epileptic 
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seizure treatments in rats utilised a silicone coating and highlighted that it is a useful 

material as it can be manipulated so that it is electrically conducting or insulating 

depending on the desired properties115. Its thermal conductivity ranges between 0.2-

3W/mK depending on the exact form used. Alternatively, ceramics could also be utilised 

as thermal insulators. Hydroxyapatite’s conductivity ranges between 0.08-0.18W/mK 

between 0 and 500°C119 and the lower range of this end could provide adequate 

insulation without increasing the thickness of the probe to an unfeasible thickness for 

insertion into the brain. The induction of porosity into ceramic coatings, as well 

providing potential drug delivery applications as discussed earlier, could also decrease 

thermal conductivity further120. 

As well as considering the coating and its properties, it is important to consider how the 

coating can be best attached to the probe to ensure good stability and the desired 

surface topography. Electrodeposition is one of the most common methods of 

depositing a conducting polymer on a metal surface by using electrolysis of a solution to 

galvanostically grow the coating onto the surface of a conducting substrate. It means 

the thickness of the coatings can be carefully controlled by duration and current used 

for the process, but some delamination of coatings over time has been observed. One 

study addressed this problem by pre-roughening the metal substrate in order to get 

better attachment and found that PEDOT with various dopants adhered to electrodes 

better over time52. 

PDMS is the most widely used silicon-based polymer in biomedical applications due to 

its rheological properties – when initially mixed with its curing agent it is a liquid that 

can be poured or spin coated but if left for hours or subject to heat it will cure into a 
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hard flexible polymer. For these reasons it is often utilised in soft lithography and 

microfluidics121. PDMS is hydrophobic but after exposure to oxygen plasma, the surface 

develops hydrophilic silanol groups (Si-OH), allowing the creation of strong Si-O-Si bonds 

when brought into contact with another charged surface, leaving a covalently bonded 

system that is irreversibly sealed122. These methods are used both to bond PDMS to 

other PDMS surfaces or glass and could be utilised in a coating application to ensure 

adherence. 

Many of the coating techniques applied in previous probes for polymers are not suitable 

for a ceramic based coating, but studies of other applications of ceramic coatings can be 

utilised. Two of the most common ways to apply a hydroxyapatite coating were 

investigated by Wang et al (2006)123: plasma spraying and electrochemical deposition 

(ECD). Plasma spraying involves melting a material at a very high temperature in a 

plasma jet before propelling it towards the surface to be coated, where it solidifies and 

forms a deposit. Electrochemical deposition involves electrolysis of an aqueous solution 

containing ions of the desired coating material which is then thinly deposited onto the 

surface of another material that makes up the cathode123. 

Plasma spraying is the most popular technology used commercially for coating implants 

with HA as it can provide thick coatings of up to several millimetres at a high deposition 

rate. However, the high temperatures used can damage the materials coated123. 

Electrochemical deposition on the other hand uses much lower temperatures and allows 

greater control of the coating’s composition and structure by manipulating the 

electrolyte properties or current density123. This study also demonstrated a technique 

for calculating porosity and solubility of each surface using submergence in distilled 
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water and then measurement of calcium ion release from the coatings with a direct 

current plasma atomic emission spectrometer123. Plasma sprayed HA coatings were 

significantly rougher (Ra 1300nm v Ra 480nm) and had a higher bonding strength 

between coating and surface than electrochemically deposited HA. Plasma spraying also 

resulted in a large globule like surface rather than showing individual HA crystallites like 

electrochemically deposited HA. However, plasmas sprayed coatings dissolved much 

more readily as calcium ions reached saturation in distilled water after 2 days, whereas 

electrochemically deposited HA had low levels of calcium dissolved after 10 days 123. The 

effects of these calcium ions on neural cells may determine which coating process is best 

for this particular application. 

Electrophoretic deposition (EPD) is a process similar to electrochemical deposition, as it 

uses a flow of electric current to create a coating on an electrode. However, in EPD, the 

media between the two electrodes has a low conductivity creating an applied potential 

difference across the space between the electrode which drives the electric field and 

the migration of the ions. The main advantages of are EPD that it uses simple equipment, 

has short processing times and can be adapted for use with a large range of materials. 

A study by Moskalewicz et al (2013) used this method to coat a PEEK/Bioglass coating 

on a metal alloy followed by a sintering step (355°C) to improve adhesion to the 

substrate and to make the coating more dense124. It was found that the combination of 

these two methods resulted in a lack of shrinkage of the coating and therefore a 

reduction in brittleness, as well as providing suitable adhesion between the surfaces124. 

The best coating ratio (between PEEK/Bioglass) resulted in a uniform coating of 

approximately 40µm with open porosity with micropores of 2-30µm (average 18µm) 
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and an overall porosity of 28%124. A study by Eliaz et al (2005) compared the EPC and 

ECD process and the coatings they produced and concluded that they produced very 

similar microporous dense coatings with similar stabilities, though it did not discuss the 

thickness produced by either method125. 

Another method that could be used to coat a metal probe with a ceramic is pulsed laser 

deposition (PLD). PLD involves focusing a laser beam on a material in a vacuum. This 

material vaporises in a plume which can then coat a nearby surface. Carrado et al (2011) 

successfully employed this method in order to coat titanium substrates with an excellent 

adhesion between the surfaces126. It was observed that a there was a range of 

particulate sizes from 100nm to 1µm, which could result in a high roughness of the 

surface. A thickness of approximately 2µm was achieved126. These results were similar 

to another study that coated a titanium alloy with HA using different laser parameters 

and examined the effects these had on the coating produced 127. This study also found 

that the resulting surface was rough (Ra up to 680nm) and the thicknesses ranged 

between 0.1 and 2.1µm due to this roughness. This range would have to be reduced in 

order to provide sufficient insulation or several layers added in order to thicken up the 

thin areas. Changing the laser parameters did not affect the morphology of the coatings 

significantly as all coatings consisted of a dense layer of HA formed by grains of different 

sizes127. However, lower deposition rates were found to give smoother surfaces and a 

low rate of 0.0043A/shot gave a coating that was 100% HA with no other calcium 

phosphate phases such as α-TCP present. This was attributed to the fact that low rates 

allow a greater incorporation of OH- ions, which are present in HA but not in many other 

CaP phases127. Finally, a study carried out by Tucker et al (1996) compared PLD with 
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plasma spraying. It highlighted the advantages of PLD in controlling crystallinity and 

phase composition of the layers and being able to produce much thinner layers of HA128. 

It also carried tests to ascertain which coating method resulted in a lower ion release 

and found that during both pre-conditioning steps and once coated, the samples coated 

using PLD exhibited a much lower release of ions and a slower dissolution rate128. 

All of the above techniques can prove to be both complicated and expensive. A simpler 

method that can be utilised, particularly in early stage research, is dip coating, as it is 

quick, inexpensive and can easily coat complex structures129. Dip coating involves 

dipping the substrate in a solution of the coating material, air drying it to remove the 

solvents and create an initial thin layer of coating and normally a sintering step after this 

to fully form the layer130. It is this final sintering step that often causes problems, as high 

temperatures can cause shrinkage of the coating material and cracking of the coating129. 

However, some studies use a surface induced mineralisation technique, whereby the 

surface is modified to introduce surface functionalisation before dipping, allowing the 

whole process to be carried out at 25°C131. A study by Wheeler et al (1997) also showed 

the adhesion of these coatings to be comparable to those that were plasma sprayed in 

vivo131. Alternatively, the sintering temperatures can be kept relatively low and a study 

by Mavis et al (2000) showed that when sintering at 840°C, 25µm thick crack free 

adherent coatings could be achieved, with thicker coating obtainable by reducing dip 

rate or repeated dips132. 

2.7.3 Modelling of Thermal Conduction of Probe 
In order to ensure sufficient cooling of the target brain tissue, it is important to first 

model the heat transfer of a potential probe in silico, the results of which can be 
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validated by an in vitro test. One study investigated the modelling of the cooling 

potential of a Peltier chip based device for both surface and deep brain region cooling 

using first principal heat transfer equations and analysing the effect of key variables on 

the device output using Matlab133. The forebrain of the zebra finch was cooled by 7°C 

via a Peltier thermoelectric device with an airbased cooling system on the hot side of 

the device, negating the need for liquid coolants or restrictive connective tubing133. 

Derived heat transfer equations describing the system were utilised to analyse and 

optimise the effects of variable parameters before validation experimentally. They 

highlighted the necessity for thermal probes to be thicker than electrical ones due to 

the conduction of heat being dependent by area and showed that increasing the 

diameter of the probe would increase the axial heat conduction but would reduce the 

thickness of the insulation as the total probe diameter is limited by the potential for 

tissue damage upon insertion, resulting in an optimum ratio of the two materials. They 

utilised a total geometry of 800µm consisting of a silver probe with a polyimide tube as 

coating with a layer of air in between due to its low thermal conductivity and found a 

probe that is roughly 2/3 the inner diameter of the tubing produced optimal cooling. For 

a distance 2mm into the brain, these devices were able to cool the tip of the probe by 

11°C as a result of the 15°C temperature drop at the cold plate, however, the tissue was 

only cooled by 4°C 500µm away from the probe and showed very similar results to the 

mathematical model133. 

Although not studying the effects of a cooling probe in the brain, a study investigating 

potential heat effects of a standard DBS electrode also offers some alternative ideas on 

how to model the potential heat transfer of a system in vivo. By utilising Comsol® to 
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design a 2D axisymmetric model of a DBS probe, the joule heating observed when an 

electric current was applied to the system was analysed. High levels of stimulation, 

defined as 10V for 21ms, were found to cause an increase in temperature of up to 

0.8°C134. This model also incorporated the heat effects of blood flow to the brain and 

metabolic activity via a bio-heat transfer model equation, which increases similarity of 

the model to the actual brain environment. However, the model was never validated 

experimentally. 
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 In vitro and in vivo Evaluation Strategies 
 

In order to test the viability of any coating materials or design features of a neural probe, 

a number of tests have to be carried out and the results from these analysed and 

brought to a conclusion to guide the next stages of investigation. In this section a variety 

of common techniques and their usefulness will be evaluated in order to aid the 

planning of a good methodology.  

2.8.1 Cell Types 
When looking at the biocompatibility and immune response of cells there are a number 

of stages in the investigation process to be followed. In vitro tests are carried out first as 

they are quicker and easier and are good for screening large number of potential 

solutions. However, they can also prove to be limited and in vivo trials are the next stage 

in reaching clinical trials. Within both these categories there are different models and 

strategies for investigating cell response with a variety of success.  

2.8.1.1 Cell Lines 
PC12 cells are a cell line derived from rats’ adrenal glands that have been found to 

behave like neural cells once NGF is added to allow neurite outgrowth. The advantage 

of using a cell line is their ability to proliferate so that as many cells as necessary can be 

produced. These can then also be stored as frozen cells and thawed when required 

rather than needing to be freshly harvested for every trial. PC12 cells terminally 

differentiate once nerve growth factor has been added. They are used regularly when 

looking at neural applications but with a range of levels of success. A study by Yao et al 

(2008) successfully used PC12 cells to show the inclusion of a peptide motif from laminin 

on a scaffold in a high concentration encouraged neurite growth towards it but did not 

affect the neurite length as predicted135. A second study by the same group was able to 
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use PC12 cells and their NGF aided neurite outgrowth to determine the effect of 

nanopatterning of PLGA surfaces136. They determined that patterning aided early 

guidance and that there was improved growth on the laminin peptide coated grooves 

than the collagen coated ones and smaller grooves showed significantly more parallel 

growth of neurites136. However, a number of papers have reported difficulty and 

inconsistency in neurite outgrowth from PC12 cells which is not helped by the huge 

variability in types and concentrations of NGF used between experiments. There is also 

a lack of studies that have followed up their initial PC12 tests with corresponding results 

using primary neuronal cells or in vivo studies. A study by Kajiwara et al (2008) 

investigating the attachment of neural cells to peptides, showed that although PC12 and 

hippocampal neural cells showed increased attachment with one sequence, another 

sequence significantly affected PC12 cells but not hippocampal neural cells137, indicating 

that using PC12 cells may increase the risk of false positives from experiments. 

Another useful cell line may be THP-1 cells: a human monocytic cell line derived from a 

leukemic patient which can differentiate into macrophages. As microglia are difficult to 

harvest and purify, these macrophage cells can be utilised as a model as they perform 

similar duties outside of the brain138. Both macrophages and microglia have the ability 

to differentiate into M1 pro-inflammatory or M2 anti-inflammatory phenotypes 

depending on how they are stimulated which makes monocytes a useful model for 

investigating the effects of a drug delivery profile on the brain18,139,140. 

2.8.1.2 Primary Neural Cells 
Primary neuronal cells can also be harvested from animals and used in in vitro studies. 

This is primarily performed using rats but the methods of extraction vary and the age 



51 

 

and type of rats also varies considerably. Polikov et al (2006) utilised neurons which had 

been mechanically dissociated from the midbrains of day 14 Fischer 344 rats and 

obtained results which correlated well to results found in vivo and outlined the idea that 

this could be a standard procedure for in vitro trials in order to obtain more comparable 

results between different labs2. However, studies by Thompson et al (2011) using 4-6 

day old pregnant Albino Wistar rats and Hogberg et al (2011) using embryonic 16-18 day 

rats indicate that these attempts at standardisation have not been implemented15.  

As discussed previously, astrocyte and microglia activation are key stages in the 

inflammatory process and when studying chronic inflammation of the tissue a concern 

is how to keep primary cells alive for extended periods of time. Incorporating astrocytes 

into 3D hydrogel models allows them to form networks and function as they would in 

vivo and could allow the cells to survive for longer and act in a more representative way 

of how they would in the body. One such study incorporated astrocytes into a hydrogel 

consisting of collagen, hyaluronic acid and matrigel and found that astrocytes exhibited 

similar amounts of glial fibrillary acidic protein (GFAP) to those in their resting state in 

the brain but did not determine how they behaved after more than 24hr141.   

An interesting experiment by Ereifej et al (2013)59 conducted an in vitro test using brain 

slices cut from post-natal 5 day old Sprague-Dawley rat pups which were kept alive using 

media, an experimental design that could provide a more accurate picture of what 

would actually happen in vivo. 

2.8.2 In vivo methods 
Once prototype electrodes are created, these are normally tested in vivo in a variety of 

animals. The most common of these is rats, due to the similarity of the rat’s brain to a 



52 

 

human brain, although the small size can lead to issues of scale67,91,142–145. Other rodents 

such as guinea pigs have also been utilised48 or small mammals like cats or pigs35,38,108 

with a final stage before clinical trials using monkeys14,70,108. 
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 Conclusion – Emerging Research Questions 

The academic literature examined in this chapter has provided a number of important 

insights. It is clear from the studies examined, that the formation of a glial scar around 

neural probes is widely accepted as the main cause of long-term failure of these probes, 

either due to the acute injury resulting from the insertion of the probe or in the longer 

term, chronic inflammation of the tissue, damage caused by micromotion, repeated 

electrical stimulation of the tissue or a combination of these. Academic research 

undertaken so far has focused on reducing the inflammation of neural tissue by reducing 

the size of electrodes, increasing their biocompatibility and incorporating anti-

inflammatory factors into their coatings, measures which have achieved some success 

in reducing inflammation in the short-term (acute) phase, but with few long-term 

(chronic) benefits apparent. This lack of longer term benefits underpins the rationale for 

designing a probe coating capable of delivering anti-inflammatory factors to the brain 

for weeks rather than days in order to mitigate this chronic response of the brain tissue. 

A microfluidic design is proposed as the best method to ensure long-term administration 

of factors and will be the subject of rigorous investigation as part of this study.  

In addition to this, the review of academic literature highlights that while only a limited 

amount of research has been undertaken on an alternative therapeutic strategy using 

focal cooling rather than electrical stimulation, it has the potential to interrupt brain 

signals in a reversible way without long-lasting damage and to reduce inflammation in 

situ at the functioning tip. This provides the rationale for investigating the possibility of 

developing a focal cooling probe as a clinical solution to reduce inflammation of brain 

tissue around the functioning tip, as this would allow improved patient outcomes long-
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term. In particular, it is important to note that although several studies have achieved 

promising results in vivo, these have been carried out in small animals where the target 

zone is only a few mm below the surface of the brain. Achieving a therapeutic 

temperature drop in human patients approximately 10cm deep in the brain, whilst 

trying to keep the probe a viable diameter for clinical applications, is a significant 

challenge. For this reason, highly thermally insulating materials such as HA and PDMS 

will be investigated as potential coating materials for a cooling probe. These also have 

the added benefit of controllable surface topography to further reduce inflammatory 

response of brain tissue. HA is not traditionally used in neural applications so the 

interaction between it and the various neural cell types will need thoroughly assessed.  

Two key issues therefore emerge from the literature review: firstly, the absence of 

longer term benefits from interventions based on smaller electrodes, electrodes with 

increased biocompatibility or with anti-inflammatory factors incorporated and secondly, 

the challenges of bringing about a significant temperature drop deep in patients’ brains. 

In response to these two issues, the hypothesis for this study is two pronged:  

1. The development of a drug delivery system capable of releasing anti-

inflammatory factors chronically from a probe will reduce the inflammatory 

response of the brain against an inserted therapeutic probe and therefore reduce 

the formation of scar tissue and extend the efficacy of the probe.  

2. By utilising highly thermally insulating coatings with a controllable topography, 

a probe using cooling as its therapeutic action up to depths of 10cm can be 
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designed as a viable clinical alternative to electrical stimulation, again reducing 

the inflammatory response of the brain to the probe.  

In addition, it is hypothesised that integrating these two strategies will bring about a 

long-term reduction of inflammation of the brain following the insertion of such a 

therapeutic probe. 

This chapter has examined the current literature on neural probes utilised for chronic 

implantation. It has indicated that there are a number of significant knowledge gaps in 

this field, gaps which in turn provide opportunities for further productive research. 

These are summarised below in the form of specific research questions that will be 

explored during the course of this thesis. 

1. What are the effects of HA on neural cells and can the control of its topography 

reduce inflammation? 

2. Which cell models are most appropriate for predicting cell immune response to 

probe coatings for chronic studies? 

3. How can a coating best deliver anti-inflammatory factors to neural tissue 

chronically? 

4. Can the long term delivery of these anti-inflammatory factors reduce the 

immune response of neural cells in an in vitro model? 

5. How can a Peltier cooled device be optimised to maximise focal cooling in the 

brain? 

6. What probe dimensions are required to deliver therapeutic cooling with a 

HA/PDMS coating and what are the clinical implications? 

This literature review has assessed the current state of the art neural electrodes and 

their limitations and highlighted the evidence for the failure of these electrodes long-

term being due to the formation of a glial scar around the implant. It has summarised 
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research undertaken to prevent the formation of this glial scar by reducing the brain’s 

inflammatory response to the probes and documented the successes and failures of 

these attempts. This has formed the basis for the suggested research areas, the two 

pronged hypothesis guiding this research and the associated key research questions that 

need to be answered in order to achieve the thesis’s overall aim of developing a 

functional neural probe with the potential to reduce inflammation of brain tissue post-

implantation. Chapter 3 will address research questions 1 and 2 in order to assess the 

suitability of HA as a coating material for neural probes, investigate the effects of 

adaptable surface topography on neural cells and analyse the strengths and weaknesses 

of different cell models to predict this behaviour.   
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3 PC12 Cell, Primary Cortical Neuron and Astrocyte 
Response to Surface Topography of Coating Materials 
for Neural Probes 
 Introduction 

Although the potential of cooling therapy using neural probes was first highlighted in 

the 1980s107, electrical stimulation became the forerunner in the field and more in depth 

investigations into the cooling possibilities stopped. Since then, a number of studies 

have re-evaluated the idea but these have mainly focused on surface cooling devices 

rather than deep brain stimulation (DBS) type applications. For example, a study by 

Lomber et al (1999) used a cryoloop with cooling methanol to deactivate brain function 

in cats and monkeys108. However, the deepest tissue reached using these cryoloops was 

1.5mm, still within the cortex which would not suit the purposes of DBS. Cerebral cortex 

cooling has also been tested in human trials and found to be safe and effective. Bakken 

et al (1999) found that cooling, using a cold saline input, could disrupt speech activity 

but that speech quickly returned once the cooling mechanism was removed109. In line 

with other studies they discussed the difficulty in cooling a region more than 4mm away 

from the probe and attributed the steep temperature gradient to the efficiency of the 

brain’s blood vessel system109.  

With cooling efficiency being of the utmost importance, particularly at the depths of 

around 10cm to reach the subthalamic nucleus116, the thermally insulating coating is a 

critical element of the design. Polymers are the most frequently utilised coatings for 

electrically stimulating probes, including polypyrole, poly(ethylenedioxythiophene) 

(PEDOT), polyvinyl alcohol (PVA), polyethylene glycol (PEG) and polydimethylsiloxane 

(PDMS) and their usability in neural applications has long been established9,10,47,51,59,146. 
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However, their thermal conductivity properties are often higher than desired. For 

example, Tanaka et al (2008) conducted an experiment to assess the potential of a 

silicone coated cooling probe in rats and found temperatures of 20-25°C reduced all 

epileptic seizures115. Silicone’s thermal conductivity ranges between 0.2-3W/mK 

depending on the exact form used but could be too high to ensure sufficient insulation 

for a probe long enough for insertion into the human brain as only depths of 2.5mm 

were required for the rats115. PDMS is often used in bioengineered constructs and its 

thermal conductivity ranges between 0.15-0.2W/mK which could be low enough to offer 

the required thermal insulation147–149. 

Hydroxyapatite’s (HA) conductivity ranges between 0.08-0.18W/mK119 which has 

potential to sufficiently insulate a cooling probe. It is regularly used in orthopaedic 

implants125 due to its similarity in composition to natural bone but is not traditionally 

used in neural applications. Nevertheless, it was selected for further investigation 

because of its excellent thermal properties, biocompatibility (in orthopaedic 

applications), controllable porosity and controllable surface roughness. For this reason, 

before probe design and coating optimisation, the interaction of HA with neuronal cell 

cultures had to be assessed – firstly for cytotoxicity and then to optimise the survival of 

neurons and to reduce the activation of glial cells. Topography of surfaces is often used 

to manipulate neuronal cell survival52,59,150 and HA’s is easily adapted via coating 

methodologies and sintering regimes, also making it a good substrate to initially 

investigate the effects of this in vitro. Previous studies have indicated that the traditional 

methods of quantifying surface roughness do not capture these topographically caused 

differences in cell response well and proposed a wavelength method of describing 
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surface roughness151. For this reason 3 different surface roughnesses are described by 

their pressing and sintering conditions and resulting surface as an initial screening 

methodology. By testing the HA’s reaction to a range of different cell lines and primary 

neuronal cells, the suitability of each cell methodology for predicting the brain’s immune 

response to materials could also be assessed and a recommended cell testing regime 

established. The experimental plan to do this is outlined in the flow chart below. 

 

  

Human astrocytes

Directly plated Encapsulated in gel

Primary cortical neuronal cells from rats

Mixture of neurons and glial cells Purified neurons

Neuronal cell line 

a

HA disc fabrication via pressing and sintering 

PC12 cells 
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 Methods 
 

3.2.1 HA Disc Manufacture 
HA discs were manufactured by compressing 200mg of HA powder (reagent grade, 

Sigma Aldrich) in a 13mm diameter die (International Crystal Laboratories, Garfield, NJ) 

under a 2kg weight for 2min (0.46 MPa/67psi). These discs were sintered for 3hr at 

either 1200°C or 1350°C to produce 2 different surface roughnesses (1200R and 1350R).  

Smooth HA discs (1350S) were formed by compressing the die under a pressure of 

1.4MPa (200psi) for 2min before sintering at 1350°C. All design temperatures were 

attained using a heating cycle with a ramp of 3°C/min and an initial 1hr dwell phase at 

250°C was used to burn off any organics. 

3.2.2 Cell Culture 

3.2.2.1 PC12 Cells 
Cells were cultured for 7 days from frozen in DMEM media (+glutamax)(Sigma Aldrich) 

supplemented with 10% heat inactivated Horse Serum (Sigma Aldrich), 5% Fetal Bovine 

Serum (FBS) (Sigma Aldrich) and 2% penicillin-streptomycin (Sigma) at 37°C in a 

humidified 5% CO2 environment.  

3.2.2.2 Primary Neuronal Cells 
Primary cortical neurons and glial cells were prepared from 1-day-old Wistar rats and 

maintained in neurobasal medium (Sigma Aldrich). Rats were decapitated, the cerebral 

cortices dissected and the meninges removed. The cortices were incubated in 

phosphate-buffered saline (PBS, Sigma Aldrich) with trypsin (0.25 μg ml−1, Sigma) for 

3min at 37°C. The cortical tissue was then triturated (× 3) in 6ml of Dulbecco’s Modified 

Eagle Medium (DMEM, Sigma Aldrich). The suspension was centrifuged at 2000RPM for 

3min at 20°C and the pellet resuspended in 5ml of DMEM and triturated (x3).  The 
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suspension was passed through a cell strainer before centrifuging again at 200RPM for 

3min at 20°C. The pellet was resuspended in 5ml of DMEM and triturated (x3) so that 

cells were ready for plating.  

3.2.2.3 Human Astrocytes 
Primary human astrocytes (ScienceCell) were cultured in suspension for at least 7 days 

before use in media (DMEM:F12 with L-glutamine + HEPES, Thermoscientific) 

supplemented with 10% FBS, 10% Astrocyte Growth Supplement (ScienceCell) and 1% 

Penicillin-Streptomycin (Sigma Aldrich) at 0.5-2 million cells/ml media. Cell media was 

changed at least every three days, retaining 50% of the old media.  

3.2.3 Cell Plating 
 All discs were placed in 24 well plates and 100,000 cells were added in 50µl of relevant 

media (see above) with 10ng/ml of nerve growth factor (NGF, Sigma Aldrich) included 

for PC12 cells. A further 250µl media was added after 3hr to flood the wells. For primary 

neuron only culture, 20µl/ml cytosine beta-D-arbinofuranoside (Ara-C, Sigma) was 

added to media for first 3 days of culture. Circular 10 mm diameter coverslips were 

coated with poly-L-lysine (50 μg ml−1 Sigma). These glass coverslips, coated with Poly-L-

lysine, were used as a positive control with uncoated ones used as the negative control. 

The coating procedure added sterilised coverslips to poly-L-lysine and di-ionised (DI) H20 

solution and incubated them in a humidified atmosphere containing 5% CO2 : 95% air at 

37°C for 2hr. Once they were removed from solution they were left to dry on filter paper 

for another 2hr. 

3.2.4 Metabolic Assays 
 A 0.01% resazurin solution was made up by mixing 50mg of resazurin powder (Sigma) 

with 50ml of DI H20. This was sterile filtered and stored at 4°C. All media was removed 
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from samples and 270µl of warm media and 30µl of resazurin solution were added. Well 

plates were returned to the incubator (5% CO2:95% air at 37°C) for 2hr. Colour change 

was measured using a Gen5 Microplate Reader (Biotek). The plate reader measured the 

fluorescence of each sample using an excitation filter of 530/25 and an emission filter of 

590/35. The percentage reduction of each sample was calculated versus a sample that 

was completely reduced in the autoclave. 

3.2.5 GelMA Fabrication 
Gelatin from porcine skin (Sigma Aldrich) was melted in 100ml PBS (10%w/v) at 50°C 

and continuously heated at this temperature and stirred with a magnetic stirring bar at 

240RPM for 1hr. The slow addition of 8ml methacrylic anhydride (Sigma Aldrich) 

followed and the emulsion was stirred and heated under the same conditions for a 

further 2hr. After this time, 100ml of preheated DPBS was added and further mixed at 

50°C in order to stop the reaction. Dialysis membranes (Spectro/Por membrane tubing 

MW 12-14000, Fisher Scientific) were cut into 20cm lengths and tied at one end before 

the addition of the mixture and sealing of the open end. These tubes were transferred 

to a 5L beaker of distilled water and heated to 40°C to allow dialysis to occur. Water was 

changed twice daily for 7 days and the tubes were inverted several times to homogenize 

content. On day 7, the contents of the tubing was added to 200ml of ultrapure water 

and heated for 15min at 40°C, before filtering the solution using a vacuum filtration cup 

with 0.22μm pores (Millipore). This solution was transferred into 50ml falcon tubes in 

30ml batches and cooled to -80°C before freeze drying for 5days.  

3.2.6 Astrocyte Encapsulation 
Astrocytes were capsulated in 5% GelMA with 0.1-0.5% photoinitiator 

(2hydroxy4(2hydroxyethoxy)2methylpriopiophenone 98%, PI, Sigma Aldrich) in PBS at a 
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density of 1 million cells/ml. These solutions were crosslinked using UV light at an 

intensity of 6.9 mW/cm2. 

3.2.7 ELISA Assays 
TNF-α and IL-6 sandwich ELISAs (R&D systems) were carried out according to 

instructions. Briefly, 50μl of assay diluent and 200μl of sample were added to each well 

and left for 2hr. Following 4 washes with the wash buffer, 200μl of either TNF-α or IL-6-

conjugate was added to each well and left for a further 2hr period. After another wash 

cycle, 200μl of the substrate solution was added and left for 20min before the stop 

solution was added and the assay was measured at 450nm and 540nm using the plate 

reader. 

3.2.8 Statistical Analysis 
All data is expressed as mean±standard deviation. T-tests or 2 way anova tests were 

performed where appropriate with p<0.05 being viewed as significant. These tests were 

carried out both on the individual timepoints for each test but also on the regression 

lines in order to analyse the trends over 7 days to allow more robust conclusions to be 

drawn from the study. 
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Figure 3.1. Schematics showing the A) fabrication of HA scaffolds via pressing and 

sintered before addition to the 24 well plate; B) encapsulation of cells in hydrogel.       
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 Results  
 

3.3.1 Disc Fabrication and Manipulation of Surface Roughness 
SEM images were taken to analyse the different roughnesses created by pressing the HA 

powder at different pressures and sintering at different temperatures (Fig. 3.2).The 

hard-pressed and sintered at 1350°C discs (1350S) were clearly the smoothest surface 

with only minor cracks of less than 1µm interrupting the flat surface (Fig. 3.2A and D). 

Light pressing and sintering at 1350°C (1350R) produced a moderately rough surface 

with a much higher number of cracks and large surface features of up to 20µm (Fig. 3.2B 

and E). As expected, light pressing and sintering at 1200°C (1200R) produced the 

roughest surface with no smooth areas and a large number of small surface features of 

1-2µm (Fig. 3.2C and F). A previous study analysed the traditional surface roughness 

values for these samples and attempted to correlate them with mesenchymal stem cell 

attachment and survival151. Ra values are calculated as an average surface roughness 

and did not capture the differences between surface profiles accurately, resulting in a 

lack of correlation between the values and cell attachment and survival – despite trends 

that were visible to the eye. However, the surface wavelengths of each disc were 

measured and showed a clear progression from rougher surfaces sintered at lower 

temperatures to smoother surfaces at higher temperatures. These measurements, did 

then in fact correlate with cell survival and attachment, implying that these are a more 

accurate representation of a surface roughness. These wavelengths were measured as 

2.85µm, 2.68µm and 2.30µm for 1350S, 1350R and 1200R respectively151. 

 



66 

 

Figure 3.2. SEM images of HA discs created at different pressures and temperatures 

to produce different roughnesses. A) Hard pressed and sintered at 1350°C at 1000x; 

B) light pressed and sintered at 1350°C at 1000x; C) Light pressed and sintered at 

1200°C at 1000x; D) Hard pressed and sintered at 1350°C at 6000x; E) Light pressed 

and sintered at 1350°C at 6000x; F) Light pressed and sintered at 1200°C at 6000x. 

3.3.2 PC12 Cell Study 
PC12 cells attached to each of the three surfaces were counted (via metabolic activity) 

at day 1, 4 and 7 in order to analyse cell interaction with the different surfaces over time.  

Of the three materials, the moderately rough surface 1350R showed the highest cell 

count and was not significantly different from the positive control at day 4 (Fig. 3.3). 

1350S has the next highest count, with significantly higher cell numbers than that of the 

negative control or 1200R at days 4 and 7. On day 4, 1350R was statistically the same as 

the positive control, 1350S was lower than the positive control but higher than negative 

control and 1200R was lower than the negative control. On day 7, 1350R was worse than 

the positive control but better than 1350S with 28% of metabolic activity vs 41% and 

24% respectively. 1350S was statistically better than the negative control (5%) which 

was the same as 1200R (7%).  
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The comparison of the regression lines over the week corroborated the timepoint 

findings. As expected, the positive control had the best increase in number of attached 

cells over time as it had the highest gradient and therefore increase in cell count but the 

difference between it and the next best material 1350R was not statistically 

significant(p=0.25) (Table 3.1). 1350S had significantly less cell survival and attachment 

than both 1350R (p=0.04) and the positive control (p=0.03) but more than 1200R and 

the negative control which were statistically the same over the whole time period 

(p=0.51).  

3.3.3 Cortical Neuronal Cell Study 
On day 4 and day 7 the positive control had the highest number of cells attached and 

the 1200R had the lowest (Fig. 3.4). On day 4, 1350S, 1350R and the negative control 

were not significantly different but by day 7, 1350R was significantly better than both 

the 1350S and the negative control with 33% metabolic activity versus 30% and 29% 

respectively. The trendline analysis confirmed these results – the positive control had 

the most attached cells and the 1200R the fewest and 1350R, 1350S and the negative 

had the most attached cells and the 1200R the fewest and 1350R, 1350S and the 

negative control were all statistically the same (Table 3.1). Despite not being significantly 

different, 1350R still exhibited the best results of the three HA samples, results 

consistent with those shown using the PC12 cells.  
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Figure 3.3. Measured metabolic activity of attached PC12 cells on 1350R, 1350S, 

1200R surfaces at Day 1, 4 and 7 showing 1350R with significantly the highest 

metabolic activity % of the 3 HA discs (n=4).  

 

Table 3.1. Table showing the gradient and standard deviations of the trend lines for 

each roughness and cell type.  

Material Neuron and 
microglia gradient 

PC12 gradient Neuron only 
gradient 

1350S 4.34±0.21 3.42±0.23 -0.09±0.02 

1350R 4.44±0.20 4.19±0.36 0.10±0.05 

1200R 0.69±0.11 1.25±0.20 0.39±0.08 

PC 6.49±0.29 5.56±0.67 0.05±0.06 

NC 4.38±0.20 1.02+0.29 -0.16±0.07 
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Figure 3.4. Measured metabolic activity of attached glial cells on 1350R, 1350S, 

1200R surfaces at Day 1, 4 and 7 showing 1350R with the highest metabolic activity 

at Day 7 (n=4). 

A culture of purified neurons was created by adding Ara-C to destroy glial cells by 

blocking their ability to proliferate152. This was done after plating as primary neurons do 

not survive if left in suspension. This meant that the effective day 0 (once Ara-C media 

had been removed and replaced by normal media) commenced with each disc having a 

different initial number of cells. For this reason, all subsequent measurements have 

been normalised to the day 1 results (Fig. 3.5A). On both day 4 and 7, 1200R showed the 

best cell attachment, with 1350R and the positive control performing next best at day 7 

while being statistically the same.  Also on day 7, the negative control showed the lowest 

number of attached cells and 1350S the second lowest as both of these decreased vs 

their day 4 results. When looking at the trendlines, the best performer was significantly 
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1200R; 1350R showed the second best attachment and was not different from the 

positive control, whereas 1350S showed a reduction in attachment and was not 

different from either the positive or the negative control which also had a negative 

gradient and performed the worst. These results contradicted PC12 and neuronal 

mixture findings as it implied that the rougher the surface the more likely the primary 

neurons are to attach to the surface. However, the non-normalised data also provided 

some useful information (Fig. 3.5B). The apparent strong increase in neuronal cell 

attachment is actually a result of very few cells being attached at effective day 0 – so a 

small increase in cell attachment appears larger proportionally. In fact it is clear that 

1350R once again performs similarly to the positive control with a greater initial amount 

of surviving neurons attached on effective day 1 and a small increase towards day 7. As 

shown in the normalised graph, 1350S has a decrease in cells between day 1 and 4 but 

still has cell levels just below those of 1350R and the negative control. 

Figure 3.5. Measured metabolic activity of attached  cells on 1350R, 1350S, 1200R 

surfaces at Day 1, 4 and 7 A) Isolated primary cortical neurons (normalised to day 1) 

(n=4); B) Isolated primary cortical neurons unnormalised (n=4).   
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3.3.4 Direct Astrocyte Culture 
Confocal microscope images were taken at day 7 in order to examine the health of the 

astrocytic cells. As the HA is opaque and has a rough surface, the images were less clear 

than normal (Fig. 3.6). However, it is still possible to see that on 1200R surface (Fig. 3.6), 

cells are fewer and less healthy than those on 1350R (Fig. 3.6B) and 1350S (Fig.3.6C) 

surfaces, where cells are more plentiful with better networks, particularly on the 1350R 

surface.  

Figure 3.6. Astrocytes cultured directly onto HA discs: Confocal images after 1 week 

stained with DAPI (blue) and cell mask (red): A) 1200R; B)1350R; C)1350S. 

In order to further analyse the astrocytes response, the expression of TNF-α and IL-6, 

two common inflammatory markers64, was measured. This measurement was carried 

out at both day 1 and 7 to reduce the chances of results being skewed by cell death as 

astrocyte survival levels without an extracellular matrix is reduced after a few days153. 

TNF-α levels decreased with decreasing roughness at both day 1 and day 7 with 1200R 

eliciting the greatest expression of the three surfaces and 1350S eliciting the least which 

was not significantly different from the results experienced by the negative control 

(p=0.067) (Fig. 3.7A). This trend was also seen with IL-6 expression, however, variation 
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in the data meant that only the roughest surface 1200R’s expression of IL-6 was 

statistically different to the negative control (p=0.0231) (Fig. 3.7B).  

Cell metabolic activity indicated that both the positive control and 1350R increased the 

number of cells, whereas 1200R decreased the number of cells slightly over time. 1350S 

showed cell numbers in the same range as both the control and 1350R but seemed to 

decrease over time although there was a large variance in this data, particularly by day 

7 (Fig. 3.8).  

 

 

Figure 3.7. Pro-inflammatory markers released by astrocytes encapsulated in hydrogel 

placed on top of HA discs after 1 week A) TNF-α release (n=4); B) IL-6 release (n=4).  
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Figure 3.8. Astrocytes cultured directly onto HA discs. Astrocyte metabolic activity 

over one week using metabolic resazurin assay (n=4). 

3.3.5 Astrocytes Encapsulated in Gels 
Three dimensional (3D) astrocyte models are advantageous as, without a matrix to 

support their growth and network formation, cells will die within a few days which 

means chronic studies cannot be carried out141. 3D systems are also more physiologically 

accurate models of what is happening in the brain. In order to form networks, astrocytes 

need a precise extracellular environment, otherwise the cells will stay small and circular 

and die without behaving as astrocyte cells would in vivo153. For this reason, a variety of 

different percentages of PI and seconds of UV light exposure were tested in order to find 

the optimum for healthy network formation. Table 3.2 highlights these conditions, with 
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some being discarded immediately for being too weak to encapsulate cells properly and 

survive long term in an in vitro environment. 

Table 3.2. Astrocyte model testing conditions varying % photoinitiator and duration 

of UV radiation. 

 

These cells were encapsulated and left to survive in vitro for a week in order to give the 

cells time to extend and make connections. These hydrogels were then imaged up to 

200μm deep into the structure so that a 3D representation of the cells could be built up. 

Both 20s UV/0.5% PI and 40s UV/0.5%PI were not suitable with very few cells having 

outgrowth and a lot of cell death apparent (Fig. 3.9A and D). Both 30s UV/0.5%PI and 

40s UV/0.3% PI showed some cell network formation but also a lot of round dead cells 

(Fig. 3.9B and C). 

 

 

 

 

UV (s) PI (%) 
 

0.1 0.3 0.5 

10 Too weak Too weak Too weak 

20 Too weak Too weak Assess Cell Growth 

30 Too weak Assess Cell Growth 

   

 

Assess Cell Growth 

 
40 Too weak Assess Cell Growth 

 

Assess Cell Growth 
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Figure 3.9. Confocal stacks of unsuccessful astrocyte models after 1 week of culture 

in a 5% GelMA hydrogel structure with varying % PI and UV radiation exposure. DAPI 

staining (blue) for nuclei and Cell Mask 649 (red) for cell structure A) 20s UV 0.5% PI; 

B) 30s UV 0.5% PI;  C) 40s UV 0.3% PI; D) 40s UV 0.5% PI. 
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The optimum conditions for cell network formation were found to be those in the 

hydrogel with 0.3% PI and 30s UV exposure, as the majority of the cells had outgrowth 

with multiple connections and strong networks (Fig. 3.10A). The cross section of the 3D 

image shows how this network spreads throughout the entirety of the hydrogel (Fig. 

3.10B) and for this reason these conditions were chosen for the astrocyte model to test 

the surface roughnesses. 

Figure 3.10. Confocal stacks (200µm thick) of astrocyte model after 1 week of culture 

in 5% GelMA hydrogel structure with 0.3% PI and 30s UV radiation exposure. DAPI 

staining (blue) for nuclei and Cell Mask 649 (red) for cell structure A) topview; B) 

sideview. 

Confocal images were taken at day 7 in order to examine the health of the astrocytic 

cells with a stack depth of 200µm being combined into a single picture to give a better 

view of the network of cells formed in the gel. Once again the hydrogel encapsulated 

astrocytes on the rough 1200R surface (Fig. 3.11A) were fewer and more rounded up 

dead cells were visible than those on 1350R (Fig. 3.11B) and 1350S (Fig. 3.11C) surfaces, 
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where cells are more plentiful with better networks, with very high numbers of 

astrocytes on the 1350R surface.  

Figure 3.11. Astrocytes encapsulated in hydrogel on top of HA discs: Confocal 

microscopy images after 1 week stained with DAPI (blue) and cell mask (red): A) 

1200R; B)1350R; C)1350S. 

As cells have been shown to survive weeks in these hydrogel matrices, inflammatory 

marker expression was only measured at day 7 this time153. The TNF-α levels decreased 

with decreasing roughness once again, however, 1350R and 1350S were not significantly 

different from each other (p=0.39) and still elicited a higher expression of TNF-α than 

the negative control (p=0.0062 and 0.0029 respectively) (Fig. 3.12A). This trend was also 

seen with IL-6 expression, with 1350R and 1350S not significantly different (p=0.801) but 

both released significantly less IL-6 than 1200R (p=0.0011 and 0.0013) but more than 

the negative control (p=0.0129 and p=0.0238) (Fig. 3.12B).  
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Figure 3.12. Pro-inflammatory markers released by astrocytes cultured in hydrogel 

on top of HA discs after 1 week. A) TNF-α release with the highest inflammation that 

of the roughest surface 1200R (n=4); B) IL-6 release with the highest inflammation 

that of the roughest surface 1200R (n=4). 
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 Discussion 
 

Pressing and sintering HA discs at different pressures and temperatures successfully 

created a wide range of surface roughnesses. These surfaces were identified as 1350S, 

1350R and 1200R by these conditions and their surface roughness values were defined 

by previously measured surface wavelengths of 2.85µm 2.68µm and 2.30µm 

respectively as these are thought to describe the surface in the most comprehensive 

manner151. 

 The behaviour of cells added to samples was assessed using metabolic activity as a 

measure of cell functionality as an indicator of cell survival and attachment. This is 

regularly used as a measure in studies as the number of cells correlates strongly with 

the output of mitochondrial activity calculated. The 1350R surface showed the best 

PC12 cell attachment out of the 3 different HA samples, on day 4, 7 and over the whole 

week period, during which it exhibited the same potential for attachment as the positive 

control. 1350S showed the next best attachment and survival and cells with 1200R and 

the negative control having the poorest attachment. Firstly, this supports the idea that 

surface morphology can be manipulated to affect neural cell survival and 

attachment46,52. Secondly, the moderately rough surface showing better attachment 

than both the smooth and very rough surfaces corroborates the hypothesis that there 

is an optimum level of roughness to enhance cell survival. 

Although PC12 cells are a useful cell line due to their similarities in behaviour to neural 

cells, they do have a number of limitations dependent on culture conditions so a further 

set of experiments was carried out using primary neuronal cells154. 
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 A mixture of primary neurons and glial cells was added to the discs in the same way as 

the PC12 cells were and the same tests carried out. A mixture of cells was used as this 

would be more typical of what the probe would encounter during implantation into the 

brain. The data showed similar trends to the PC12 cells in that 1350R showed the best 

cell attachment out of the HA samples, although it was not significantly different from 

1350S, and 1200R had the least cell attachment over the week long period. However, 

the dramatic increase in the number of cells attaching to the negative control versus the 

PC12 results implied that one of the glial cell types was multiplying rapidly and attaching 

in a response to the material, which highlights a limitation of the assay for counting cells 

in co-cultures – it is impossible to separate which cell type’s metabolic activity is 

reducing the resazurin. Attempts were made to differentiate the cell type using cell 

staining and confocal microscopy, however the combination of the rough surfaces and 

weak stains made this an unreliable method of quantification (Appendix 1). 

For this reason, further testing using a culture of primary neurons only was carried out 

by adding Ara-C to destroy glial cells and measuring from an effective day 0 with each 

disc having a different initial number of cells. When cell metabolic activity data was 

normalised to the day 1 results, the results initially looked dramatically different to those 

shown with the PC12 cells as 1200R had the strongest increasing gradient over the week, 

followed by 1350R and 1350S. This implied the rougher the surface the more likely the 

primary neurons are to attach to the surface. However, looking at the non-normalised 

data is also important for correct interpretation. The apparent strong increase in 

neuronal cell attachment is actually a result of very few cells being attached at effective 

day 0 – so a small increased in cell attachment appears much larger than it is when 
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normalised. In fact, neurons will not replicate under these conditions so any increase is 

due to variability in the samples155. It is clear from the unnormalised results that the 

1350R HA exhibited the most favourable conditions for neuronal attachment, with 

similar survival rates to those of the positive control. 

As well as assessing the effect of the HA on neural cells in isolation, looking at the glial 

cells in isolation was also important to the study. Although there is a relationship 

between neuronal cell death and activation and proliferation of glial cells, the 

interaction of these glial cells with the material itself is perhaps more important as these 

cells will drive the brain’s reaction to an implant and physically form the glial scar which 

is encapsulating the probes. As described in the literature review, astrocytes play a 

major role in the inflammatory process and although microglia are the initial response 

to a trauma, astrocytes react in similar ways and form the majority of the scar tissue17, 

while it is also possible to produce almost pure cultures of human astrocytes, unlike 

microglia. For this reason, these cells were chosen as a method of determining the 

inflammatory effect HA might have in vivo. 

Initially, these cells were directly plated onto the HA discs and cell staining and counts 

were carried out. Both the confocal images and the cell count indicated that the 1200R 

surface had fewer astrocytes growing on the surface, which implies the astrocytes were 

finding the very rough surface more difficult to attach to than the smoother 1350R and 

1350S. This could be viewed as a positive but the lack of networks forming on the 1200R 

indicated that the astrocytes were less healthy. In fact, when the release of pro-

inflammatory cytokines was assessed, it was clear that both TNF-α and IL-6 were 

upregulated by the very rough 1200R surface when compared to the smoother surfaces 
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and the positive control. It is also important to note that for all surfaces, TNF-α 

expression increased between day 1 and 7 indicating that continued presence of a 

foreign material will upregulate expression of pro-inflammatory cytokines, even at 

lower levels. This implies that although manipulating surface roughness may be able to 

reduce the formation of a glial scar, it does not eliminate neuronal cells response. The 

1350R and 1350S results were indistinguishable from each other for both inflammatory 

markers and not significantly different from the positive control for IL-6. IL-6 data had 

larger variation but 1200R was significantly causing both an increase of IL-6 expression 

through the week and elevated values compared to the smoother surfaces, indicating 

that the very rough surface may be having an undesired inflammatory effect on the glial 

cells alone without even the involvement of dying neural cells.   

As discussed, in vivo the astrocyte cells are supported by an extracellular matrix and this 

3D network has important effects on cell behaviour before and after the insertion of a 

foreign body into the brain153. Therefore the final stage of investigation involved 

recreating this environment using GelMA, a photocrosslinkable hydrogel, which could 

encapsulate the cells and provide a support network in order to compare the 2D and 3D 

structures’ effects on results and get a more accurate representation of the astrocyte 

reaction in vitro. This model had to be carefully devised in order to assure than in the 

initial state the astrocytes were extending and interacting as they would in the brain. 

This is primarily controlled by the mechanical properties of the surrounding material, 

with something as close to the ECM as possible required. Although gelatin is found in 

the body it is not a component of ECM, so therefore it is just the spatial effect that is 

being captured. The weaker and stronger gels that were tested resulted in many 
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rounded dead cells, with 30s UV and 0.3% PI having the best network of healthy cells 

spreading throughout the entirety of the hydrogel. For this reason these conditions were 

chosen for the astrocyte model to retest our drug delivery profiles. 

Cell counts with the resazurin assay were attempted for this study as well but failed to 

work as the colour was absorbed by the gels rather than being left in the media so could 

not be accurately sampled or measured. The hydrogel encapsulated astrocytes on the 

rough 1200R surface were again fewer than those on 1350R and 1350S surfaces, where 

cells are more plentiful with better networks, with very high numbers of astrocytes on 

the 1350R surface.  

The TNF-α levels decreased with decreasing roughness once again, however, 1350R and 

1350S were not significantly different from each other and still elicited a higher 

expression of both TNF-α and IL-6 than the negative control. It is also interesting to note 

that TNF-α and IL-6 expression levels are similar whether astrocytes were plated directly 

onto scaffolds or were encapsulated in the 3D hydrogel matrix. This implies that even 

though the 3D matrix is a more accurate representation of the cell environment in vitro 

a 2D representation will return very similar and therefore useful results in terms of 

inflammatory response testing. The 3D model would however be more useful for chronic 

studies of over one week. 
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 Conclusions 
 

This chapter focused on answering research questions 1 and 2 in order to achieve the 

first of the two overall objectives of this thesis – to design a thermally insulating coating 

capable of reducing the inflammation of glial cells and promoting the survival of 

neuronal cells. As HA is not a material usually inserted into the brain, its potential 

cytotoxity was assessed, while simultaneously analysing how topography could affect 

neuronal cell survival and glial cell activation.  

The survival of all cell types on various HA discs for periods of up to one week indicates 

that HA is non-cytotoxic. A range of surface roughnesses of HA was created ranging from 

very rough surfaces of lightly pressed powder sintered at 1200°C (1200R) to almost 

smooth surfaces of hard pressed powder sintered at 1350°C (1350S). The moderately 

rough surface 1350R caused the greatest increase in PC12 cell attachment and the best 

cell survival of primary neurons, both by themselves and in a mixture with microglia, 

closely followed by 1350S, with the roughest surface 1200R performing poorly in all 

tests. This implies that there may be an optimum level of surface roughness of a neural 

probe coating material to reduce inflammation at the surface of a probe.  

In order to assess the performance of materials in the longer term, a 3D cell model 

capable of surviving weeks was also developed. This involved encapsulating astrocytes 

in a GelMA hydrogel. These cell survived in an in vivo mimicking environment for a week 

without viability being tested for further timepoints. Results with astrocytes also 

showed the roughest 1200R surface caused the most cell death and resulted in the 

highest expression of inflammatory markers TNF-α and IL-6. These tests also indicated 
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that 2D models of astrocytes for inflammatory marker expression are a reliable 

substitute for 3D models for studies lasting a week. For all samples, including the 

negative control, TNF-α expression increased over a week, implying that although 

surface topography can reduce the glial response, in order to progress towards complete 

eradication, a more sophisticated anti-inflammatory strategy is required.  

In conclusion therefore, and in response to research question 1, this study indicates that 

HA may be a suitable coating material for a cooling probe as it is non cytotoxic and that 

while adjusting topography can reduce inflammation, it also highlights the limitations of 

utilising surface topography to reduce inflammatory response and strengthens the case 

for the design of a coating capable of delivering anti-inflammatory factors to the brain 

chronically. In relation to question 2, this study indicates that the combination of PC12 

and astrocytic cell responses gives the best indication of how neuronal and glial cells will 

respond to a surface. Having answered these two initial questions, chapter 4 now 

reports on the design and assessment of a coating that will permit the long-term release 

of anti-inflammatory factors.  
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4 A Dual-layered Microfluidic Coating for Long-term 
Controlled In Situ Delivery of Multiple Anti-
inflammatory Factors for Chronic Neural Applications 

 

 Introduction 

As much of the reduction in a probe’s effectiveness is attributed to both the acute62 and 

chronic2,40 inflammation of the neural tissue post insertion, drug delivery strategies to 

attenuate this response are a key area of research within the field. This chapter presents 

the work carried out in developing a functionalised coating capable of delivering anti-

inflammatory factors to neural tissue chronically. 

Drug delivery options are wide ranging, both in choice of delivery method and the 

molecules to be delivered. Delivery methods previously investigated include 

microspheres74, liposomes79, degradable coatings75 and microfluidic systems85,86,156. 

Some of these studies have been shown to effectively reduce the acute inflammatory 

response to electrode implantation. For example, an in vivo study in guinea pigs 

whereby dexamethasone was encapsulated in PLGA nanoparticles and released from 

alginate gels for up to two weeks, showed that the electrical impedance of a conducting 

electrode due to the formation of the glial scar was unchanged in the 3 week period, 

whereas the impedance of the non-eluting control had tripled by 2 weeks and then 

began to stabilise82. Another study showed that immobilising alpha-MSH to the 

electrode surface could significantly attenuate the glial response to implants in rats over 

a 4 week period8.    

However, several recent studies have shown that strategies which effectively reduce the 

acute anti-inflammatory response to implants often are indistinguishable from 
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untreated devices at the chronic stage of implantation. For example, a study by Potter 

et al76 where neural implants released curcumin from polyvinyl alcohol film coatings 

over time, with most of the release occurring in the first 10 hours, showed a reduction 

in scar tissue and an increase in functioning neurons surrounding the implant at 4 weeks. 

However, once 12 weeks was reached, there was no statistical difference between the 

implants which were drug eluting and those that were not. Although not a drug eluting 

probe, the same phenomena was found when investigating the shape and size effects 

on glial scarring in a study by Szarowski et al40. Smaller rounded implants showed a 

reduction in the acute response of microglia (defined as less than 2 weeks in this study) 

but chronic results from 2 weeks up to 12 weeks showed no significant difference 

between all designs40.  

These studies indicate that in order to create viable probes for long term implantation, 

a strategy to reduce the inflammatory reaction of brain tissue in its chronic phase is 

required. In order to allow release of anti-inflammatory factors for months not weeks, a 

microfluidic system is required. Some investigations into these systems has been carried 

out, however difficulties with controlled release85 and repeated administration of drugs 

were reported86. For this reason the aim was to design an easily refillable microfluidic 

system which would allow the slow and steady delivery of an optimised profile of anti-

inflammatory factors long term. Inspiration was also drawn from advancements in 

microneedle technology whereby swellable tips allow better tissue adhesion with 

reduced dimensions and insertion forces required58. The introduction of a dual layer 

swelling element to the system, could not only reduce insertion trauma but also reduce 

micromotion and mechanical property mismatch of the probe once implanted and 
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manipulation of both layers of the system could allow improved control of release 

profiles.   

Therefore, it was hypothesised that being able to sustain anti-inflammatory factor 

delivery, reduce insertion trauma and micromotion and change the factor being 

delivered would significantly reduce the inflammatory reaction of neural cells, leading 

to a reduction in scar tissue formation and a probe that functions better long term.  

In order to assess these claims, the anti-inflammatory factors to be delivered had to be 

selected. In future, a patient specific anti-inflammatory profile could also be developed, 

whereby key molecules could be delivered in synchronisation with specific occurrences 

in the inflammatory process but initially only two such factors were investigated. 

Dexamethasone (DEX) is a non-steroidal anti-inflammatory drug that has been shown to 

reduce inflammation in multiple areas of the body, including the brain91,157. However, 

this is an aggressive corticosteroid which can potentially have detrimental effects with 

chronic administration2. IL-4 is an anti-inflammatory cytokine which has been shown to 

have the ability to polarise macrophages and microglia into their anti-inflammatory M2 

phenotypes, as opposed to the pro-inflammatory M1 variety which are believed to 

increase the formation of scar tissue. It must be noted that this isn’t always a clear 

boundary and some macrophages can exhibit properties of both M1 and M2 or neither 

but the overall trend gives an excellent indication of the reaction of the cells81,94,96. 

In order to bring all aspects of the investigation together, several stages of assessment 

were carried out. Firstly, the design of the microfluidic channel containing dual layered 

system was optimised utilising different hydrogel concentrations and sacrificial fibre 
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methodologies. A chip version of the system was then devised to provide assessment of 

the diffusion profile of different sized molecules and plan the infusion profiles for 

cellular work. Finally, hydrogel brain models containing monocytes and astrocytes were 

optimised to allow assessment of the effects of chronically released DEX and IL-4 

release. The outline of this workplan is shown below. 

 

  

Cell Experiments - Drug Effects

Monocytes Astrocytes

Diffusion Tests
Drug delivery profile design

Test Chip Design
Sacrificial fibre Hydrogel Porous Membrane
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 Materials and Methods 
 

4.2.1 Synthesis of Gelatin Methacryloyl (GelMA) 
The methods used here were identical to those described in Section 3.2.5. 

4.2.2 Agarose Fibres 
A 4% agarose solution (Sigma Aldrich) in PBS was heated to 60°C and stirred gently to 

ensure no bubbles were present. A 250µm inner diameter glass capillary (outer diameter 

350µm, length 85mm, Organovo, CA) was placed in the solution as a complementary 

glass piston was pulled upwards from the other end, drawing the solution into the tube. 

This tube was placed on an ice block for 10s before pushing the piston back through the 

tubing to extrude the solid fibre. 

4.2.3 GelMA Solutions  
Pre-polymer solutions of 5% GelMA for cell encapsulation were prepared with 0.5% 

photoinitiator (PI) (2-hydroxy-1-(4-(hydroxyethoxy) phenyl)-2-methyl-1-propanone 

98%, Sigma Aldrich) in PBS. For scaffold manufacture, 10% GelMA, 2% PEG (1000 MW, 

Polysciences), 0.5% PI solutions were used. These solutions were crosslinked using UV 

light at an intensity of 6.9 mW/cm2. 

4.2.4 Fabrication of PDMS Membranes 
All PDMS was prepared at a ratio of 10:1 with its curing agent (Sylgard 184 Silicone 

Elastomer Kit, Dow Corning). PDMS membranes that were 100μm thick were fabricated 

using a silicon wafer with 100μm diameter posts spaced 400μm apart. The thin PDMS 

membrane was formed using a spin coater at 3500RPM for 2min before scraping over 

the posts with a glass slide. Partially cured PDMS frames of 0.5cm (width)× 0.5cm 

(length) (cured for 20min in 80°C oven) were added on top of the fresh PDMS on the 
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mould before curing at 80°C for 2.5hr to produce membranes with attached frames (Fig.  

4.8).  

4.2.5 Scaffold Fabrication 
Moulds of 0.25cm2 were manufactured from PDMS. Small metal connectors (100μm 

inner diameter) were punched through the middle of the mould and a sacrificial fibre of 

80μm thickness was passed through the connectors. Initially, 40μl of 10% GelMA-2%PEG 

solution was poured into the mould before UV crosslinking for 20s at 6.9 mW/cm2 and 

then a further 40μl of solution was crosslinked on top for 40s. These samples were air 

dried for 12hr. The PDMS membrane and frame was then plasma bonded on top and 

PBS was added to allow reswelling of the construct for 5hr. At this stage the sacrificial 

fibre was removed to create a microchannel of 80μm diameter through the centre of 

the construct (Fig. 4.1).  

4.2.6 Diffusion Studies 
Diffusion was first calculated optically using fluorescein isothiocyanate (FITC)-Dextran 

with 20kDa MW, 40kDa MW and 392Da MW FITC isomer (Sigma Aldrich). A solution of 

20mg/ml of FITC-Dextran in PBS was injected into the microchannel until it was full and 

fluorescent images were taken from above every 5 minutes at 37°C. The fluorescent 

intensity at a fixed point was calculated over time using Image J software158 in order to 

calculate a value for the diffusion coefficient. The equation used for this was: 

𝐷𝐷 =  
𝑛𝑛02𝑥𝑥2

𝑡𝑡𝑡𝑡(𝑛𝑛02 + 4𝑛𝑛2 − 4𝑛𝑛𝑛𝑛0) 

where n is the intensity of the fluorescent signal, x is the distance from the microchannel 

and t is time. A 100μl PBS reservoir was added to the top of the PDMS membrane and 

the whole construct was placed in a humidified chamber in an incubator at 37°C. Every 
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24hrs the reservoir was replaced in order to maintain sink conditions and the 

fluorescence of 2μl of the solution was measured using Nanodrop2000 (Thermo Fisher 

Scientific). 

4.2.7 Microscope Imaging 
All bright field and fluorescent images were taken on a Zeiss Axio Observer D1 

Fluorescence Microscope (Carl Zeiss, Germany) and all scanning electron microscopy 

(SEM) images were taken on a Hitachi Model S4700, Japan. Confocal images were taken 

on Leica SP5X MP, Germany.  

4.2.8 Nanodrop 
Blank measurements were conducted using PBS and all measurements were completed 

using triplicates of 2µl samples. FITC-Dextran was measured at 494nm excitation levels 

and concentrations were calculated using a calibration curve. 

4.2.9 Instron 
Mechanical properties of the gels were calculated using Instron 5524 mechanical 

analyzer (Instron, Canton, MA) compressive tests with a 10N load cell. Compressive 

modulus was calculated between 10 and 20% loading of 600μm thick samples with a 

5mm diameter with 6 replicates for each sample. 

4.2.10 Monocyte Culture and Encapsulation 
Human monocyte cells (THP-1) were cultured in suspension for at least 7 days before 

use in media consisting of Roswell Park Memorial Institute Medium (RPMI) media (Life 

Technologies) supplemented with 10% FBS (Gibco BRL) and 1% Penicillin-Streptomycin 

(Gibco BRL) at 0.5-2 million cells/ml media. Cell media was changed every three days, 

retaining 20% of the old media. Monocytes were encapsulated in 5% GelMA with 6 
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million cells/ml and50μl of this solution was added on top of the chip and UV crosslinked 

as before for 20s.  

4.2.11 Astrocyte Culture and Encapsulation 
Primary human astrocytes (ScienceCell) were cultured from in suspension for at least 7 

days before use in media (DMEM:F12 with L-glutamine + HEPES, Thermoscientific) 

supplemented with 10% FBS (Sigma Aldrich), 10% Astrocyte Growth Supplement 

(ScienceCell) and 1% Penicillin-Streptomycin (Sigma Aldrich) at 0.5-2 million cells/ml 

media. Cell media was changed at least every three days, retaining 50% of the old media. 

Astrocytes were encapsulated in 5% GelMA with 0.3% PI at a density of 1 million cells/ml 

and 50μl of this solution was added top of the chip and subject to 30s UV light exposure.  

4.2.12 Chronic Cell Studies 
Each sample had an initial infusion of 0.1mg/ml DEX (Sigma Aldrich) or 10ng/ml IL-4 

(R&D Systems) through the microchannel, excluding negative controls. Selected samples 

then had repeated infusions (every 3.5 days) of IL-4 or DEX (Table 4.1), with media added 

every 3.5 days immediately before injections. Immunostaining was carried out at day 7, 

14 and 21. 

4.2.13 Live/Dead Assay 
Assays were carried out at day 1 and 7 using Live Dead kits for mammalian cells (Life 

Technologies). After washing all samples in warm PBS, a mixed solution of ethidium 

homodimer-1 and calcein was prepared in a ratio of 4:1 and 300μl of this solution and 

incubated for 15min. After this period, samples were washed in PBS three more times, 

before being left in PBS for microscope imaging. 
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4.2.14 Immunostaining 
All cell encapsulated hydrogel samples were washed with PBS before fixation in 4% 

paraformaldehyde (PFA) (Sigma Aldrich) at room temperature for 30min. Samples were 

stored overnight at 4°C in PBS at this stage if required. Samples were then incubated in 

0.1% triton x-100 (Sigma Aldrich) for 30min at room temperature. Blocking was carried 

out in 1% bovine serum albumin (BSA) (Sigma Aldrich) in PBS for 1hr at room 

temperature. For monocyte samples, the primary antibody for CD206 (R&D Systems) 

was diluted at 1:100 in PBS with 1% BSA and samples were incubated at 4°C in a 

humidified chamber overnight. The Alexa 488 or Alexa 594 conjugated secondary 

antibodies (Molecular Probes) were added at a dilution at 1:200 in PBS with 1% BSA and 

incubated for 1hr at room temperature in a dark humidified chamber. The primary and 

secondary antibody addition steps were repeated for 27E10 (R&D Systems) before 

adding 4, 6-diamidino-2-phenylindole (DAPI, Vector Laboratories Inc.) at 1:1000 dilution 

for 10min at room temperature whereby samples were ready for observation under the 

microscope. Between each stage 3x5min washes in PBS were carried out. For astrocyte 

samples, DAPI was added at 1:2500 dilution as well as Cellmask 647 membrane stain 

(Sigma Aldrich) at 1:1000 dilution in a PBS 10% goat serum (Gibco BRL) solution for 10 

minutes at room temperature whereby samples were ready for observation under the 

microscope. Between each stage 3x5min washes in PBS were carried out. 

4.2.15 ELISA Assays 
The methods used here were identical to those described in Section 3.2.7. 

4.2.16 Statistical Analysis 
All data is expressed as mean ± standard deviation. T-tests or 2 way anova tests were 

performed where appropriate with p<0.05 being viewed as significant. 
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 Results 
 
4.3.1 Fabrication of Microchannels 
GelMA is a biocompatible photocrosslinkable hydrogel that has been shown to support 

cell growth when cells are in contact with its surface or encapsulated within its 

structure159. It is also an interesting material for drug delivery applications as its porous 

structure can be fine-tuned to control the rate of drug release into the surrounding 

environment160,161. By optimising the photocrosslinking time, mechanical properties of 

the gel can also be exploited to easily fabricate and retain microchannels within the 

structure. The concept and process for fabricating this system is illustrated in Figure 4.1.  

 

 

 

 

 

 

Figure 4.1. Construction of dual-layered microfluidic system and its concept. A) 

Schematic diagram illustrating the concept of the transformation from dry insertion 

state to drug delivering implantation state. B) Preparation procedure of 

microchannel in GelMA hydrogel construct surrounded by microporous PDMS 

membrane.  
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Before the hydrogel system design could begin, the sacrificial fibre fabrication method 

needed to be selected. Initially, 250µm and 500µm agarose fibres were printed using a 

glass capillary system. A 4% concentration of agarose in PBS was chosen as higher 

concentrations would not be drawn into the glass capillaries easily and lower 

concentrations resulted in more breakable fibres. This technique had some success 

when printing simple straight channels on non-dried systems (Fig. 4.2A). However, once 

loop systems were utilised and gels had been dried and reswollen, fibres were 

repeatedly breaking inside the gel instead of being removed as a result of the added 

force required. The addition of Triton-X to the solution in various concentrations had no 

effect on the removal success. The fibres were also shrinking and deforming during the 

drying stage resulting in a smaller microchannel (Fig. 4.2B). 

Figure 4.2. Agarose microchannel optimisation. A) 250µm microchannel formed by 

removal of 4% agarose fibre and successfully filled with dye; B) Cross-section of 

microchannel post drying and reswelling stage showing shape formation and 

shrinkage.   
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As the objective is to bioprint these fibres in exact configurations in future, an alginate 

bioprinting system was also explored. A biaxial needle system allowed Calcium Chloride 

to be printed alongside the alginate itself causing it to crosslink in situ. There were 

several problems with this. In order to allow the fibre to print where it was supposed to, 

the rate needed to be slowed to a point where the fibre was unevenly printing (Fig. 

4.3A). As well as this, printing directly onto the hydrogel was not possible as there was 

not sufficient traction to anchor the fibre resulting in it sliding along the surface as the 

printing path was followed. Finally, hair was investigated as an option as it is strong and 

flexible and so can be easily manipulated into any shape. It retained a constant thickness 

of 80±16μm channel that was unaffected by the drying and reswelling stage (Fig. 4.3B). 

It tended to float to the top of the hydrogel so crosslinking of the hydrogel had to be 

completed in two halves to ensure the anchorage of the fibre in the middle of the gel. 

The addition of 100μm microconnectors to the mould ensured exact placement of fibre 

and allowed easy precise filling of the microchannels. 

Figure 4.3. Alternate sacrificial fibre formation strategies. A) Bioprinted alginate fibre 

exhibiting uneven nature; B) Hair showing uniform diameter. 
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4.3.2 Hydrogel Optimisation 
In addition to optimising the properties of the sacrificial fibre, the properties of the 

hydrogel also affected the microchannel structure integrity over an extended period of 

time. Concentrations of below 5% GelMA resulted in channels leaking and not being able 

to retain their shape after a number of days of infusion (Fig. 4.4A). It was also important 

to ensure that a loop system could be easily created and the channel filled successfully 

(Fig. 4.4B) as highly crosslinked gels (10% GelMA, 40s UV) broke when more complex 

shaped fibres were removed.    

Figure 4.4. Microchannel integrity in GelMA. A) Demonstration of microchannel 

failure in weak GelMA gel; B) successfully filled looped microchannel.   

During the developmental process it was also noticed that the drying and reswelling 

stages were having an adverse effect on the integrity of the hydrogel, particularly if they 

were left for more than 3 days in the dry state. After these preliminary studies had been 

carried out, three different hydrogel formulae were investigated: 5% GelMA, 10% 

GelMA and 10% GelMA/2%PEG. The addition of the PEG as a long chain crosslinking 

monomer between GelMA chains was to provide extra crosslinking and resistance to 

cracking upon drying. Firstly, their mechanical properties with varying degrees of 
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photocrosslinking post drying and reswelling were analysed. The compressive moduli of 

5% GelMA, 10% GelMA and 10% GelMA/2% PEG were 2.83±0.40kPa, 3.26±0.45kPa and 

6.41±0.67kPa, respectively (Fig. 4.5A). The reswelling profiles of the three formulations 

were also assessed in order to ascertain if they would exert undue pressure on the brain 

and if their reswell time had the potential to be problematic in surgery as sometimes 

implants have to be removed and reinserted several times during this time162. All three 

formulations had a similar reswelling profile with total reswell within 4hr in PBS (Fig. 

4.5B).  

Figure 4.5. Hydrogel optimisation. A) Compressive modulus of three different 

concentrations of GelMA/PEG hydrogel composites (n=6). B) Reswelling profiles of 

three different concentrations of GelMA/PEG hydrogel composites (n=5).  

The thicknesses of the gels in their dry state were 210±40µm, 430±20µm and 350±20µm 

respectively. After 72hr drying in air, 10% GelMA/2%PEG was the only formulation which 

remained entirely crack free in all samples. SEM images taken of this hydrogel (Fig. 4.6) 
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show the porous structure of the gel with pores of 90±37µm in diameter, as measured 

across 3 different cross-sectional images. 

Figure 4.6. SEM image showing GelMA/PEG porous structure. 

4.3.3 PDMS Membrane Construction 
Particularly at lower concentrations, GelMA can degrade quickly over time and diffusion 

through the gel can be quick163. For these reasons, as well as preventing excessive 

reswelling post-insertion and allowing even greater control over the drug release, a 

porous PDMS membrane layer was added to the microchannel containing GelMA gel. 

PDMS is also non-toxic and non biodegradable164,165 and the reduced surface area for 

diffusion through the hydrogel based microfluidic system further slowed the release of 

active molecules. The spin coating process over the silicon wafer with a pillar system 

created a porous membrane, the spacings and sizes of which could be manipulated. One 

recurring problem was ensuring that all pores were fully open as often excess PDMS 

resulted in pits being formed instead of pores (Fig. 4.7). An extra stage of removing any 

excess PDMS post spincoating using a glass slide was added to the protocol at this point. 
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Figure 4.7. PDMS Membrane formation. Microscope image showing open pores 

(dark) and closed pits (light). 

The technique to combine the hydrogel layer with the PDMS membrane also had to be 

carefully thought through. Plasma bonding was a suitable method by which to do this as 

it is relatively simple, results in a strong bond and negates the need for glue or extra 

chemicals122. GelMA cannot be activated by oxygen even in its dry state so a thin mould 

of PDMS was left surrounding the dry GelMA which could be activated and bonded with 

the membrane. However, the membrane itself was too thin and fragile to be utilised in 

the plasma bonder alone, so a method of anchoring the membrane in some way became 

necessary. A method of partially curing PDMS membrane frames which could then be 

pressed onto the PDMS loaded wafers and added to the oven to completely cure was 

devised. This ensured the membrane could not only be safely placed in and sufficiently 

activated in plasma bonder but also be easily removed from the silicon wafer mould 

without tweezers or the risk of ripping in the first place (Fig 4.8). This thicker frame could 

be removed at a later stage to minimise the thickness of the whole system.  
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Figure 4.8. Construction of PDMS membrane and frame. Schematic demonstrating 

addition of partially cured PDMS frame to membrane pre-curing. 

 

4.3.4 Chip Development 
Once the individual properties of the dual layered microfluidic system had been 

designed it was time to devise something we could use for our cell experiments. The 

chip itself was designed as a square piece with one single cylindrical microchannel of 

80±16μm through the hydrogel in order to simplify the calculations for diffusion (Fig. 

4.9A). The appearance of the chip itself as well as the microchannel and porous 

membrane under the microscope are shown in Fig. 9B-E with the hydrogel stained 

green. 

4.3.5 Diffusion through the Scaffold 
In order to calculate the diffusion co-efficient of potential anti-inflammatory factors 

such as drugs and interleukens through our system, FITC-Dextran with various molecular 

weights (MW) was used. DEX is a commonly used anti-inflammatory drug, particularly 

at the acute stage of inflammation and has a MW of 392Da82,91,157 . FITC isomer has a 
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MW of 389Da and was used as a model for DEX and other small drugs. Interleukens are 

a family of cytokines involved in the inflammatory process and some of these, such as 

IL-4, have been shown to have anti-inflammatory effects94,96. IL-4 has a MW in the range 

of 12-20kDa, so FITC-Dextran with 20kDa MW was chosen as a model for this cytokine, 

with tests also being conducted with 40kDa FITC-Dextran as a model for larger proteins 

that may be investigated at a later date. In order to calculate the diffusion co-efficient 

for these FITC based molecules, sample chips were placed under the fluorescent 

microscope and a single injection of the substance was added to the microchannel (Fig. 

4.10A). The channel and its surrounding area were imaged every 2min until the dye had 

diffused throughout the chip (Fig. 4.10B). 

Figure 4.9. Chip design optimisation. A) Schematic of chip design B) Top view of 

sample chip with GelMA/PEG section stained green C) Top view of chip showing 

100μm channel and 100μm pores D) Cross sectional view of sample chip E) SEM 

image of PDMS membrane with 100μm pores with 400μm spacing. 
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Figure 4.10. Diffusion profiles of FITC variants with different molecular weights 

through chip system. A) Schematic of tests to show diffusion: optical set-up using 

microscope images and quantification using nanodrop to measure diffusion into a 

PBS reservoir. B) Optical images over time of FITC-Dextran (40kDa MW and 20kDa 

MW respectively) and FITC isomer (389Da MW) showing effect of molecular weight 

on diffusion time. 

Change in fluorescent signal at a fixed point outside the channel was quantified using 

Image J and a diffusion co-efficient was calculated via the diffusion equation listed in the 

methods section and verified using the gradient of the plot of all the points on the graph 

(Fig. 4.11).  
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Figure 4.11. Diffusion profiles of FITC variants with different molecular weights 

through chip system. Progression of fluorescent signal is measured at a fixed point 

as FITC diffuses through hydrogel system to calculate diffusion co-efficient D. 

The diffusion co-efficient is a useful measure of diffusion through a substance, however, 

the diffusion of the anti-inflammatory factors through the whole chip including the 

porous PDMS membrane and into the brain tissue on the other side is actually more 

relevant to our studies as this will allow us to specifically target different points in the 

inflammatory process with our molecules in future. This was calculated by adding a PBS 

reservoir on top of the chip (which was held in the PDMS frame surrounding the 

membrane) into which the FITC variants could diffuse over time. Samples of this PBS’s 

fluorescence were measured using the nanodrop at regular intervals and the entire PBS 

reservoir was replaced to maintain sink conditions similar to those in the brain. 

Concentration of the FITC present was plotted against time at 24hr intervals to identify 

peak release from the system and allow understanding of the release profile (Fig. 4.12A).  
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The 40kDa FITC-Dextran had its peak release at 48hr with both 20kDa and 40kDa FITC-

Dextran still being released from the system up to four days after the initial infusion 

through the microchannel. As the release of FITC isomer and 20kDa FITC-Dextran both 

peaked at 24hr or before, the experiment was repeated with 8hr time points (Fig. 12B). 

This showed the initial release of the 20kDa FITC-Dextran was steady over the first 24hr 

and there was minimal burst release of the FITC isomer. 

 

Figure 4.12. Diffusion profiles of FITC variants with different molecular weights 

through chip system (n=6). A) Quantity of FITC diffused through system at 24 hr time 

points showing 40kDa FITC-Dextran has peak release after 48hrs B) Quantity of FITC 

of different molecular weights diffused through system at 8hr time points as 

demonstrating steady release over 24 hours and minimal burst release.  

4.3.6 Brain Model Development 
Once the drug delivery chip had been designed and optimised, a cellular model for 

neural tissue was required. As microglia are the first response to any injury in the brain, 

moderating their response can affect the whole chain of inflammation events19. 

Microglia are sometimes referred to as the macrophages of the brain as they carry out 
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many of the same duties that macrophages carry out in the rest of the body138. Microglia 

are very difficult to harvest and purify without having other remaining cell types 

whereas macrophages can be formed from monocytes using a well-established cell line 

THP-1. As both microglia have the ability to differentiate into M1 or M2 phenotypes, 

which correspond to pro-inflammatory and anti-inflammatory macrophages 

respectively, monocytes are a suitable model for investigating the effects of a drug 

delivery profile on the brain18,139,140. In order to create a more brain-like environment 

and allow longer survival of the cells, GelMA was used as a 3D scaffold to imitate the 

brain like extracellular matrix. The photocrosslinkable nature of this hydrogel allowed 

the fine-tuning of the mechanical properties to mimic brain tissue as 20s UV light 

exposure resulted in a compressive modulus of 1.27±0.17kPa which is similar to brain 

tissue166(Fig. 4. 13). 

Live/dead analysis of the encapsulated monocytes at these conditions was carried out 

at day 1 and day 7 of encapsulation without drug delivery treatment (Fig. 4.14). The 

green stain show the live cells and the red the dead cells with over 90% cells remaining 

viable at day 1 and over 80% at day 7.  
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Figure 4.13. Mechanical properties of in vitro brain model. Compressive modulus of 

monocytes encapsulated in 5% GelMA photocrosslinked with varying UV light 

durations indicates 20s as optimum time for similar mechanical properties to brain 

(n=5). 

Figure 4.14. Survival of monocyte cells encapsulated in 5% GelMA system as an in 

vitro model for brain immune response. A) Monocytes stained using calcein (green) 

for live cells and ethidium homodimer-1 (red) for dead cells showing minimal cell 

death during procedure at day 0. B) Monocytes stained using calcein (green) for live 

cells and ethidium homodimer-1 (red) for dead cells showing minimal cell death 

during procedure at day 7. 
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4.3.7 Chronic Studies: Monocyte Model 
Once the monocyte model had been created, different test conditions for the drug 

delivery profile had to be designed. The profiles chosen are shown in Table 1 with all 

except the negative control receiving an initial infusion of DEX or IL-4 and three of those 

then receiving twice weekly infusions of either DEX or IL-4. 

 Table 4.1. Drug delivery profile of each test condition for chronic 3 week study. 

 

Firstly, samples were analysed for cell survival, which was quantified using Image J (Fig. 

4.16A). As is apparent in the microscope images themselves, the samples from week 1 

(Fig. 4.15A-E) have significantly better cell survival than those at week 2 (Fig. 4.15F-J).  

When quantifying the ratio of cells with M2 (green) pro-healing versus M1 (red) pro-

inflammatory phenotype, the negative control showed an increase from week 1 to week 

2 without any infusion of anti-inflammatory factors (Fig. 16B). At week 2, the negative 

control statistically had the same ratio of M2:M1 cells as the samples with only one 

infusion of IL-4 and was performing better than those with repeated injections of DEX. 

By week 2 both conditions which involved repeated injections of IL-4 resulted in 

significantly increased ratios of M2:M1 macrophages, with the IL-4 initial and IL-4 follow 

up injections samples increasing the ratio 6 fold versus the negative control at this time 

point. In order to strengthen these findings, the next stage was to repeat the tests with 

Delivery Profile A B C D E 

Initial Infusion None 
(NC) DEX IL4 DEX IL4 

Repeated 
Infusion None DEX+ None IL4+ IL4+ 
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primary astrocytes (the main cell type in a glial scar) and carry out immunoassays for 

released inflammatory cytokines.    

Figure 4.15. Phenotype of monocytes after different drug delivery profiles through 

hydrogel system. Immunostaining of CD206 (green) as an M2 macrophage, nuclei 

(blue), and 27E10 (red) as an M1 macrophage at week 1 for profiles listed in Table 1 

A) delivery profile A; B) delivery profile B; C) delivery profile C; D) delivery profile D; 

E) delivery profile E and for week 2 for F) delivery profile A; G) delivery profile B; H) 

delivery profile C; I) delivery profile D; J) delivery profile E. 

Week 1    Week 2 
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Figure 4.16. Quantification of macrophage survival and phenotype A) Surviving cell 

count at weeks 1 and 2 determined by percentage DAPI staining evident B) Ratio of 

M2/M1 differentiated macrophages for all delivery profiles at 1 and 2 weeks 

indicating that repeated infusion of IL4 significantly increases the presence of pro-

healing M2 macrophages (n=4, average of 5 images per sample quantified). 

4.3.8 Chronic Studies: Astrocyte Model 
In contrast to the monocyte cell results, there was no evidence of significant cell death 

between weeks, which resulted in tests being run for three weeks rather than two. By 

the end of three weeks, both the negative control and the samples with DEX injections 

only had some astrocytes with long extended features but no evidence of a strong 

network of cells (Fig. 4.19A and B). The samples with a single injection of IL-4 showed an 

increased number of living cells with a more substantial network (Fig. 4.19C), however, 

the samples with repeated IL-4 injections clearly had the healthiest networks of 

astrocyte cells (Fig. 4.19D and E). Attempts were made to quantify the inflammation of 

cells using GFAP marker but the staining was minimal and inconsistent (Appendix 2). 
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Figure 4.17. Confocal stacks of astrocytes after 3 weeks of different drug delivery 

profiles through hydrogel system. DAPI staining (blue) for nuclei and Cell Mask 649 

(red) for cell structure A) delivery profile A, B) delivery profile B, C) delivery profile C, 

D) delivery profile D, E) delivery profile.  

ELISA immunoassays were also used to calculate the expression of inflammatory 

markers from the cell encapsulated hydrogels at week 1 and week 3. TNF-α is often 

viewed as the most consistent and unambiguous marker for cell inflammation and its 

release from samples was measured at week 1 and week 3 (Fig. 4.20A). There was no 

significant difference between samples at one week and three weeks indicating that 

inflammation is stable throughout this period. The negative control (profile A) had 

significantly increased inflammation versus those with an IL-4 injection, DEX and a 
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repeated IL-4 injection and IL-4 repeated injections only with p values of 0.03, 0.0004 

and 0.0002 respectively. Repeated DEX injections did not cause significant changes in 

inflammation versus the negative control or the IL-4 single injection, however, both DEX 

(p=0.02 and p=0.03) and IL-4 single injections (p= 0.01 and p=0.02) had significantly 

higher amounts of TNF-α released than either of the repeated IL-4 injected samples. 

There was no significant difference in the repeated IL-4 injections between those 

injected with DEX or IL-4 initially. IL-6 is another marker of inflammation and its 

expression was also measured at 1 and 3 weeks (Fig.4. 20B). There were no significant 

changes in inflammation between the negative control, the repeated DEX injections or 

the IL-4 single injection. All samples with repeated IL-4 injections had significantly 

reduced release of IL-6 versus the negative control (p=0.01 and 0.003) or the repeated 

DEX injected samples (p=0.04 and p=0.002).  

Figure 4.18. Pro-inflammatory marker release from astrocytes after 3 weeks of 

different drug delivery profiles through hydrogel system A) TNF-α at Week 1 and 3; 

B) IL-6 at Week 1 and 3 (n=4). 
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 Discussion 

The concept of the dual layer system is to minimise the brain’s inflammatory reaction 

through a variety of key features as well as providing steady release of anti-inflammatory 

factors. It involves a drying stage to minimise the size and increase the stiffness of the 

implant for easy insertion. It also allows reswelling of the coating on insertion which 

could reduce the damage to the surrounding tissue caused by micro-motion of the 

electrode as well as making the electrode surface more mechanically compliant and 

similar to brain tissue. The multi-faceted nature of such a design meant that every stage 

of material choice and fabrication design needed careful analysis. 

The contraction of agarose derived microchannels during the drying stage of fabrication 

could be an advantage when looking to miniaturise the system, however, it does affect 

the reproducibility of the microchannels. Overall, they had limited potential for success 

in this system due to high breakability, particularly in their post drying and reswelling 

state or in complex architectures. Alginate suffered similar reproducibility problems 

with fibres being uneven and although bioprinted, could not adhere to where they were 

printed in the hydrogel and often had to be repositioned manually. For this reason, the 

utilisation of hair as a strong and consistently small diametered fibre was ideal for this 

application. In future this could be replaced by a similar polymer fibre with precisely 

defined properties. 

The hydrogel selection process highlighted the necessity for a strong enough 

formulation to retain the microchannels through all processing steps without excessive 

crosslinking resulting in sacrificial fibres being too difficult to remove when required. As 

the compressive modulus of brain tissue is around 1kPa166 all 3 of the formulations 
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investigated were strong enough to resist deformation by the brain tissue itself whilst 

not being so stiff that they caused a mechanical mismatch between the implant surface 

and the brain which has been shown to increase the brain’s immune reaction to 

implants57. The reswelling profiles of all formulations were similar and should result in 

better anchorage of the implant post insertion, reducing damage due to micromotion48. 

As 10%GelMA/2% PEG was the only formulation to remain crack free throughout all 

drying and reswelling processes it is presumed that the long chain crosslinking monomer 

is situated between GelMA chains and provides extra crosslinking and therefore 

resistance to cracks. For this reason, as well as its thickness of only 350±20µm in the dry 

state, this formulation was chosen for the chip. 

The PDMS membrane was added to the system to prevent degradation of the system 

and to slow down diffusion over time. A membrane with 100µm pores with a 400µm 

spacing was utilised for this purpose but smaller pores or different configurations could 

be used in future. 

All elements of the dual layered drug delivery system were brought together in the form 

of a simple square chip in order to test the drug delivery profiles of different potential 

anti-inflammatory factors. Fluorescently labelled molecules allowed the simple 

quantification of diffusion over time with different molecular weights of FITC-Dextran 

and the FITC isomer being used to represent cytokines and small drugs. As the molecules 

have no charge and their MW is directly related to the hydrodynamic radius which 

affects their diffusion, this is often used as a quantification method167.     
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Both 40kDa and 20kDa FITC-Dextran could be released for up to four days, which 

allowed infusion profiles for cell testing to be twice weekly to ensure cells would have a 

constant supply of our anti-inflammatory factors delivered to them. The 40kDa FITC-

Dextran’s delayed peak release at 48hr is something that could be utilised when trying 

to release factors at precise stages of inflammation reaction for an optimised drug 

delivery profile in future. The repeated trials with 8hr timepoints for the smaller 

molecules confirmed the steady release of 20kDa FITC dextran over this period and also 

showed minimal burst release of even the small drug molecule model FITC isomer. As 

burst release profiles are a common problem in drug delivery systems, this indicates that 

this system could release factors in a much more controlled method than previous 

studies76,83,85. These results showed an interesting contrast to the simple diffusion co-

efficient calculated optically through the hydrogel, where the co-efficient for 20 and 

40kDa FITC-Dextran were not significantly different. This may be due to the addition of 

the porous PDMS membrane to the system or the diffusion co-efficient only looking at 

2D diffusion but emphasises the importance of setting up experiments that really mimic 

the conditions you will see in vivo. It is also important to note that drug dosages were 

selected based on previous work whereby drugs were administered directly to cell 

culture system. Further optimisation could be carried out in order to determine a graded 

concentration-response curve and to determine the initial infusion dose required to give 

the desired response once the drug has traversed the system. 

In order to allow monocytes to survive for weeks in in vitro experiments and to exist in 

a more brain-like environment, they were encapsulated into a 5% GelMA hydrogel that 

could be contained by the chip’s membrane frame to ensure direct contact during tests. 
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The photocrosslinking properties of GelMA allowed the fine-tuning of the mechanical 

properties to mimic brain tissue as 20s UV light exposure resulted in a compressive 

modulus of 1.27±0.17kPa which is similar to brain tissue166. Live/dead tests also showed 

that the cells showed good survival over 1 week as more than 80% of cells were still 

viable at this stage. 

However, during chronic tests with our different drug delivery profiles, it was clear that 

samples from week 1 had significantly better cell survival than those at week 2. This may 

be due to the sample brain model thickness of 600μm being too thick to allow nutrients 

to pass through the gel, particularly at such a high density of 6 million cells/ml. The 

negative control which had no infusion of anti-inflammatory molecules had a high 

number of M2 anti-inflammatory macrophages present, implying that the chips 

themselves do not have an adverse effect on the cells. 

Despite the reduction in cell survival and the loss in integrity of samples between weeks 

1 and 2, there were still clear trends in polarisation of the monocytes. Even a one time 

injection of IL-4 improved the ratio of M2:M1 polarisation with repeated injections 

showing significant effects including a six-fold increase for the IL-4 initial and repeated 

infusion profile versus the negative control. The relative lack of success of DEX injections 

was a surprising result as DEX is a well-established anti-inflammatory drug but it may 

have its effect without altering the phenotype of the macrophages. Alternatively, the 

mechanisms of action may be similar to that of IL-4, resulting in complementary action 

when the two strategies are combined – resulting in no measurable reduction in 

inflammation by the addition of DEX. DEX’s mechanisms of action are not clearly defined 

so this would require further testing to confirm. 
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In order to investigate further, the drug delivery trials were repeated with an astrocyte 

brain model (see Chapter 3). In this case the hydrogel system allowed the cells to survive 

easily for a 3 week period so cell networks were only imaged as this was the latest 

timepoint measured and can be considered a chronic stage of inflammation40. The 

improved cell survival may be due to the robust nature of astrocyte cells, an increase in 

GelMA strength of surrounding material or most likely is a reflection of the reduced cell 

seeding density of 1 million cells/ml which ensured all cells would receive more 

nutrients. Again, the microscope images show the positive effects IL-4 had on creating a 

healthy network of astrocytes. The ELISAs for TNF-α showed no significant difference in 

the repeated IL-4 injections between those injected with DEX or IL-4 initially, which 

implies that it is the repeated nature of IL-4 injections causing the reduction in 

inflammation over the three week period as they have the lowest values. 

Interestingly, there was no significant difference in IL-6 release between any of the 

repeated IL-4 injections or a single IL-4 injection which implies that the first few days of 

inflammation may be the most significant for this cytokine. Overall both TNF-α and IL-6 

release data shows that repeated injections of IL-4 could be used to reduce the 

inflammatory response of brain tissue to an electrode over time, although it must be 

noted that TNF-α expression did still slightly increase between week 1 and 3.  
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 Conclusions 

The previous chapter has indicated that the reduction of the brain’s inflammatory 

response to an implant could not be controlled by surface topography alone and that a 

more aggressive strategy to realise the second objective of this thesis was required. This 

chapter has reported on the findings of the experiments undertaken as part of this 

study. These experiments took the form of designing a drug eluting coating capable of 

delivering anti-inflammatory factors to brain tissue for weeks rather than days and 

required several stages of optimisation and assessment and in doing so, the chapter 

provides answers to research questions 3 and 4.  

Firstly, a dual layered microfluidic system was developed. It can be inserted in a thin dry 

state and then be held firmly in place by its own reswelling, protecting the brain against 

damage caused by micromotion of the probe. This system consists of an 80±16μm 

channel created by a sacrificial fibre in a thin GelMA-PEG composite hydrogel 

surrounded by a PDMS membrane with a microporous structure, which can be dried to 

350±20µm thickness propagating increased stiffness for easy insertion. Next, it was 

established that the system can easily be infused with a range of anti-inflammatory 

factors at body temperature for a period of at least three weeks without degradation. 

Furthermore, the system allows the slow steady release of cytokine like molecules for 

at least four days and shows minimal burst release of small drug like molecules. This 

allowed a test profile of varying combinations of IL-4 and dexamethasone to be 

designed. 
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Once the system had been shown to successfully deliver multiple factors long term, a 

brain-like cell model needed to be developed in order to assess the potential of these 

anti-inflammatory factors to reduce inflammation of the brain chronically. Hydrogels 

encapsulated with monocytes were developed and were able to last in an in vivo 

mimicking environment for a minimum of 2 weeks. The previous astrocyte hydrogel 

model also allowed survival of cells for up to 3 weeks. Finally, upon delivery of the anti-

inflammatory profiles, the repeated infusion of IL-4 caused both an upregulation in M2-

induced macrophages over 2 weeks and a down regulation of both TNF-α and IL-6 in 

astrocytes over a 3 week period. DEX infusion had no effect on either of these measured 

outputs, however, further work must be done to assess the mechanisms of DEX’s anti-

inflammatory effects as these are well recognised elsewhere in the body.  

In summary, this chapter answered research question 3 by showing that a dual-layered 

microfluidic system was capable of delivering anti-inflammatory factors with steady 

release for up to 96hrs and that these infusions could be repeated easily over 3 weeks. 

The chapter also answered research question 4 by showing that these infusions resulted 

in improvements in anti-inflammatory effects in vitro – which in turn strongly implies 

that repeated infusions of anti-inflammatory factors like IL-4 for weeks via this 

microfluidic system could be utilised in the future to reduce the formation of a glial scar 

around neural implants. The final experimental chapter will involve determining the 

dimensions of a probe that are required to successfully deliver therapeutic 

temperatures to the depths required in the human brain and optimising such a system 

in order to address the final two research questions and achieve the thesis’s first 

objective.   
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5 An experimentally validated Thermal Model for 
Cooling Neural Probes 

 

 Introduction 
 

Cooling has long been a method employed in healthcare to reduce damage to tissue. 

Reducing the body temperature of patients after cardiac arrest when blood flow to the 

brain has temporarily stopped is now common practice. This is known as Targeted 

Temperature Management or Protective Hypothermia and functions by mitigating 

neuronal damage and  The potential of neural probes to offer therapeutic cooling was 

first highlighted in the 1980s.107 However, no studies have attempted to ensure 

sufficient cooling below brain temperature can reach the depths of the human 

hippocampus and sub thalamic nucleus, where the majority of interventions are needed 

for debilitating neural conditions12,26,168. The exact temperature of brain tissue required 

to deliver therapeutic advantages is reported as being anywhere between 20-30°C, with 

discrepancies in the difference between the cortical surface temperature and the 

resulting target area temperature of approximately 5°C.109,110,112,113,115,169 For this 

reason, a 10°C drop in temperature between the probe tip temperature (27°C) and the 

brain tissue (37°C) was selected as an initial target. 

Despite the shift in research towards electrically stimulating probes for DBS, some 

studies have been carried out to demonstrate the potential of alternative focal cooling 

techniques in animal models. One such study designed a probe system for cooling the 

forebrain of the zebra finch via a Peltier thermoelectric module133. Derived heat transfer 

equations describing the system were utilised to analyse and optimise the effects of 
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variable parameters before validation experimentally. A probe with a total diameter of 

800µm consisting of a silver probe with a polyimide tube as coating with an entrapped 

layer of air was used due to its low thermal conductivity. A core with two thirds the inner 

diameter of the polyimide tubing, the remaining third being the air gap, produced 

optimal cooling. For a distance of 2mm into the brain, these devices were able to cool 

the tip of the probe by 11°C as a result of the 15°C temperature drop at the Peltier 

device. 

Another interesting thermal model of a DBS electrode was devised by Elwassif et al 

(2006) in Comsol® in order to assess the effects of joule heating on the surrounding brain 

tissue during periods of electrical stimulation134. They found that temperature of the 

brain tissue could be increased by 0.8°C during periods of high stimulation and 

prolonged durations of stimulation exacerbated these outcomes. Although not 

increasing to a dangerous level, it was noted that temperature increases of 1-2°C could 

affect neuronal function and advised the design of DBS electrodes to take this potential 

effect into account when specifying maximum operating ranges. Although no 

experimental validation was carried out, their work demonstrated the design of a simple 

finite element method (FEM) model of a neural probe and the characterisation of 

important effects. 

This chapter presents the numerical and experimental work carried out to assess the 

viability and performance of a cooling probe capable of reaching the hippocampus and 

subthalamic nucleus in humans. An FEM model was used to assess the optimal ratio of 

a thermally conductive core to insulating coating within a 2mm probe to deliver the 

maximum cooling to brain tissue 10cm deep. Once this was established, the model was 
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used to determine the minimum temperatures that can be achieved 10cm into the brain 

using a 2mm diameter probe with prospective insulating coatings. These results were 

used in equations to choose a Peltier cooling device and heat sink set up to achieve this, 

before validating the model experimentally. Once the model was validated, it was used 

to predict the required thicknesses of conducting core and insulating coating material 

to reach specific target temperatures.  
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 Methods 
 

5.2.1 Probe Design 

 

Figure 5.1. Design and components of a Peltier cooled neural probe, defining 

all temperature differences to be used throughout this chapter. The probe 

consists of two parts which will be referred to as core or insulation, probe 

refers to the combination of the two. 

The probe consists of a conduction core and thermally insulating layer connected to a 

Peltier chip. An electric current passes through the Peltier and generates a cold 

temperature at one plate and a hot temperature at the other. The probe is connected to 

the cold plate via a heat spreader and the hot plate is cooled via a heat sink. Probe 

diameter dimensions are referred to in terms of the ratios of core:insulation as outlined 

in Table 5.1. The probe length is a constant 10cm for all trials. 
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Table 5.1 Ratios of probe to insulation according to their total probe diameter. 

 

5.2.2 Probe Comsol® Model 
A steady state heat transfer model was developed using Comsol® 4.3. As the probe is 

cylindrical and therefore exhibits symmetry through the centre of the probe, it was 

modelled using 2D axisymmetric methods. The core was made of silver due to its high 

thermal conductivity and inert nature, with models using HA and PDMS of various 

thicknesses as the insulating coating as well as an uninsulated control. Brain tissue was 

modelled as a solid with a thermal properties from the literature133. The design utilised 

for the model is outlined in Figure 5.1 and include a copper heat spreader, with an 

insulating poly(methyl methacrylate) (PMMA) layer as cold plate insulation between the 

copper and the brain. Temperature boundary conditions were set as 37°C for the brain 

temperature at 5cm distance from the probe in any direction to represent the brain 

temperature as an infinite solid with the ability to constantly maintain a temperature of 

37°C due to vascularisation of tissue. The cold plate temperature was a variable input 

above the heat spreader in order to identify different temperature profiles. The Comsol® 

configuration is shown in Figure 5.2. 

Probe Total 

Diameter (mm) 

3:1 

core:insulation 

dimensions (mm) 

1:1 

core:insulation 

dimensions (mm) 

2:3 

core:insulation 

dimensions (mm) 

2 1.5:0.5 1:1 0.8:1.2 

3 2.25:0.75 1.5:1.5 1.2:1.8 

4 3:1 2:2 1.6:2.4 

5 3.75:1.25 2.5:2.5 2:3 

6 4.5:1.5 3:3 2.4:3.6 
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Figure 5.2. Initial model dimensions in Comsol®. 

 

5.2.3 Thermoelectric Module and Heat Sink Design 
Thermoelectric modules and the required heat sink parameters are modelled using the 

Peltier manufacturer’s specifications and the heat flux magnitude calculated from 

Comsol® and the following heat transfer equations readily available in the literature170:  

 𝑍𝑍 =  
2∆𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚

(𝑇𝑇ℎ−2∆𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚)2
  (5.1) 

 𝑆𝑆𝑚𝑚 =
𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚
𝑇𝑇ℎ

 (5.2) 

 
𝐾𝐾𝑚𝑚=

(𝑇𝑇ℎ − 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚)𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚
2𝑇𝑇ℎ∆𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚

 
(5.3) 

 
𝑅𝑅𝑚𝑚=

(𝑇𝑇ℎ − 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚)𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚
𝑇𝑇ℎ𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚

 
(5.4) 

        𝑄𝑄 𝑐𝑐 = 𝑆𝑆𝑚𝑚𝑇𝑇𝑐𝑐𝐼𝐼 − 0.5𝐼𝐼2𝑅𝑅𝑚𝑚 − 𝐾𝐾𝑚𝑚∆𝑇𝑇 (5.5) 
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 𝑉𝑉 = 𝑆𝑆𝑚𝑚∆𝑇𝑇 + 𝐼𝐼𝑅𝑅𝑚𝑚 (5.6) 

 𝑅𝑅𝐻𝐻𝐻𝐻 =
𝑇𝑇ℎ − 𝑇𝑇𝑚𝑚
𝑄𝑄𝑐𝑐 + 𝑄𝑄𝑝𝑝

 (5.7) 

 

Where: TC is cold side temperature, Th is hot side temperature, Ta is the ambient 

temperature, QC is the heat pumped at the cold side of the Peltier, Qp is the power 

input for the Peltier, ΔTmax is the maximum temperature difference between the 

plates, I is current, V is voltage, Z is the figure of merit for the Peltier, Sm is the device’s 

Seebeck resistance, Rm is the device electrical resistance, Km is the device thermal 

conductance and RHS is the thermal resistance of the heat sink. 

5.2.4 HA Dipcoating 
A slurry consisting of 30% HA (Sigma Aldrich), 20% de-ionised (DI) water, 50% ethanol 

(Sigma Aldrich), 3% polyethylene glycol (Sigma Aldrich) and 7% Glycerol (Sigma Aldrich) 

was homogeneously mixed in an ultrasonic bath for 1hr. A 100mm long silver wire 

(99.99% annealed, Advent Materials) was dipped in the slurry and removed at a rate of 

200mm/min before drying in a furnace (Lenton, Hope, UK) at 150°C for 30min. Once the 

sample had cooled, this practice was repeated 4 times before a final sintering stage at 

750°C for 3hr. Average thicknesses of the coatings were measured using Vernier Calipers 

at 4 points along each probe. HA’s conductivity can be analytically calculated using 

values of porosity and density, however, these values are not always accurate and 

porosity and density values themselves are difficult to assess. It can also be determined 

experimentally using precise dimensions and conduction of a known temperature 

gradient across resistors. However, the dipcoated coatings were unable to be separated 
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in one piece from the probes or a plate they were coated onto so an average value was 

taken from the literature119,120,171.  

5.2.5 PDMS Coating 
PDMS (Sylgard 184, Dow Corning) was mixed at 10:1 ratio with its curing agent and 

allowed to rest for 1hr to ensure there were no remaining air bubbles entrained in the 

liquid. The PDMS was then poured into a petri dish to the required depth and partially 

cured in oven at 60°C for 20min. A partially cured strip with 20mm diameter was 

removed from the dish and wrapped vertically or diagonally around the silver wire 

leaving 5mm exposed at the tip before returning to the oven for a further 40min to 

complete the curing process. The conductivity of PDMS was taken from the literature147–

149. 

5.2.6 Brain Analogue 
A porous plant foam (Amazon) was utilised as a thermal model for brain tissue as it could 

be saturated with 37°C water resulting in similar thermal properties to those of brain 

tissue. It still retained excellent mechanical properties when saturated allowing probe 

insertion and support of the device. 

5.2.7 Scanning Electron Microscopy (SEM) 
All images were captured using a Zeiss Ultra Scanning Electron Microscope (Carl Zeiss 

Microscopy, Jena, Germany) following surface coating with gold-palladium using a 

sputter coater (Cressington Scientific Instruments, Watford, UK). 

5.2.8 Experimental Validation 
A schematic of the experimental set up is shown in Figure 5.3. The probe was soldered 

to a copper heat spreader (40mm*40mm) and then coated as required. The copper heat 

spreader was anchored to a Peltier chip with a fan cooled heat sink on the other side 
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using thermal paste.  This probe model was inserted into the brain model encased in a 

3D-printed 100mm*100mm support cage and placed in a water bath at 37°C. The 

current applied to the Peltier device was varied and the temperature of the hot plate, 

cold plate and the tip of the probe recorded using thermocouples and temperature 

probes. 

 

Figure 5.3. Schematic of experimental setup for validation. 
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 Results  
 

5.3.1 Probe Coating 
During preliminary work with HA slurry creation, 10/20/30% HA solutions were tested. 

The 10% slurry did not provide enough HA to allow build-up of layers to a thick coating 

and 30% HA causing clumping of HA and an uneven coat. Further optimisation studied 

a range of 16% to 24% HA whereby 20% was found to be the optimum level for building 

layers of even thickness. In order to achieve thicknesses of 230±22µm, 4 dip coats with 

intermediate sintering stages (to 150°C) were required before final sintering at 750°C. 

Although coatings with a 20% slip solution ensured an even layer per dip, the repeated 

nature of the dips required increased the number of cracks in the coating (Fig. 5.4). With 

two coats of HA only, cracks were not visible to the naked eye, and were less than 20µm 

in width (Fig. 5.4A-C), whereas with 4 coating stages, the cracks were clearly visible, 

more frequent and increased in size to approximately 50µm width (Fig. 5.4D-F). Some 

evidence of aeration was present with bubble outlines of up to 500µm diameter present 

on the surface of the sintered coatings.  

PDMS coating was tackled with 3 main strategies with varying degrees of success. A 

simple dip coat resulted in solidified drips attached to the coating (Fig. 5.5A). A diagonal 

wrap of partially cured PDMS left a tightly would coating with all junctions fused by the 

final curing step, whereas a simple horizontal wrap resulted in a less tight and uniform 

structure (Fig. 5.5B and C). 
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Figure 5.4. SEM Images of HA dipcoated coatings A) 2 coats of HA at 25x 

magnification; B) 2 coats of HA at 100x magnification; C) 2 coats of HA at 600x 

magnification; D) 4 coats of HA at 25x magnification; E) 4 coats of HA at 100x 

magnification; F) 4 coats of HA at 600x magnification.  

 

Figure 5.5. Image of PDMS coated probes A) dipcoated; B) Diagonally wrapped 

partially cured PDMS; C) Horizontally wrapped partially cured PDMS. 

A 

B 

C 
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5.3.2 Probe Comsol® Model: Thickness Ratio 
In order to determine the optimum ratio of thermal conducting core to insulating 

coating, identical 2mm diameter probes were numerically modelled using standard 

dimensions of silver wire as the conducting core, with the remaining thickness consisting 

of HA. A TC of 0°C was initially utilised to compare the cooling capacity of each probe. By 

plotting the temperature profile along the length of the probe, it is clear to see that 

1.5mm and 1.75mm silver probes offer enhanced cooling at the tip, with 33.9°C and 

33.3°C tip temperatures respectively, whereas 0.5mm and 1mm silver probes resulted 

in tip temperatures of only 35.6°C and 36.8°C respectively (Fig. 5.6).  

Figure 5.6. Influence of increasing thicknesses of silver cores between 0.5mm and 

1.75mm on temperature profile along probe length. The lowest temperature at the 

tip is achieved with the thickest silver core (1.75mm). 
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However, the radial temperature profiles along the probe must also be considered in 

order to assess the insulating function of the coating. In order to do this, the radial 

temperature was modelled at the probe mid-point and the probe tip. At the midpoint 

of the probe there is a temperature difference of 1.6°C between the 1.5mm and 1.75mm 

probe at the coating-brain interface – the 1.5mm probe with the added 0.125mm HA 

insulation results in a brain temperature of only 31.4°C compared to 29.8°C (Fig. 5.7). 

Figure 5.7. Influence of increasing insulation thicknesses on temperature radially for 

core diameters of 0.5mm to 1.75mm. The added insulation for the 1.5mm silver core 

results in better insulation along the probe length with a temperature difference 

between the two models of 1.6°C at the midpoint vs only 0.6°C at probe tip. 

5.3.3 Peltier Chip Design 
Before building and validating the model, the feasibility of using a Peltier chip to reach 

the temperatures required had to be assessed using the heat transfer equations listed 



134 

 

in the methods section - calculations which also help design the heat sink system. Figure 

5.8 shows the TC required to achieve a range of ΔTbrain for different core thicknesses for 

a total probe diameter of 2mm. In order to achieve even 4°C cooling at the probe tip, a 

TC of -10°C is required at the cold side of the Peltier with a 1.5mm or 1.75mm core. 

Figure 5.8. Assessment of cold side temperature required to achieve various 

temperature drops at the probe tip for core diameters of 0.5mm to 1.75mm. A 

temperature drop of 4°C requires a TC of -10°C for a 1.5 or 1.75mm core.  

The Comsol® model also offers total heat flux as an output via surface integration 

calculations. Therefore, to cool to the brain by even 4°C with a temperature of -10°C at 

the cold plate, it is necessary to absorb 16.97W of heat at the Peltier surface. The 

equations detailed in the methods section (5.1, 5.2, 5.3 and 5.4) allow the calculation of 

the Peltier properties Z, Sm, Rm and Km using the basic manufacturer defined 

specifications. Utilising these values and fixing the QC value and TC values from the 
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model, it is then possible to vary the theoretical current applied to the Peltier and 

determine the theoretical temperature drop across the Peltier using equations 5.5 and 

5.6. As current increases, so does the power of the Peltier chip and therefore the 

temperature drop across the device increases with a linear relationship (Fig. 5.9). With 

a TC of -10°C required, a ΔTTEC of approximately 40°C will be required and therefore a 

current of approximately 3.5A.  

Figure 5.9. Assessment of temperature difference across Peltier with varying current. 

With a TC of -10 required, a ΔTTEC of approximately 40°C will be required which is 

within the capabilities of this Peltier. 

Furthermore, it is possible to utilise the final equation to plot the resistance of the heat 

sink required against the Peltier current (Fig. 5.10). If the Peltier is to function with a 

current of 3.5A or above, a heat sink with a resistance of 0.3-0.45K/W is required, which 



136 

 

is within the operating range of a fan cooled heat sink and allows further optimisation 

using its properties172. For this reason, other cooling systems for the hotside of the 

Peltier were not investigated. Aside from thermal performance, aesthetic and functional 

features may necessitate the consideration of other cooling methods for clinical 

applications. 

Figure 5.10. Assessment of heat sink resistance with varying current. A heat sink with 

0.35-0.45K/W resistance is sufficient if operating at a current of 4A or above. 

5.3.4 Experimental Validation 
In order to reduce the number of variables and potential for error, experimental 

validation was carried out using an uncoated probe (Fig. 5.11). The top 3cm of the plant 

foam brain model was not submerged in the water to prevent splashing on the Peltier 

element but saturation of the foam and initial temperature of 37°C was checked for each 

trial. 
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  Figure 5.11. Experimental Set up. 

Firstly, the calculated cooling potential of the Peltier was plotted against the 

experimental results and exhibited similar trendlines with the model having a slope of 

11.7 vs 10.2 for the observed results. It should be noted that the difference between 

modelled and measured ΔTTEC increases with increasing current. At 3.5A the difference 

is 12.5% (Fig. 5.12). 

Although the mechanical stiffness of the foam ensured that the cooling probe and the 

temperature probes were held in place, its dense nature made it difficult to ensure the 

temperature probes were in direct contact with the cooling probe. For this reason, the 

temperature probe was finally inserted at the top, beside the cooling probe to different 

depths, ensuring a consistent gap of 2mm from the cooling probe at all times. In order 

to compare similar outputs, the Comsol® model was also configured to draw a 

temperature profile for heat at this distance away from the cooling probe.  Figure 5.13 

shows how the move away from the probe affects the temperature profile, with up to 
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10°C temperature drop as the temperature sensor moves away from the surface. This 

was carried out at 3 different TC to ensure the validity of the model over a range. 

Figure 5.12. Peltier Current vs ΔTTEC predicted vs real results showing good prediction 

of temperatures with some divergence of values at currents of 4A and higher. 

By varying the current through the Peltier chip, the cold side of the Peltier was kept at 

temperatures comparable to those used in our model. The difference between the 

model and the experimental results was not significant at a TC of -10°C (Fig 5.14A). For 

the models at 10°C and 0°C the temperature deviated from the model by a few degrees 

at most in the initial length of the probe, with identical temperature profiles for all 

temperatures after 3cm of probe length (Fig. 5.14B and C). 
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Figure 5.13. Comsol® model of temperature at core vs 2mm away from the 

surface of probe for initial temperatures of -10°C to 10°C shows a loss of up 

to 10°C radially at the base of the probe. 
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Figure 5.14. Comsol® Model vs experimental results for temperatures 2mm from 

probe showing similar temperatures profiles.  
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In order to incorporate the heat sink specifications into the overall probe design, a study 

was carried out relating the required heat sink resistance to the voltage applied to it. By 

increasing the voltage applied to the fan cooled heat sink, the heat removed from the 

hot side of the Peltier was increased, resulting in a lower Th. This results in a lower heat 

sink resistance as the heat sink is working more effectively at a higher voltage and the 

resistance of this heat sink is between 0.34 and 0.42K/W (Fig. 5.15). 

Figure 5.15. Heat sink resistance as a function of voltage. Resistance decreases as 

voltage increases and heat sink operates at 0.34-0.42K/W. Error bars represent the 

standard deviation of the average of 5 trials. 

5.3.5 Analysis of Model Outputs: Cold Plate Insulation 
Another important consideration, which was highlighted in both the model and the 

experimental validation, was the transfer of heat from the cold plate directly to the brain 

underneath it. Although PMMA was used as insulation, a thickness of 0.5cm did not 
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prevent cooling of the brain surface from the cold plate itself. For this reason, both 

polystyrene and aerogel were modelled as potential surface insulators for a range of 

probe dimensions and initial temperatures (Fig. 5.16). Both showed similar trends in 

shape whereby small changes in thickness greatly affect the temperature of the brain 

until a point beyond which the temperature in the brain is less dependent on the 

insulation thickness and dependent on TC. For polystyrene this occurs at 1cm versus 

0.3cm for a layer of aerogel. 

Figure 5.16. Model comparison of temperature of brain surface temperature 

depending on thicknesses of aerogel and polystyrene insulation with varying initial 

temperatures showing a strong dependence of brain temperature on insulation 

thickness until changes in thickness make negligible differences to brain 

temperature. This occurs at 1cm for polystyrene and 3mm for aerogel.  
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5.3.6 Analysis of Model Outputs: Thickness to reach therapeutic Temperature 
Once the additional cooling driving force from the insulation/brain boundary has been 

minimised, the required thickness of the coatings for therapeutic effects was re-

explored. The initial constraint of 2mm was not achievable given the suggested materials 

and the desired therapeutic temperature, so a range of diameters up to 6mm were 

modelled, initially for HA and PDMS (Fig 5.17). Based on the results from Section 5.3.2, 

an initial ratio of 3:1 for conducting core to insulating material was maintained for all 

scenarios and each measurement refers to the total thickness of the probe including 

insulation. Plotting the temperature along the probe as a function of the distance from 

the Peltier device shows that as the diameter of the probe increases, so does the ΔTbrain 

at the therapeutic tip (Fig. 5.17). It also highlights that the insulating differences 

between the HA coating and PDMS coating which were minimal when designing a 2mm 

probe, become more pronounced as the diameter increases. This is due to both an 

increase in insulation thickness, exposing the differences in insulating capacities and the 

more effective cooling via conducting core resulting in a larger ΔTradial. As a result, the 

PDMS coated 5mm probe is indistinguishable from the HA coated 4mm probe offering 

ΔTbrain of 9°C. 
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Figure 5.17. Temperature of probes along length with different total diameter but a 

fixed core: insulation ratio of 3:1. This highlights the increasing differences in 

performance between HA and PDMS as insulators with increasing thickness. 

With optimisation having been carried out for a 2mm probe, the ratios were revisited 

for larger probes and 3:1, 1:1 and 2:3 ratios were considered (Table 1). Both the 

conduction along the probe to the probe tip (ΔTbrain) and the temperature  of the brain 

tissue adjacent to the probe along its length (ΔTradial) as a result of the insulation were 

studied, with all models now being run only using HA and a fixed TC of 0°C(Fig 5.18). For 

the 3:1 ratio, a 3mm probe gives a therapeutic temperature 28°C with temperatures of 

20-30°C along the first 4cm of the probe. A 4mm probe offers a therapeutic temperature 

of 22°C with temperatures of 20-30°C along the first 5cm of the probe. 
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Figure 5.18. Temperature profiles of probe and brain tissue 2mm away probe along 

the length of probes with different total geometries and ranges of probe:coating. A) 

3:1 ratio probe temperature; B) 3:1 ratio brain temperature; C) 1:1 ratio probe 

temperature; D) 1:1 ratio brain temperature; E) 2:3 ratio probe temperature; B) 2:3 

ratio brain temperature. 
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For the 1:1 ratio a 3mm probe gives a therapeutic temperature of 32°C with 

temperatures of 26-30°C along the first 2cm of the probe. A 4mm probe offers a 

therapeutic temperature of 27°C with temperatures of 26-30°C along the first 3cm of 

the probe. Finally for the 2:3 ratio a 4mm probe gives a therapeutic temperature of 29°C 

with temperatures of 27-30°C along the first 2cm of the probe. A 5mm probe offers a 

therapeutic temperature of 26°C also with temperatures of 27-30°C along the first 2cm 

of the probe. These results indicate that a 1:1 ratio may be best to deliver sufficient 

cooling at the probe tip without excessive cooling of the brain tissue adjacent to the 

probe.  
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 Discussion 
 

Coating a 3D probe raises its own challenges in terms of manufacturability. HA had to 

be coated onto the silver probes using a simple dip coating method, for ease of 

experiments but also because of the thicknesses required. Techniques like PLD and ECD 

discussed in chapter 1 are excellent but can only build layers of nm-µm123,125–127. Plasma 

coating can provide thicker coatings but is not suitable for spraying onto silver due to its 

relatively low melting point of 962°C128. Even dip coating did not allow full sintering of 

the coatings to achieve surface topographies discussed in chapter 2 as 750°C was the 

maximum temperature possible without affecting probe integrity. The HA slurry was 

adapted from a study investigating crack free coatings by increasing solids content to 

thicken the layers132. However, these higher solids ratios, although promising with 1 or 

2 coats, developed cracks and became very brittle as additional layers were added, 

rendering them unusable for thermal testing. PDMS dipcoating methods also proved 

unsuccessful with large drips solidifying as the polymer cures, something that could 

perhaps be avoided by rotating the wires in the oven as the PDMS dries. However, the 

partial curing method with diagonal wrapping proved to coat the probe with an even 

thickness and strong adherence even on insertion, unlike the horizontally wrapped 

surface which peeled away upon insertion, and was therefore the method utilised. 

Determining the ratio of probe thickness to insulation thickness within the design 

constraints of a total probe diameter of 2mm involved comparing both conduction down 

the probe and radially through the insulating coating and into the brain using a Comsol® 

model. Both the 0.5mm and 1mm silver cores had poor cooling conduction, with 1.5mm 

and 1.75mm silver cores showing superior cooling, implying that core diameter is the 
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key driver for better conduction of cooling to the functioning tip. However, as the final 

temperature delivered at the tip was similar for both 1.5mm and 1.75mm cores, the 

insulating capabilities of the coating were also taken into consideration. At the midpoint 

of the probe length, the 1.75mm core was cooling the surrounding tissue by 1.6°C more 

than the 1.5mm core. As cooling the surrounding tissue needs to be controlled, the 

1.5mm core and therefore a ratio of 3:1 conducting core:insulating coating was chosen 

as a compromise between better cooling conduction and reducing cooling along the 

entire probe. 

In order to validate the Comsol® model experimentally, the potential of a Peltier chip to 

cool the probe tip sufficiently needed to be assessed. Using a fixed value of TC, the 

resultant total heat flux and the Peltier properties, values for current, resistance of the 

heat sink and ΔTTEC were successfully calculated. The ΔTbrain was feasible while operating 

in the middle of the range of the Peltier’s capabilities in terms of current and heat 

extraction. Operating in the middle of the range of settings was important in case the 

model and therefore the experimental validation needed adjustment because of any 

assumptions made while modelling. This also contributed to the choice of a fan cooled 

heat sink for the system as its resistance can be adjusted using the speed of the fan and 

the range of resistances required lined up with industrial values for those of fan cooled 

heat sinks173.   

The first stage of the validation of the entire system involved verifying the Peltier 

performance had been accurately predicted by the heat transfer equations and the 

manufacturer’s specifications. This showed the model predicts the trend well, 

particularly in the lower ranges of current. The slight drop in experimental performance 
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is likely due to heat loss across the heat spreader and into the surroundings. The cold 

side temperature thermocouple had to be attached to the heat spreader rather than the 

cold plate directly to prevent a bulky junction with considerable heat loss occurring if 

the thermocouple were to be in the middle. As the current increases and the 

temperature differences across the plate increase, the heat losses will also increase, 

which is why the experimental results show a slight non-linearity and deviate from the 

predicted values.  However, at the relevant current, this deviation is only 12.5%. 

In order to validate the model, the temperature at different points along the probe were 

measured during experiments. As it was difficult to ensure the temperature probe was 

directly in contact with the cooling probe surface, the probes were inserted alongside 

each other, ensuring the temperature was being measured at a constant distance of 

2mm from the cooling probe surface at all times. The model prediction of this condition 

was an accurate representation of the temperatures which occurred as voltage was 

varied to adjust Tc. This implies the model can be used to accurately predict the cooling 

temperature profile from the Peltier chip through the heat spreader and the probe into 

the brain, allowing the optimisation of the probe’s properties via the model.  

As well as this, both the model and the experimental results of the 2mm probe 

highlighted that the majority of cooling potential is lost within the first few centimetres 

of the probe whether they are coated or uncoated. The ineffectiveness of the cooling 

conduction in 2mm probes was further highlighted, as the HA and PDMS coatings only 

resulted in a ΔTbrain of less than 2°C, despite a TC of 0°C, which is considerably below the 

temperature drop required to offer therapeutic value. A further concern was that some 

of the cooling is actually being driven by the incomplete insulation of the cold plate from 
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the brain itself – resulting in low temperatures in the brain just below the surface. In 

order to combat this issue, the probe was modelled using polystyrene and aerogel as 

surface insulators. For polystyrene, a surface insulation thickness of 1cm or more 

ensured the brain surface temperature was minimally affected by the cold plate 

temperature. This same was evident for thicknesses of 3mm and above for aerogel. For 

clinical applications, the size of the external portion of implants should be minimised so 

far as possible so aerogel was used for all continuing simulations. 

Once the cooling from the heat spreader directly into the brain had been reduced to a 

manageable level, the dimensions required to offer sufficient cooling had to be 

assessed. In order to offer a therapeutic ΔTbrain of approximately 10°C, a 3:1 3mm or 

4mm HA coated probe was necessary. However, these both resulted in temperatures 

alongside the probe of 20-30°C. Some cooling along the length of the probe can be 

advantageous as it has the potential to reduce the formation of the glial scar by 

suppressing the reactivity of microglia and astrocytes in response to the implant102–105. 

However, 20°C is clinically categorised as moderate cooling which can seriously interrupt 

brain function in the vicinity of the probe and is lower than the temperature being 

offered as therapy at the tip115. For this reason a 1:1 ratio of probe to insulation was 

chosen, with a 4mm probe offering a ΔTbrain of 10°C as required along with milder 

temperatures of 26-30°C for the first 3cm of the brain and reductions of a few degrees 

thereafter. The 2:3 probes had even smaller temperature drops along the probe but 

these were not viewed as necessary and required an increased overall diameter to offer 

the same therapeutic temperature.  
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Although offering the desired temperature drop, a 4mm probe is still very wide to insert 

into the brain, double the initial desired design specification. However, the majority of 

the insertion trauma will be sustained by the brain cortex which has large areas 

dedicated to different functions and has shown capabilities in reorganising functions in 

response to an injury174,175. Such a large implant may simply cause a migration of any 

functions interrupted, in contrast to the very precise locations and functions in the small 

target brain areas of the subthalamic nucleus or hippocampus174,175. The cortex also 

contains large fibre bundles with the task of connecting different segments of the brain 

which would not be negatively impacted if insertion was carried out along the lengths 

of these. Professor Shane O’Mara, Professor of Experimental Brain Research at the 

Institute of Neuroscience TCD, was consulted and indicated that although 4mm was a 

large diameter for the brain, it was still a clinically viable option, with the immune-

suppressive effects of cooling along the length of the probe offering an exciting prospect 

for the reduction in glial scarring along the probe176. The outputs from the Comsol® 

model for this probe can be used to determine the settings for the Peltier and the heat 

sink in order to further validate the temperature model experimentally. For this to occur 

a sophisticated method of coating the probes to ensure a thick crack free HA surface is 

needed. Once this can be done, in vivo trials could assess the effects of the acute injury, 

of the therapy on induced symptoms and of the mild cooling along the probe length on 

the formation of a glial scar. Additional applications of a cooling probe could also be 

explored, for instance for cooling inoperable brain tumours to prevent cell proliferation 

and therefore growth.  
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 Conclusions 
 

The previous two chapters dealt with reducing the inflammatory response of brain 

tissue chronically and in doing so, answered the first four research questions of the 

thesis. However, in order to design an alternative functional probe, that would negate 

the need for electrical stimulation, the final two research questions need to be explored. 

The design of a cooling probe capable of delivering 10°C of cooling to tissue 10cm deep 

in the brain, while maintaining a clinically viable probe diameter, was achieved by 

utilising a heat transfer model and integrating its outputs into heat transfer equations 

in order to test different material thickness configurations which can furthermore be 

experimentally validated. The key conclusions from this process are outlined below.  

Firstly, an FEM model was set up in Comsol® to analyse the conduction of cooling 

through a probe system into the brain. The temperatures and heat fluxes modelled 

allowed a feasibility analysis for a given Peltier chip and heat sink system in order to 

deliver the required cooling deep in the brain via a mathematical model. Both the Peltier 

and the Comsol® models were shown to be accurate via experimental validation.  The 

study also showed that these models could be utilised with future specifications or 

materials to predict temperature profiles.  

Secondly, the probes were successfully coated in PDMS at the required thickness via a 

partial curing wrap method with good adherence to the probe. However, the results 

that emerged from this investigation indicated that thicknesses of 0.5mm coating in HA 

or PDMS were not sufficient to insulate the brain along the length of the probe and 

deliver effective cooling at the probe tip. The cooling effects of the heat spreader 
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through the insulating material into the brain were also highlighted and a 3mm thick 

aerogel insulating layer on top of the brain is advised.  

Thirdly, and following on from this, expanded potential dimensions of a probe to deliver 

the required 8-10°C cooling were considered and the minimal differences in HA vs PDMS 

coatings for the 2mm probe were increased with increasing thickness of the device 

resulting in HA coatings only being considered thereafter. The design tool indicates that 

in order to deliver the required therapeutic temperature, a 4mm HA coated probe with 

a probe to insulation ratio of 1:1 is required. This system has the added benefit of 

ensuring mild cooling along the length of the probe to reduce glial scarring. 

In summary, in order to answer research question 5 and optimise the delivery of a 

therapeutic temperature to the brain, a design tool, incorporating a FEM Comsol® model 

of a cooling probe and the integration of its outputs into heat transfer equations to 

specify required Peltier and heat sink capabilities, was developed. This allowed the 

optimisation of a probe’s temperature profile for a desired ΔTbrain or ΔTradial as well 

allowing the feasibility analysis for new conducting core or insulating coatings to be 

quickly assessed. In answer to research question 6, this tool indicates that to deliver the 

required therapeutic temperature, a 4mm HA coated probe with a probe to insulation 

ratio of 1:1 is required. This system has the added benefit of ensuring mild cooling along 

the length of probe to reduce glial scarring. Indeed, this result renders it unnecessary to 

combine the two different strategies (as stated in the two hypotheses) developed into 

one probe, as the reduction in inflammation along the length of the probe is deliverable 

via the mild cooling or the delivery of anti-inflammatory factors. The next chapter will 

revisit the findings of Chapter 2, 3, 4 and 5 and summarise the answers to the research 
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questions outlined previously within the context of the overall aim of the project before 

drawing final overall conclusions in the final chapter. 
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6 Overall Discussion 
 

The overall aim of this thesis was to develop an active implantable neural probe system 

for chronic use. Promising research using Deep Brain Stimulation to alleviate the 

symptoms of many debilitating neural conditions including epilepsy, Parkinson’s and 

motor neurone disease, resulted in it becoming an FDA approved treatment for dystonia 

and essential tremor in the US. However, it has become clear that the successful 

suppression of symptoms seen in the initial months and years steadily deteriorates as a 

result of the encapsulation of the electrodes in a glial scar. This thesis focuses on how to 

mitigate this decline in function. Two main tracks of research were investigated – both 

emerging from a thorough review of the literature and a recognition that the 

inflammatory response of the brain to insertion, micromotion and long term electrical 

stimulation impedes chronic applications of the technology. 

 Firstly, the optimisation of the coating to reduce the formation of the glial scar along 

the length of the probe was investigated. This involved analysing the response of neural 

cells to the coating itself, to the material’s surface topography and to a functional anti-

inflammatory drug release mechanism. This strategy aimed to improve the integration 

of a probe into the brain to extend its efficacy. Secondly, the introduction of a novel 

therapeutic method utilising focal cooling rather than electrical stimulation to interrupt 

the brain signals. Cooling is an alternative mechanism to suppress cell function and 

therefore prevent symptoms of a neurological condition from occurring, an added 

benefit being that it does so in a reversible manner. The advantages of this method are 

two fold in that it not only negates the need for electrical stimulation which is thought 

to contribute to the formation of the scar itself, but in addition, cooling can have a 
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neuroprotective effect on the area being cooled, thus reducing the likelihood of a glial 

scar forming around the functional tip. The thesis postulated that these two strategies 

could then be integrated to form a probe with reduced inflammatory response both 

along the probe and at the tip itself. In order to integrate the two strategies, the coating 

materials for the probes needed careful selection to offer thermal insulation, 

controllable surface topography, and a potential method for a drug delivery system. For 

this reason, two very different materials were to be investigated. Polydimethylsiloxane 

(PDMS) – a thermally insulating material regularly used in neural applications, which can 

easily contain microfluidic channels and have precisely printed surface structure; and 

hydroxyapatite (HA) – a thermally insulating well established material for implants 

elsewhere in the body, which has controllable porosity for the inclusion of anti-

inflammatory factors, but has never been utilised in neural applications before. 

In order to assess the novel therapeutic method and optimise a coating strategy, six 

specific research questions were posed. The answers to these questions helped form 

the basis of a plan to develop prototype probes. 

What are the effects of hydroxyapatite (HA) on neural cells and can the control of its 

topography reduce inflammation? 

The HA was non cytotoxic to cells with good survival and attachment of PC12 and 

primary neuronal cells over a period of a week. By pressing the HA powder at different 

pressures and sintering it at different temperatures a range of surface topographies 

were created: a smooth surface 1350S, a moderately rough surface 1350R and a very 

rough surface 1200R. Of the three surfaces, 1350R showed the best cell attachment and 
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survival of PC12 cells, closely followed by 1350S, whereas 1200R’s cell attachment was 

comparable to that of the negative control. These results were supported by trials using 

primary neurons and imply that there is an optimum level of roughness which neuronal 

cells can thrive on. In these experiments, the moderately rough surface had the best cell 

attachment and survival of the three HA surfaces across all cell models: this roughness 

could be further optimised once a coating methodology has been established. As well 

as looking at the interaction between neurons and HA, experiments were designed to 

assess how glial cells were affected by the material and its surface features. Human 

astrocytes were plated both directly onto the HA discs and encapsulated in a gel which 

was placed on the discs. The direct plating of astrocytes onto the discs showed that the 

1200R rough surface had the fewest cells attached to it, which could be viewed as a 

promising lack of activation of the cells. The cells which were attached, however, looked 

less healthy than the cells attached to the other two surfaces. This was corroborated by 

the ELISA data which showed the 1200R surface upregulated the production of 

inflammatory markers TNF-α and IL-6. In contrast, 1350R and 1350S had lower values 

and their differences were not statistically significant from each other or from the 

negative control for IL-6. This supported the finding that very rough HA surfaces are less 

suitable for neuronal applications than their smoother counterparts. Overall, the HA was 

found to be suitable for neural applications as it was non cytotoxic and exhibited good 

PC12 and neuronal cell survival. As well as this, controlling surface roughness did have 

an effect on both neuronal cells and glial cells with the moderately rough surface 1350R 

showing the most promise with the best survival and attachment of neuronal cells and 

the lowest activation of glial cells. 
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Which cell models are most appropriate for predicting cell immune response to probe 

coatings for chronic studies? 

Five different cell models were utilised: PC12 cells, a mixture of primary neurons and 

glial cells, purified primary neurons, astrocytes directly plated onto substrates and 

astrocytes encapsulated in a gel. PC12 cells were a simple test and indicated the surfaces 

which neurons would attach well to and survive on. The mixture of primary neuronal 

cells and glial cells was initially thought to be useful as it is more representative of what 

an implant would encounter in the brain, but when only looking at cell survival and 

attachment it was impossible to know what proportion of cells was contributing to the 

total cell count. Ideally this could be supplemented by cell staining, however, this can be 

difficult to quantify satisfactorily and cell staining and imaging on an opaque surface 

such as HA is also very challenging. The purification of the primary neurons was also 

considered as a test model. However, as the cells have to be plated before the Ara-C can 

be added to prevent the replication and therefore survival of the glial cells, all samples 

had different initial cell counts on day 0. This proved problematic as the normalisation 

of the data resulted in very small increases or decreases in cell number seeming 

significant compared to larger starting values. The purified human astrocytes proved to 

be the most promising cell model for predicting the brain’s immune response to a 

material as the cell morphology and attachment can be analysed in conjunction with the 

expression of anti or pro-inflammatory cytokines. The optimisation of the 3D matrix to 

mimic the ECM brain environment provided a closer representation of in vivo conditions, 

although the 2D and 3D results were comparable in the week long study of HA effects. 

However, the 3D model is advantageous for chronic studies requiring extended cell 
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function and testing as the cells can survive weeks rather than days. It is therefore 

advisable that the inflammatory effects of materials on human astrocytes as a model for 

the activation of glial cells are investigated in conjunction with simple PC12 testing to 

give an indication of how neurons will react to a surface which will further contribute to 

glial response.  

How can a coating best deliver anti-inflammatory factors to neural tissue chronically? 

Although chapter 3 indicated that the control of surface topography can be utilised to 

reduce the brain’s inflammatory reaction to the surface, this will not mitigate the 

response entirely, with significant amounts of inflammatory cytokines still being 

released. In order to reduce this inflammatory response further, a drug delivery system 

was to be designed, which generated a further two research questions. Firstly, much of 

the research in the literature indicated that even reductions in acute inflammatory 

response were not reflected in levels of inflammation chronically. For this reason, the 

feasibility of a long term drug delivery option was to be investigated. A refillable system 

could result in not only the long term control of inflammation but also the possibility of 

administering a precisely changing profile of anti-inflammatory factors to reflect the 

various stages of inflammation, indeed this could even be patient specific in future.  

In order to deliver anti-inflammatory factors to the brain indefinitely, a microfluidic 

system was investigated. Often the release profiles of drug delivery systems can prove 

difficult to control and so the idea of a dual-layered microfluidic system was formed. By 

utilising a hydrogel to contain the microchannels and covering the gel in a porous PDMS 

membrane, there are two mechanisms by which to control the diffusion co-efficient of 
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drugs or anti-inflammatory factors – the properties of the hydrogel and the pores of the 

membrane. The dual layer also opened up further possibilities to reduce the 

inflammatory response – the mechanical stiffness of the hydrogel is more comparable 

to brain tissue, reducing the mechanical mismatch at the surface of the probe and the 

reswelling properties of the hydrogel would allow insertion in a thin dry state before 

reswelling to improve probe anchorage and reduce micromotion of the probe. 

The first step in the process of developing this concept was to create the microchannels 

in the hydrogel via a sacrificial fibre method. Agarose showed potential as the fibres 

were easily formed and reduced in size to form smaller microchannels, but suffered 

issues with breakability, particularly with complex architectures as would be envisaged 

in a final probe coating. Alginate fibres were difficult to bioprint onto a hydrogel surface 

and exhibited inconsistencies in fibre diameter. Finally, hair was chosen as the sacrificial 

fibre, as it is strong with a consistent and small diameter of 80±16µm and could easily 

be removed from the crosslinked hydrogel even in complex shapes. The hydrogel 

properties itself had to be optimised to ensure similar mechanical properties to brain 

tissue, while having sufficient crosslinking to maintain the microchannel architecture 

chronically and retain its integrity post drying and reswelling. For this reason a 10% 

GelMA-2% PEG formulation was selected as the pure GelMA hydrogels all suffered from 

some degree of cracking at the drying stage. The final stage before carrying out diffusion 

tests involved the addition of the PDMS to slow down diffusion and prevent degradation 

of the hydrogel over time. In order to ensure the two layers would not separate, the 

hydrogel was sandwiched in its dry state between two thin layers of PDMS and plasma 

bonds between these ensured the stability of the coating as a whole. The final step in 
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the design process involved analysing the release of potential anti-inflammatory drugs 

and factors from the microfluidic system. By using fluorescent molecule FITC as an 

isomer and attached to different molecular weights of dextran, diffusion through the 

whole system into a PBS reservoir over time could be assessed. The molecular weight 

(MW) of FITC is similar to that of small drug dexamethasone (DEX) whereas FITC-dextran 

with two different MWs of 20kDa and 40kDa were utilised as a model for larger 

molecules like cytokines, in particular IL-4 which has a MW of 12-20kDa. The tests 

indicated that small drug like molecules could be released with minimal burst release 

and larger cytokine release could be maintained up to 4 days. The optimisation of this 

system resulted in the successful formation of a dual layered microfluidic system which 

could be implanted in a thin dry state before swelling and allow the delivery of multiple 

anti-inflammatory factors in parallel or in series, ensuring minimal burst release and 

steady release of cytokines for at least 4 days after a single infusion. 

Can the long-term delivery of these anti-inflammatory factors reduce the immune 

response of neural cells in an in vitro model? 

Once the dual layered coating had been successfully fabricated, its potential to reduce 

the inflammatory reaction of brain tissue to a probe needed to be assessed. For this, a 

similar cell encapsulated hydrogel model to the astrocyte one was designed with 

mechanical properties comparable to those in the brain. The cells utilised at this time 

were THP-1 monocytes, as they can polarise into M1 pro-inflammatory macrophages or 

M2 anti-inflammatory macrophages. Microglia have also been shown to have this 

polarising property and an increase in M2 anti-inflammatory phenotypes would reduce 

the inflammatory response of the brain tissue and therefore reduce the glial scar. Five 
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infusion profiles were devised, with each system receiving an initial infusion of DEX or 

IL-4 and some received repeated infusions of these molecules twice a week based on 

the results from the diffusion tests. Although there was some cell death between weeks 

1 and 2, perhaps due to cells not receiving enough nutrients through the relatively thick 

600µm layer of cells, several clear trends in polarisation were still observable.  

Firstly, dexamethasone was found to have no effect on polarisation of macrophages. 

This was surprising as it is a well-established anti-inflammatory drug. However, its 

mechanisms of action have not been precisely defined and must not affect the 

polarisation of macrophages. Secondly, the repeated infusion of IL-4 through the system 

did result in a six-fold increase in M2 macrophages by week 2 versus the negative control 

and all systems with repeated infusions of IL-4 saw a significant increase in M2 

macrophages over the two week period. This implies that the system has successfully 

delivered a steady supply of IL-4 to the cells over the two week period and that the 

resulting improvement in M2:M1 macrophage ratio could reduce the inflammation of 

brain tissue in vivo.  

These test conditions were repeated with the hydrogel astrocyte system over a period 

of 3 weeks. The reduced number of cells encapsulated meant there was no significant 

cell death between weeks and cells were imaged at the end of this period in order to 

analyse the effects approaching the chronic phase of inflammation. IL-4 had a positive 

effect once more, ensuring the astrocytes formed a healthy network of astrocytes. The 

release of TNF-α quantified via ELISA was significantly downregulated with repeated 

infusions of IL-4, with no difference between initial DEX or IL-4 infusions, indicating that 

the repeated IL-4 infusions were the primary factor in the down regulation. IL-6 was also 
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downregulated by the infusion of IL-4 to the system. The consideration of the monocyte 

and astrocyte studies together strongly indicates that repeated injections of IL-4 could 

be used to reduce the inflammatory response of brain tissue to a probe over time. 

How can a Peltier cooled probe be optimised to maximise focal cooling in the brain? 

Parallel to the anti-inflammatory coating design, the feasibility of a Peltier driven cooling 

probe was being investigated. This first required the development of an FEM model in 

Comsol® to predict temperatures required at the cold plate for cooling temperatures at 

the probe tip. Once an initial temperature had been suggested, the potential of a Peltier 

chip to achieve these temperatures was assessed via heat transfer equations and the 

Peltier specifications and deemed suitable with the addition of a fan-cooled heat sink. 

This system could then be built for experimental validation and showed good correlation 

with the expected temperatures at both sides of the Peltier chip. For the validation of 

the temperature along the probe, the temperature probe had to be inserted alongside 

the probe itself. This meant that the temperature was recorded at a distance of 2mm 

from the probe surface at all times. This was compared to the models outputs for the 

same location and showed the predictions were reasonably accurate, with variances of 

only a few degrees for the temperatures at the top of the probe. Both the model and 

the experimental set-up highlighted the effects of cooling driven by insufficient 

insulation between the cold plate and the brain and as such polystyrene and aerogel 

were investigated as superior insulators. The minimum thickness of polystyrene and 

aerogel to ensure minimal temperature effects on the brain from the plate directly were 

found to be 1cm or 3mm respectively, so an aerogel layer of 3mm was utilised for all 

further models as this would be more appropriate in a clinical application.  
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What probe dimensions are required to deliver therapeutic cooling with an HA/PDMS 

coating and what are the clinical implications? 

Without the driving force of cooling coming directly from the plate as well as the probe, 

it was clear that initial suggested dimensions of 2mm total diameter of the probe would 

not be sufficient. Probes of various thicknesses and core to insulation ratios of 3:1, 1:1 

and 2:3 were modelled, analysing both therapeutic temperature and temperatures 

along the length of the probe. The larger ratio of 3:1 offered the best cooling at the tip 

for a given dimension, however, it resulted in temperatures of 20-30⁰C along the length 

of the probe, lower than the therapeutic temperature. Mild cooling along the probe is 

advantageous to reduce the activation of microglia and astrocytes, but temperatures of 

25⁰C and below may seriously impair all cell functions. For this reason a 4mm probe with 

a 1:1 ratio was suggested as the optimum solution – offering a 10⁰C temperature drop 

at the probe tip for therapeutic purposes and 26-30⁰C for the first 3cm of the brain and 

reductions of a few degrees for the remaining 7cm. The effects of the cooling along the 

probe on the glial scar and the increased acute injury as a result of the larger probe 

dimensions would have to be assessed in vivo. An outcome of this work has also been 

the development of a systematic design tool for the focused cooling of the brain, 

including specifications for the probe, the Peltier device and the heat sink for a desired 

ΔTbrain and ΔTradial. 

As a result of undertaking the experiments and in the process answering the key 

research questions, it has become clear that rather than providing one integrated probe 

developed on the basis of a two-pronged strategy to reduce the inflammatory response, 

two separate strategies have been developed. Although not integrated into a single 
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design as was initially intended, they both address the two primary objectives of this 

work: to reduce the inflammatory response of brain tissue to the probe and to reduce 

the inflammatory response around the functioning tip. As the cooling side of the project 

continued, it became evident that there would be some degree of cooling along the 

whole length of the probe which would be advantageous in reducing the glial response. 

As the cooling probe needs to have a larger diameter than electrically stimulating 

probes, adding another coating on top of that would increase the already substantial 

acute injury to the brain upon insertion and only serve the purpose of attempting to 

reduce the activation of glial cells, which are already being suppressed by the mild 

cooling along the length of the probe. This strategy is more novel and requires further 

work to bring it towards clinical applications. 

In addition to this, the dual-layered microfluidic anti-inflammatory coating is now 

offered as an alternative strategy to coat traditional electrically stimulating electrodes 

to extend their efficacy. The effect on concentrated drug delivery at the functional tip 

could also be advantageous. Although limited to current stimulating electrodes, this 

solution is closer to clinical applications. 

If both probes can be shown to reduce glial encapsulation of a probe in vivo, this would 

offer a choice of probes dependent on a patient’s condition or other circumstances and 

suppress the symptoms of the neurological disorder long-term, improving the person’s 

quality of life significantly.  
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7 Conclusions and Future Work 
 

 Conclusions 
 

Deep Brain Stimulation using neural probes has been shown to alleviate the symptoms 

of many debilitating neurological conditions, however, the treatment becomes less 

effective over time due to the formation of a glial scar around the electrode. The overall 

aim of this research study was to develop a functional neural probe with additional 

potential to reduce inflammation of brain tissue upon insertion into the brain, a probe 

that will thus limit the development of a surrounding glial scar, allowing it to function as 

required for extended periods of time. This overall aim encompassed two broad 

objectives:  

1. To design a clinically viable cooling probe capable of delivering 10°C of cooling to 

brain tissue up to depths of 10cm in order to eradicate the need for electrical 

stimulation during treatment. 

2. To design a probe coating capable of mitigating the chronic inflammatory 

response of brain tissue as well as the acute response. 

The study therefore employed a two pronged approach for increasing the chronic 

efficacy of neural probes with the aim of reducing the brain’s immune response at both 

the functioning tip of a probe and along the length of the probe. The first objective 

focused on the development of a probe capable of utilising focal cooling rather than 

electrical stimulation as a therapeutic method to reduce inflammation at the functioning 

tip. The second objective focused on the development of a microfluidic based drug 

delivery coating to reduce inflammation along the length of the probe. The intention 
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was to then integrate the two systems into one probe. A summary of the research 

study’s key findings and future directions for research are outlined below.  

Chapter 2 examined a wide-ranging academic literature on neural probes used for 

chronic implantation. It indicated that there were a number of significant knowledge 

gaps, which both highlighted the opportunity for further research and gave rise to a two 

pronged hypothesis that closely reflected the two broad objectives set out above as well 

as six research questions which provided the focus for the remainder of the research. 

The results of initial experimental work on hydroxyapatite (HA) set out in Chapter 3 

answered research question 1: HA is non cytotoxic to neural cells and manipulation of 

its surface topography can promote neuronal survival and attachment and reduce glial 

cell activation, with a moderately rough surface performing best in all trials. However, 

more chronic biocompatibility tests would be advantageous as well as a method to 

ensure coatings that are both crack free and stable. A 3D gelatin methacryloyl (GelMA) 

encapsulated astrocyte cell model was developed which can be utilised to assess the 

activation of astrocytes for chronic trials of at least three weeks. The utilisation of this 

method in conjunction with assessment of PC12 cell attachment and survival is advised 

for predicting brain tissue immune response in vitro and provides an answer to research 

question 2. 

Chapter 4 addressed research question 3. The findings summarised in this chapter 

highlighted the study’s success in developing a dual layered microfluidic drug delivery 

system for use as a coating for neural probes. This system consists of an 80±16μm 

microchannel created by a sacrificial fibre in a thin GelMA-PEG composite hydrogel 
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covered by a PDMS membrane. It has a total thickness of 350±20µm in its dry state and 

reswells to protect the brain from damage caused by micromotion of the probe once 

inserted. The system can easily be infused with a range of anti-inflammatory factors at 

body temperature for a period of at least three weeks without degradation and this 

profile of factors has the potential to specifically target specific phases of the brain’s 

immune reaction. Cytokine-like molecules can be released steadily for at least four days 

and there is minimal burst release of small drug-like molecules. Hydrogels encapsulated 

with monocytes were developed as a brain-like model for studying cell response and 

these hydrogels were able to last in an in vivo mimicking environment for a minimum of 

2 weeks. Research question 4 was also answered in this chapter: the repeated infusion 

of IL-4 caused both an upregulation in M2 anti-inflammatory macrophages over 2 weeks 

and a downregulation of two pro-inflammatory markers TNF-α and IL-6 in astrocytes 

over a 3 week period. Dexamethasone infusion had no effect on either of these 

inflammatory markers. These improvements in anti-inflammatory effects in vitro imply 

that repeated infusions of anti-inflammatory factors like IL-4 could be utilised in the 

future to reduce the formation of a glial scar around neural implants and increase their 

efficacy long–term.  

Finally, in chapter 5, a prototype of a Peltier chip driven cooling neural probe was 

designed and an FEM model was set up in Comsol® in order to allow research question 

5 to be answered. This can predict the temperature required at the cold side of the 

Peltier to deliver specific therapeutic cooling temperatures at the probe tip and total 

heat flux from the probe. A separate programme, based on heat transfer equations, can 

successfully predict the current required by the Peltier and voltage required by a fan 
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cooled heat sink to deliver these temperatures. The Peltier and probe models were 

shown to be accurate via experimental validation and in their integrated form represent 

a comprehensive design tool for the development of focused cooling neural probes for 

future researchers.  It can be utilised as a design tool to target specific temperatures in 

the brain, both at the tip and along the length of the probe, and predict the required 

Peltier and heat sink settings for any dimensions or materials investigated in the future. 

This design tool helped to answer research question 6 by predicting the potential 

dimensions of a probe to deliver the required tip temperature for therapeutic cooling 

10cm deep into the brain. Different ratios of conducting core to insulation coating were 

analysed and small differences in insulation between HA and PDMS for small probes 

were amplified at larger probe dimensions, making HA the preferred coating material. 

As a consequence of delivering the target low temperatures at the tip of the probe, some 

mild cooling along the length of the probe has been observed despite the insulation. 

Given the anticipated level of cooling, it is reasonable to assume that this will reduce the 

inflammatory response of the brain to the probe along its length and therefore reduce 

the formation of a glial scar. In order to deliver the maximum therapeutic temperature 

at the tip while ensuring mild cooling along the length of probe to reduce glial scarring, 

a 4mm HA coated probe with a probe to insulation ratio of 1:1 is suggested.  

These findings, guided by addressing the six research questions that emerged from the 

review of the academic literature, corroborated the original hypotheses: highly 

thermally insulating materials were effective in allowing the production of a viable 

cooling prototype and the sustained release of anti-inflammatory factors was shown to 

downregulate the immune response of brain cells compared to a negative control which 
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would imply it could reduce cell response similarly in vivo. The two broad objectives of 

the study were also achieved. Principally, a clinically viable cooling probe delivering 10°C 

of cooling to tissue 10cm deep in the brain capable of eradicating the need for electrical 

stimulation was designed and a suitable dual layered microfluidic coating capable of 

mitigating the chronic inflammatory response of brain tissue as well as the acute 

response was created. 

Prior to this work, some limited research had been carried out using focal cooling to 

supress brain activity but principally focused on surface cooling and small mammal 

applications. This study has taken these findings forward. Its research findings on cooling 

probes have shown that, despite the challenges associated with maintaining low 

temperatures to a significant depth in the human brain, this method of symptom 

suppression in humans is possible, allowing further system optimisation utilising the 

design tool to achieve these goals. The additional benefit of inflammation reduction 

along the length of the probe is also very promising and strengthens the advantages of 

this method. Due to the innovative nature of this solution, there will be more work 

required to get it to a clinical setting, work that is outlined in the next section. 

Previous research has also been successful in reducing inflammatory response to neural 

probes in the acute stage of inflammation. The dual layered microfluidic system 

developed in this thesis is a significant step in the design of a clinically relevant coating 

that delivers anti-inflammatory factors to the brain long term to address the chronic 

inflammation of tissue as well as at the acute stage. This system could also deliver a 

patient-specific profile of anti-inflammatory factors targeting specific stages of the 

inflammatory mechanism. This coating can be applied to current electrically stimulating 
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electrodes on the market and therefore has the potential to become clinically useful in 

the near future, subject to successful trials in vivo.  

The above two paragraphs demonstrate that not only were the two broad objectives of 

the thesis achieved, but that the closely related two pronged hypothesis underpinning 

the research was also substantiated. However, the further hypothesis that integrating 

the two approaches would bring about a probe capable of further reducing 

inflammatory response was rejected as the cooling probe already encompassed both 

target areas by reducing the chances of glial scarring along the length of the probe via 

an unforeseen mild cooling effect – rendering the integration of the two strategies 

unnecessary. The final section of this thesis will outline the limitations of the work 

carried out and use these as a basis for prescribing further work to develop these two 

strategies in the future. 
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 Limitations 
 

As with all experimental, leading edge research, there are a number of limitations to the 

studies carried out which need to be considered when evaluating the results of the 

component parts of the study and specifying the directions for future work aimed at 

advancing both the functional cooling probe and the drug delivery microfluidic coating 

towards in vivo and clinical trials. 

Firstly, there are several key issues that need to be examined regarding the use of 

hydroxyapatite in neural applications. Although shown to be non-cytotoxic to neuronal 

cells, the effect of calcium ion release to the brain was not investigated as part of this 

study - any risk of calcification and loss of function of areas of the brain surrounding the 

implant need to be assessed before moving forward with its usage in neural applications.  

Secondly – a suitable process for applying a thick crack-free coating to a 3D probe below 

the melting point of the probe itself was outside the scope of this study. Consequently, 

the thermal conductivity of porous HA used in the thermal analysis of a cooling probe is 

currently an estimate from the literature.  

Thirdly, the stability of the coating itself must be considered as it would need to fully 

adhere to the conducting core without chipping or cracking during or post implantation, 

something that can only be assessed once the coating process is established. 

In addition to the hydroxyapatite related limitations set out above, there were also a 

number of limitations implicit in the Comsol® model. For although this model was 

experimentally validated, a number of key assumptions that underpinned the model 

may reduce the validity of the results. Firstly, the assumption that the thermal 
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conductivity of brain tissue can be estimated on the basis that it is very similar to that of 

water due to the high water content of the brain. This value is often used in scientific 

studies but is an average for the tissue. In reality, it may vary between different locations 

in the brain and heat may be conducted away more quickly in close proximity to 

capillaries. This needs to be taken into account when assessing the volume of tissue that 

may be being cooled in vivo. Secondly, the experimental validation itself was only carried 

out with uncoated probes which may reduce the model’s accuracy when expanding it to 

include various coatings as extra variables are being introduced. However, despite these 

limitations, the model is still a useful tool, particularly for comparing different potential 

ratios of coating pre-optimisation.  

Finally, with regards to the cooling probe, the current thickness of the probe is still a 

cause for concern, although discussions with experts in the field indicated that the 

advantages of mild cooling along the length of the probe may outweigh the effects of 

the initial injury caused by such a large probe. In addition, the design of the probe was 

limited by the size of the brain and the temperature required to offer therapeutic 

cooling. With current materials available, these larger thicknesses are required in order 

to ensure sufficient conduction and insulation to the probe tip. 

The size related limitations must also be considered when looking at the microfluidic 

drug delivery coating. For example, a 350µm thick coating applied to a cylindrical probe 

will increase the total thickness by 700µm if wrapped around the entirety of the probe, 

which is a significant increase as current probes are approximately 1.3mm in diameter. 

As an alternative, such a coating could also be applied on only one side to reduce the 

effects of such an increased thickness upon the initial insertion caused injury. If further 



174 

 

miniaturisation of the system is carried out, the diffusion profiles of various anti-

inflammatory factors would also need reassessed as they will be traversing a smaller 

distance or alternatively, an accurate scaling method would need to be investigated. 

This study showed that repeated infusions of IL-4 to brain-like tissue models significantly 

downregulated the immune response of monocytes and astrocytes over a period of 3 

weeks. This in itself is a very promising discovery.  However, the acute phase of 

inflammation is defined as ending anywhere between 2 and 12 weeks depending upon 

the study so undertaking extended trials past the 12 week period would be 

advantageous.  These trials, however, may need to be done in vivo as even the 3D cell 

models may not remain viable at this stage. 

The cell models are an excellent tool for predicting how the brain will respond to 

materials or external stimuli. However, these cells often interact with the other cells 

around them in a slightly different way than when used alone. Even when harvesting a 

mixture of glial cells it is important to note that these cells are already effectively being 

put under stress during the harvesting process. The collation of results from many cell 

types (PC12, neurons, astrocytes etc.) helps give robustness to the conclusions from 

these cell studies, but it cannot be assumed that they will behave in exactly the same 

manner during in vivo trials as was found in these studies. However, it must also be 

recognised that the more cell types are introduced simultaneously to a study, the more 

difficult it becomes to accurately predict outcomes because of the potential 

intermingling of differential cause-effect relationships. 
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Despite these limitations, this thesis makes a significant contribution to the research 

field by:  

• Developing a drug-eluting microfluidic system capable of delivering anti-

inflammatory factors chronically to the brain 

• Ascertaining that repeated infusions of IL-4 can reduce the brain’s inflammatory 

response long-term  

• Designing a clinically viable cooling probe as an alternative solution to electrically 

stimulating probes  

• Providing a useful design tool for the design of cooling probes in future which 

allows the direction input of materials and their thicknesses into the simulation, 

returning estimated temperatures along the probe 

These are the first key steps to bringing these two designs to clinical applications in 

future and the limitations highlighted above direct the future research required to bring 

these two strategies towards the clinical trial stage and this is outlined in the next 

section. 
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 Future Work 
 

This thesis set out to develop a neural probe that would reduce the inflammation of 

brain tissue upon insertion into the brain, allowing it to alleviate the symptoms of 

chronic neurological disorders for extended periods of time unlike those currently 

available on the market which are effective for much shorter periods of time. It has 

developed two separate strategies for doing so, thereby realising the two main 

objectives of the thesis. However, the conclusions and limitations of the studies 

previously discussed in this chapter have highlighted several key areas for future 

productive research in order to bring those two solutions towards prototypes for testing 

in vivo and in clinical trials.  

Cell lines 

Firstly, there is work to be done regarding the reliability of in vitro cell studies in 

predicting immune response in vivo. Particularly at the early screening stage, a 

repeatable easy method of assessing the response of neural cells would be 

advantageous. This thesis suggested the best methods when using individual cell types, 

however, a co-culture hydrogel system of PC12 cells, monocytes and astrocytes could 

be designed in order to create a standardised cell line based brain model for predicting 

glial scarring in vitro as an alternative to brain slice cultures or in vivo work, allowing 

greater confidence in, and easy comparison of, results. This would also allow potential 

solutions to be carried out on a 2D plane for chronic time-points before a 3D or 

miniaturised model is required.    
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HA Coating 

Secondly, although hydroxyapatite has been highlighted as an effective thermal 

insulator for a cooling probe at clinically viable dimensions, the manufacturability and 

long-term stability of such a coating needs to be determined. An effective method for 

coating HA onto neural probes crack free at temperatures of under 900°C at thicknesses 

of over 1mm needs to be devised, in order to allow the insulation to work effectively 

and prevent chipping of the coating upon insertion into the brain. A full range of 

mechanical tests are also required to assess the interface strength of the HA coating 

with the conducting core to ensure adhesion. The long term stability of the coating in a 

brain model would also need assessed – in case the release of ions affects its integrity 

or triggers calcification of surrounding neural tissue or, indeed, if motion of the brain 

within the skull has a detrimental effect on coating cohesion.  A full investigation into 

the porosities and surface roughnesses achievable through the selected coating 

methodology would also need carried out, in order to precisely determine the optimal 

thermal properties of HA in such a system and ensure inflammatory reaction of neural 

cells is minimised. This would result in the development of an optimised prototype to 

further validate the Comsol® model before being used in vivo trials. 

Design Tool 

Thirdly, the design tool itself could be utilised to further optimise the properties of a 

cooling probe. This study focused on selecting materials and thicknesses of the 

conducting core and insulating coating. However, there are many alternative properties 

that could be adjusted and optimised, such as the effective conduction of heat from the 

Peltier chip, through the heat spreader and to the probe itself. The geometry of the 
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probe tip could also increase or decrease heat conduction and experimenting with this 

could affect the volume of tissue cooled in the desired region of the brain. 

Determination of this volume cooled is also an important parameter for design of a 

functional probe. The optimisation of all heat conduction parameters is important to 

ensuring the least invasive cooling prototype is designed.  

Cooling Probe Design 

Fourthly, given that the dimensions of the cooling probe have been highlighted as a 

concern, an alternative method of cooling tissue deep in the brain could also be 

investigated. The larger dimensions required are a result of trying to transmit a much 

greater degree of cooling from the surface of the brain to a location deep within its 

structure. An alternative mechanism via circulation of cool fluid through a microfluidic 

system could also be investigated. This would involve the mechanical design of the 

system, calculation of circulation rates and assessment of the heat transfer required in 

order to deliver a therapeutic temperature.  The overall dimensions of the system could 

be reduced with this technology and its clinical potential assessed by comparing its 

performance with the Peltier chip driven system devised by this thesis. 

Drug-delivery Coating 

Fifthly, the dual-layered microfluidic drug-eluting system can be utilised to test 

alternative anti-inflammatory drug and cytokines.  Combinations of these can also be 

tested and designed to target and inhibit specific occurrences in the brain’s 

inflammatory process. The properties of the PDMS membrane could also be exploited 

to further control the diffusion rate of selected factors through the system. The 

optimum architecture of the microchannels through the gel for a 3D probe should also 
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be considered with special attention given to the system’s potential to preferentially 

release anti-inflammatory factors around the functioning tip. As with the HA coating, 

the coating methodology and adherence to the system would need to be tested. Some 

miniaturisation of the hydrogel thickness via more precise control of the microchannel 

placement will allow a prototype probe to be created. Once this prototype has been 

created, extended trials of longer than 12 weeks should be carried out, in order to 

determine if the improvement in reduction of inflammatory response can be maintained 

throughout the glial scar development phase and confirm that the advantageous affects 

will be seen chronically. 

Wider Applications 

Finally, the potential uses of all strategies and their translational application in other 

areas of bioengineering should be considered. The chronic drug delivery coating could 

be utilised on implants elsewhere in the body or used to control delivery of nutrients 

into an in vitro cell system. The cooling probe could be tested as a mechanism to slow 

down the proliferation of cells in an inoperable brain tumour or reduce inflammation 

and further damage after a spinal cord injury or during surgery to temporarily inactivate 

specific areas of the central nervous system. With the results of this work showing that 

the integration of these two strategies is no longer needed as it would be a duplication 

of purpose, in vivo trials comparing the two systems would be provide useful indications 

of future research priorities. Firstly, they would allow the comparison of the effects and 

mechanisms of the two different therapeutic strategies of cooling and electrical 

stimulation. Secondly, they would allow the comparison of the effectiveness of mild 
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cooling versus strategic chronic drug delivery as mechanisms to reduce glial scarring 

around probes and highlight the more promising direction for future work. 

The overall conclusion to the thesis was structured on the basis of the objectives, 

hypotheses and emerging research questions and reminded the reader of the key 

findings of a study that focused on reducing the brain’s inflammatory response to neural 

probes in order to prevent loss of functionality over time. It is hoped that the findings 

from this research have made a small but significant contribution to progressing two key 

strategies for reducing glial scarring around probes: firstly, by creating a microfluidic 

drug eluting coating capable of administering anti-inflammatory factors to the brain 

chronically and indicating that chronic infusions of IL-4 will have a positive effect in 

reducing chronic inflammation and, secondly, by designing an alternative cooling probe 

that negates the need to use electrical stimulation – something that is also thought to 

contribute to glial scarring – and allows anti-inflammatory mild cooling along the length 

of the probe. By carrying out the further work outlined in the preceding paragraphs, 

prototypes of both strategies that are suitable for usage in in vivo and clinical trials could 

be produced. Successful results from these trials would then facilitate the approval of 

these methods in the future for use in patients with debilitating neurological conditions, 

greatly improving the quality of life offered to them in the longer term.  
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Appendices 
Appendix A:  
 

As well as simply studying metabolic activity of primary neuronal and glial cells, an 

attempt was made to stain the cells according to their individual cell type in order to 

analyse the percentage of cell types using confocal microscopy. Images were taken on 

day 1 and day 7 of each mixture, with GFAP alexa 488 (green) staining for astrocytes 

(cytoplasmic), NeuN alexa 633 (red) staining for neurons as well as DAPI (blue) staining 

for nuclei, meaning all cells stained blue without green or red are assumed to be other 

glial cells such as microglia or oligodendrocytes. Individual images were taken of the 

whole scaffold and then stitched together which sometimes resulted in an excess of 

background staining around tile boundaries (Fig. A1). Cell staining was patchy and not 

clear, indicating that perhaps some of the staining solution was absorbed into the 

porous scaffold structure rather than staining the cells on the surface properly or that 

the staining was background staining from incomplete washing of discs. As well as this, 

only DAPI was picked up with no clear staining of GFAP or NeuN, rendering it impossible 

to differentiate between cell types. For this reason, only the metabolic activity of the 

cells was assessed and it was decided that using individual cell types at this stage would 

be a more useful indication of cell behaviour.  
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Figure A1. Confocal images of scaffolds stained with GFAP (green), DAPI (blue) 

and NeuN (red): 1200 Day 7(A); 1350S Day 7 (B); Negative Control Day 7 (C); 

Positive Control Day 7 (D); 1350R Day 1 (E); 1350R Day 7 (F). 
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Appendix B:  
 

As an additional measure of the inflammation of astrocytic cells in response to different 

drug delivery profiles, cells were stained with GFAP with the hope of quantifying the 

results using Image J software. However, limited cell staining was visible under the 

confocal microscope. In order to improve this, a combination of different GFAP sources 

and secondary antibodies were tested to assess if one of these were causing the reduced 

staining as a standard immunochemistry protocol was being used (Fig. A2.). The results 

below show that the best staining was visible with GFAP B and secondary A. However, 

the staining was still not picking up all cells – which it should have as the cells were all 

astrocytes. For this reason, it was deemed an unreliable supplementary quantification 

and all further studies relied solely on the cell structure indications as well as the ELISA 

data.  
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Figure A2. Confocal images of unsuccessful astrocyte GFAP staining after 1 week of 

culture in a 5% GelMA hydrogel. DAPI staining (blue) for nuclei and either GFAP 

staining (green) for intermediate filaments (left column) or Cell Mask 649 (red) for 

cell structure (right column) for different combinations of GFAP and secondary 

antibody. A+B) GFAP A-Secondary A; C+D) GFAP A-Secondary B; E+F) GFAP B-

Secondary A; G+H) GFAP B-Secondary B. 
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